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The Standard Model: taking stock
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“What’s next ?”

SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map

[Coleman, Mandula `67]

…[Yang, Mills `54] [Mandelstam]…

[Higgs `64] [Brout, Englert `64]… [’t Hooft, Veltman `72]…
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Status of LHC measurements

☛ everything is consistent with the SM Higgs hypothesis (so far) 
but what are the implications for new physics?

[Bechtle et al.  `20|
Figure 9.: Results obtained with HiggsSignals-2 in comparison with the official ATLAS-

only (left panel) and CMS-only (right panel) fit results for the �(gg ! H !
ZZ) cross section and for ratios of cross sections and branching fractions. The
HiggsSignals-2 results and the official results are shown in red and black, respec-
tively. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
The results are normalised to the respective SM predictions.

In summary, the performed comparisons in all three model parametrizations have demon-
strated very good agreement between the HiggsSignals implementation of the LHC Run-1
measurements — both using the individual and the combined experimental input — and the
official ATLAS/CMS fit results. The agreement between the two possible HiggsSignals
implementations is on the one hand a successful closure test of the HiggsSignals peak-
centered �

2 method, and on the other hand motivates our choice of using the LHC-Run-1
combined experimental measurements as default input for the LHC Run-1 legacy �

2 evalua-
tion in HiggsSignals-2, as described in Section 2.4. Computationally, this implementation
is much faster. However, for very specific applications where the assumptions underlying the
LHC Run-1 combination are not fulfilled, the experimental input from the individual Run-1
analyses is still available as the LHC7+8 observable set in the HiggsSignals package.

4.2. Examples for Run 2 Analyses in HiggsSignals-2

During Run 1 of the LHC, Higgs rate measurements were mainly represented in terms of
signal strengths, µ = �/�SM, and coupling modifiers, i. For LHC Run 2 the experimental
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
‣ extended SMEFT

‣ (    ) Higgs portals

‣ 2HDMs

‣ simplified models

‣ compositeness….

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10] 
[Brivio, Jiang, Trott `17]….

L = LSM +
�

i

ci

�2
Oi

Fingerprinting the lack of new physics
no evidence for 

exoticsthe SM is flawed

59 B-conserving operators ⊗ flavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)

+ . . .
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‣  Improving the expected: beyond the SM-like Higgs 
‣ improving our understanding of Higgs couplings 

‣ improving our understanding Higgs propagation

Overview

[CE, Galler, Harris, Spannowsky `18]

[CE, Giudice, Greljo, McCullough `19]



6

‣  Improving the expected: beyond the SM-like Higgs 
‣ improving our understanding of Higgs couplings 

‣ improving our understanding Higgs propagation

‣  Constraining/observing the unexpected 
‣ CP violating Higgs interactions CP violation 

‣ interplay of top/Higgs sectors

Overview

[Bernlochner, CE, Hays, et al, `18] 
[CE, Galler, Pilkington, Spannowsky `19] 

[CE, Galler, White `19] 
[Brown, CE, Galler, Stylianou `20] 

[Bakshi, Chakrabortty, CE, Spannowsky, Stylianou `20]

[CE, Galler, Harris, Spannowsky `18]

[CE, Giudice, Greljo, McCullough `19]
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‣ large number of EFT parameters leads to phenomenological 
degeneracies = “blind directions”

g

g

H
t

t

t

q

q′

H
W, Z

W, Z

g

g

t

H

t̄

t

t

q̄′

q

H

W, ZW, Z

SM-like couplings
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‣ one of the most prominent an relevant for Higgs physics
[Vainstein et al. `70] 

[Ellis et al. `76] 
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‣ way out: resolve loop dynamics for                             with one or more jets pT (H) � mt
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contact ggH interactions mask top Yukawa measurements
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FIG. 1: Predictions for Higgs+jet production for approximate cancellations of Wilson coe�cient choices that can be resolved for
large momenta. The uncertainty is evaluate by a factorisation and renormalisation scale variations by factors of two around the
central scale µ =
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Such an approach provides unique opportunities to the
extraction of unknown parameters. In particular, the
constraining results of the first LHC runs have left an
impression that new physics could be heavy. This has
motivated the particular use of e↵ective field theory tech-
niques for the hunt of new BSM interactions. The rele-
vance of di↵erential distributions in this context has been
highlighted in [9? –11] and the interplay of theoretical
uncertainties in this context is extremely important.

In this paper we provide a new approach to machine
learning, including systematic uncertainties right from
the outset. This not only allows to evaluate a neural net-
work (NN) score in a much more controlled and reason-
able way, but also paves the way to perform di↵erential
parameter fits on an event by event basis while fully in-
cluding a measure of trust for the observed phase-space
region. We discuss this using the example of Higgs pro-
duction in association with jets. This paper is structured
as follows: In Sec. II we review the basics of the appli-
cation of adversary neural networks to pivotising uncer-
tainties. In Sec. III, we apply this technique to an area of
Higgs physics where uncertainties are crucial: the break-
ing of a blind direction in EFT-modified gluon fusion pro-
duction cross section using additional jet emission. We
o↵er conclusions in Sec. IV.

II. ADVERSARIAL NEURAL NETS AND
UNCERTAINTIES

• usage of generative adversarial networks (GAN)
first proposed by [12]

– aim: train NN to generate data according to
a given (experimental) distribution

– method: train two neural networks, a classi-
fier and adversary, simultaneously using op-

positional training goals: adversary: learn to
generate data samples according to given dis-
tribution, classifier: learn to distinguish be-
tween generated and real samples.
At the end of training classifier can distin-
guish adversary output from real data only by
chance

• in this work generative aspect of adversarial net-
works is less relevant;

• instead implement adversarial network as a method
for pivotization with respect to systematic uncer-
tainties in the training data as described in [13]

• more specifically, obtain event classification (into
signal and background) which is independent of the
theoretical systematic uncertainties associated with
the renormalization and factorization scales

• This is achieved by using the adversary to penalize
the classifier whenever it becomes sensitive to the
scale variation. Hence, the classifier can not op-
timize on phase space regions that seem to have
a large discriminating power between signal and
background but su↵er from systematic uncertain-
ties. In this respect the adversarial network is a
numerical implementation of an optimization prob-
lem (with respect to signal-background separation)
with constraints (being independent of the scale)
where the constraints are implemented via the loss
function of the adversary and the associated La-
grange multiplier is a tunable hyper parameter of
the adversarial neural network (ANN).
COMMENT(PG): Ref. [13] actually gives a very
nice example how this pivotization works. They
take two 2-dim. Gaussian distributions. Central
value of background at µ = (0, 0) and central value

cg, cu,3 � incl. GF � 15% SM

SM-like couplings

cg, ct
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‣ way out: resolve loop dynamics for                             with one or more jets pT (H) � mt
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Role of uncertainties

‣ comparably small impact of tail uncertainties                                          
(lin vs log ∼ 35% different shape uncertainty at 150 GeV pT 

‣ decoupled (non-resonant) new physics perturbatively constrained 
at relatively low transverse momentum 

‣ turn to multi-scale processes to gain kinematic handles!
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FIG. 1: Scans of the sum of squared residuals ��2 as a function of the Wilson coe�cients c̄d,3, c̄g, c̄� , c̄H , c̄HB , c̄HW , c̄u,3, and
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‣ more kinematic information for H+2j, which is particularly promising, 
unfortunately mt=∞ SM limit accidentally good
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neural net learns regions that are sensitive to uncertainty….

uncertainty affects BSM constraint

pp � Hjj
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SM-like couplings
‣ more kinematic information for H+2j, which is particularly promising, 

unfortunately mt=∞ SM limit accidentally good
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… and can be forced to avoid them → most robust constraints

pp � Hjj
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FIG. 6: Performance comparison of the (A)NN using
Higgs+multijet final states. For details see text.

quiring at least 2 (1) expected SM events in the h+jet
(h+2 jets) selection region detailed above for a given lu-
minosity. We treat the two regions as uncorrelated. No
additional parton-level cuts are employed.

The result is shown in Fig. 6 as a function of the dis-
tance from the (cg, ct) blind direction for a luminosity of
100/fb. There, we also compare the ANN performance to
a neural net analyses without the inclusion of the adver-
sary. In the latter case, di↵erent scale choices will result
in a di↵erent NN score. By tracing the influence of the µ-
dependence of the NN score through to the significance,
a variation of exclusion can be assigned an uncertainty
represented by the blue error bar.

As can be seen from Fig. 6, there are di↵erent pos-
sible outcomes, but an exclusion at the 68% confidence
level should be possible for the region close to the SM. In
some cases the ANN limit agrees well with the lower end
of the expected significance as one could naively expect.
This situation corresponds to an ANN score that inter-
polates between maximum and minimum discrimination
within the uncertainty bands of the fully di↵erential cross
sections. Given that the ANN pivots as a result of the
uncertainties, it will always be less sensitive than the
NN output. The lower NN sensitivity as a function of µ
therefore provides a supremum of the ANN’s sensitivity.

There are also more interesting situations, in partic-
ular when we approach the blind direction. While the
NN score without adversary becomes sensitive to phase
space regions that are not under perturbative control,
the ANN will not show any sensitivity in this particu-
lar region of phase space. This leads the ANN to push
its region of discrimination to a more exclusive region of
phase space where the relative impact of the uncertainty
is smaller compared to the new physics deviation. In
turn, this then manifests itself as a smaller total discrim-
inating power, well outside the naive uncertainty expec-
tation of the NN score without adversary. This robust-
ness is a clear benefit of the adversarial network and is
the main result of this analysis. As expected, this e↵ect

becomes most relevant when we approach the blind di-
rection. New physics events with cg ⇠

p
2ct/3 will be

distributed more closely to the SM expectation across
the considered phase-space. Scale uncertainties render
the ANN “blind” to small kinematical deviations within
the associated uncertainty bands, thereby decreasing the
overall sensitivity significantly. Including a proper treat-
ment of kinematic uncertainties, as provided by the ANN
is therefore crucial to obtaining robust and reliable con-
straints that inform a new physics question, which in
this example is represented by the relevance of the top
threshold for new heavy BSM.

IV. SUMMARY AND CONCLUSIONS

Theoretical and experimental uncertainties are the key
limiting factors in searches for new interactions at the
LHC and future colliders. This is dramatically high-
lighted when we want to constrain non-resonant exten-
sions of the Standard Model, where large momentum
transfers and very exclusive regions of phase space are
the most sensitive probes of new physics. Experimen-
tal sensitivities are usually good when we deal with hard
final state objects. Unfortunately, outside the inclusive
realm of perturbative QCD, theoretical control in highly
selective regions of phase space is often lost or at least
significantly degraded.
There is no first principle way of correctly assessing the

associated theoretical uncertainties apart from ad-hoc
scale variations of unphysical remnant scales. Process-
dependent QCD-educated guesses for such choices might
exist, but these do not come with guarantees, in particu-
lar, when we deal with the multi-parton and multi-scale
problems imposed by hadron collider phenomenology.
In this paper, we have addressed this conundrum by

building on recent developments in machine learning,
specifically in the area of adversarial neural networks.
While ad-hoc scale choices have to remain as estima-

tors of the theoretically unknown, the response of Monte
Carlo data to such choices can be propagated to the kine-
matics of the full final state. In phase space regions where
the a priori-sensitivity to new physics is large but e↵ec-
tively obstructed by uncertainties, no sensitivity should
be claimed. These regions, which also depend on the
particular type of uncertainty, are process-specific and
are not necessarily aligned nor connected with our stan-
dard understanding of collider kinematics. This large
variation in conditions is most naturally addressed with
neural networks.
Using the particular case of jet-associated Higgs pro-

duction at the LHC, where large momentum transfers
can pinpoint di↵erent sources of new physics in the Higgs
sector, we have demonstrated that uncertainties can be
accounted for in the discrimination. Additionally we have
shown that “standard” approaches to select new physics
can be sensitive to uncertainties and typically the sensi-
tivity is over-estimated, in some cases severely. An ac-

distance
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all observables/channels

[Del Duca et al. `03] 
…
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CP violation

‣ Higgs sector is a primary candidate for CP violation - how is this 
captured in a dimension 6 approach?

matching MC 
perturbativity

unitarity…

d� � |MSM|2 + 2Re{MSMM�
d6} + |Md6|2

<latexit sha1_base64="/652qWcOCUvWDx9N0FZ3PJDhyaI="></latexit><latexit sha1_base64="/652qWcOCUvWDx9N0FZ3PJDhyaI="></latexit><latexit sha1_base64="/652qWcOCUvWDx9N0FZ3PJDhyaI="></latexit><latexit sha1_base64="/652qWcOCUvWDx9N0FZ3PJDhyaI="></latexit>

� �0
<latexit sha1_base64="tLgnKzocf5XH9dJovrcdwWDiAvI=">AAACGHicbZDNSsQwFIXT8W+sf1WXboKD4GpoRVB3g25cuFBwVJjWIU1vNUySliQdGUqfRLf6Hq7ErTtfwycwHWfh34HA4Zx7yeWLc8608f13pzE1PTM715x3FxaXlle81bULnRWKQpdmPFNXMdHAmYSuYYbDVa6AiJjDZTw4qvvLISjNMnluRjlEgtxIljJKjI36nhdqJnB4YjcScl36Vd9r+W1/LPzXBBPTQhOd9r2PMMloIUAayonWvcDPTVQSZRjlULlhoSEndEBuoGetJAJ0VI4vr/CWTRKcZso+afA4/b5REqH1SMR2UhBzq393dfhf1ytMuh+VTOaFAUm/PkoLjk2Gaww4YQqo4SNrCFXM3orpLVGEGgvLdUMJdzQTgsikDIdDoFUZFjIBVXOuXAsp+I3kr+nutA/awdluq3M4odVEG2gTbaMA7aEOOkanqIsoGqIH9IienHvn2XlxXr9GG85kZx39kPP2Cdk7oII=</latexit><latexit sha1_base64="tLgnKzocf5XH9dJovrcdwWDiAvI=">AAACGHicbZDNSsQwFIXT8W+sf1WXboKD4GpoRVB3g25cuFBwVJjWIU1vNUySliQdGUqfRLf6Hq7ErTtfwycwHWfh34HA4Zx7yeWLc8608f13pzE1PTM715x3FxaXlle81bULnRWKQpdmPFNXMdHAmYSuYYbDVa6AiJjDZTw4qvvLISjNMnluRjlEgtxIljJKjI36nhdqJnB4YjcScl36Vd9r+W1/LPzXBBPTQhOd9r2PMMloIUAayonWvcDPTVQSZRjlULlhoSEndEBuoGetJAJ0VI4vr/CWTRKcZso+afA4/b5REqH1SMR2UhBzq393dfhf1ytMuh+VTOaFAUm/PkoLjk2Gaww4YQqo4SNrCFXM3orpLVGEGgvLdUMJdzQTgsikDIdDoFUZFjIBVXOuXAsp+I3kr+nutA/awdluq3M4odVEG2gTbaMA7aEOOkanqIsoGqIH9IienHvn2XlxXr9GG85kZx39kPP2Cdk7oII=</latexit><latexit sha1_base64="tLgnKzocf5XH9dJovrcdwWDiAvI=">AAACGHicbZDNSsQwFIXT8W+sf1WXboKD4GpoRVB3g25cuFBwVJjWIU1vNUySliQdGUqfRLf6Hq7ErTtfwycwHWfh34HA4Zx7yeWLc8608f13pzE1PTM715x3FxaXlle81bULnRWKQpdmPFNXMdHAmYSuYYbDVa6AiJjDZTw4qvvLISjNMnluRjlEgtxIljJKjI36nhdqJnB4YjcScl36Vd9r+W1/LPzXBBPTQhOd9r2PMMloIUAayonWvcDPTVQSZRjlULlhoSEndEBuoGetJAJ0VI4vr/CWTRKcZso+afA4/b5REqH1SMR2UhBzq393dfhf1ytMuh+VTOaFAUm/PkoLjk2Gaww4YQqo4SNrCFXM3orpLVGEGgvLdUMJdzQTgsikDIdDoFUZFjIBVXOuXAsp+I3kr+nutA/awdluq3M4odVEG2gTbaMA7aEOOkanqIsoGqIH9IienHvn2XlxXr9GG85kZx39kPP2Cdk7oII=</latexit><latexit sha1_base64="tLgnKzocf5XH9dJovrcdwWDiAvI=">AAACGHicbZDNSsQwFIXT8W+sf1WXboKD4GpoRVB3g25cuFBwVJjWIU1vNUySliQdGUqfRLf6Hq7ErTtfwycwHWfh34HA4Zx7yeWLc8608f13pzE1PTM715x3FxaXlle81bULnRWKQpdmPFNXMdHAmYSuYYbDVa6AiJjDZTw4qvvLISjNMnluRjlEgtxIljJKjI36nhdqJnB4YjcScl36Vd9r+W1/LPzXBBPTQhOd9r2PMMloIUAayonWvcDPTVQSZRjlULlhoSEndEBuoGetJAJ0VI4vr/CWTRKcZso+afA4/b5REqH1SMR2UhBzq393dfhf1ytMuh+VTOaFAUm/PkoLjk2Gaww4YQqo4SNrCFXM3orpLVGEGgvLdUMJdzQTgsikDIdDoFUZFjIBVXOuXAsp+I3kr+nutA/awdluq3M4odVEG2gTbaMA7aEOOkanqIsoGqIH9IienHvn2XlxXr9GG85kZx39kPP2Cdk7oII=</latexit>

