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Shortcomings of SM and the need of BSM

No sign of New Physics at the LHC
@ No viable DM candidate
@ Insufficient amount of CP violation
@ An unstable vacuum
@ No explanation for the fermion mass hierarchy
° ...
Scalar extensions aiming to provide a solution:
e Higgs portal models: ¢, S
e 2HDM: ¢1, ¢»
e IDM - I(14+1)HDM: ¢1, ¢»
@ 3HDM - I(142)HDM: ¢1, ¢2, ¢3, I(24+1)HDM: ¢1, ¢2, ¢3
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Dark matter

Evidence for Dark Matter at diverse scales:
@ galaxy scales: rotational speed of galaxies
@ cluster scales: gravitational lensing at galaxy clusters
@ horizon scales: anisotropies in the CMB

= around 25 % of the Universe is:

cold

non-baryonic

neutral

very weakly interacting
= Weakly Interactive Massive Particle
@ stable due to the discrete symmetry

DM DM — SM SM, DM - SM, ...

—_——
pair annihilation stable

@ annihilation cross section (ov) oc EW interaction
@ thermal evolution of DM density - a fixed value after freeze-out
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3HDM - Motivations

Richer symmetry groups than the 2HDMs [Keus et al., JHEP
1401 (2014) 051]

Richer particle spectrum

Possible update to 6HDM

It resembles the 3 generation of fermions = Interesting for
flavour physics

Different DM pheno: CPV-DM, multi-components, ...

Two inert possibilities:

o Two inert plus One Higgs doublet, 1(2+1)HDM
e One inert plus Two Higgs doublets, |(14+2)HDM
e CPC and CPV versions
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The scalar potential

Vsuom = Vo + Vz
3
Vo = [ u(e]en) + Ni(o]on)?]
3
+ 3 [alelen(e]e)) + (ol (6]on)]
ij
Vz, = —1iia(@]d2) + M(0]02)” + Aa(0h3)” + As3(931)°

The Z, symmetry

¢1 — —¢1, P2 — — 2,
¢3 — ¢3, SM fields — SM fields
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The CP-mixed mass eigenstates

The doublet compositions

H; Hy Gt
d1 = HHi? |, ¢ = H°+:A0 : $3 = vihtic®
V2 V2 V2

The mass eigenstates

1
mﬁli = —u5—pih+ 523 v2
1
'".292i = —u+ M%z + 523 v?
m%m = —,Ll,2 + ()\23 + )\23)V F AN
m2:—+(>\+)\)v AT
53‘4 lu2 23 23 F

AT = \/(N%2)2 + V4|>\2|2 F 2V2u%2|)\2| cosOcpy
51 is assumed to be the DM candidate
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Physical parameters

Parameters of V: 13, | \a|, [143,], 23, Abs, Ocpy

DM mass: A

ms, Scenario Bl _| 02+ 012 =711/ 2

mass splittings:

612 = m52 - m51

01c = Mt — M
1c 51 S1

6 = Mg+ — Mg+ Scenario Al
: 52 Sl Scenario C1 0.} 620
Higgs-DM coupling: CPC limit
85.5:1h
CPV phase:

Ocpv = 012 + 02

We recover CPC when 0¢cpy = 7, where cosfcpy = —1 and
A= V2| + [uds|, A = V3| Xa| — |13,] and , B — 0.
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Benchmark scenarios

Al: 615 = 125 GeV, 01 = 50 GeV, §. = 50 GeV, 0, = 1o = 0.5
ms, < M23.4, Mg (no co-annihilation)

B1: 512 =125 GeV, 515 =50 GeV, 5C =50 GeV, 92 = 912 =0.82

ms, =~ Mg, < mp a4, m51i2

C1: 512 =12 GeV, 515 =100 GeV, 5C =1 GeV, 92 = 912 = 1.57

ms

L " Mms, & Mg, & Mg, < msljzz

. (512 =2 GeV, (515 =1 GeV, (SC =1 GeV, 02 = 912 =0.82

ms, & Ms, = Mg, & Ms, X Mgt ~ Mg

. (512 =50 GeV, (515 =1 GeV, 5c =50 GeV, 92 = 012 =0.82

ms, &= mg, &~ m51i< ms, = mg, ~ mszi

A. Cordero-Cid, J. Hernandez-Sanchez, V. Keus, S. F. King, S. Moretti, DRC and D. Sokoowska, JHEP 1612, 014

(2016)
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DM Annihilation for light DM

