Experimental Anomalies

Flavour non-universality in B meson decays?
Anomalous magnetic moment of the muon?
Mass of the W boson?

All have generated theoretical enthusiasm,
but they may (well) all go away John Ellis
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Lepton Flavour
Universality Violation

inB —> K¢~
Decays?

BdecaystoeTe™ > utu~

Prima facie violation of lepton
universality

SM interactions flavour-
universal

Except for Higgs couplings
masses

LHCb Collaboration, arXiv:2103.11769
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Other Previous Measurements
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» SM predictions suffer from large hadronic uncertainties
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Flavour Anomalies in b=>s Decays

* Parametrize using effective dimension-6 operators:
4G
_ SM F bsll Nbstl 1bstl N1bsbl
Heg = Hog — ViV, “162 §j Ej (CP0P™ + CP**0**) + h.c.

\/_ l=e,p i=9,10,S,P
* Operators appearing in analysis:
Og** = (57,PLb)(€y"8), 0y°* = (57,Prb)(£1"2),
075" = (57, Prb)(€y"5¢) 015" = (57, Prb) (Ev"58) ,
O%% = my(5Pgb) (¢0), O = my(3PLb) (24)
o OBY = my(3Pgb)(fys0), 0% = my(5PLb)(Lys) .

(s
* Evidence for non-zero coefficient of Of = (3 ,‘P, b) (fiy* 1)
* Maybe also non-zero coefficient of  O%y = (87.PLb) (A" ys1)

* No evidence of operators with electrons



Putting Measurements Together bl
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» Combination all b — s¢™¢/~ measurements

1.0 1

> Consistent set of measurements

> > 60 from SM % 0.5

» But B — K" utyu~ BF and angular .
observables potentially suffer from / \
underestimated hadronic uncertainties _0'5 e sy
related to cC loop contributions | e
— Bs — putpu~ and LFU observables have S o
very clean theory predictions. -

» Measurements point to new vector coupling c y

(G)



Flavour Anomalies in b=>s Decays

* Results for operator coefficients

b — sy LFU, B — pu all rare B decays

Wilson coefficient best fit  pull best fit pull best fit pull
C s —0.87701% 430 | —0.7470% 410 | —0.801014 570

Cosm +0.497022 1.90 | +0.607017 4.70 | +0.557015 4.80
CyoH# +0.397027 1.50 | —0.32701% 2.00 | —0.147313 1.00
Cosk —0.10101& 0.60 | +0.067013 0.50 | +0.047010 0.4o
Gt = G —0.3419018 2.10| +0.43191% 240 | —0.01'375 0.lo
s = b —0.601015 4.30| —0.357008 4.60 | —0.4170 5.90

Altmannshofer & Stangl, arXiv:2103.133702



Leptoquarks?

General Lagrangian for scalar leptoquarks:

L =Lsym-vy + |Du®|° + |D,S1|* + |DuSs|” — 1 X3,
. ‘[773L qcz£2 Sa _771L GCU2 S, — lR cz“ 51‘
—ﬁ}RE;Vu RSl —|—hC) —+ €BxBuVX“V (2)
— VHcp(H CI)) — V13(H ®, 5, 53) + ﬁRlel/ﬁ
— (Y90 Hvk + MY ogvh +y3 ® ofivk +h.c.) |

Greljo, Stangl & Thomsen, arXiv:2103.13991
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— 2:

dawn of new physics or its sunset?
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e 2 in
Supersymmetry

® One-loop contribution from
smuon/neutralino loop

A(g — 2) = —ab(cos « sin a/41r2)(m /m )
X {1/(1 —n,) +2n,/(1 — n, )2
+[2n,/(1 —1,)°] IOénl — (@ 1y

® where 7n; =m2 [m)
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SPIN-ZERO LEPTONS AND THE ANOMALOUS MAGNETIC MOMENT OF THE MUON
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The anomalous magnetic moment of the muon (g — 2),, imposes constraints on the masses and mixing of spin-zero lep-
tons (sleptons). We develop the predictions of models of spontaneous supersymmetry breaking for the slepton mass matrix,
and show that they are comfortably consistent with the (g — 2),, constraints.

During the present resurgence of interest in super-
symmetry broken at low energies [1] new significance
is attached to the classical phenomenological play-
grounds of gauge theories such as the anomalous mag-
netic moments of the electron and muon [2], flavour-
changing neutral interactions [3;-5] parity [6] and
CP violation [7,8] in the strong interactions. The three
latter phenomena make life rather difficult [3,7] for
the most general form of soft supersymmetry breaking,
whereas simple models [9—11] of spontaneously bro-
ken supersymmetry naturally [3,4 7] respect the AF
#0, P and CP violation constraints. As for the anoma-
lous magnetic moments of the leptons, it has long been
known that they vanish in an exactly supersymmetric
theory [12], and Fayet [2] showed that in his model

of supersymmetry breaking (g — 2)” would be compat-

ible with experiment if the spin-zero muon (smuon)
masses were heavier than 15 GeV. Direct experimental
searches [13] now exclude the existence of lighter
smuons. Fayet’s analysis [2] was in the context of a
model with a very light photino ¥ (see fig. 1a), and
Grifols and Méndez [14] have recently made the inter-

' esting observation that his analysis is significantly al-

® and L=qa 2su£ILG +b\/§tuﬁRG

tered for massive gauginos (see figs. 1b, 1c). They
show that there are potentially nontrivial constraints
on the smuon masses in models of broken supersym-
metry.