� ��2
<latexit sha1_base64="qJZ9gLaLqGyhwsA0GCaIBuli64Q=">AAACGXicbZDNSgMxFIUz9X/8q7p0EyyCG8tMEdSd6MaFCwXHFjq1ZDK3NZhkhiTTUoZ5E93qe7gSt658DZ/AtJ2FfwcCh3PuJZcvSjnTxvM+nMrM7Nz8wuKSu7yyurZe3di80UmmKAQ04YlqRUQDZxICwwyHVqqAiIhDM7o/G/fNASjNEnltRil0BOlL1mOUGBt1qxuhZgKHF3YjJrf5fqPoVmte3ZsI/zV+aWqo1GW3+hnGCc0ESEM50brte6np5EQZRjkUbphpSAm9J31oWyuJAN3JJ6cXeNcmMe4lyj5p8CT9vpETofVIRHZSEHOnf3fj8L+unZneUSdnMs0MSDr9qJdxbBI85oBjpoAaPrKGUMXsrZjeEUWosbRcN5QwpIkQRMZ5OBgALfIwkzGoMejCtZD830j+mqBRP677Vwe1k9OS1iLaRjtoD/noEJ2gc3SJAkTRED2iJ/TsPDgvzqvzNh2tOOXOFvoh5/0LUQ6guw==</latexit><latexit sha1_base64="qJZ9gLaLqGyhwsA0GCaIBuli64Q=">AAACGXicbZDNSgMxFIUz9X/8q7p0EyyCG8tMEdSd6MaFCwXHFjq1ZDK3NZhkhiTTUoZ5E93qe7gSt658DZ/AtJ2FfwcCh3PuJZcvSjnTxvM+nMrM7Nz8wuKSu7yyurZe3di80UmmKAQ04YlqRUQDZxICwwyHVqqAiIhDM7o/G/fNASjNEnltRil0BOlL1mOUGBt1qxuhZgKHF3YjJrf5fqPoVmte3ZsI/zV+aWqo1GW3+hnGCc0ESEM50brte6np5EQZRjkUbphpSAm9J31oWyuJAN3JJ6cXeNcmMe4lyj5p8CT9vpETofVIRHZSEHOnf3fj8L+unZneUSdnMs0MSDr9qJdxbBI85oBjpoAaPrKGUMXsrZjeEUWosbRcN5QwpIkQRMZ5OBgALfIwkzGoMejCtZD830j+mqBRP677Vwe1k9OS1iLaRjtoD/noEJ2gc3SJAkTRED2iJ/TsPDgvzqvzNh2tOOXOFvoh5/0LUQ6guw==</latexit><latexit sha1_base64="qJZ9gLaLqGyhwsA0GCaIBuli64Q=">AAACGXicbZDNSgMxFIUz9X/8q7p0EyyCG8tMEdSd6MaFCwXHFjq1ZDK3NZhkhiTTUoZ5E93qe7gSt658DZ/AtJ2FfwcCh3PuJZcvSjnTxvM+nMrM7Nz8wuKSu7yyurZe3di80UmmKAQ04YlqRUQDZxICwwyHVqqAiIhDM7o/G/fNASjNEnltRil0BOlL1mOUGBt1qxuhZgKHF3YjJrf5fqPoVmte3ZsI/zV+aWqo1GW3+hnGCc0ESEM50brte6np5EQZRjkUbphpSAm9J31oWyuJAN3JJ6cXeNcmMe4lyj5p8CT9vpETofVIRHZSEHOnf3fj8L+unZneUSdnMs0MSDr9qJdxbBI85oBjpoAaPrKGUMXsrZjeEUWosbRcN5QwpIkQRMZ5OBgALfIwkzGoMejCtZD830j+mqBRP677Vwe1k9OS1iLaRjtoD/noEJ2gc3SJAkTRED2iJ/TsPDgvzqvzNh2tOOXOFvoh5/0LUQ6guw==</latexit><latexit sha1_base64="qJZ9gLaLqGyhwsA0GCaIBuli64Q=">AAACGXicbZDNSgMxFIUz9X/8q7p0EyyCG8tMEdSd6MaFCwXHFjq1ZDK3NZhkhiTTUoZ5E93qe7gSt658DZ/AtJ2FfwcCh3PuJZcvSjnTxvM+nMrM7Nz8wuKSu7yyurZe3di80UmmKAQ04YlqRUQDZxICwwyHVqqAiIhDM7o/G/fNASjNEnltRil0BOlL1mOUGBt1qxuhZgKHF3YjJrf5fqPoVmte3ZsI/zV+aWqo1GW3+hnGCc0ESEM50brte6np5EQZRjkUbphpSAm9J31oWyuJAN3JJ6cXeNcmMe4lyj5p8CT9vpETofVIRHZSEHOnf3fj8L+unZneUSdnMs0MSDr9qJdxbBI85oBjpoAaPrKGUMXsrZjeEUWosbRcN5QwpIkQRMZ5OBgALfIwkzGoMejCtZD830j+mqBRP677Vwe1k9OS1iLaRjtoD/noEJ2gc3SJAkTRED2iJ/TsPDgvzqvzNh2tOOXOFvoh5/0LUQ6guw==</latexit>

dim 8

� ��4
<latexit sha1_base64="4aGnMxB+x+PkrtMzP8hT/x8dOj0=">AAACGHicbZDNSsNAFIUn9a/Gv6hLN8EiuLEkUlB3RTcuXFSwttDUMpnctkNnJmFmUikhT6JbfQ9X4tadr+ETOP1ZaOuBgcM59zKXL0wYVdrzvqzC0vLK6lpx3d7Y3NrecXb37lWcSgJ1ErNYNkOsgFEBdU01g2YiAfOQQSMcXI37xhCkorG406ME2hz3BO1SgrWJOo4TKMqDG7MQ4YfspJJ3nJJX9iZyF40/MyU0U63jfAdRTFIOQhOGlWr5XqLbGZaaEga5HaQKEkwGuActYwXmoNrZ5PLcPTJJ5HZjaZ7Q7iT9vZFhrtSIh2aSY91X8904/K9rpbp73s6oSFINgkw/6qbM1bE7xuBGVALRbGQMJpKaW13SxxITbWDZdiDgkcScYxFlwXAIJM+CVEQgx5xz20Dy55Esmvpp+aLs31ZK1csZrSI6QIfoGPnoDFXRNaqhOiJoiJ7RC3q1nqw36936mI4WrNnOPvoj6/MH94Kgkw==</latexit><latexit sha1_base64="4aGnMxB+x+PkrtMzP8hT/x8dOj0=">AAACGHicbZDNSsNAFIUn9a/Gv6hLN8EiuLEkUlB3RTcuXFSwttDUMpnctkNnJmFmUikhT6JbfQ9X4tadr+ETOP1ZaOuBgcM59zKXL0wYVdrzvqzC0vLK6lpx3d7Y3NrecXb37lWcSgJ1ErNYNkOsgFEBdU01g2YiAfOQQSMcXI37xhCkorG406ME2hz3BO1SgrWJOo4TKMqDG7MQ4YfspJJ3nJJX9iZyF40/MyU0U63jfAdRTFIOQhOGlWr5XqLbGZaaEga5HaQKEkwGuActYwXmoNrZ5PLcPTJJ5HZjaZ7Q7iT9vZFhrtSIh2aSY91X8904/K9rpbp73s6oSFINgkw/6qbM1bE7xuBGVALRbGQMJpKaW13SxxITbWDZdiDgkcScYxFlwXAIJM+CVEQgx5xz20Dy55Esmvpp+aLs31ZK1csZrSI6QIfoGPnoDFXRNaqhOiJoiJ7RC3q1nqw36936mI4WrNnOPvoj6/MH94Kgkw==</latexit><latexit sha1_base64="4aGnMxB+x+PkrtMzP8hT/x8dOj0=">AAACGHicbZDNSsNAFIUn9a/Gv6hLN8EiuLEkUlB3RTcuXFSwttDUMpnctkNnJmFmUikhT6JbfQ9X4tadr+ETOP1ZaOuBgcM59zKXL0wYVdrzvqzC0vLK6lpx3d7Y3NrecXb37lWcSgJ1ErNYNkOsgFEBdU01g2YiAfOQQSMcXI37xhCkorG406ME2hz3BO1SgrWJOo4TKMqDG7MQ4YfspJJ3nJJX9iZyF40/MyU0U63jfAdRTFIOQhOGlWr5XqLbGZaaEga5HaQKEkwGuActYwXmoNrZ5PLcPTJJ5HZjaZ7Q7iT9vZFhrtSIh2aSY91X8904/K9rpbp73s6oSFINgkw/6qbM1bE7xuBGVALRbGQMJpKaW13SxxITbWDZdiDgkcScYxFlwXAIJM+CVEQgx5xz20Dy55Esmvpp+aLs31ZK1csZrSI6QIfoGPnoDFXRNaqhOiJoiJ7RC3q1nqw36936mI4WrNnOPvoj6/MH94Kgkw==</latexit><latexit sha1_base64="4aGnMxB+x+PkrtMzP8hT/x8dOj0=">AAACGHicbZDNSsNAFIUn9a/Gv6hLN8EiuLEkUlB3RTcuXFSwttDUMpnctkNnJmFmUikhT6JbfQ9X4tadr+ETOP1ZaOuBgcM59zKXL0wYVdrzvqzC0vLK6lpx3d7Y3NrecXb37lWcSgJ1ErNYNkOsgFEBdU01g2YiAfOQQSMcXI37xhCkorG406ME2hz3BO1SgrWJOo4TKMqDG7MQ4YfspJJ3nJJX9iZyF40/MyU0U63jfAdRTFIOQhOGlWr5XqLbGZaaEga5HaQKEkwGuActYwXmoNrZ5PLcPTJJ5HZjaZ7Q7iT9vZFhrtSIh2aSY91X8904/K9rpbp73s6oSFINgkw/6qbM1bE7xuBGVALRbGQMJpKaW13SxxITbWDZdiDgkcScYxFlwXAIJM+CVEQgx5xz20Dy55Esmvpp+aLs31ZK1csZrSI6QIfoGPnoDFXRNaqhOiJoiJ7RC3q1nqw36936mI4WrNnOPvoj6/MH94Kgkw==</latexit>
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matching MC 
perturbativity

unitarity…

‣ in practice this is (often) not a huge problem for large data samples

CP violation

‣ Higgs sector is a primary candidate for CP violation - how is this 
captured in a dimension 6 approach?
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CP violation

matching MC 
perturbativity

unitarity…

‣ in practice this is (often) not a huge problem for large data samples

‣ but qualitatively different for CP-violation:

~ dim 6 ~ (dim 6)2

‣ only genuinely CP-sensitive 
observables carry information

‣ every CP-even observable 
carries information

cross sections, widths, pT spectra…��jj
<latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit><latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit><latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit><latexit sha1_base64="JvWHg5csULCumbslcu9p+wKaBKQ=">AAACF3icbZDNSsNAFIUn9a/Gn1ZdugkWwVVJRFB3RV24rGBsoSllMrltp52ZhJlJpYS8iG71PVyJW5e+hk/g9GehrQcGDufcy1y+MGFUadf9sgorq2vrG8VNe2t7Z7dU3tt/UHEqCfgkZrFshlgBowJ8TTWDZiIB85BBIxxeT/rGCKSisbjX4wTaHPcE7VKCtYk65VJwA0zjIOnTTjYY5J1yxa26UznLxpubCpqr3il/B1FMUg5CE4aVanluotsZlpoSBrkdpAoSTIa4By1jBeag2tn08Nw5NknkdGNpntDONP29kWGu1JiHZpJj3VeL3ST8r2ulunvRzqhIUg2CzD7qpszRsTOh4ERUAtFsbAwmkppbHdLHEhNtWNl2IOCRxJxjEWXBaAQkz4JURCAnmHPbQPIWkSwb/7R6WfXuziq1qzmtIjpER+gEeegc1dAtqiMfEZSiZ/SCXq0n6816tz5mowVrvnOA/sj6/AHuyqCe</latexit>

signed                , asymmetries, ….

naive 
perturbative

power countingci

�2
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‣ Higgs sector is a primary candidate for CP violation - how is this 
captured in a dimension 6 approach?
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

+ Yukawa phases
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Constraining P- and CP-violating interactions in dimension six e↵ective field theory requires lifting
degeneracies in the multi-dimensional coupling space. Furthermore, when employing the linearised
EFT approach where only interference contributions with the SM are considered, the number of
observables that provide genuine discriminating power of such interactions is limited. In this work,
we consider Higgs production from gluon fusion in association with two jets and top-pair associated
Higgs production and discuss how genuinely CP-sensitive observables can be improved by exploiting
the top-threshold. While the improvement can be statistics-limited through clean tt̄h final states
at the LHC, we show that one can expect large improvements when turning to 27 TeV or 100 TeV
collisions. In passing, we also discuss the benefits of an top-threshold-assisted approach for analyses
that include squared dimension six interactions.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a central task of the Large Hadron Collider
(LHC). With established and motivated models under
increasing pressure as more data get scrutinised, phe-
nomenological analyses have turned to largely model-
independent measurement and interpretation strategies
adopting the framework of SM e↵ective field theory
(EFT) [1–5]. SMEFT as a theoretical framework has
undergone a rapid development over the past years,
e.g. [6–13].

EFTs facilitate the communication between the weak
or measurement scale, and a UV completion that the
EFT approach would like to see itself contrasted with. As
the UV completion of the SM is currently unknown, the
leading operator dimension six deformations of the SM
imply 2499 independent parameters [14] that should be
considered as a priori free when we would like to constrain
generic beyond the SM (BSM) physics that is su�ciently
close to the decoupling limit to justify the dimension six
approach.

Established phenomena such as the observed matter–
anti-matter asymmetry, however, provide us a hint where
motivated physics might be found, without making too
many assumptions about the precise form of the UV com-
pletion itself. For instance, Sakharov’s criteria [15] of
baryogenesis motivate the direct search for CP-violating
e↵ects on top of the CP-violating sources in the SM,
which are insu�cient to account for the observed matter–
anti-matter asymmetry. As the only source of CP viola-
tion in the SM is associated with the fermion-Higgs inter-
actions, the Higgs sector naturally assumes a central role
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in such a search, in particular because its precise form is
a lot less well-constrained compared to the gauge sectors.
CP-violating e↵ects associated with ”genuine” dimen-

sion six e↵ects, i.e. contributions that arise from the
interference of SM contribution with dimension six oper-
ators is limited to genuine CP-odd observables, and more
specifically asymmetries thereof [16, 17]. In the context
of Higgs physics these are the so-called signed �jj [18]
(see also [19–23]) in gluon and weak boson fusion. Such
a definition can be adopted to top quark-associated pro-
duction as well, as discussed in detail recently in Ref. [24].
Working in the dimension six linearised approxima-

tion, these asymmetries are the only phenomenological
e↵ects that are present; the interference cancels identi-
cally for any CP-even observable. This, in particular,
includes total cross sections and decay widths as well as
momentum transfer-dependent observables such as the
transverse momentum of the Higgs boson in these pro-
cesses.
The latter implies a potential issue of CP-analyses in

the Higgs sector. Gluon fusion in association with 2 jets
receives corrections from both

Õg =
↵s

8⇡v
G

a
µ⌫G̃

a µ⌫
h,

Õt = it̄�5th ,

(1)

where t denotes the top quark, G
a
µ⌫ is the gluon field

strength with dual G̃
µ⌫ = ✏

µ⌫⇢�
G⇢�/2, h represents the

physical Higgs boson with mass mh = 125 GeV and
v = 246 GeV is the Higgs’ vacuum expectation value.
The normalisation of Õg corresponds to integrating out
the top quark with CP-odd couplings with Yukawa cou-
pling size

p
2mt/v in the limit mt ! 1 [25–27]. In the

following we will denote c̃g, c̃t as the corresponding Wil-
son coe�cients of Eq. (1).
It is well known that the mt-associated threshold ef-

fects allow us to di↵erentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [28–35]. Together with the infor-
mation from top quark-associated Higgs production, this

top quark
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FIG. 5: Dependence of the 2D constraints for CP-odd Higgs boson interactions on the integrated luminosity of the available
dataset, without (left) and with (right) marginalisation over other CP-odd coe�cients. All proposed measurements are included.
Inner and outer shaded regions for each luminosity scenario represent the 68.3% and 95.5% CI, respectively.

� for h ! ZZ⇤
! 4` decays, should break the degen-

eracies in the CP-odd coupling space. As our results
are purely driven by asymmetries, it was not a priori
clear that the LHC would be able to obtain perturba-
tively meaningful constraints with interference-only fits
to dimension-6 Wilson coe�cients. We show that al-
though the current statistical uncertainties on the mea-
surements are too large to provide constraints that are
meaningful when compared to perturbative UV comple-
tions, LHC projections suggest that the Wilson coe�-
cients will be constrained to unity or better for new-
physics scales of 1 TeV.
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term in bin i of the observable.3 This requirement en-
sures that the perturbative series is well-behaved.

With the current data the marginalisation over param-
eters within the perturbativity constraint does not have
a significant e↵ect, as shown in the top plots of Fig. 4.
If we drop this constraint the blind directions are clear
(bottom row of Fig. 4), showing that as the measure-
ments improve the combination of observables becomes
more important.

Although the blind directions can be lifted with the
current dataset, the obtained constraints on CP-odd op-
erators that a↵ect the Higgs boson coupling to weak
bosons are relatively weak (ci/⇤2 > 1 TeV�2). This
will be improved by increasing the integrated luminos-
ity to increase the precision of these measurements. In
Fig. 5 and Table III, we present the expected 1D and 2D
constraints with larger datasets of 300/fb (corresponding
to the end of LHC Run-3) and 3000/fb (corresponding
to the end of HL-LHC), for the full combination of the
di↵erential measurements considered here.

As expected, the results improve dramatically and the
constrained values of ci/⇤2 approach unity. To demon-
strate the perturbative validity of these constraints, the
magnitude of the interference contribution to the most
sensitive di↵erential cross section, relative to the SM con-
tribution, is estimated using Eq. (9) and summarised in
Table IV for datasets of 300/fb and 3000/fb.

It is worth noting that the Run-3 and HL-LHC con-
straints presented above are simple extrapolations of cur-
rent ATLAS results (and those that are already possi-
ble) to higher luminosities, and a number of other mea-
surements can in principle be made that would tighten
the constraints further. For example, all the constraints
should trivially improve by about a factor of

p
2 if the

proposed measurements are made by both ATLAS and
CMS. In addition, as the datasets increase, splitting the
measurement of the signed-��jj observable into VBF-
enhanced and VBF-suppressed phase spaces will also
be possible in the H ! ZZ⇤ decay channel. Fur-
thermore, model-independent ��jj measurements in the
H ! WW ⇤ and H ! ⌧⌧ decay channels, as well as

Coe�cient⇥
TeV�2

⇤
36.1 fb�1 300 fb�1 3000 fb�1

c
HG̃

/⇤2 [�0.19, 0.19] [�0.067, 0.067] [�0.021, 0.021]
c
HW̃

/⇤2 [�11, 11] [�3.8, 3.8] [�1.2, 1.2]
c
HB̃

/⇤2 [�5.9, 5.9] [�2.1, 2.1] [�0.65, 0.65]
c
HW̃B

/⇤2 [�14, 14] [�4.9, 4.9] [�1.5, 1.5]

TABLE III: Expected 1D constraints on Wilson coe�cients
for each EFT operator, in units of TeV�2, after marginalising
over all other coe�cients.

3
The modulus is taken to avoid cancellation that would otherwise

result from summing across all bins of the measured observable.