Higgs-mediated annihilation

depends on and
S1 f [Cordero et al., JHEP 1612 (2016) 014]
\\\- --h--
51 f
Sy ! Z-mediated coannihilation
\: Z A1l: no coannihilation
- B1: 5153 coannihilation only
’ _ : 5153,5254,5154,5253 coannihilation
S, I .
depends on couplings
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85151 h

— A1
— B1
60 m, [GeV] Cc1

Al: mainly Higgs annihilation, large gs,s,n

B1: Higgs annihilation (smaller gs,s,n)
+ Z5:1 53 coannihilation (reduced with respect to the CPC case)
: mainly Z5154 coannihilation (xzs;s, =~ —1)
+ Higgs annihilation

Tools used in calculation: LanHEP, arXiv:1412.5016 [physics.comp-ph];
CalcHEP, Comput. Phys. Commun. 184 (2013) 1729; micrOMEGAs 4.2
arXiv:1407.6129 [hep-ph]
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Filling the plot

8s1S1h

— CPC

— B2

B3

s Ms: [GeV] B4
— Other

ms, < mp/2: many new solutions:
different mass splittings 4 Z5;5; interaction strength
ms, > my/2: less freedom but still new solutions:

Higgs mediated coannihilations + sign of hS3S3 coupling
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Direct detection
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@ Case Case Al: mostly excluded (large gs,s,n)
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Indirect detection
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Most of the parameter space in agreement with Planck
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Z-portal version (From arXiv: 1909.09234 [hep-ph])

Type 1 benchmarks: ms, ~ ms, ~ ms, ~ ms, < m

BlD4C1 :

511 ~ mSZi
m ma s W v e g e o em  am
= =
Igzs
19zs1sal
T TR TR T T P 3 =
Bcry  (BiDCr) Bcov  (B1DsC1)
o3 03
o a1
Igizs 153 |gzstssl
Gy (BiD12C1) Bcoy h ®0xC)
Venus Keus (Helsinki) CPV 13.09.19  11/19
512 =4 GeV, (55 =1 GeV, 515 =50 GeV, BngCl : 612 =38 GeV,
BlD12C1 : 512 =12 GeV, BngQ . (512 =20 GeV

*Slides from Scalars 2019 - Venus Keus talk
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Z-portal version (From arXiv: 1909.09234 [hep-ph])

Type 1 benchmarks: ms, ~ ms, ~ ms, ~ ms, < mes ~ mg+
1 5
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45 y
dama
40
P 76
35 e
z
& a0 -
25
20 23
15 32
45 50 55 &0 &5 70 75 &
mow_[GeV]  (B4D4,C4)
2amz
45
-------- y B 3
40
> 6
35 >
Z
& a0
25
20 d2m3
15! i e qn2
a5 50 55 60 85 70 s 80
Moy [GeV]  (B1DzC1)
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Z-portal version (From arXiv: 1909.09234 [hep-ph])

Type 2 benchmarks: My ~ Ms; & Ms, ~ Msy ~ Mgk ~ Mg

T me am 3m
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g
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Z-portal version (From arXiv: 1909.09234 [hep-ph])

Type 2 benchmarks: ms; ~ ms; &K ms, ~ Ms, ~ Mgt ~ m

s
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Type 3 benchmarks: ms, ~ Ms, ~ Ms, ~ M5, ~ Mgz ~ M
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Collider

signatures
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Collider signatures

@ ete™ —)Z*—>S,'Sj (i,jZ].,...,4)
o if CPC 4 final states:

HiA1 2, HhA; 2

o if CPV 6 final states:

@ cross-section of few pb for /s at future eTe™ colliders

o different BPs: the proximity of thresholds can test dark mass
spectrum

@ complementary to XENONnT searches
A. Cordero-Cid, J. Hernandez-Sanchez, V. Keus, S. Moretti, DR-C and D. Sokolowska, Eur. Phys. J. C 80 (2020) no.2, 135
[arXiv:1812.00820 [hep-ph]].
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Testing CPV in ete™ colliders

a(S;S)) [pb]
0100}
— 0(S1S3), mg1+mg2=175.6,
0.010 — 0(S1S3), ms1+mg3=201.8,
0.001F 0(S1Ss4),  Ms1+mgs=227.5,
ol — 0(SyS3),  Mep+msz=232.8,
0(SrSs),  Msp+mss=258.5,
10 0(SsSs),  Msy+Mss=284.6,
T 0 20 a0 e ao aso so0 VS 1V

Figure: The ete™ — Z* — §;5; cross section for BP A with masses in
GeV.
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Testing CPV in

ete™ colliders

a(S;S)) [pb]
o100 — asiS),
o0t — a(siSs),
o a($1S4),
w0r — a(S:5),
a(S2S4),
108
a(SsS),
o
N 200 300 400 500 V5 1o

Figure: The ete™ — Z* — §;5; cross section for BP

GeV.

a(SiS) [pb]

0:100] — 9($:1S2),

0001 — 0($183),

o ———— a(S1Ss),
— 0(S:S3),

o’ a(S254),

10 (S384),

(G0
200 300 400 500 VS (eew

ms;+ms=118.6,
ms;+ms3=199.8,
ms;+ms4=204.2,
Msp+ms;=207.6,
msp+ms=212.1,
Mmsa+ms4=293.2,

msy+ms=102.7,
ms;+ms3=109.4,
ms;+ms4=110.4,
Msz+ms;=110.3,
megtmss=111.2,
Mmsa+ms=118.0,

925152=0.370
gzs153=0.007
gzs154=0.007
925253=0.007
25254=0.007
925354=0.370

B with masses in

926152=0.370
925153=0.0026
925154=0.0028
925251=0.0028
925254=0.0026
925454=0.370

Figure: The ete™ — Z* — §;5; cross section for BP C with masses in

GeV.
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Dark CPV observables: the ZZZ vertex

2 2

.qg°—M
eryls = e "2 [h(q8" + a°g") + e (py — pa),l.
V4

Figure: The one-loop triangle diagram contributing to the £Z factor in
the ZZZ vertex, mediated by non-identical scalars S;, S;, Sk.

M2|gzs,s,| 1825.5,] 825,5,] <
f4 = z 2;236(q2:;ﬂ%) B2 ZeijkCOOZ(M%)M%uq2am?am}7mi)
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fs values for exemplary benchmark points
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The ff — Z* — Z7Z cross section

10712 ; . !
Point-A =+
104 L PointB X
Point-D
— 018 | |
= +_|.+++H'H‘++++H_'_
é + by,
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PR b, ]
I8
s WX& ++++ -} b,
< 00| X564 ass
1022 1
10°4 . . . .
200 250 300 350 400 450

Mzz (GeV)

Figure: The differential cross section do/dMzz versus Mzz for the
qq — Z* — ZZ process for BPs A, B and D at the 14 TeV LHC.

A. Cordero-Cid, J. Hernandez-Sanchez, V. Keus, S. Moretti, DR-C and D. Sokolowska, [arXiv:2002.04616 [hep-ph]],

(accepted in PRD)
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The ff — Z* — Z7Z cross section

10710 T : r
Point-DLHC 4+
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Figure: The differential cr Rojas-Ciofalooss section do/dMz7 versus Mz
for the ff — Z* — ZZ process for BP D at the 14 TeV LHC (f = q)
and a lepton collider (f = €) with different energies.

A. Cordero-Cid, J. Hernandez-Sanchez, V. Keus, S. Moretti, DR-C and D. Sokolowska, [arXiv:2002.04616 [hep-ph]],

(accepted in PRD)
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CP-violating asymmetries

e Inan ff — ZZ process, the helicities/polarizations of the ZZ
pair can be measured statistically from the angular
distributions of their decay products.

@ With this one can define observables to test CPV at future
colliders

One can express the cross-section as:

o(fsfs = 2,Z5) = op5 = ZMfz’% [©] M*fz’j? e @
5,6

where 6,8 are the helicities of the incoming f, f and 7,7 are the
helicities of the outgoing ZZ pair, respectively.
The helicity amplitude is:
1 waf o B o
Mg z7 = P — M2 72z €*(p1) €”(p2)j"(q) (2)

In the limit of massless fermions: g, j* = 0.
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CP-violating asymmetries

e Inan ff — ZZ process, the helicities/polarizations of the ZZ
pair can be measured statistically from the angular
distributions of their decay products.