S siL /N su
Pl A}
¥ \ BorZ
KL " H e
(a) (©)

Fig. 1. One-loop diagrams contributing to (g — 2)y: (a) essen-
tially massless photmo ('y) exchange, (b) ¥ and sneutrino (sv)
exchange, and (c) BorZe exchange.

right transition operator there is a GIM [15] -like can-
cellation between the smuon mass eigenstates in fig. 1c¢
which provides a potential suppression mechanism. We
analyze recent models [10,11] of spontaneous super-
symmetry breaking originating in the D and F sectors,
respectively. We show that in the former case (g 2),
is suppressed by near degeneracy between the smuon
mass eigenstates, while in the latter case (g — 2),, is
suppressed by small mixing angles between the left-
and right-handed smuons. We close with some remarks
about (g — 2), and about parity violation in the strong
interactions.

When they examined figs. 1a, 1b and 1c¢, Grifols
and Méndez [14] realized that there was a fundamen-
tal difference between the (almost ?) massless  dia-
gram of fig. 1a and the U diagram of fig. 1b as com-
pared to the massive BorZ diagram of fig. 1c. The
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Hadronic Vacuum Polarization
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Does the magnet look familiar?



Fermilab Measurement

FNAL result: a,(FNAL) = 116592 040(54) x 10~ "' (0.46 ppm)

Combined result: a,(Exp) = 116592 061(41) x 10" (0.35 ppm)
Difference from Standard Model_a,.(Exp) — a,(SM) = (251 +59) x 10~

BNL g-2 " -
FNAL g-2 +4 @
< 4.20 >
& t @
Standard Model Experiment
Average

175 180 185 19.0 195 20.0 205 21.0 215

2, 10°~ 1165900
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LHC vs Supersymmetry

* LHC favours squarks & gluinos > 2 TeV (but loopholes)

* Does not exclude lighter electroweakly-interacting particles,
e.g., sleptons
PP~ B a Fine P+ UK, bino LSP March 2022 B oof, T

> ; 00— ATLAS Fraliminary
8 ATLAS Preliminary ~imsxssc [ ——omemiwdl  {5=13 TeV, 139 b, All imits at 95% CL
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TSe Lo anOvA911.42608, Run 2 soh 20
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Comparison of Calculations
<o, of Hadronic Vacuum Polarization
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Fermilab uncertainty goal
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Update on Lattice Calculations

ETMC'22 3
Mainz'22 | —8—
ABGP'22 =
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——
|
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Wait and see: 200 203 206 209 212

10 light
How/why do lattice and 1077 x [a;l?win]iso
data-driven calculations differ?




CDF Measurement of mw

compared with previous measurements

e Stat.uncertainty B P [
—— Total uncertainty
LEP2 80376 £ 33 [ —
DO Il 80375 £ 23 [T —
ATLAS 80370 =19 ———i
LHCb 80354 + 32 | o-
CDF 1l 80434 +9 o=
World Avg. (w/o CDF) 80370 12 —e—
World Avg. (w/ CDF) 80411 +8 -
SM 80361 =7 FoH Indirect w/o my,
SM electroweak fit 80354 +7 -
SM + S,T fit 80378 =24
80100 80200 80300 80400 80500
my [MeV]

Tension: 7-o discrepancy with Standard Model?



Theoretical
Interpretations
of W Mass

taking CDF
measurement
at face value

90 papers and counting!

Supersymmetry?
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Effective Field Theories (EFTs)

a long and glorious History

e 1930’s: “Standard Model” of QED had d=4 : :
e Fermi’s four-fermion theory of the weak force
e Dimension-6 operators: form=S,P, V, A, T? ><

— Due to exchanges of massive particles?

e VV-A => massive vector bosons => gauge theory

e Yukawa’s meson theory of the strong N-N force
— Due to exchanges of mesons? = pions

e Chiral dynamics of pions: (0momn)mnmt clue = QCD



SMEFT Fits with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs
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Non-zero coefficients for any of four operators can fit W mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Single-Field Extensions of the Standard Model

SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1)
1 0 Ay 5 1 2 —3
1 1 As 5 1 2 —3
Spin zero ¥ 5 D 5 1 3 0
3 0 % 5 1 3 -1
3 1 U 5 3 1 2
1 0 D 5 3 1 —3
1 1 Q1 3 3 2 .
3 0 Qs : 3 2 —3
1 3 1 Q7 : 3 2 I
5 1 1 0 Ty 2 3 3 —3
E s 1 1 -1 Ty 5 3 3 2
T 5 3 1 g TB | 3 3 2 .

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Single-Field Models that can
Contribute to W Mass
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Operators
contributing to my

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260




Models Fitting the Mass of the W Boson

Spins Mass limits (in TeV)
V Wi =
s z{ -
V B °
PN e
FE :
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68 and 95% CL ranges of masses assuming unit couplings

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



HL-LHC Search for Triplet Vector Boson

HL-LHC, L ~ 3ab™’ HL-LHC, L ~ 3ab™"
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Wait and see: Could be discovered with future LHC data

Will LHC experiments
confirm CDF?

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.05091