Coe�cient Allowed magnitude of CP-odd contribution⇥
TeV�2

⇤
300 fb�1 3000 fb�1

c
HG̃

/⇤2 33% 10%
c
HW̃

/⇤2 47% 15%
c
HB̃

/⇤2 8% 2%
c
HW̃B

/⇤2 25% 8%

TABLE IV: Expected sum of the moduli of the positive and
negative interference contributions from CP-odd operators
relative to the SM cross-section, see Eq. (9), allowable by
the constraints in Table III at a given luminosity.

di↵erential cross sections as a function of the decay an-
gles in H ! WW ⇤

! `⌫`⌫ decay would add further
constraints. Finally, model-independent di↵erential mea-
surements of other processes will be possible by the end
of Run-3 and/or HL-LHC, with CP-sensitive di↵erential
information expected for Higgs boson production in as-
sociation with a weak boson [85] or a top-antitop pair
[27, 28]. The measurements of Higgs boson production
in association with a weak boson would add additional
information that could constrain the O

HW̃
, O

HB̃
and

O
HW̃B

operators. Measurements of Higgs boson pro-
duction in association with a top-antitop pair would con-
strain CP-violating complex phases in the EFT operators
corresponding to the Yukawa sector, thus removing the
blind direction between those operators and O

HG̃
that is

implicit in this analysis.

VI. CONCLUSIONS

A better understanding of the Higgs-boson properties
remains a crucial part of the LHC phenomenology pro-
gramme, o↵ering a wealth of opportunities to connect
the electroweak scale with other well-established features
of beyond-the-SM physics. In this sense, the search for
CP-violation in the Higgs sector is a crucial piece of the
puzzle of the TeV scale.
In this paper, we consider CP-violating operators in

the context of gluon-fusion and vector-boson fusion pro-
duction of Higgs bosons in association with jets. By fo-
cusing on the SMEFT approach, linearised in the Wilson
coe�cients, we can separate CP-odd Higgs interactions
from CP-even ones. The former are then contained in
asymmetries of genuinely CP-odd observables.
We find that there is currently a small 0.3± 0.2 asym-

metry in model-independent h + 2 jet event measure-
ments. Given the lack of further information that would
be straightforward to obtain, the source of this asymme-
try cannot be well characterised. Although it is likely
that this asymmetry originates from statistical fluctu-
ations, we use its presence to discuss avenues to im-
prove the measurements with existing data. In partic-
ular, separating the weak and strong production of the
Higgs boson, and supplementing the current analyses
with precision measurements of the CP-sensitive angle

LHC and HL-LHC 
extrapolations

ignore here: Can be tackled in GF

�<latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="AN4ZsCOb3BkEC4bwyZbdoZU1wHg=">AAAB+HicbZBPS8MwGMbT+W/WqfPsJTgET6P1ot4ELx4nWDdYy0jTt1tYkpYknYzSu3j1e3gSv4tfw09guu2gmw8EHp4n4X3zi3POtPG8L6extb2zu9fcdw9a7uHRcbv1pLNCUQhoxjM1iIkGziQEhhkOg1wBETGHfjy9q/v+DJRmmXw08xwiQcaSpYwSY6PeqN3xut5CeNP4K9NBK43a32GS0UKANJQTrYe+l5uoJMowyqFyw0JDTuiUjGForSQCdFQu1qzwuU0SnGbKHmnwIv39oiRC67mI7U1BzESvd3X4XzcsTHodlUzmhQFJl4PSgmOT4frPOGEKqOFzawhVzO6K6YQoQo0l47qhhGeaCUFkUoazGdCqDAuZgKqhVq5l5K8T2TTBZfem6z94qIlO0Rm6QD66QrfoHvVQgChK0Ct6c16cd+djibLhrJieoD9yPn8AraSXaA==</latexit><latexit sha1_base64="eb3XYqfLudDMGFhbm3wQvVJnYdA=">AAAB/3icbZDNSsNAFIVv6l+NVatbN8EiuCqJG3UnuHFZwdhCE8pkctMOnZmEmUmlhD6CbvU9XIlP4mv4BCZtF9p6YOBwzgz3zhdlnGnjul9WbWNza3unvmvvNfYPDptHjUed5oqiT1Oeql5ENHIm0TfMcOxlComIOHaj8W3VdyeoNEvlg5lmGAoylCxhlJgqCjQTg2bLbbtzOevGW5oWLNUZNL+DOKW5QGkoJ1r3PTczYUGUYZTjzA5yjRmhYzLEfmklEajDYr7rzDkrk9hJUlUeaZx5+vtFQYTWUxGVNwUxI73aVeF/XT83yVVYMJnlBiVdDEpy7pjUqT7uxEwhNXxaGkIVK3d16IgoQk2Jx7YDiU80FYLIuAgmE6SzIshljKoiO7NLSN4qknXjX7Sv2969C3U4gVM4Bw8u4QbuoAM+UBjBC7zCm/VsvVsfC5o1a4n1GP7I+vwByZ6aIQ==</latexit><latexit sha1_base64="eb3XYqfLudDMGFhbm3wQvVJnYdA=">AAAB/3icbZDNSsNAFIVv6l+NVatbN8EiuCqJG3UnuHFZwdhCE8pkctMOnZmEmUmlhD6CbvU9XIlP4mv4BCZtF9p6YOBwzgz3zhdlnGnjul9WbWNza3unvmvvNfYPDptHjUed5oqiT1Oeql5ENHIm0TfMcOxlComIOHaj8W3VdyeoNEvlg5lmGAoylCxhlJgqCjQTg2bLbbtzOevGW5oWLNUZNL+DOKW5QGkoJ1r3PTczYUGUYZTjzA5yjRmhYzLEfmklEajDYr7rzDkrk9hJUlUeaZx5+vtFQYTWUxGVNwUxI73aVeF/XT83yVVYMJnlBiVdDEpy7pjUqT7uxEwhNXxaGkIVK3d16IgoQk2Jx7YDiU80FYLIuAgmE6SzIshljKoiO7NLSN4qknXjX7Sv2969C3U4gVM4Bw8u4QbuoAM+UBjBC7zCm/VsvVsfC5o1a4n1GP7I+vwByZ6aIQ==</latexit><latexit sha1_base64="FsHezBezUls5ZihzhVdOtZ0/bGA=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokbdVd047KCsUITymRy0w6dmYSZSaWEfoJu9T9ciVt/wt/wC5y0WWjrgQuHc+7l3nuijFGlXffLqq2srq1v1Dftre2d3b3G/sG9SnNJwCcpS+VDhBUwKsDXVDN4yCRgHjHoRqPr0u+OQSqaijs9ySDkeCBoQgnWpRQoyvuNpttyZ3CWiVeRJqrQ6Te+gzglOQehCcNK9Tw302GBpaaEwdQOcgUZJiM8gJ6hAnNQYTG7deqcGCV2klSaEtqZqb8nCsyVmvDIdHKsh2rRK8X/vF6uk4uwoCLLNQgyX5TkzNGpUz7uxFQC0WxiCCaSmlsdMsQSE23ise1AwCNJOcciLoLxGMi0CHIRgyyTndomJG8xkmXin7UuW96t22xfVWnV0RE6RqfIQ+eojW5QB/mIoCF6Ri/o1Xqy3qx362PeWrOqmUP0B9bnD3vfm5I=</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit><latexit sha1_base64="KGsfo444M2ipU9bYnBePG7M50vw=">AAACCnicbVDLSsNAFJ3UV42vqks3wSK4KokI6q7oxmUFYwtNKJPJTTt0ZhJmJpUS8gm61f9wJW79CX/DLzBps9DWAxcO59zLvfcECaNK2/aXUVtZXVvfqG+aW9s7u3uN/YMHFaeSgEtiFstegBUwKsDVVDPoJRIwDxh0g/FN6XcnIBWNxb2eJuBzPBQ0ogTrUvIU5YNG027ZM1jLxKlIE1XoDBrfXhiTlIPQhGGl+o6daD/DUlPCIDe9VEGCyRgPoV9QgTkoP5vdmlsnhRJaUSyLEtqaqb8nMsyVmvKg6ORYj9SiV4r/ef1UR5d+RkWSahBkvihKmaVjq3zcCqkEotm0IJhIWtxqkRGWmOgiHtP0BDySmHMswsybTIDkmZeKEGSZbG4WITmLkSwT96x11XLuzpvt6yqtOjpCx+gUOegCtdEt6iAXETRCz+gFvRpPxpvxbnzMW2tGNXOI/sD4/AF9H5uW</latexit>

‣ the linearised upshot
= ÕG
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CP violation
Wilson Includes 95% confidence interval [TeV�2] p-value (SM)

coe�cient |Md6 |
2 Expected Observed

cW/⇤2 no [�0.30, 0.30] [�0.19, 0.41] 45.9%
yes [�0.31, 0.29] [�0.19, 0.41] 43.2%

c̃W/⇤2 no [�0.12, 0.12] [�0.11, 0.14] 82.0%
yes [�0.12, 0.12] [�0.11, 0.14] 81.8%

cHWB/⇤
2 no [�2.45, 2.45] [�3.78, 1.13] 29.0%

yes [�3.11, 2.10] [�6.31, 1.01] 25.0%
c̃HWB/⇤

2 no [�1.06, 1.06] [0.23, 2.34] 1.7%
yes [�1.06, 1.06] [0.23, 2.35] 1.6%

Table 4: Expected and observed 95% confidence interval for the four Wilson coe�cients, using fits to the EW Z j j
di�erential cross-section measured as a function of �� j j . Results are presented when including or excluding the
pure dimension-six contributions to the EFT prediction. The p-value quantifying the compatibility with the SM
hypothesis is also shown for each Wilson coe�cient. The global p-value associated with constraining these four
Wilson coe�cients is investigated using pseudo-experiments, as outlined in the text.

of WW and W Z production are shown to weaken by a factor of ten when the pure dimension-six terms are
excluded, due to helicity selection rules that suppress the interference contribution in diboson processes [88,
89]. Similarly, the constraints obtained from EW Z j j production at CMS were obtained from a fit to the
pT,`` distribution, which can be dominated by the pure dimension-six terms as shown in Figure 10. The
results presented in this paper therefore have two novel aspects. First, they constitute the strongest limits
when pure dimension-six contributions are excluded from the theoretical prediction. Second, the limits are
derived from a parity-odd observable, which is sensitive to the interference between the SM and CP-odd
amplitudes and is therefore a direct test of CP invariance in the weak-boson self-interactions [5].

10 Conclusion

Di�erential cross-section measurements for the electroweak production of dijets in association with a Z
boson (EW Z j j) are presented for the first time, using proton–proton collision data collected by the ATLAS
experiment at a centre-of-mass energy of

p
s = 13 TeV and with an integrated luminosity of 139 fb�1.

This process is defined by the t-channel exchange of a weak vector boson and is extremely sensitive to
the vector-boson fusion process. Measurements of electroweak Z j j production therefore probe the WW Z
interaction and provide a fundamental test of the SU(2)L⇥U(1)Y gauge symmetry of the Standard Model of
particle physics.

The di�erential cross-sections for EW Z j j production are measured in the Z ! `+`� decay channel
(` = e, µ) as a function of four observables: the dijet invariant mass, the rapidity interval spanned by the
two jets, the signed azimuthal angle between the two jets, and the transverse momentum of the dilepton
pair. The data are corrected for detector ine�ciency and resolution using an iterative Bayesian method and
are compared to state-of-the-art theoretical predictions from P�����+P�����8, H�����7+V����� and
S�����. The data favour the prediction from H�����7+V�����. P�����+P�����8 predicts too large a
cross-section at high values of dijet invariant mass, at for large dijet rapidity intervals, and at intermediate
values of dilepton transverse momentum. S����� predicts too small a cross-section across the measured
phase space. Di�erential cross-section measurements for inclusive Z j j production are also provided in the
signal and control regions used to extract the electroweak component.
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FIG. 3: On the left, C
HfWB

Wilson coe�cient calculated from the expression in Tab. I by sampling the

Yukawa values and a fixed hypercharge of (SM-like) Y = �1/2, is plotted against the vector-like lepton

mass m. On the right the relevant combinations of Yukawa values contributing to C
HfWB

are shown. The

points for the di↵erent exclusions are determined by assessing whether C
HfWB

/m2 lies within the 95%

contours for 139/fb and 3/ab, as well as the allowed range the observed data of the ATLAS experiment [4].

B. Constraints from Electroweak Precision Observables and Higgs-data

The CP-even SMEFT operators contribute to the Electroweak Precision Observables (EW-

POs) [53–55], and to the production and decay of the SM Higgs [56]. We note that all the

dimension six operators, generated after integrating out the VLLs, do not leave any impact to

these observables, see Tab. II. We briefly outline the nature of correlations among the relevant

e↵ective operators and the EWPOs in the appendix B. Though these observables do not constrain

the CP-odd operators directly, we note that within our framework the CP-even and -odd operators

are related to each other, see Tab. I, through the model parameters, e.g., the Yukawa couplings

in Eq. (13). Thus encapsulating the e↵ects of these observables on CP-even WCs we can deduce

complementary constraints on the CP-odd WCs through the exotic Yukawa couplings in addition

to the couplings’ phases. We perform a detail �2-statistical analysis⇤⇤ using a Mathematica pack-

age OptEx [57] to estimate the allowed ranges of the model parameters in the light of the following

experimental data: for EWPOs see Table 2 of Ref. [58], and Higgs data for Run-1 ATLAS and

CMS [59, 60] and Run-2 ATLAS and CMS [59–70]. The statistically estimated parameters which

are suitably chosen functions of VLL-Yukawa couplings are depicted in Tab. III.

⇤⇤We would like to mention that in our analysis the degree of freedom is 80 and p-value is .36. The min-�2 is 83.86.
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CP violation
Wilson Includes 95% confidence interval [TeV�2] p-value (SM)

coe�cient |Md6 |
2 Expected Observed

cW/⇤2 no [�0.30, 0.30] [�0.19, 0.41] 45.9%
yes [�0.31, 0.29] [�0.19, 0.41] 43.2%

c̃W/⇤2 no [�0.12, 0.12] [�0.11, 0.14] 82.0%
yes [�0.12, 0.12] [�0.11, 0.14] 81.8%

cHWB/⇤
2 no [�2.45, 2.45] [�3.78, 1.13] 29.0%

yes [�3.11, 2.10] [�6.31, 1.01] 25.0%
c̃HWB/⇤

2 no [�1.06, 1.06] [0.23, 2.34] 1.7%
yes [�1.06, 1.06] [0.23, 2.35] 1.6%

Table 4: Expected and observed 95% confidence interval for the four Wilson coe�cients, using fits to the EW Z j j
di�erential cross-section measured as a function of �� j j . Results are presented when including or excluding the
pure dimension-six contributions to the EFT prediction. The p-value quantifying the compatibility with the SM
hypothesis is also shown for each Wilson coe�cient. The global p-value associated with constraining these four
Wilson coe�cients is investigated using pseudo-experiments, as outlined in the text.

of WW and W Z production are shown to weaken by a factor of ten when the pure dimension-six terms are
excluded, due to helicity selection rules that suppress the interference contribution in diboson processes [88,
89]. Similarly, the constraints obtained from EW Z j j production at CMS were obtained from a fit to the
pT,`` distribution, which can be dominated by the pure dimension-six terms as shown in Figure 10. The
results presented in this paper therefore have two novel aspects. First, they constitute the strongest limits
when pure dimension-six contributions are excluded from the theoretical prediction. Second, the limits are
derived from a parity-odd observable, which is sensitive to the interference between the SM and CP-odd
amplitudes and is therefore a direct test of CP invariance in the weak-boson self-interactions [5].

10 Conclusion

Di�erential cross-section measurements for the electroweak production of dijets in association with a Z
boson (EW Z j j) are presented for the first time, using proton–proton collision data collected by the ATLAS
experiment at a centre-of-mass energy of

p
s = 13 TeV and with an integrated luminosity of 139 fb�1.

This process is defined by the t-channel exchange of a weak vector boson and is extremely sensitive to
the vector-boson fusion process. Measurements of electroweak Z j j production therefore probe the WW Z
interaction and provide a fundamental test of the SU(2)L⇥U(1)Y gauge symmetry of the Standard Model of
particle physics.

The di�erential cross-sections for EW Z j j production are measured in the Z ! `+`� decay channel
(` = e, µ) as a function of four observables: the dijet invariant mass, the rapidity interval spanned by the
two jets, the signed azimuthal angle between the two jets, and the transverse momentum of the dilepton
pair. The data are corrected for detector ine�ciency and resolution using an iterative Bayesian method and
are compared to state-of-the-art theoretical predictions from P�����+P�����8, H�����7+V����� and
S�����. The data favour the prediction from H�����7+V�����. P�����+P�����8 predicts too large a
cross-section at high values of dijet invariant mass, at for large dijet rapidity intervals, and at intermediate
values of dilepton transverse momentum. S����� predicts too small a cross-section across the measured
phase space. Di�erential cross-section measurements for inclusive Z j j production are also provided in the
signal and control regions used to extract the electroweak component.
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‣ ATLAS see a tension 
related to CP violation in 
WBF Z production

19

‣ sign for hierarchical new 
physics beyond the SM ?

[ATLAS, 2006.15458]

[Das Bakshi, Chakrabortty, CE, Spannowsky, Stylianou `20 & in prep]

‣ what can be learned from this?

‣ Assumptions of two-parameter CP fits theoretically 
consistent in a wide class of vector-like leptons

‣ Hierarchy                                            predicted in these scenarios 

3

of a phenomenologically required and motivated extension of the SM, thus deserving further ex-

perimental and theoretical scrutiny.

Secondly, limiting ourselves to a subset of the dimension six operators that could in principle

contribute to physical process can be theoretically problematic, in particular when we wish to

interpret the experimental findings in a truly model-independent fashion. While concrete UV

scenarios can be expected to exhibit hierarchical Wilson coe�cient patterns, it is not a priori

clear that limiting oneself to anomalous gauge boson interactions has a broad applicability to UV

scenarios.

Addressing these two questions from a theoretical and phenomenological perspective is the

purpose of this work. In Sec. II, we motivate additional diboson analyses of the current O(100) fb�1

data set that will allow us to tension or support the results of Eq. (4) straightforwardly. In Sec. III,

we return to consistent theoretical interpretation of the excess in terms of Wilson coe�cients,

where we motivate a particular model class that will not only reproduce the expected hierarchy

|C
HfWB

|/⇤2 > |CfW |/⇤2, suggested by Ref. [4], but also collapses the analysis-relevant operators to

those modifying the gauge boson self-interactions (at the considered order in perturbation theory).

Combining both aspects, in Sec. IV we critically assess the ATLAS result from a perturbative

perspective and discuss the high-luminosity (HL) sensitivity potential of the LHC in light of the

electroweak precision constraints. We conclude in Sec. V.

II. SCRUTINIZING C gHWB
WITH DIBOSON PRODUCTION AND CURRENT LHC

DATA

Deviations related to the gauge boson self-coupling structure can be scrutinized using abundant

diboson production at the LHC. With clear leptonic final states and large production cross sections,

these signatures are prime candidates for electroweak precision analyses in the LHC environment

with only a minimum of background pollution, see also [9, 10]. In particular, radiation zeros

observed in W� production are extremely sensitive to perturbations of the SM CP-even coupling

structures [11–17]. In this section, we discuss the relevant processes that can be employed to further

tension the findings of Eq. (4).