@ With this one can define observables to test CPV at future
colliders

One can express the cross-section as:

o(fsfs = 2,Z5) = opz =Y MIT[OIML[O], (1)
5.6

The angle © is the angle between the e~ beam and the Z whose
helicity is . For hadron collider — use of the event boost to
define the incoming quark direction.
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CP-violating asymmetries

e Inan ff — ZZ process, the helicities/polarizations of the ZZ
pair can be measured statistically from the angular
distributions of their decay products.

@ With this one can define observables to test CPV at future
colliders

o We introduce the three asymmetries: AZZ, A2Z and A"%4

@ Since the ZZ are indistinguishable:

o A;: forward hemisphere
e A,: backward hemisphere
o If the asymmetries in the two hemispheres are not equal, i.e.

A1 — Az # 1, one can confidently claim that the model is
CP-violating
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Assuming the momenta and helicities of ZZ are known:

AZZ — 9+0 ~ 90~ AZZ — 90+ 790
o-+70 + 0-077 ’ 0-07+ + 0-7707

0y 5: unpolarized beam cross-sections for ZZ production with
helicities A and .

To lowest order in f3:
ATZ = —4B7*[(1 + B)* — (2B cos ©)?] F1(B, ©)Imf;

where v = \/s/(2Mz), B =1 — 12

Diana Rojas-Ciofalo Dark CPV in the I(2+1)HDM 29/34



Assuming the momenta and helicities of ZZ are known:

AZZ — 0+70 — 0-07_ AZZ — 0-07+ — 0—_70

2
o0+ 00 004+ + 00

oy unpolarized beam cross-sections for ZZ production with
helicities A and .

5F 5
;3 AN N ;3 0/\[\/\
< RJ <

5| -5

0.0 05 10 15 20 25 3.0 0.0 05 1.0 15 20 25 3.0

6 (Benchmark D) 6 (Benchmark D)
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0+,0 = 00,+ — 00— +0-p0

)
0+,0 + 00,4 + 00— +0-p0 0+,0+ 004+ + 00— +0-p0

o / \
1
< 2r
>
NT o T T /\
L Lt
-1
af
-2

04,0+ 00+ — 00— —0—p0 izz
/AZ:Z _ 94 + A =

N

4

~ 2Z
Az Iy

0.0 05 10 15 20 25 30 0.0 05 1.0 15 20 25 30

6 (Benchmark D) 6  (Benchmark D)

In the low energy limit, these become:

—26(1 — 3cos® ©)¢Imfy

1—3cos?20O +4cos*O’
—20 cos?® OfImf,

1—3cos20 +4cos* O

AZZ

A%
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nzZZ nZzZ
Al A2

Asymmetries and

Instead of analysing the complicated event topology of the
4-fermion final state from the decays of the Z boson pairs

— just focus on the decay of one outgoing Z boson and study its
density matrix!

p(©)y7 Z M (@) M*3 (©), (1)
66 nt

where again, 8,9 are the helicities of incoming f, f beam, and the
n, 7 are the helicities of the outgoing Z bosons. N is a
normalisation factor which ensures Tr(p) = 1.

!D. Chang, W. Y. Keung and P. B. Pal, Phys. Rev. D 51, 1326 (1995)
[hep-ph/9407294].
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. V4 zz
Asymmetries A7““ and A

Since the (4, —) or (—, +) components of the spin-density matrix
p receive the largest CP violating contribution, another observable
CP-odd asymmetry is defined as

A= T[mp(@): ], A= [mp(r—©) ] ()

1
A" = ——[Imp(©)+— —Imp(m — )]
which in the low-energy limit simplifies to:

y_, Bsin® O¢Ref,

A 2w
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. V4 V4
Asymmetries A7““ and A

— E=200 GeV — E=250 GeV E=300 GeV

Aly?
A"ly?

0.0 05 1.0 15 20 25 3.0 0.0 05 1.0 15 20 25 3.0

6  (Benchmark A) 6 (Benchmark D)

A" =~ {imp(®). ~ Imp(x — )]

" Bsin® O¢Ref,

A 2T
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Summary and Conclusions

@ 3HDM can accommodate both a DM candidate and
unconstrained CPV source

@ The lightest inert is stable due to a Z symmetry

@ New regions of DM relic density are opened up by the dark
CPV source

e Process ete™ — Z* — §;S; is a CPV smoking-gun signature
that can test also the inert spectrum

@ CPV can be analysed through the vertex ZZZ = largest in
the 3HDM than in other models

@ CPV can be tested by measuring different asymmetries in
colliders related to the ZZZ vertex
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Thanks for

your attention!
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BACKUP

SLIDES
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Bounded from below potential ¢; — c0o = V >0
Vacuum stability E,., < E,,, or Ty, > age of universe
Perturbative unitarity |\;| < 4w, |A;| <87

Electroweak precision observables S, T, U

Relic density Qppyh? = 0.1197 £ 0.0022

Direct and indirect detection opyn S 10~ pb,

(ov) $1072" cm3/s

Flavour observables BR(B — X.v), B® — B% mixing

Ds — tv;, Ds — pv,,, B — DT1v;

LEP bounds my+ + mpya > my=+, my+ma > mz, 2my+ >
mz, my+ 2 70 — 90 GeV if my < 80 GeV and my4 < 100
GeV = my — my < 8 GeV

LHC bound total decay signal strength

BR(h—XX

e h — v signal strength ji, = 1.16’_“8%
e Higgs invisible decays BR(h — 5;5;) < 0.23 — 0.36
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Relic density
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Z-inert couplings

9s,

a+p af —1
XZ5:5; = X255, = —F——— =, X255y = X255 = —F——————=
Va2 +1/p%2+1 Va2 +14/p2+1
2 2 2 2
Xzs15, T Xzs15, = 1, Xzs,5; T Xzs,5, = 1
5 £ 7 % % MV CPC
A1ZS,S;
----- AZS,S,
— B1ZS/S,
----- B1:ZS: S,
—Cl1z8:S,
----- C128,S,

-1

mass order: mg, < ms, < ms, < ms,
CPC limit: xzs,;s, = —1, xzs,5, = 0

XZS5:S3:
XZS5:Ss+

reduced for Al and Bl
close to CPC value, dominant channel for
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Heavy Dark Matter in the [(24+-1)HDM

8s1S1h
0.6

04

0.2 — H1

Soms, [Gev] — G1

500 600 700
-0.2

-04

-0.6

® gs,5,h in case G > gg, 5,4 in case H
@ The same behaviour in both cases
@ Lower mg, for case G

@ Not really different from the CPC case
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Direct detection CPV model - heavy case

Ipmny [PP]
109 o e c3838833338884848 LUX
: T — XENON IT
-11
LR R - v scattering
-
10713 o case Gl
— case H1
10-15 . . .
ms, [GeV]
400 500 600 700 800
2
- ~ 85,51h
OV (Mg, + My)?

@ In agreement with LUX
@ Within the reach of XENON-1T
@ case G (bigger couplings) easier to see/exclude than case H (smaller

couplings)
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Planck vs LHC
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— case Al
Hmin'®'(h)=0.66
Br(h-inv)=0.20

mg, [GeV]
— case Bl
""" I-lminmt(h)=0'66
Br(h—inv)=0.20
m, [GeV]
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Invisible decays

If the only invisible channel is h — 5153:

) F(h — 5151)
Br(h — inv.) = . 2
( ) F%M + F(h — 5151) ( )

If particles S, 3 4 are long-lived enough (i.e with

Mot < 6.58 x 10718 GeV < 7 > 1077 s), they will not decay

inside the detector, therefore seen as Higgs decays h — S;5;, then
Z,- F(h — 5,'5,‘)

Br(h— inv.) = ' ’
r( —>/nv) I—%M+Z’.r(h—>5,’5i) ()

Searches at the LHC for neutral, long-lived particles have
historically relied on the detection of displaced particles produced
by their decay within the detector.

But we can use a recent study [ref] in where the case of the
particle decaying outside the detector is included.
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