‣ broad UV assumptions reduce complexity of fit whilst 
facilitating matching more straightforwardly
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‣  Improving the expected: beyond the SM-like Higgs 
‣ improving our understanding of Higgs couplings 

‣ improving our understanding Higgs propagation

‣  Constraining/observing the unexpected 
‣ CP violating Higgs interactions CP violation 

‣ interplay of top/Higgs sectors

Overview

[Bernlochner, CE, Hays, et al, `18] 
[CE, Galler, Pilkington, Spannowsky `19] 

[CE, Galler, White `19] 
[Brown, CE, Galler, Stylianou `20] 

[Bakshi, Chakrabortty, CE, Spannowsky, Stylianou `20]

[CE, Galler, Harris, Spannowsky `18]

[CE, Giudice, Greljo, McCullough `19]
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Higgs propagation [CE, Giudice, Greljo, McCullough `19]

‣ specific dim 6 operators much better constraint than naively 
expected! Can we use similar tricks for the Higgs?

S
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

T
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0

0.1

0.2

0.3

0.4

0.5
68%, 95%, 99% CL fit contours, U=0

=173 GeV)t=126 GeV, mH: M
ref

(SM

SM Prediction
 0.4 GeV± = 125.7 HM
 0.94 GeV± = 173.18 tm

SM Prediction
 [100,1000] GeV∈ Hwith M

HM

Figure 4: Allowed region of the S, T parameters after the Higgs discovery, assuming U = 0.
Figure taken from [42].

After the top quark discovery, the precision analysis of electroweak SM corrections were
the most constraining ones regarding the Higgs mass, which was the only free parameter
left at this point, see Fig. 4. Fits to the electroweak sector as performed by, e.g., the
GFitter Collaboration are therefore strong tests of SM and BSM physics [39]. Not all
electroweak corrections can be understood along the lines of S, T, U (or the extended set
of [33, 40, 41]). As we have not made any specific reference to the fermion-gauge boson
interactions apart from tracing e↵ects in the gauge-boson two-point function, these can
appear in addition to the ones we have discussed. As the gauge-boson corrections a↵ect
processes uniformly, S, T, U are often referred to as oblique corrections, whereas precision
measurements of Z ! bb̄ are non-oblique in their nature.

We typically measure �S, �T, �U against the SM best fit point, which makes cal-
culations easier as Goldstone, ghost, or even subsets of SM contributions cancel. For
instance if we go back to our singlet extension of the Higgs sector, we will find

�S =
1

12⇡
sin2 � log

✓
m2

H

m2
h

◆
, (2.4.32)

�T =
3

16⇡ cos2 ✓w
sin2 � log

✓
m2

H

m2
h

◆
, (2.4.33)

�U = 0 . (2.4.34)

which provides a strong constraint on sin2 � as well as the mass of mH if we assume
mh = 125 GeV. The absence of a correction to U is not a coincidence but indicative of
the fact that the power-counting of the e↵ective field theory contributions to S, T arise
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0.1 Peskin Takeuchi Parameters

The Peskin Takeuchi parameters S, T, U are given by

S =
4s2

wc2
w

α

(
ΠZZ(m2

Z) − ΠZZ(0)

m2
Z

− c2
w − s2

w

cwsw

ΠAZ(m2
Z) − ΠAZ(0)

m2
Z

− ΠAA(m2
Z)

m2
Z

)
(1)

T =
1

α

(
ΠWW (0)

m2
W

− ΠZZ(0)

m2
Z

− 2sw

cw

ΠAZ(0)

m2
z

)
(2)

U =
4s2

w

α

(
ΠWW (m2

W ) − ΠWW (0)

m2
W

− c2
w

ΠZZ(m2
Z) − ΠZZ(0)

m2
Z

(3)

− s2
w

ΠAA(m2
Z)

m2
Z

− 2swcw
ΠAZ(m2

Z) − ΠAZ(0)

m2
Z

)
(4)

where ΠV V are the usual vacuum polarization functions. To evaluate them it is helpful to
consider the vector boson polarization function for general masses and couplings

X

Y
= i

(
gµνΠV ′V (q2) − qµqνΣL(q2)

)

ΠV ′V (q2) =
1

8π2

[
(gL

V gL
V ′ + gR

V ′gR
V ){m2

χB0(q
2, m2

ψ, m
2
χ)

− 2B00(q
2, m2

χ, m
2
ψ) + q2B1(q

2, m2
χ, m

2
ψ) + A0(m

2
ψ)}

− mψmχ(g
L
V gR

V ′ + gL
V ′gR

V )B0(q
2, m2

ψ, m2
χ)

]
, (5)

where χ and ψ denote Dirac fermions with right and left-handed chiral couplings gL
V , gR

V , gL
V ′ ,

gR
V ′ to V and V ′, respectively. A0, B0, etc. denote the Passarino-Veltman scalar and tensor

functions in the convention of Ref. [1]. The function ΣL(q2) only contributes to the (gauge-
dependent) longitudinal part of the massive gauge boson propagator and, in fact, drops
out in the on-shell renormalization procedure [2]. The divergent pieces of the polarization
functions in dimensional regularization d = 4 − 2ε read

Πdiv
V ′V (q2) =

1

48π2ε

[
(3m2

χ + 3m2
ψ − 2q2)(gL

V gL
V ′ + gR

V ′gR
V ) − 6mψmχ(g

L
V gR

V ′ + gL
V ′gR

V )
]
. (6)

A quick check: The T parameter for a lepton doublet

We can write T ∼ ΠW 3W 3(0) − ΠW+W−(0) and for a SM lepton doublet gR
W 3,W+ = 0 and

gL
W 3 = gw/2 = gL

W+/
√

2. We write gL
W+ = αgL

W 3 with α =
√

2 and find

Πdiv,e−

W 3W 3(0) + Πdiv,ν
W 3W 3(0) − Πdiv,e−ν

W+W−(0) =
1

16π2ε
gL 2

W 3(m2
χ + m2

ψ)(α2 − 2) = 0 . (7)

1

V V

[Gfitter `12]�S, �T � log m2
h

<latexit sha1_base64="oocjZxdvppLtWPXxMMX7Onnu77A="></latexit>

see also [Berthier, Trott  `15…]

[Peskin, Takeuchi `90, `92]
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Higgs propagation [CE, Giudice, Greljo, McCullough `19]

‣ access oblique Higgs propagator corrections

This is because, through appropriate field redefinitions, the generated operators in-

volving these currents can be rewritten in terms of bosonic fields only. Similarly,

operators containing quarks and leptons in exactly the same combination as the SM

scalar current can be redefined by using the Higgs equation of motion ⇤H = JH .

In many conventional EFT bases [26–28], for computational convenience the

operator O⇤ is replaced with J2
H
after field redefinition. Here, we prefer to work in a

‘boson-only’ basis, which more clearly matches with the UV properties of a Universal

theory where new physics is coupled only to EW and Higgs bosons.

In table 1, we have separated the Universal operators into three classes: ‘Higgs-

only’, ‘gauge-only’, and ‘mixed gauge-Higgs’. The ‘Higgs-only’ operators have been

ordered according to their dimension in units of coupling constant (for notation, see

sect. 2.1 of ref. [29]). Note that the ordering in terms of coupling dimension is useful

in charting the space of microscopic completions. For instance, O⇤ and O6 lie at two

extremes of the coupling spectrum. Since the Wilson coe�cient for O6 is O(g4
⇤
), it

will typically be large in strongly coupled completions, but small in weakly coupled

completions. On the other hand the Wilson coe�cient for O⇤ may survive even in

very weakly coupled completions. These extremes, and the territory in between, will

be discussed in sect. 4 in some specific examples of UV completions.

Although covering an interesting and broad class of models, Universal EFTs do

not match to all microscopic theories. Moreover, the Universal basis is not closed

under quantum corrections, i.e. the RG evolution [30–32] from the matching scale

to the IR scale will typically populate operators not contained in the Universal ba-

sis [33]. Hence, next-to-leading order e↵ects due to degrees of freedom both within

and beyond the SM are not, in general, captured by an analysis limited to operators

in the Universal basis.

3.2 Physical e↵ects

The most characteristic e↵ect of the oblique parameter Ĥ (in the Universal basis) is

a modification of the SM Higgs boson propagator which, for a canonically normalised

field and after mass redefinition, is

�h(p
2) =

1

p2 �m2
h

�
Ĥ

m2
h

. (3.2)

Note that it is important to expand the propagator to dimension-6 here since, as

discussed in sect. 2.2, when the Wilson coe�cients are large the dimension-8 terms

in the self-energy may play an important role in cancelling the squared dimension-6

contribution.

We see the direct analogy with the definition of the EW oblique parameters Ŵ

and Ŷ through the relation with the Higgs self-energy

Ĥ = �
m2

h

2
⌃00

h
(m2

h
) . (3.3)
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Ĥ

m2
h

. (3.2)

Note that it is important to expand the propagator to dimension-6 here since, as

discussed in sect. 2.2, when the Wilson coe�cients are large the dimension-8 terms

in the self-energy may play an important role in cancelling the squared dimension-6

contribution.

We see the direct analogy with the definition of the EW oblique parameters Ŵ
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similar to 

described by only 4 parameters, called Ŝ, T̂ , Ŵ , Ŷ .1 These parameters contribute

to physical amplitudes at di↵erent orders in q2. In particular, one finds T̂ = O(q0),

Ŝ = O(q2), and Ŵ , Ŷ = O(q4). This explains why Ŝ and T̂ are the key param-

eters for LEP1 analyses, while Ŵ and Ŷ play a critical role when LEP2 data are

considered [10]. Recently the Ŵ and Ŷ parameters have received renewed attention,

due to the fact that their energy-growing contribution to amplitudes can be strongly

constrained at high energy hadron colliders, allowing for precision EW probes at the

LHC and beyond [11–13].

In this work we focus on O(q4) terms and, since the Higgs boson has now become

a core component of the electroweak sector, we seek to add the Higgs analogue of the

Ŵ and Ŷ parameters, the Ĥ-parameter, to the oblique dictionary.2 Defined within

a dimension-6 EFT, the Ŵ , Ŷ , and Ĥ parameters are

L
Ŵ

= �
Ŵ

4m2
W

(D⇢W
a

µ⌫
)2 , L

Ŷ
= �

Ŷ

4m2
W

(@⇢Bµ⌫)
2 , L

Ĥ
=

Ĥ

m2
h

|⇤H|
2 , (1.2)

where mh is the physical Higgs mass. The operator O⇤ = |⇤H|
2, where ⇤ ⌘ DµDµ,

is the sole one that modifies the form of the Higgs boson propagator at dimension

six. Hence a constraint on the Ĥ-parameter can, in this basis, be thought of as a

constraint on how the SM Higgs boson propagates.3

The paper is organised as follows. As a prelude to our discussion, in sect. 2 we de-

rive general information on UV corrections to two-point functions, such as the Higgs

boson self-energy, by studying the Källén-Lehmann representation. These results

are employed to determine consistency conditions on the sign of the Ĥ-parameter as

well as the momentum expansion. The physical interpretation of these results is also

illustrated with some examples.

In sect. 3 we discuss the EFT interpretation of O⇤ from a number of direc-

tions. Our analogy begins with the precision EW parameters, which have an obvious

UV interpretation in the context of scenarios in which all new physics interacts pri-

marily with the gauge and Higgs sector, known as the ‘Universal’ class of EFTs.

We also show that, even within the restricted class of Universal theories, the on-

shell Higgs coupling measurements alone cannot unambiguously constrain the Ĥ-

parameter, making it a prime and challenging phenomenological target for future

Higgs studies. In sect. 4 we then provide explicit examples of UV completions that

1Usually Ŵ and Ŷ are called simply W and Y , but we prefer a notation that avoids confusion
between oblique parameters and gauge fields or hypercharge.

2Here we are focusing on the self-energy of the real Higgs boson, while the other three components
of the Higgs doublet, which form the longitudinal gauge degrees of freedom, were already partly
included in the EW oblique parameters.

3All of these operators may be traded for di↵erent sets of operators by field redefinitions. How-
ever, when interpreted as arising from new physics interacting with the gauge and Higgs bosons, at
leading order it is instructive and convenient to work in this basis.
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Our Projection LEP Bound
�g

Z

uL
±0.002 (±0.0007) �0.0026± 0.0016

�g
Z

dL
±0.003 (±0.001) 0.0023± 0.001

�g
Z

uR
±0.005 (±0.001) �0.0036± 0.0035

�g
Z

dR
±0.016 (±0.005) 0.016± 0.0052

�g
Z

1 ±0.005 (±0.001) 0.009+0.043
�0.042

�� ±0.032 (±0.009) 0.016+0.085
�0.096

Ŝ ±0.032 (±0.009) 0.0004± 0.0007
W ±0.003 (±0.001) 0.0000± 0.0006
Y ±0.032 (±0.009) 0.0003± 0.0006

TABLE IV: Comparison of the bounds obtained in this work
with existing LEP bounds. The numbers outside (inside)
brackets, in the second column, denote our bounds with
L = 300 (3000) fb�1. To obtain our projection we turn on the
LEP observables in Eq. (8) one by one and use Eq. (11). The
LEP bounds on the Z coupling to quarks has been obtained
from Ref. [58], the bound on the TGCs from Ref. [59], the
bound on Ŝ from Ref. [60] and finally the bounds on W,Y

have been obtained from Ref. [29]. Except for the case of the
bounds on �g

Z

f , all of the bounds in the last column were de-
rived by turning on only the given parameter and putting all
other parameters to zero.

compare the above projections with existing LEP bounds
by turning on the LEP observables contributing to g

h

Zp in
Eq. (8) one by one. This is equivalent to assuming that
there are no large cancellations in Eq. (8) so that each

LEP

WZ

Zh
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FIG. 2: We show in light blue (dark blue) the projection
for the allowed region with 300 fb�1 (3 ab�1) data from the
pp ! Zh process for universal models in the �� � Ŝ vs �g

Z

1

plane. The allowed region after LEP bounds (taking the TGC
�� = 0, a conservative choice) are imposed is shown in grey.
The pink (dark pink) region corresponds to the projection
from the WZ process with 300 fb�1 (3 ab�1) data derived in
Ref. [20] and the purple (green) region shows the region that
survives after our projection from the Zh process is combined
with the above WZ projections with 300 fb�1 (3 ab�1) data.

individual term is bounded by Eq. (11). The results are
shown in Tab. IV. We see that our projections are much
stronger than the LEP bounds for the TGCs �g

Z

1 and
�� and comparable in the case of the Z-pole observables
�g

Z

f
, that parametrize the deviations of the Z coupling

to quarks.
To obtain Eq. (11), we have used the cut-o↵ as defined

in Eq. (10) with gh = 1. One might expect a stronger
bound by taking a larger gh. We find, however, that
while taking stronger couplings can increase the cut-o↵
many times, this does not lead to an appreciably higher
sensitivity because the high energy bins have very few or
no SM/BSM events being suppressed by the small PDFs
at these energies.
For the universal case, the EFT directions presented in

Table II can be visualized in the ��� Ŝ vs. �gZ1 plane as
shown in Fig. 2 for the interesting class of models where
W = Y = 0 [20]. The flat direction related to the pp !

Zh interference term, i.e., gh
Zp = 0, Eq. (7), is shown by

the dashed blue line, where the direction g
h

Zp is now given
by the second line of Eq. (8). The grey shaded area shows
the allowed region after the LEP II bounds [59] from the
e
+
e
�

! W
+
W

� process are imposed. The results of
this work are shown in blue (light (dark) blue for results
at 300 (3000) fb�1). To understand the shape of the
blue bands, note that along the dashed line, the SM-BSM
interference term vanishes. If the interference was the
only dominant e↵ect, the projected allowed region would
be a band along this direction. The BSM squared term
thus plays a role in determining the shape of the blue
region. To the left of the dashed blue line, the squared
and the interference terms have the same sign while there
is a partial cancellation between these two terms on the
right hand side of the dashed line. This results in the
curvature of the blue band with stronger bounds to the
left of the dashed line and weaker bounds to its right.
We see that, as we move further from the origin, the

e↵ect of the squared term becomes more pronounced.
This is expected, as along the dashed line, the interfer-
ence term is accidentally zero, even for energies below
the cut-o↵, and thus, the parametrically sub-dominant
squared term is larger. To achieve a partial cancellation
between these two terms one needs to deviate more and
more from the dashed line. While EFT validity has been
carefully imposed to derive our bounds, the fact that the
interference term vanishes along the flat direction and
the squared term becomes important, does imply that for
weakly coupled UV completions our bounds are suscep-
tible to O(1) dimension 8 deformations in this direction.
In the orthogonal direction shown by the dotted line, on
the other hand, our projections are more robust and not
sensitive to such e↵ects. Such an ambiguity also exists
in the results in Tab. IV, for the pseudo-observables such
as �gZ

dR
and �� , that are somewhat aligned to the above

flat direction. This ambiguity can be resolved by per-
forming a global fit upon combining analyses of all the

‣ excellent prospects to surpass 
LEP(2) sensitivity at high 
energy colliders due to scalingdescribed by only 4 parameters, called Ŝ, T̂ , Ŵ , Ŷ .1 These parameters contribute

to physical amplitudes at di↵erent orders in q2. In particular, one finds T̂ = O(q0),

Ŝ = O(q2), and Ŵ , Ŷ = O(q4). This explains why Ŝ and T̂ are the key param-

eters for LEP1 analyses, while Ŵ and Ŷ play a critical role when LEP2 data are

considered [10]. Recently the Ŵ and Ŷ parameters have received renewed attention,

due to the fact that their energy-growing contribution to amplitudes can be strongly

constrained at high energy hadron colliders, allowing for precision EW probes at the

LHC and beyond [11–13].

In this work we focus on O(q4) terms and, since the Higgs boson has now become

a core component of the electroweak sector, we seek to add the Higgs analogue of the

Ŵ and Ŷ parameters, the Ĥ-parameter, to the oblique dictionary.2 Defined within

a dimension-6 EFT, the Ŵ , Ŷ , and Ĥ parameters are

L
Ŵ

= �
Ŵ

4m2
W

(D⇢W
a

µ⌫
)2 , L

Ŷ
= �

Ŷ

4m2
W

(@⇢Bµ⌫)
2 , L

Ĥ
=

Ĥ

m2
h

|⇤H|
2 , (1.2)

where mh is the physical Higgs mass. The operator O⇤ = |⇤H|
2, where ⇤ ⌘ DµDµ,

is the sole one that modifies the form of the Higgs boson propagator at dimension

six. Hence a constraint on the Ĥ-parameter can, in this basis, be thought of as a

constraint on how the SM Higgs boson propagates.3

The paper is organised as follows. As a prelude to our discussion, in sect. 2 we de-

rive general information on UV corrections to two-point functions, such as the Higgs

boson self-energy, by studying the Källén-Lehmann representation. These results

are employed to determine consistency conditions on the sign of the Ĥ-parameter as

well as the momentum expansion. The physical interpretation of these results is also

illustrated with some examples.

In sect. 3 we discuss the EFT interpretation of O⇤ from a number of direc-

tions. Our analogy begins with the precision EW parameters, which have an obvious

UV interpretation in the context of scenarios in which all new physics interacts pri-

marily with the gauge and Higgs sector, known as the ‘Universal’ class of EFTs.

We also show that, even within the restricted class of Universal theories, the on-

shell Higgs coupling measurements alone cannot unambiguously constrain the Ĥ-

parameter, making it a prime and challenging phenomenological target for future

Higgs studies. In sect. 4 we then provide explicit examples of UV completions that

1Usually Ŵ and Ŷ are called simply W and Y , but we prefer a notation that avoids confusion
between oblique parameters and gauge fields or hypercharge.

2Here we are focusing on the self-energy of the real Higgs boson, while the other three components
of the Higgs doublet, which form the longitudinal gauge degrees of freedom, were already partly
included in the EW oblique parameters.

3All of these operators may be traded for di↵erent sets of operators by field redefinitions. How-
ever, when interpreted as arising from new physics interacting with the gauge and Higgs bosons, at
leading order it is instructive and convenient to work in this basis.

– 2 –
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parameter, making it a prime and challenging phenomenological target for future

Higgs studies. In sect. 4 we then provide explicit examples of UV completions that
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Higgs propagation [CE, Giudice, Greljo, McCullough `19]
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Figure 4. A sample of Feynman diagrams with an o↵-shell Higgs contribution to four-top

production at the LHC (pp ! tt̄tt̄).

Figure 5. The 3 ab�1 HL-LHC and 30 ab�1 FCC-hh sensitivity projections for the Ĥ

parameter in four-top production (pp ! tt̄tt̄). The solid and dashed black curves show

the expected sensitivity at 95% CL as a function of the kinematic variable Mcut for a

di↵erent systematic uncertainty �sys. Superimposed to this plot are three dashed brown

lines showing the corresponding values of c⇤ assuming M = Mcut. The regions above the

lines c⇤ = 4⇡ and c⇤ = (4⇡)2 are incompatible with the criteria of perturbative unitarity

and näıve perturbativity, respectively.

Due to statistics, systematics and background, the four-top final state is chal-

lenging to observe [46]. Nonetheless, significant progress by the experimental collab-

orations has been made recently. Both ATLAS and CMS analysed about 36 fb�1

of 13 TeV data each [47, 48], with constraints approaching the SM rate. Interest-

ingly, ATLAS reported comparable sensitivities in the combination of single lepton

plus opposite-sign dilepton searches when compared to the combination of same-sign

dilepton plus three lepton searches. The first class of searches selects more signal

events but su↵ers from larger systematic uncertainties. In fact, these are already
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‣ high energy frontier is an efficient probe at large cutoff

cf. [ATL-PHYS-PUB-2018-047] 
[CMS-PAS-FTR-18-031]

luminosity, assuming the systematic uncertainties of 5% and 1%, respectively. Based

on extrapolations of higher order perturbative calculations a 5% systematic error

seems realistic, whereas 1% may be optimistic, depending on future progress.

To assess the reliability of the EFT prediction in the plane of fig. 5 we recall

the discussion in sect. 4.2. Since the energy flowing in the Higgs propagator never

exceeds Mcut, we can interpret Mcut as the minimum possible value of the EFT cuto↵

and therefore c⇤ > ĤM2
cut/m

2
h
. We then plot in fig. 5 the corresponding values of c⇤,

identifying the regions in conflict with the criteria of perturbative unitarity (c⇤ & 4⇡)

and näıve perturbativity (c⇤ & (4⇡)2).

To summarise fig. 5, future HL-LHC four-top searches will provide a competitive

probe of Ĥ in the o↵-shell Higgs regime, giving meaningful constraints on a wide class

of theories featuring moderate to strong coupling constants. The FCC-hh collider

has a potential to probe weakly coupled theories and, at large cuto↵, potentially

supersede the FCC-ee precision constraint on an Ĥ-only scenario, which would be at

the level of |Ĥ| . 0.5% [54].

While this simple analysis already illustrates the importance of the four-top

production in the context of Higgs physics, it is far from unlocking the full potential

of this process. We envisage a number of possible improvements. For example, tt̄tt̄

angular distributions could help disentangle signal from the background. In this

context, we identify a suitable parton-level variable, � = ⌘t1 + ⌘t2 � ⌘t̄1 � ⌘t̄2 which

could be employed to further enhance the sensitivity. However, a realistic collider

analysis is beyond the scope of this paper and the simulation of decays, showering,

hadronisation and detector e↵ects, possibly employing advanced machine learning

techniques for optimised results, is left for future work.

6 Conclusions

The future of Higgs physics will have a course charted by precision calculations and a

destination mapped by a new frontier of experimental measurements. The resulting

landscape will be translated into fundamental questions: What is the nature of the

Higgs boson? How does the Higgs boson interact with other particles and with itself?

In this work we have advertised and studied an orthogonal, yet important, question

for this programme: How does the Higgs boson propagate? Framed within a general

EFT context the answer to this question is unphysical and basis-dependent. How-

ever there is a broad class of microscopic theories (called Universal theories) which

single out a specific EFT basis in which this question not only becomes well-defined,

but also plays a key role in mapping out the boundaries of the UV. Leading order

modifications of the Higgs propagator are captured by the Ĥ-parameter, which is

the coe�cient of the operator O⇤ = |⇤H|
2 in the Universal basis. The Ĥ-parameter

provides a Higgs-boson analogue to the oblique electroweak parameter programme
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‣ precision analysis of Z-pole measurements ( e+ e- →ff’ ) sensitive to 
Higgs corrections

‣ Oblique corrections suppressed, 
but large statistics and clean 
measurement at Higgs factories!
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man diagram topologies of the elec-
troweak boson polarisation functions for
boson V that give rise to the electroweak
oblique corrections S, T, U ⇠ �, �

2. �, �0

denote all possible Higgs and Goldstone
boson insertions. V, V

0
, V

00 = W, Z, A

label all allowed SM vector boson inser-
tions.

FIG. 9: Representative two-loop Feyn-
man diagram counter term topologies of
the electroweak boson polarisation func-
tions similar to Fig. 8. The first di-
agram represents two-loop renormalisa-
tion constants that are not obtained from
one-loop inserted one-loop renormalisa-
tion constants. Note that ��0

V
00 vertex

counterterms are suppressed.
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ifications of gauge boson interactions due to presence of
new physics a↵ecting their propagation, i.e. they capture
correlated modifications away from the SM expectation
of electroweak four-fermion scattering processes. As the
new scalar only couples to the Higgs boson and is pro-
tected by the unbroken Z2-symmetry, contributions to
S, T, U do only arise at two-loop order. The relevant
diagrams and counterterms are given in Fig. 8 and 9,
respectively.

In the definition of Eq. (19) we have already exploited
the Ward identity ⇧AA(0) = 0 which means that we will
work with on-shell renormalised quantities in the follow-
ing. For instance, for our scalar S insertions we obtain
before renormalisation in D-dimensional regularisation
and using Feynman gauge, Fig. 8 (a),(b),(e),

⇧0
AA

(0) = �
↵(D � 4)(D � 2)

256⇡3m2
W

�A0(m
2
S
)A0(m

2
W

) (20)

where A0 is the standard function one-loop function (ex-

panding D = 4 � ✏ < 4)

A0(x) = x


2

✏
� �E � log

x

4⇡µ2
+ 1+

✏

4

�
(��E � log

x

µ2
+ 1)2 + 1 +

⇡
2

6

◆�
. (21)

This yields

⇧0
AA

(0) =
↵�m

2
S

32⇡3

✓
1

✏
� �E + log

✓
mSmW

4⇡µ2

◆
�

1

2

◆

+ O(✏) . (22)

This cancels identically against the renormalised Gold-
stone contribution

�⇧AA(0) = �
↵(D � 4)(D � 2)

32⇡2m2
W

e �t

mW sW
A0(m

2
W

) (23)

with the one-loop tadpole renormalisation �t given in
Eq. (16).

GigaZ gives non-trivial 
constraint

massive improvement for 
TeraZ (if attainable)

L = LSM +
1

2
(@µS)

2 � m2
S

2
S2 � �S2(�†�� v2/2) ,
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FIG. 15: Comparison of the (a) FCC-hh and (b) CLIC at 3 TeV best case sensitivities. The dashed blue line refers to WBF
to the sensitivity of S pair production, while the dotted green line reflects the expected Higgs signal strength constraints. For
comparison we include the GigaZ extrapolation of the sensitivity via oblique corrections as a black dashed line. The projected
self-coupling extraction are shown in red. For the 3 TeV CLIC the 5%- and 10%-level are included as dash-dotted and solid
lines, respectively. For the Higgs signal strength here we use the 3 TeV value �µ/µ = 0.39% according to Ref. [91]. The shaded
region is excluded from stability considerations [29] and assumes no additional BSM matter content beyond the singlet scalar.

prise for heavy strongly-coupled physics such as SUSY,
the combination of energy coverage and statistics, makes
a naively sensitivity-limited hadron-hadron machine also
an excellent tool to constrain weakly coupled electroweak
extensions. In this sense, when power is applied in a con-
trolled way to the symmetric Higgs portal, it will likely
beat precision.
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‣  Improving the expected: beyond the SM-like Higgs 
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‣ improving our understanding Higgs propagation
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‣ CP violating Higgs interactions CP violation 
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New physics in tops

‣ new top-philic states arise in many BSM theories: 

‣ top pair production with large cross section could fingerprint such 
states
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FIG. 1: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the simplified model of eq. (1).
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FIG. 2: Representative counter term contributions to gg ! tt̄.

both analytically and numerically for the gg and qq̄ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [89–93], which
is indicative of a loss of perturbative control [94].

We now turn to the e↵ective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out
the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt̄ interaction, described
by the e↵ective operator

OtG = vt̄LT
a�µ⌫tR Ga

µ⌫ (3)

(and its Hermitian conjugate). Here tL and tR de-
note left-handed and right-handed top quarks, T a are
the SU(3) generators in the fundamental representa-
tion, �µ⌫ = i[�µ, �⌫ ]/2 and Ga

µ⌫ is the QCD gauge field
strength tensor. Note, that we have scaled the operator
by an additional factor of the vacuum expectation value
v of the SM Higgs boson. The second operator is a four-
fermion operator involving four top quarks, and given by

expanding the scalar propagator for large mS in relation
to its four momentum q2,

(t̄t)
c2S

q2 � m2

S

(t̄t)
q2⌧m2

S
�! �

c2S
m2

S

(t̄t)2 =
ctt
⇤2

Ott (4)

see e.g. fig. 3. Note that this operator is not part of the
Warsaw (SM EFT) basis [7], but it is more convenient
for our purposes. For instance in four top production,
the operator of eq. (4) enters at tree-level in the EFT,
as illustrated in fig. 3. The contribution from the oper-
ator OtG is suppressed with respect to the contribution
from Ott because it is loop-induced and four-top contri-
butions with one OtG insertion are of higher order in ↵s

than four-top contributions with one insertion of Ott (see
appendix A). The situation is di↵erent in top pair pro-
duction. Since Ott enters only through loops (see, e.g.
fig. 4) there is no relative suppression with respect to
OtG which is also loop-induced. Furthermore, tree-level
diagrams with one OtG insertion (whose topology is the
same as the upper three diagrams in fig. 2) and one-loop
diagrams with one Ott insertion (as in fig. 4) contribute
to the same perturbative order in ↵s. Hence, in top quark
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.

renormalisation as opposed to the four fermion insertion.

3 relevant operators
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“SAGEX”.

Appendix A: Notes on renormalisation and matching

The UV divergent corrections of top pair production
in the simplified model are given by the vertex and prop-
agator corrections depicted in Fig. 1. The on-shell renor-
malisation of UV divergencies is determined only by top
quark mass and wave function counterterms (these can be
found in Ref. [106]). The cancellation of UV singularities
along these lines is expected by the gauge-singlet char-
acter of S and the product-group gauge theory form of
the SM. Hence, there is no renormalization of the gauge
couplings.

The qualitative changes in the renormalisation proce-
dure when comparing full and e↵ective theory compu-
tation is highlighted by considering the top quark two-
point function. Approaching the limit mS ! 1 before
carrying out the loop integration results in a schematic
identification

B0(q
2,mt,mS) ⇠
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�! �
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m2

S
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t

⇠ �
A0(mt)

m2

S

, (A1)

where A0 and B0 are the Passarino-Veltman one-point
and two-point scalar functions [106, 107]. Since the A0

function does not depend on the momentum of the two-
point function there is no top quark wave function renor-
malisation involved in the EFT calculation. Instead the
renormalisation of the EFT calculation is performed in
the top quark mass and the Wilson coe�cient ctG. The
EFT renormalisation of the top mass due to the four
fermion insertion is given by

�mEFT

t =
ctt

16⇡2⇤2
mtA0(mt) . (A2)

The one-loop EFT contributions (see fig. 4) give rise to
UV singularities. After top mass renormalisation we are
left with the following UV divergence in the NLO EFT
amplitude

M(gg ! tt̄)
��EFT,mt-ren.

NLO, div
= �

cttgsyt
32⇡2⇤2

�UV
hOtGi , (A3)

where �UV = ✏�1
� �E + log 4⇡ in dimensional regu-

larisation with D = 4 � 2✏ dimensions and yt denotes
the top Yukawa coupling (we have traded mt against the
vacuum expectation value that apears in the normalisa-
tion of eq. (3)). The amplitude hOtGi denotes all OtG

operator insertions that contribute to gg ! tt̄ at tree-
level including those with contact interactions ggtt̄. This
shows that the one-loop insertion of the four-fermion op-
erator Ott induces a renormalisation of the OtG operator
since the LO EFT amplitude is given by

M(gg ! tt̄)
��EFT

LO
= hOSM i +

ctG
⇤2

hOtGi , (A4)

where hOSM i represents the SM amplitude, which is in-
dependent from hOtGi as a result of [7]. The divergence
in eq. (A3) can be removed by including a ctG counter
term

�ctG
⇤2

=
cttgsyt
32⇡2⇤2

�
�UV + F(µ2)

�
, (A5)

where F denotes renormalisation-scheme dependent fi-
nite terms that will be fixed when we match the one-
loop EFT amplitude with the on-shell renormalised one-
loop result for propagating S at a matching scale µM .
The matching relation (which also addresses the quark-
induced channels) is given by

t

t

g
Q2

t

t

+

t

t

g

Q2 = µ2
M

hOtGi, ren.

=

t

t

g

Q2
S

t

t

+

t

tg

Q2 = µ2
M

hOtGi

. (A6)

Concretely this means that we first extract the Lorentz structure related to the operator insertion of Otg of the
renormalised EFT as well as the full calculation. We then identify the coe�cients of the Otg amplitudes (Lorentz
structures) at a matching scale µ2

M , which fixes the finite terms F(µ2

M ) that correspond to a tree-level insertion of

[CE, Galler, White `19] 

‣ EFT is suitable tool to constrain such states model-independently, 
however matching is crucial!

2

description, in which more e↵ective operators are gener-
ated; (iii) the full simplified model. We can then examine
the validity of each approach, and the ease of matching
EFT constraints to the full theory.

We will first focus on top quark pair production,
demonstrating explicitly that an EFT description can
provide an excellent approximation to the full model, as
expected. However, we will see that NLO corrections in
the EFT approach are particularly important, and that a
näıve LO approach tends to overestimate kinematic dis-
tributions, such that its (invalid) application would lead
to over-optimistic constraints on new physics.

The operators examined in this paper also a↵ect four
top production [26, 50, 51], which is actively being
searched for by both the ATLAS [52] and CMS [53, 54]
collaborations. We examine the projected constraints on
this process (and top pair production) that are expected
to be obtained after the high luminosity LHC (HL-LHC)
upgrade [55–57], and convert these into constraints on
the parameter space of the new physics model. We will
see that constraints from four top production are compet-
itive with top pair production, suggesting that the two
processes would have roughly comparable weights in a
global EFT fit. However, the extrapolated uncertainties
from both top pair and four top production lead to con-
straints that probe parameter space regions in which the
full theory is non-perturbative. For large scalar masses,
the width of the scalar resonance increases, such that no
meaningful constraint on the coupling is obtained in the
full theory. Thus, whilst constraints in the EFT descrip-
tion remain in principle valid and are possible, it becomes
impossible to match the EFT description to the full the-
ory of new physics, given that perturbative computations
in the latter are not obtainable.

The model considered here has been widely-studied in
a number of di↵erent new physics scenarios. Thus, we
hope that our results provide a useful case study for the
application of EFT at the LHC, which will inform prag-
matic discussions about how to apply this technique go-
ing forwards, and what can be learned (or otherwise)
about specific UV completions. The structure of our
paper is as follows. In Sec. II we introduce the sim-
plified model (of an additional scalar particle) that we
are considering, and calculate the corrections to top pair
production up to NLO. We furthermore explain how the
EFT description is obtained at low energy (relative to the
scalar mass). In section III, we present numerical results
for the top invariant mass distribution, and demonstrate
the validity of the EFT description, even at LO, when the
scalar mass is asymptotically large. We then quantify the
mass regime in which the NLO-matched EFT description
is a good approximation of the full theory. In section IV,
we examine the projected uncertainties on top pair and
four top production at the LHC, and examine the con-
straints obtained in the EFT at (N)LO, as well as the
full theory. Finally, in section V, we discuss our results
and conclude.

II. A SIMPLIFIED MODEL AND ITS EFT
LIMIT

In this work, we consider a simplified model (similar
to Ref. [58]) with dominant couplings to the top quark

LBSM =
1

2
@µS@

µS �
1

2
m2

SS
2

� (cS t̄LtRS + h.c.) (1)

where S is a scalar field of mass mS .1 Provided the
latter is greater than 2mt, where mt is the top mass, the
scalar S may directly decay into (anti)-top pairs, with
corresponding width

�(S ! tt̄) =
3c2SmS

8⇡

s

1 �
4m2

t

m2

S

⌘ c2S �̃ . (2)

Further contributions to the width arise from the fact
that S can couple to gluons and photons via a top quark
loop, analogously to the SM Higgs boson. Although we
include the loop-induced decays for completeness, the
prompt decay S ! tt̄ dominates over the entire consid-
ered mass range.

Our aim in this paper is to compare an EFT descrip-
tion of the theory of eq. (1) at low energy, with the full
theory, in order to assess the validity and interpretation
of the former. To this end, let us consider how this theory
leads to corrections to top pair production up to NLO in
the coupling of the scalar i.e. up to and including O(c2S).
Comparison with the EFT will then allow us to match
the two descriptions. Representative diagrams contribut-
ing to the gluon-induced process gg ! tt̄ are shown in
fig. 1, where we do not consider SM electroweak contribu-
tions [60] (see also [61, 62]). In the SM, for heavy Higgs
bosons, it is known that the Higgs signal (with a large
QCD K factor [63, 64]) has sizeable interference e↵ects
with the QCD continuum in gg ! tt̄ [65–67]. This in-
fluences exclusion constraints, but is also a viable source
for new physics beyond the SM [20, 68–77]. The pre-
dominant focus of previous work was therefore devoted
to isolating the resonance shape and cross section, which
is not our focus here. Note, however, that loop e↵ects
and their relation to (Higgs) e↵ective field theory were
first discussed in [78–81].

For our analysis, we implement the leading or-
der, virtual and counter term (fig. 2) contributions
for qq̄, gg ! tt̄ production at O(c2S) in a modi-
fied version of Vbfnlo [82–85] which links Form-
Calc/LoopTools [86, 87]. Various analytical compar-
isons against alternative calculations as well as numer-
ical cross checks of leading order amplitudes have been
performed using MadGraph [88]. We use the on-shell
renormalisation scheme, and have verified UV finiteness

1Similar frameworks have been considered in FCNC studies,
e.g. [59].



29

New physics in tops

9

“SAGEX”.

Appendix A: Notes on renormalisation and matching

The UV divergent corrections of top pair production
in the simplified model are given by the vertex and prop-
agator corrections depicted in Fig. 1. The on-shell renor-
malisation of UV divergencies is determined only by top
quark mass and wave function counterterms (these can be
found in Ref. [106]). The cancellation of UV singularities
along these lines is expected by the gauge-singlet char-
acter of S and the product-group gauge theory form of
the SM. Hence, there is no renormalization of the gauge
couplings.

The qualitative changes in the renormalisation proce-
dure when comparing full and e↵ective theory compu-
tation is highlighted by considering the top quark two-
point function. Approaching the limit mS ! 1 before
carrying out the loop integration results in a schematic
identification

B0(q
2,mt,mS) ⇠
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⇠ �
A0(mt)

m2

S

, (A1)

where A0 and B0 are the Passarino-Veltman one-point
and two-point scalar functions [106, 107]. Since the A0

function does not depend on the momentum of the two-
point function there is no top quark wave function renor-
malisation involved in the EFT calculation. Instead the
renormalisation of the EFT calculation is performed in
the top quark mass and the Wilson coe�cient ctG. The
EFT renormalisation of the top mass due to the four
fermion insertion is given by

�mEFT

t =
ctt

16⇡2⇤2
mtA0(mt) . (A2)

The one-loop EFT contributions (see fig. 4) give rise to
UV singularities. After top mass renormalisation we are
left with the following UV divergence in the NLO EFT
amplitude

M(gg ! tt̄)
��EFT,mt-ren.

NLO, div
= �

cttgsyt
32⇡2⇤2

�UV
hOtGi , (A3)

where �UV = ✏�1
� �E + log 4⇡ in dimensional regu-

larisation with D = 4 � 2✏ dimensions and yt denotes
the top Yukawa coupling (we have traded mt against the
vacuum expectation value that apears in the normalisa-
tion of eq. (3)). The amplitude hOtGi denotes all OtG

operator insertions that contribute to gg ! tt̄ at tree-
level including those with contact interactions ggtt̄. This
shows that the one-loop insertion of the four-fermion op-
erator Ott induces a renormalisation of the OtG operator
since the LO EFT amplitude is given by

M(gg ! tt̄)
��EFT

LO
= hOSM i +

ctG
⇤2

hOtGi , (A4)

where hOSM i represents the SM amplitude, which is in-
dependent from hOtGi as a result of [7]. The divergence
in eq. (A3) can be removed by including a ctG counter
term

�ctG
⇤2

=
cttgsyt
32⇡2⇤2

�
�UV + F(µ2)

�
, (A5)

where F denotes renormalisation-scheme dependent fi-
nite terms that will be fixed when we match the one-
loop EFT amplitude with the on-shell renormalised one-
loop result for propagating S at a matching scale µM .
The matching relation (which also addresses the quark-
induced channels) is given by

t

t

g
Q2

t

t

+

t

t

g

Q2 = µ2
M

hOtGi, ren.

=

t

t

g

Q2
S

t

t

+

t

tg

Q2 = µ2
M

hOtGi

. (A6)

Concretely this means that we first extract the Lorentz structure related to the operator insertion of Otg of the
renormalised EFT as well as the full calculation. We then identify the coe�cients of the Otg amplitudes (Lorentz
structures) at a matching scale µ2

M , which fixes the finite terms F(µ2

M ) that correspond to a tree-level insertion of
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FIG. 6: BSM interference contribution as a function of the invariant tt̄mass for gluon fusion (left) and qq̄ annihilation, neglecting
the Z contribution. As the interference changes sign we choose to plot the absolute value of the interference for clarity. We
choose mS = 2 TeV and cS = 0.1.

The dependence of ctG on the matching scale is shown in
figure 5. As the matching scale is related to a renormali-
sation scale choice (appendix A), the cross section has a
logarithmic dependence on the µM .

As for the full simplified model calculation described
above, we have implemented our matched NLO calcula-
tion in a modified version of Vbfnlo [82–85].

III. VALIDITY OF EFT AT (NEXT-TO)
LEADING ORDER

In the previous section, we outlined a particular sim-
plified model for new physics in the top quark sector, and
explained how this can be matched to an EFT descrip-
tion at low energies. In this section, we analyse the range
of validity of the latter, as the mass of the scalar particle
is lowered towards LHC energies. We will illustrate our
results using the invariant mass distribution of the final
state tops in top pair production, although similar results
would be obtained for other kinematic distributions.

In fig. 6, we show the contribution to the invariant
mass mtt̄ stemming from the interference between the
new physics process, and the SM contribution,

d�(tt̄) ⇠ 2Re
⇣
M

SM

tt̄ M
⇤ virt/d6

tt̄

⌘
(5)

where virt/d6 represents the propagating-S contributions
or their dimension six EFT counterparts, for a scalar
mass of mS = 2 TeV. Three di↵erent curves are shown.
The blue curve shows the result obtained from the full
theory of eq. (1), with all dynamics correctly included.
The red curve shows the results of our NLO-matched

EFT calculation. We see that the EFT and the full com-
putation agree well, as long as we are away from the turn-
on of the scalar Breit-Wigner distribution. The green
curve in fig. 6 shows the results of a bottom-up approach
to EFT where we assume no knowledge about the full
theory. Specifically, we perform a LO EFT calculation
of tt̄ production taking only tree-level diagrams with one
insertion of OtG into account. We treat the Wilson co-
e�cient ctG as a free parameter in the EFT and fit ctG
to Monte Carlo data that was generated using the full
theory. This approach simulates an EFT fit where the
EFT prediction is calculated at LO and applied to data
which contains the signatures of the simplified model of
eq. (1). This näıve approach based on fitting ctG alone
never reproduces the correct shape. This becomes even
more transparent when we push the scalar mass to larger
values, e.g. mS = 5 TeV in fig. 7. The full theory and the
NLO EFT calculation agree very well, with the turn-on
of the scalar exchange only leading to mild corrections
for large values of m(tt̄) in the (dominant) gluon fusion
component. Again as expected, the LO EFT approach
now deviates significantly. In particular, fixing the coef-
ficient of ctG at low energies where the mtt̄ distribution is
measured more precisely leads to a drastic mismodelling
of the shape of the invariant mass distribution, with a
significant overestimate of the high mass tail. As we will
see in the following section, this can lead to an overly
optimistic constraint on possible new physics e↵ects, for
the model that we consider here.

In fig. 8, we indicate the validity range when com-
paring full theory and NLO EFT computation (for a
general discussion see [95]). The parameter mmax(tt̄)
denotes the energy scale at which the NLO EFT and



30

New physics in tops

‣ EFT is suitable tool to constrain such states model-independently, 
however matching is crucial and so are expected uncertainties

7

above-mentioned processes leads to exclusion contours in
the (mS , cS) parameter space, shown in fig. 9, where any-
thing above a given curve (i.e. for stronger couplings cS)
is excluded. Secondly, we will assume that an NLO EFT
analysis has been applied, leading to constraints on the
coe�cients of the new physics operators OtG and Ott.
By matching with the full theory as described previously,
constraints on the operator coe�cients can also be con-
verted to curves in the (mS , cS) plane.

The top pair production cross section is currently
known at NNLO precision [97, 98] (see also [99]). Given
the large cross section, the theoretical uncertainty will
be the limiting factor of physics in the top sector (see
also [24]). In fig. 9, we show the sensitivity of the LHC
under the assumption that the unfolded mtt̄ distribution
can be described at an optimistic 3% level using a binned
�2 test as detailed in Ref. [15]. For this particular er-
ror choice the EFT and full theory agreement happens
to be slightly above the perturbative unitarity limit of
c2S ' 8⇡ that can be derived from tt̄ ! tt̄ scattering in
the full model (i.e. with propagating S). A larger er-
ror budget quickly pushes the constraints deeply into the
non-perturbative regime. On the other hand sensitivity
to cS ' 1 requires per mille level uncertainties. These
are beyond the current state-of-the-art. As can be seen,
for large scalar masses where the EFT reproduces the
full model expectations both approaches are compatible.
At lower masses, tighter constraints are obtained in the
EFT than in the full theory. This is due to the systematic
tendency (visible in figs. 6–7) of the EFT to overestimate
the full theory due to the absence of absorptive parts in
the region where the scalar contribution gets resolved.
Thus, applying EFT alone would result in overly opti-
mistic reported constraints on new physics, that would
not be strictly valid. Note that in this comparison we in-
clude the squared s-channel scalar contribution with an
approximate K factor ' 2.5 [63, 64] as this significantly
impacts the exclusion for the dynamic S. Notwithstand-
ing the accuracy at which the EFT manages to approx-
imate the full computation, we see that hadron collider
systematics do seriously curtail precision physics in the
top sector when contrasted with certain classes of top-
philic BSM models. The simplified model highlights this
through Fig. 9. Gaining sensitivity in such an instance
crucially rests on more precise SM predictions that allow
constraints to be pushed into the perturbative limit of
the model.

One might argue that discovering a contrived top-philic
new physics scenario is di�cult to achieve in the first
place. However, for the scenario that we have stud-
ied there is the possibility to investigate four top final
states similar to existing analyses [26, 50, 51]. The ex-
periments have also performed extrapolations to the HL-
LHC, e.g. [55–57]. As the cross sections for this pro-
cess are relatively small, O(10 fb) [100, 101], statistical
and experimental uncertainties will be important. There
is reason to believe that the latter can be brought un-
der su�cient control and e.g. ATLAS have shown that

a sensitivity of 11% around the SM expectation can be
achieved [56] which is smaller than the current theoreti-
cal precision. It is not unreasonable to expect that the-
oretical predictions can be improved and we assume a
18% accuracy in the extraction of the unfolded tt̄tt̄ cross
section, which is slightly worse than the ATLAS extrap-
olation and the lowest bound provided by CMS [55].

We simulate four top events using MadEvent [88] keep-
ing track of destructive interference e↵ects that arise be-
tween the QCD and new scalar contributions. In the four
top case, these are much smaller than for gg ! tt̄, we
find a typical mild correction of O(�10%). Constraints
on the parameter space from applying the full simpli-
fied model, and the EFT approach, are shown in fig. 9.
Given that there is a tree-level induced dimension six
operator in this process (i.e. the four-fermion operator),
we restrict the present discussion to LO only. For low
scalar masses the constraints are comparable. However,
for larger masses applying the full model directly leads
to very weak constraints. This behaviour is dominated
by the assumed uncertainties, coupled with the fact that
at higher masses in the full theory, the decay width of
the scalar (from eq. (2)) becomes large. This decreases
the scalar contribution to four top final states to a large
extent, leading to a loss of sensitivity for the simplified
model in four top final states under our assumptions at

1000 1500 2000 2500 3000 3500
0
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7

mS [GeV]

cS

FIG. 9: 95% confidence level exclusion contours for the sim-
plified model of eq. (1) as a function of its mass mS and top
coupling cS . The blue solid contour shows the full result (i.e.
propagating S at NLO) while the blue dashed line corresponds
to the EFT calculation. For pp ! tt̄ we assume a flat uncer-
tainty of 3%. The solid red line represents a pp ! tt̄tt̄ analysis
of the simplified scenario using the extrapolation of Ref. [56]
while the red dashed line represents the (LO) EFT four top re-
sults. The shaded band shows the region where perturbative
unitarity is lost, cS >⇠

p
8⇡ which we obtain from an explicit

partial wave projection calculation of tt̄ ! tt̄ in the full model,
i.e. with propagating S. Note that this is precisely the region
where �(S ! tt̄) ' mS according to Eq. (2). Finally, the
black dashed line is the unitarity constraint on the e↵ective
four top interaction, below which unitarity is preserved (for
details see text).
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.

renormalisation as opposed to the four fermion insertion.
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‣ gauge boson masses through symmetry choices 

‣ fermion masses through mixing with baryonic matter (part. compositeness) 

‣ minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R 

‣ fermions (and hypercolour baryons) in a 5 of SO(5) 

e.g. [Contino `10] 
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‣ fermion masses through mixing with baryonic matter (part. compositeness) 

‣ minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R 

‣ fermions (and hypercolour baryons) in a 5 of SO(5) 

so far no UV completion known for this!
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‣ gauge boson masses through symmetry choices 

‣ fermion masses through mixing with baryonic matter (part. compositeness) 

‣ minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R 

‣ fermions (and hypercolour baryons) in a 5 of SO(5) 

so far no UV completion known for this!
‣ but

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
, ⇧ = �Â(x)T Â . (4)

Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L �
f2

16
Tr

�
DµUDµU†� (5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

DµU = @µU � igWA
µ [TA

L , U ]� ig0Bµ[T
3

R, U ] (6)

as all NGBs have zero U(1)X charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18

�iT 15) which with (5) lead to canonically nor-
malised kinetic terms of the form L �

1

2
@µH+(@µH+)†.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
p
2µbTr(¯̂q

3

L⌃d̂
3

R) + h.c. (7)

with

 =
1
p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂L =
1
p
2
[ibL, bL, itL,�tL, 0]

T , (9)

t̂R =
1
p
2
[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass

could work with
[Ferretti `14]
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This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
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prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
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This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
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Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
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remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
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traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)

� L � M ̄ + �qf
¯̂QL⌃ R + �tf

¯̂tR⌃
⇤ L

+
p

2µbTr( ¯̂QLUb̂R) + h.c. . (11)

 represents the vector-like composite baryons in the low
energy e↵ective theory that form a 5 of SO(5) and trans-
form in the fundamental representation of SU(3)C

 =
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�T + Yp

2iR

1

CCCA
. (12)

 decomposes into a bi-doublet and a singlet under
SU(2)L ⇥ SU(2)R [42] thus implementing the custodial
SU(2) mechanism of Ref. [43]. Under the SM gauge in-
teractions SU(3)C ⇥ SU(2)L ⇥ U(1)Y , these fields trans-
form as (T, B) 2 (3,2)1/6, R 2 (3,1)2/3, and (X, Y ) 2
(3,2)7/6. Q̂L � (tL, bL), t̂R � tR, and b̂R � bR are SO(5)
spurions
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This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
obtain the top partner mass mixing

MT =
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0 �q
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2 f(1 � ch) �qp
2
fsh

�tp
2
fsh M 0 0
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�tfch 0 0 M

1
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,

(14)
where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads

MB =

✓
µbshch �qf

0 M

◆
. (15)

The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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 (16)

with vµ, pµ arising from Eq. (7) after gauging. K is an
additional undetermined LEC. This leads to currents

Jµ

Z
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+ cRRR̄�µR + cBBB̄�µB + (cRT R̄�µT + h.c.)

+ (cRY R̄�µY + h.c.) + (cTY T̄�µY + h.c.) (17a)

and
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Similarly, the W couplings are
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3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].
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This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do

The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄

under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)c. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

GF /HF =
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)X ⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)X

=
SU(5)

SO(5)
⇥

SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3

R +X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
, ⇧ = �Â(x)T Â . (4)

Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from
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�
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as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by
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as all NGBs have zero U(1)X charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18

�iT 15) which with (5) lead to canonically nor-
malised kinetic terms of the form L �

1

2
@µH+(@µH+)†.

Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)L quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �qf ¯̂qL� R + �tf
¯̂tR�

⇤ L

+
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2µbTr(¯̂q
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q̂L =
1
p
2
[ibL, bL, itL,�tL, 0]

T , (9)

t̂R =
1
p
2
[0, 0, 0, 0, itR]

T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂L, t̂R, q̂3L and d̂3R are spuri-
onic SU(5) embeddings that facilitate the bottom mass

2

This will allow us to identify the parameter domain of the
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will confront our findings with concrete predictions from
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ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)c as well as a broken
U(1)X . Based on the maximally attractive channel hy-
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global symmetry group HF contains the custodial sub-
group

Hc = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X (3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup Hc �

GSM = SU(3)c⇥SU(2)L⇥U(1)Y , where hypercharge is a
linear combination for SU(2)R and U(1)X , Y = T 3
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Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of GF , and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)L ⇥ U(1)Y ! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)L ⇥ U(1)Y , of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)L triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
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Expanding this Lagrangian we find the standard
MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by
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1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the
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by their SU(2)L quantum numbers.
Heavy third family quark masses are included through
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tor. The relevant terms are
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[Ferretti `14]

3

traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)

� L � M ̄ + �qf
¯̂QL⌃ R + �tf

¯̂tR⌃
⇤ L

+
p

2µbTr( ¯̂QLUb̂R) + h.c. . (11)

 represents the vector-like composite baryons in the low
energy e↵ective theory that form a 5 of SO(5) and trans-
form in the fundamental representation of SU(3)C

 =
1p
2

0

BBB@

iB � iX
B + X
iT + iY
�T + Yp

2iR

1

CCCA
. (12)

 decomposes into a bi-doublet and a singlet under
SU(2)L ⇥ SU(2)R [42] thus implementing the custodial
SU(2) mechanism of Ref. [43]. Under the SM gauge in-
teractions SU(3)C ⇥ SU(2)L ⇥ U(1)Y , these fields trans-
form as (T, B) 2 (3,2)1/6, R 2 (3,1)2/3, and (X, Y ) 2
(3,2)7/6. Q̂L � (tL, bL), t̂R � tR, and b̂R � bR are SO(5)
spurions
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0
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1

CCCA
. (13)

This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
obtain the top partner mass mixing

MT =

0
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0 �q

2 f(1 + ch) �q

2 f(1 � ch) �qp
2
fsh

�tp
2
fsh M 0 0
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2
fsh 0 M 0

�tfch 0 0 M

1

CCCA
,

(14)
where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads

MB =

✓
µbshch �qf

0 M

◆
. (15)

The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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with vµ, pµ arising from Eq. (7) after gauging. K is an
additional undetermined LEC. This leads to currents
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Z
/e = cXXX̄�µX + cTT T̄�µT + cY Y Ȳ �µY

+ cRRR̄�µR + cBBB̄�µB + (cRT R̄�µT + h.c.)
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and
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Similarly, the W couplings are

cXT = cY B =
1 � ch
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1 + ch

2
p

2sw

cRB = �cXR =K
sh

2sw

.

(19)

3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].

partial compositeness 
(MCHM5 “lookalike”)
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traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)
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The mass eigenstates are obtained through bi-unitary
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to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
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Similarly, the W couplings are
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3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].
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This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
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where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads
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The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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and

Jµ

W+/e = cXT X̄�µT + cXY X̄�µY + cXRX̄�µR
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Similarly, the W couplings are
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3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].

3

traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)
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+
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 represents the vector-like composite baryons in the low
energy e↵ective theory that form a 5 of SO(5) and trans-
form in the fundamental representation of SU(3)C
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 decomposes into a bi-doublet and a singlet under
SU(2)L ⇥ SU(2)R [42] thus implementing the custodial
SU(2) mechanism of Ref. [43]. Under the SM gauge in-
teractions SU(3)C ⇥ SU(2)L ⇥ U(1)Y , these fields trans-
form as (T, B) 2 (3,2)1/6, R 2 (3,1)2/3, and (X, Y ) 2
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This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
obtain the top partner mass mixing
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where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads
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◆
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The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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with vµ, pµ arising from Eq. (7) after gauging. K is an
additional undetermined LEC. This leads to currents
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+ (cRY R̄�µY + h.c.) + (cTY T̄�µY + h.c.) (17a)

and
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3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].

3

traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)
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form in the fundamental representation of SU(3)C

 =
1p
2

0

BBB@

iB � iX
B + X
iT + iY
�T + Yp

2iR

1

CCCA
. (12)

 decomposes into a bi-doublet and a singlet under
SU(2)L ⇥ SU(2)R [42] thus implementing the custodial
SU(2) mechanism of Ref. [43]. Under the SM gauge in-
teractions SU(3)C ⇥ SU(2)L ⇥ U(1)Y , these fields trans-
form as (T, B) 2 (3,2)1/6, R 2 (3,1)2/3, and (X, Y ) 2
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This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
obtain the top partner mass mixing
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where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads
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The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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with vµ, pµ arising from Eq. (7) after gauging. K is an
additional undetermined LEC. This leads to currents
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+ (cRY R̄�µY + h.c.) + (cTY T̄�µY + h.c.) (17a)

and
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Similarly, the W couplings are
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3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].

3

traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)
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 represents the vector-like composite baryons in the low
energy e↵ective theory that form a 5 of SO(5) and trans-
form in the fundamental representation of SU(3)C

 =
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 decomposes into a bi-doublet and a singlet under
SU(2)L ⇥ SU(2)R [42] thus implementing the custodial
SU(2) mechanism of Ref. [43]. Under the SM gauge in-
teractions SU(3)C ⇥ SU(2)L ⇥ U(1)Y , these fields trans-
form as (T, B) 2 (3,2)1/6, R 2 (3,1)2/3, and (X, Y ) 2
(3,2)7/6. Q̂L � (tL, bL), t̂R � tR, and b̂R � bR are SO(5)
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This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
obtain the top partner mass mixing
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where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads
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◆
. (15)

The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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with vµ, pµ arising from Eq. (7) after gauging. K is an
additional undetermined LEC. This leads to currents
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Z
/e = cXXX̄�µX + cTT T̄�µT + cY Y Ȳ �µY
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and
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Similarly, the W couplings are
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3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].

3

traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)
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energy e↵ective theory that form a 5 of SO(5) and trans-
form in the fundamental representation of SU(3)C
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 decomposes into a bi-doublet and a singlet under
SU(2)L ⇥ SU(2)R [42] thus implementing the custodial
SU(2) mechanism of Ref. [43]. Under the SM gauge in-
teractions SU(3)C ⇥ SU(2)L ⇥ U(1)Y , these fields trans-
form as (T, B) 2 (3,2)1/6, R 2 (3,1)2/3, and (X, Y ) 2
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This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
obtain the top partner mass mixing
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where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads
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. (15)

The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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with vµ, pµ arising from Eq. (7) after gauging. K is an
additional undetermined LEC. This leads to currents
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and
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Similarly, the W couplings are
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3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].

gauge interactions

3

traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L ⇥ U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.

A minimal e↵ective Lagrangian of partial composite-
ness in the light of Zb̄LbL coupling constraints [9] is given
by a scenario based on SU(5)/SO(5) [32] (which again
resembles the SO(5)/SO(4) pattern with symmetric mass
terms)
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form in the fundamental representation of SU(3)C
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 decomposes into a bi-doublet and a singlet under
SU(2)L ⇥ SU(2)R [42] thus implementing the custodial
SU(2) mechanism of Ref. [43]. Under the SM gauge in-
teractions SU(3)C ⇥ SU(2)L ⇥ U(1)Y , these fields trans-
form as (T, B) 2 (3,2)1/6, R 2 (3,1)2/3, and (X, Y ) 2
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This additional source of SO(5) breaking leads to EWSB
as it implies a finite contribution to e↵ective Higgs po-
tential, and lifts the top mass ⇠ f�q�tv/M in the large
M limit. We can expand the Lagrangian of Eq. (11) to
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where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around hhi gives rise to the Higgs-top (partner)

interactions. The mass mixing in the bottom sector reads
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The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents3 (following the nota-
tion of [32])
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Jµ

Z
/e = cXXX̄�µX + cTT T̄�µT + cY Y Ȳ �µY

+ cRRR̄�µR + cBBB̄�µB + (cRT R̄�µT + h.c.)
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Similarly, the W couplings are

cXT = cY B =
1 � ch

2
p

2sw

cXY = cTB =
1 + ch

2
p

2sw

cRB = �cXR =K
sh

2sw

.

(19)

3Similar correlations are observed in models that target dark matter
and B anomalies, see Ref. [44].
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TABLE I: Experimental analyses used to determine constraints on anomalous top quark couplings. tjZ denotes single-top
t-channel production in association with a Z boson.

Analysis Collaboration
p
s [TeV] Observables dof

single top t-channel

1503.05027 [45] CDF, D0 1.96 �tot 1

1406.7844 [46] ATLAS 7 �t
�t̄

, 1
1

�
d�
dpt?

, 1

�
d�
dpt̄?

, 8
1

�
d�

d|yt| ,
1

�
d�

d|yt̄|
6

1902.07158 [47] ATLAS,CMS 7,8 �tot 2

1609.03920 [48] ATLAS 13 �t,
�t
�t̄

2

1812.10514 [49] CMS 13 �t
�t̄

, �t 2

single top s-channel

1402.5126 [50] CDF, D0 1.96 �tot 1

1902.07158 [47] ATLAS, CMS 7, 8 �tot 2

tW

1902.07158 [47] ATLAS, CMS 7, 8 �tot 2

1612.07231 [51] ATLAS 13 �tot 1

1805.07399 [52] CMS 13 �tot 1

tjZ

1710.03659 [53] ATLAS 13 �tot 1

1812.05900 [54] CMS 13 �tot 1

Analysis Collaboration
p
s [TeV] Observables dof

tt̄Z

1509.05276 [55] ATLAS 8 �tot 1

1510.01131 [56] CMS 8 �tot 1

1901.03584 [57] ATLAS 13 �tot 1

1907.11270 [58] CMS 13 �tot,
1

�
d�
dpZ?

, 4
1

�
d�

d cos ✓⇤Z
3

W boson helicity fractions

1211.4523 [59] CDF 1.96 F0, FR 2

1205.2484 [60] ATLAS 7 F0, FL, FR 3

1308.3879 [61] CMS 7 F0, FL, FR 3

1612.02577 [62] ATLAS 8 F0, FL 2

top quark decay width

1201.4156 [63] D0 1.96 �t 1

1308.4050 [64] CDF 1.96 �t 1

1709.04207 [65] ATLAS 8 �t 1

evaluate them according to the PDF4LHC recommenda-
tions [68] using the PDF4LHC15 nlo 30 pdfas PDF set.
Experimental, scale, PDF and ↵s uncertainties are added
in quadrature.

The SM contribution to the observable predictions Xth
i

is computed at next-to-leading order QCD. The contri-
butions from the anomalous couplings are computed at
leading order owing to the fact that we scan over small
values for the anomalous couplings and ignore additional
contributions to the strong corrections. We take into
account contributions that are quadratic and bilinear in
the anomalous couplings but have verified that they have
only a small e↵ect on the likelihood.

The theoretical predictions for both SM
and anomalous couplings are obtained from
MadGraph5 aMC@NLO [69, 70] which is the Monte
Carlo generator used by TopFitter. The anomalous
couplings are mapped to Wilson coe�cients in the SM
e↵ective field theory (see appendix B) and theoretical
predictions are evaluated using the SmeftSim [71]
UFO [72] model. A parton shower and detector simu-
lation is not necessary since the experimental results in
Tab. I are unfolded to parton level.

The likelihood in Eq. (25) is used to exclude anomalous
couplings at a confidence level (CL) of 95%. A point
� in the parameter space of the anomalous couplings is

considered excluded if

1 � CL >

Z 1

�2 log L(�)
dx f�2(x, k) , (26)

where f�2(x, k) is the �2 probability distribution and
k = N is the number of degrees of freedom.

Partial compositeness imposes strong correlations be-
tween the di↵erent anomalous couplings. Hence, individ-
ual or marginalised bounds are not applicable since they
would neglect these correlations and lead to incorrect ex-
clusions. Instead, we scan over the model’s parameter
space and calculate the anomalous top couplings that cor-
respond to each sample point. We determine whether the
parameter points are excluded at 95% confidence based
on Eq. (26) using the likelihood in Eq. (25) which includes
the experimental input in Tab. I and is implemented by
TopFitter. This procedure takes the correlations be-
tween the anomalous couplings into account because the
scan is performed in the parameter space of the under-
lying model and then mapped to the weak vectorial top
couplings.

In the next section we give details about the parameter
scan and present the results contrasting the current ex-
perimental situation with projections to larger integrated
luminosities and future colliders.

see also  
[TopFitter `15 `16] 

[SMEFiT`19]  
[SFitter `19]  

[Durieux et al. `19]

[Brown, CE, Galler, Stylianou `20]

+ checks that resonance contributions are negligible away from resonance
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compatible 

• theoretical uncertainties is main sensitivity limitation, adding 
additional channels does not change this picture dramatically
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In Fig. 2 we compare di↵erent assumptions on the the-
oretical uncertainties in terms of the maximal top part-
ner mass mT and the minimal |K| that can be excluded.
Note that these are not strict exclusion limits, smaller
mT and larger |K| might still be allowed. However, Fig. 2
represents a measure of the maximally possible sensitiv-
ity that can be probed at the HL-LHC in terms of the
above quantities. As can be seen in Fig. 2, the sensi-
tivity of indirect searches crucially depends on the ex-
pected theoretical uncertainty that will be achievable at
the 3/ab stage. As for all channels that are not statis-
tically limited at hadron colliders, the theoretical error
quickly becomes the limiting factor to the level where
indirect searches will not provide complementary infor-
mation even at moderate top partner masses. A common
practice [78, 79] for estimating projections for theoreti-
cal uncertainties at the HL-LHC is to apply a factor of
1/2 to the current theoretical uncertainties at the LHC.
According to this prescription the projected theory un-
certainties at the HL-LHC for for the observables studied
in the analyses listed in Tab. I are given by ⇠ 1 � 5%.

It is instructive to compare the approximate9 bounds
on the anomalous couplings obtained in Fig. 1

�W,L 2 [�0.025, 0.02] , �W,R 2 [�0.0014, 0.0013] ,

�t

Z,L
2 [�0.073, 0.06] , �t

Z,R
2 [�0.33, 0.37]

with 95% CL marginalised limits obtained from a model
agnostic fit performed by TopFitter using the same
experimental projections

�W,L 2 [�0.029, 0.019] , �W,R 2 [�0.009, 0.009] ,

�t

Z,L
2 [�0.639, 0.277] , �t

Z,R
2 [�1.566, 1.350] .

In particular, the comparison of �W,R, �t

Z,L
, �t

Z,R
between

the two results illustrates the fact that coupling devia-
tions (or Wilson coe�cients in the context of EFT) are
likely to receive much stronger constraints from the anal-
yses of a concrete model (possibly matched to EFT) due
to correlations imposed by that model. This highlights
that recent multi-dimensional parameter fits [80–86] are
more sensitive to concrete realisations of high-scale new
physics than the current model agnostic (marginalised)
constraints might suggest. This will be further enhanced
once we move towards the high statistics realm of the
LHC and whatever high energy frontier after that.

We now turn to the extrapolation of the analyses in
Tab. I to a future FCC-hh. To this end we reproduce the
observables in Tab. I at a centre-of-mass energy of 100
TeV (we will comment on widening the list of observ-
ables below). In addition, we include overflow bins in pT

distributions reflecting the fact that future analyses at
100 TeV will have a higher energy reach10. In parallel,

9Due to its granularity the scan provides only approximate bounds.
10The total number of degrees of freedom of the experimental results
projected to

p
s = 100 TeV and L = 30/ab is N = 35.

we rescale the statistical uncertainty from the analyses
in Tab. I to 30/ab and assume a reduction in systematic
experimental uncertainties to 1% of the LHC analyses.11

For the 13 TeV analyses the bin-to-bin correlations have
only a small impact on the exclusion of parameter points.
Hence, we assume all measurements and bins in the 100
TeV analyses to be uncorrelated. The results for this
scan are presented in Fig. 3, which shows that the FCC-
hh can further improve on the LHC sensitivity by a fac-
tor of <⇠ 3 in terms of indirectly exploring the top partner
mass in the scenario we consider in this work. Again the-
oretical uncertainties as parametrised in our scan are the
key limiting factors of the sensitivity. There is no uni-
form convention or treatment for projecting theoretical
uncertainties to the FCC-hh. However, at least with re-
spect to QCD processes according to Ref. [87] “1% is an
ambitious but justified target”. In principle, a 100 TeV
FCC-hh can reach K = O(1) values as can be seen in
Fig. 4. This is the perturbative parameter region where
T ! tZ direct searches (cf. [88]) are relevant. Hence, we
focus on |K| < 1 when we study this phenomenologically
relevant channel in a representative top partner search in
Sec. V.

Figs. 2 and 4 demonstrate that the uncertainties as de-
tailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively,
this paints a dire picture for the BSM potential. But
we stress that data-driven approaches that have received
considerable attention recently, e.g. [89, 90], together
with the application of new purpose-built statistical tools
to mitigate the impact of uncertainties [91–94] will of-
fer an avenue to inform constraints beyond “traditional”
precision parton-level calculations at fixed order in per-
turbation theory. The basis of our analysis is also formed
by extrapolating existing searches to 3/ab and eventually
to 100 TeV. In particular, when statistics is not a limit-
ing factor, a more fine-grained picture can be obtained
by exploiting di↵erential information in more detail (see
also a recent proposal to employ polarisation information
in non-top channels [95]). The latter, however, needs to
be considered again in the context of experimental and
theoretical limitations. Since the constraints on the tZ
coupling are the limiting factor in the indirect analysis
considered here we have extended the inclusive tjZ mea-
surement by di↵erential cross sections to assess the im-
pact of additional di↵erential information. To this end
we include in the tjZ channel the di↵erential cross sec-
tion with respect to the transverse momentum and the
rapidity of the Z boson. However, we do not find a sig-
nificant change in the sensitivity projections as provided
by Figs. 2 and 4. A more detailed study of sensitive
observables at hadron and lepton colliders is needed to

11Here we assume no theoretical uncertainty. A detailed comparison
of the impact of uncertainties and experimental systematics is given
in Fig. 4.
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to correlations imposed by that model. This highlights
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more sensitive to concrete realisations of high-scale new
physics than the current model agnostic (marginalised)
constraints might suggest. This will be further enhanced
once we move towards the high statistics realm of the
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we rescale the statistical uncertainty from the analyses
in Tab. I to 30/ab and assume a reduction in systematic
experimental uncertainties to 1% of the LHC analyses.11

For the 13 TeV analyses the bin-to-bin correlations have
only a small impact on the exclusion of parameter points.
Hence, we assume all measurements and bins in the 100
TeV analyses to be uncorrelated. The results for this
scan are presented in Fig. 3, which shows that the FCC-
hh can further improve on the LHC sensitivity by a fac-
tor of <⇠ 3 in terms of indirectly exploring the top partner
mass in the scenario we consider in this work. Again the-
oretical uncertainties as parametrised in our scan are the
key limiting factors of the sensitivity. There is no uni-
form convention or treatment for projecting theoretical
uncertainties to the FCC-hh. However, at least with re-
spect to QCD processes according to Ref. [87] “1% is an
ambitious but justified target”. In principle, a 100 TeV
FCC-hh can reach K = O(1) values as can be seen in
Fig. 4. This is the perturbative parameter region where
T ! tZ direct searches (cf. [88]) are relevant. Hence, we
focus on |K| < 1 when we study this phenomenologically
relevant channel in a representative top partner search in
Sec. V.

Figs. 2 and 4 demonstrate that the uncertainties as de-
tailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively,
this paints a dire picture for the BSM potential. But
we stress that data-driven approaches that have received
considerable attention recently, e.g. [89, 90], together
with the application of new purpose-built statistical tools
to mitigate the impact of uncertainties [91–94] will of-
fer an avenue to inform constraints beyond “traditional”
precision parton-level calculations at fixed order in per-
turbation theory. The basis of our analysis is also formed
by extrapolating existing searches to 3/ab and eventually
to 100 TeV. In particular, when statistics is not a limit-
ing factor, a more fine-grained picture can be obtained
by exploiting di↵erential information in more detail (see
also a recent proposal to employ polarisation information
in non-top channels [95]). The latter, however, needs to
be considered again in the context of experimental and
theoretical limitations. Since the constraints on the tZ
coupling are the limiting factor in the indirect analysis
considered here we have extended the inclusive tjZ mea-
surement by di↵erential cross sections to assess the im-
pact of additional di↵erential information. To this end
we include in the tjZ channel the di↵erential cross sec-
tion with respect to the transverse momentum and the
rapidity of the Z boson. However, we do not find a sig-
nificant change in the sensitivity projections as provided
by Figs. 2 and 4. A more detailed study of sensitive
observables at hadron and lepton colliders is needed to
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of the impact of uncertainties and experimental systematics is given
in Fig. 4.
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sw, cw, tw are the sine, cosine and tangent of the Wein-
berg angle, respectively.

A non-vanishing K significantly alters the tight corre-
lation of the top partner mass and coupling modifications
of the top due to the mixing with heavy top partners. In
case K = 0, a small top partner mass has to be compen-
sated by a large mixing between top and top partners
in order to lift the mass of the elementary top to its
physically observed value. The mixing angle in turn de-
termines the electroweak coupling deviations of the top
quark in the mass eigenbasis. Hence, for K = 0 there
exists a strong correlation between top partner mass and
top coupling deviation. However, if K is allowed to take
values K 6= 0 this correlation is loosened which in par-
allel opens up momentum enhanced decays T ! ht [32].
In Sec. IV we study the dependence of the sensitivity on
the parameter K in indirect searches and use this infor-
mation to discuss the sensitivity gap with direct searches
in Sec. V.

In addition to the coupling modifications of the top-
associated currents, amplitudes receive corrections from
propagating top partners, for which we provide a short
EFT analysis in appendix A up to mass dimension eight.
In the mass basis these propagating degrees of freedom
generate “genuine” higher dimensional e↵ects and are
therefore suppressed compared to the dimension four top-
coupling modifications. Working with a concrete UV sce-
nario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.

III. ELECTROWEAK TOP PROPERTY
CONSTRAINTS

The weak couplings of the SM top and bottom quarks
are modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left and right-handed vectorial cou-
plings to the W and Z bosons which can be parametrised
as follows

L � t̄�µ
⇥
gt

L
PL + gt

R
PR

⇤
tZµ

+ b̄�µ
⇥
gb

L
PL + gb

R
PR

⇤
bZµ

+
�
b̄�µ [VLPL + VRPR] tW+

µ
+ h.c.

�
. (20)

The anomalous couplings of the top quark, i.e. the rela-
tive deviation with respect to the SM, are denoted by �

gt

L
= � g

2 cos ✓W

✓
1 � 4

3
sin2 ✓W

◆ h
1 + �t

Z,L

i
, (21)

gt

R
=

2g sin2 ✓W

3 cos ✓W

h
1 + �t

Z,R

i
, (22)

VL = � gp
2

h
1 + �W,L

i
, (23)

VR = � gp
2
�W,R , (24)

where g is the weak coupling constant associated with
the SU(2)L gauge group and ✓W is the Weinberg angle.
Note that �W,R is normalised to the left-handed SM cou-
pling of the top quark to the W boson. Technically, we
implement the anomalous couplings in terms of Wilson
coe�cients in an e↵ective Lagrangian of dimension six
operators. The relation between the � parameters and
the Wilson coe�cients in the Warsaw basis [66] is given
in appendix B . The parametrisation in terms of Wilson
coe�cients allows us to use an updated version of the
TopFitter frame work (which will be described in detail
elsewhere [67]) to obtain constraints on the anomalous
couplings of the top quark. The anomalous couplings of
bottom quarks to Z bosons are phenomenologically less
relevant by construction [9].

We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the
top quark. Specifically, we include in the fit 21 exper-
imental analyses [45–65], which are presented in Tab. I
and amount to a total of N = 54 degrees of freedom.

The likelihood provided by TopFitter is defined as

� 2 log L(�)

=
NX

i,j=1

�
Xexp

i
� Xth

i
(�)

�
(V �1)ij

�
Xexp

j
� Xth

j
(�)

�
,

(25)

where Xexp
i

is the experimental result for the observable
Xi and Xth

i
(�) is the theoretical prediction which de-

pends on the anomalous couplings �t

Z,L
, �t

Z,R
, �W,L and

�W,R collectively denoted by �. The inverse covariance
matrix is denoted by V �1 and takes into account bin-
to-bin correlations provided by the experimental collab-
orations. The theoretical uncertainties result from inde-
pendently varying renormalisation and factorization scale
µR, µF = {mt/2, mt, 2mt}4. Furthermore, we take un-
certainties on the parton distribution functions (PDF)
and the strong coupling constant ↵s into account and

4mt denotes the top quark mass and is set to mt = 172.5 GeV
in alignment with the value used in the experimental analyses in
Tab. I.

model correlations

[Matsedonskyi, Panico, Wulzer `15]
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FIG. 2: Left: Maximum excluded top partner mass mT vs. reduction in experimental systematic uncertainties. The reduction is
given with respect to the current experimental situation. The bars indicate di↵erent choices for relative theoretical uncertainties.
Right: Minimal |K| in the excluded region of the parameter scan vs. reduction in experimental systematic uncertainty.

of the Lagrangian in Eq. (11) imposing M > 1.5 TeV to
(loosely) reflect existing top partner searches [77]. The
restriction on the parameter combination �t�q is deter-
mined by mt ' 173 GeV and on µb by the b quark mass
mb ' 4.7 GeV (scanning |K| <⇠ 4⇡). Apart from en-
forcing these masses we also consider modifications to
the Higgs boson decay and require the H ! ZZ, �� de-
cay rates to reproduce the SM predictions within 30%
to pre-select a reasonable parameter range. We fix the
Higgs mass to 125 GeV as well as v ' 246 GeV in our
scan, leaving ⇠ (and hence f) as a free parameter. While
the Higgs mass is directly linked with top and top partner
spectra, we implicitly assume cancellations of the associ-
ated LEC parameters as expressed in Eq. (4) when taking
into account top-partial compositeness.

We note that the degree of top compositeness is deter-
mined by the bi-unitary transformation of Eq. (14). In
our scan, we find that the right-chiral top quark shows
the largest degree of compositeness, receiving 70% to 90%
admixture from the hyperbaryon spectrum. In compar-
ison, the left-chiral top is only <⇠ 30% composite in our
scan. The right-chiral gauge coupling properties of the
top are particularly relevant when we want to constrain
this scenario, in particular given that they are absent in
SM (see below).

Given the experimental results reported in Tab. I, we
find that the current LHC (and Tevatron) measurements
do not allow to constrain the parameter space detailed in
Sec. II beyond the constraints that are already taken into
account when scanning the parameter space. Current
Higgs signal constraints, for instance, provide stronger
constraints. Since the top measurements are still at a
relatively early stage in the LHC programme this is not
too surprising, in particular because top final states are
phenomenologically more involved than their Higgs coun-

terparts.

It is more interesting to consider how the sensitivity
provided by the current analysis programme of Tab. I
will evolve in the future. In Fig. 1, we present the re-
sults of the parameter scan for the HL-LHC. The results
are again based on the experimental analyses in Tab. I
but with the statistical uncertainties rescaled to 3/ab and
experimental systematics reduced by 80%.6 We assume
no theoretical uncertainties for now and will comment
on their impact below. The observables of 7 and 8 TeV
analyses in Tab. I are reproduced at 13 TeV7 keeping
the experimental bin-to-bin correlations of the respective
analyses at their original value.8 In Fig. 1, the excluded
points of the parameter scan are coloured in red while
the allowed region is shaded in green. The shading in-
dicates the value of the parameter K. As mentioned in
Sec. II, the value of K loosens the correlation between
the top partner mass and the associated electroweak top
coupling modification. Furthermore, Fig. 1 demonstrates
that with higher luminosity and a (not unrealistic) re-
duction of the present systematic uncertainty we start to
constrain the parameter space with large |K| ⇠ 10 and
associated coupling deviations in the percent range, while
the right-handed Z coupling in the 30% range.

6This estimate is obtained from the statistical rescaling
⇠

p
LLHC/LHL�LHC ⇡ 0.2 using the largest so-far accumu-

lated luminosity among the analyses in Tab. I.
7The total number of degrees of freedom for the projection of ex-
perimental data to

p
s = 13 TeV and L = 3/ab is N = 30 due to

the fact that we consider only one projection for each observable
instead of several measurements.

8We checked that the correlations have only a small e↵ect on the
likelihood.
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therefore suppressed compared to the dimension four top-
coupling modifications. Working with a concrete UV sce-
nario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.

III. ELECTROWEAK TOP PROPERTY
CONSTRAINTS

The weak couplings of the SM top and bottom quarks
are modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left and right-handed vectorial cou-
plings to the W and Z bosons which can be parametrised
as follows

L � t̄�µ
⇥
gt

L
PL + gt

R
PR

⇤
tZµ

+ b̄�µ
⇥
gb

L
PL + gb

R
PR

⇤
bZµ

+
�
b̄�µ [VLPL + VRPR] tW+

µ
+ h.c.

�
. (20)

The anomalous couplings of the top quark, i.e. the rela-
tive deviation with respect to the SM, are denoted by �

gt

L
= � g

2 cos ✓W

✓
1 � 4

3
sin2 ✓W

◆ h
1 + �t

Z,L

i
, (21)

gt

R
=

2g sin2 ✓W

3 cos ✓W

h
1 + �t

Z,R

i
, (22)

VL = � gp
2

h
1 + �W,L

i
, (23)

VR = � gp
2
�W,R , (24)

where g is the weak coupling constant associated with
the SU(2)L gauge group and ✓W is the Weinberg angle.
Note that �W,R is normalised to the left-handed SM cou-
pling of the top quark to the W boson. Technically, we
implement the anomalous couplings in terms of Wilson
coe�cients in an e↵ective Lagrangian of dimension six
operators. The relation between the � parameters and
the Wilson coe�cients in the Warsaw basis [66] is given
in appendix B . The parametrisation in terms of Wilson
coe�cients allows us to use an updated version of the
TopFitter frame work (which will be described in detail
elsewhere [67]) to obtain constraints on the anomalous
couplings of the top quark. The anomalous couplings of
bottom quarks to Z bosons are phenomenologically less
relevant by construction [9].

We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the
top quark. Specifically, we include in the fit 21 exper-
imental analyses [45–65], which are presented in Tab. I
and amount to a total of N = 54 degrees of freedom.

The likelihood provided by TopFitter is defined as

� 2 log L(�)

=
NX

i,j=1

�
Xexp

i
� Xth

i
(�)

�
(V �1)ij

�
Xexp

j
� Xth

j
(�)

�
,

(25)

where Xexp
i

is the experimental result for the observable
Xi and Xth

i
(�) is the theoretical prediction which de-

pends on the anomalous couplings �t

Z,L
, �t

Z,R
, �W,L and

�W,R collectively denoted by �. The inverse covariance
matrix is denoted by V �1 and takes into account bin-
to-bin correlations provided by the experimental collab-
orations. The theoretical uncertainties result from inde-
pendently varying renormalisation and factorization scale
µR, µF = {mt/2, mt, 2mt}4. Furthermore, we take un-
certainties on the parton distribution functions (PDF)
and the strong coupling constant ↵s into account and

4mt denotes the top quark mass and is set to mt = 172.5 GeV
in alignment with the value used in the experimental analyses in
Tab. I.

etc.
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FIG. 1: Correlation between top partner mass mT and anomalous top quark couplings in the light of LHC sensitivity extrap-
olated to 3/ab on the basis of the analyses provided in Tab. I. Parameter points shown in green are allowed while point in red
are excluded at 95% confidence level by this analysis. In this particular figure, we suppress theoretical uncertainties, but to
reflect the impact of increased datasets on experimental systematics, we reduce the latter by 80% which is provided by rescaling
with the square root of the luminosity. A more detailed comparison of experimental systematics and theoretical uncertainties
is given in Fig. 2.

IV. INDIRECT SIGNS OF PARTIAL
COMPOSITENESS: PRESENT AND HIGH

ENERGY FRONTIER

Before we turn to the implications of the fit detailed
in the previous section (and its extrapolations), we com-
ment on additional constraints that could be imposed
from non-top data.

Precision Higgs measurements are additional phe-
nomenologically relevant channels that are sensitive to
top partial compositeness through their modified Yukawa
interactions. While the Yukawa sector probes di↵er-
ent aspects of the model than the gauge interactions
Eqs. (14) and (17), they are equally impacted by the
admixtures of vector-like top quarks, and are therefore
correlated. For instance, the CMS projections provided
in Ref. [73] can be used to comment on the relevance
of the Higgs signal strength constraints: Out of all pro-

cesses, gg ! h, h ! ZZ provides the most stringent
constraint when correlated with the top coupling devia-
tions.5. The expected signal strength constraint at 3/ab
of 4.7% translates into a range of e.g. |�W,L| <⇠ 0.18. The
100 TeV extrapolation of Ref. [27] of <⇠ 2% translates
into |�W,L| <⇠ 0.1.

There are constraints from electroweak precision mea-
surements, e.g. [74], which amount to a limit |�gZ,L| <⇠
8%; flavour measurements provide an additional avenue
to obtain limits on partial compositeness [75, 76]. In the
remainder, however, we focus on a comparison of direct
top measurements at hadron colliders.

As outlined in Sec. III, we scan over the parameters

5We note that derivative interactions ⇠ K t̄�µt @µh [32] do not im-
pact the loop-induced h ! ��, gg amplitudes.
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FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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p

s = 100 TeV and a luminosity of L = 30/ab. The value of
min |Kexcluded| for 99% reduction in systematic uncertainties and no theory uncertainty was multiplied by a factor of 10 to
increase visibility in the plot on the right-hand side.
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p

s = 100 TeV and a luminosity of L = 30/ab. The value of
min |Kexcluded| for 99% reduction in systematic uncertainties and no theory uncertainty was multiplied by a factor of 10 to
increase visibility in the plot on the right-hand side.

• optimistic extrapolations 
provide indirect sensitivity up 
to about 5 TeV
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FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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• can understand constraint as 
LEC-related constraint 

• complementarity to 
derivatively-coupled PNGBs 

• LEC ∼ 1 attainable, 
motivates T+Z searches
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FIG. 5: (a) Di↵erential cross sections for background and signal of a representative parameter point with a top partner mass
of mT = 2700 GeV. (b) Significance S/

p
B for di↵erent coupling points at FCC 30/ab is displayed on the right. The dashed

red line indicates S/
p

B = 5, where discovery can be achieved. For comparison, we include points dominantly decaying to tH

to show where our tZ analysis is phenomenologically relevant.

are therefore rather straightforward to control in a data-
driven approach. There we show a mreco

T
histogram for a

representative signal point mT ' 2.7 TeV and the con-
tributing background. Such a data-driven strategy also
largely removes the influence of theoretical uncertainties
at large momentum transfers and is the typical method of
choice in actual experimental analyses already now, see
e.g. [89, 90] for recent work. After all analysis steps are
carried out we typically deal with a signal-to-background
ratio S/B ⇠ 0.1, which means that our sensitivity is
also not too limited by the background uncertainty that
would result from such a fit. Identifying a resonance,
we can evaluate the significance which is controlled by
S/

p
B. To set limits we assume a total integrated lu-

minosity of 30/ab for 100 TeV FCC-hh collisions. We
show sensitivity projections in Fig. 5(b). As can be seen
we have good discovery potential in tZ for parameter re-
gions up to mT ' 7.3 TeV, with the additional exclusion
potential ⇠ S/

p
S + B reaching to mT

<⇠ 10 TeV at 95%
CL. As alluded to before, the analysis outlined above is
particularly suited for parameter regions where there is
a significant top partner decay into Zt pair, i.e. regions
in parameter space where modifications are most pro-
nounced in the weak boson phenomenology rather than
in Higgs-associated channels.

While we have focused on one particular analysis to
contextualise the couplings scan of the previous sec-
tion with representative direct sensitivity at the high-
est energies, we note that other channels will be able
to add significant BSM discovery potential, see, e.g.
Refs. [110, 111]. This could include T ! ht which would
lead to b-rich final states and which would target partial
compositeness in the Higgs sector (see also [112, 113]).
Such an analysis provides an avenue to clarify the Higgs
sector’s role analogous to the weak boson phenomenology

studied in this work, albeit in phenomenologically more
complicated final states when turning away from indirect
Higgs precision analyses and tt̄h production. Further-
more searches for other exotic fermion resonances di↵er-
ent to the one we have focused on in this section, such
B and the 5/3-charged Q provide additional discriminat-
ing power (see [114, 115]) and would be key to pinning
down the parameter region of the model if a new physics
discovery consistent with partial compositeness is made.

Being able to finally compare the direct sensitivity es-
timates of Fig. 5 with Fig. 3 we see that indirect searches
for top compositeness as expressed through modifications
of the top’s SM electroweak couplings provide additional
information to resonance searches if uncertainties can be
brought under su�cient control. For instance, the po-
tential discovery of the top partner alone is insu�cient
to verify or falsify the model studied in this work. The
correlated information of top quark coupling deviations
is an additional crucial step in clarifying the underlying
UV theory.

Extrapolating the current sensitivity estimates of the
LHC alongside the uncertainties to the 3/ab phase, the
HL-LHC will however provide only limited insight from a
measurement of the top’s electroweak SM gauge interac-
tion deformations. This can nonetheless lead to an inter-
esting opportunity at the LHC: Given that the LHC will
obtain a significantly larger sensitivity via direct searches
[88, 114, 115], the potential discovery of a top partner at
the LHC would make a clear case for pushing the energy
frontier to explore the full composite spectrum and cor-
relate these findings with an enhanced sensitivity to top
coupling modifications.

• direct top partner searches in 
electroweak channels 
providing direct sensitivity up 
to 8 TeV [de Simone et al. `14] 

[Azatov et al. `14] 
[Matsedonskyi et al. `14] 

[Golling et al. `16] 
[Barducci et al. `17] 

[Li et al. 19] 
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FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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p

s = 100 TeV and a luminosity of L = 30/ab. The value of
min |Kexcluded| for 99% reduction in systematic uncertainties and no theory uncertainty was multiplied by a factor of 10 to
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• optimistic extrapolations 
provide indirect sensitivity up 
to about 5 TeV
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Higgs in the SM and beyond

‣  EFT @ colliders progress has been rapid 
‣ matching, validity re:momentum coverage at hadron machines 
‣ simulation in realistic setups 
‣ …but still ways to improve: limit setting - machine learning 
‣ uncertainties/deviations crucial for continued EFT efforts to be 

fruitful; adopt UV inspired-restrictions as way out? 

‣ Opportunity to link the Higgs/top sector to new physics 
‣ cure SM shortcomings (CP violation, hierarchy, DM, …) 
‣ (multi-)Higgs/(multi-)top production as an avenue for BSM 
‣ LHC not enough to achieve this in full glory

Summary


