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What the SM is missing

e a suitable Dark Matter candidate

e sufficient amount of CP-violation = scalar extensions of the SM
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Introduction 3HDM Collider probes Summary
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Purely scalar extensions w/o a Z, symmetry:
Relic density Direct detection Collider
SM + singlet(s)' Indirect detection experiments
. DM, /DA\[
e psu, S = DM, ERPV DM . y SM ® 17 ’ ) ,bM
o (,255/\/]7 5172 = DM, €PV }h: | hSM WM _ «
DM, SM :

S
/\ \DM
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2HDMs:

Hl\ f Hl\ f Hl\ f
L4 ¢17¢2 = DM, CPV \>_hSM N < WE
) faisiva - _ >
e 1,00 = DM, Hy, s, 7 Aty 7 P 1 b - p

2HDM + singlet:
® )1,02,S = BM, CPV e ¢1,¢2,S = DM, ERPV e ¢1,¢2,S = DM, CPV

3HDMs:
e 1,002,035 = BM, CPV S,

N f
] ¢17¢27¢3 = DM, CPV \>_}L_S< _—
* 91, 92,¢3 = DM, CPV 5, 7 S, FoSESE, £
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Introduction 3HDM Collider probes Summary
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Experimental probes of 3HDMs

_ , New LHC / HL-LHC Plan
o Collider experiments

e 2021: LHC-RUN-III
e 2026: HL-LHC
e 2028: CEPC

XENONnT

. D M eXpe ri m e n ts XENON10 XENON100 XENONIT L

e 2020: XENONNnT
e 2022: CTA

o GW experiments
] 2027 DECIGO 2005-2007
e 2034: LISA mission

@ Precision experiments
e 2020: (g—2),
e 2020: Advanced ACME
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Introduction 3HDM Collider probes
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3HDMs: the crown jewel of scalar extensions

two scalar doublets + the SM Higgs doublet
b1, P2 ¢3
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Introduction 3HDM Collider probes Summary
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3HDM with dark CPV DM v/, CPV v

DM is protected by a Z, symmetry (—, —, +):
(bl — 7(})17 q/)z — 75/)2, SM fields — SM ﬁelds, ¢3 — d)3

Z symmetry respected by the vacuum (0,0, v):

Hf ) Hy G
¢1 =\ Htia |, G2 =\ Hptin, |, $3=| vintic®
V2 V2 V2

DM candidate: the lightest state among S1 234 (mixture of Hj 2, A1 2)

Only ¢3 can couple to fermions ¢, = ¢pg = pe = @3 and h; = h

hz
_['Yukawa = YuQILiUﬂbZU;? ,’/“\\
+YaQLpadr l L l
+Y.L|¢e€r + h.c. iLLLLJ

[JHEP 12, 014 (2016)], [Phys. Rev. D 101, 073007 (2020)]
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Collider probes of 3HDMs



Introduction 3HDM

Collider probes Summary
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Production thresholds of S;S; at e"e™ colliders

The ete™ — Z* — §;S; cross section for A, B and C scenarios

aSS) lpe]

a(SiS)) [pb] a(S:S)) [pb]
o100 0.100
0.001 e —————— 10
10° s a
t o 20 a0 w0 aw o sn VS 1OV L 200 300 400 500 VS 10 200 300 400 50 VS 101
Point-A Point-B Point-C Point-D
ms, 72.3 55.4 50.9 63.2
ms, 103.3 632 517 78.0
mg, 106.2 79.1 99.1 106.3
ms, 129.4 144.3 58.5 185.0
ms, 155.1 148.8 59.4 213.1
mg, 157.5 159.2 1111 204.3

a smoking gun signature of CP-violation in 3HDMs

Eur. Phys. J. C 80, no.2, 135 (2020)
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Significance of the signal over the SM background

For all our BPs, the final state of the efe™ — Z* — 5;5; process is E1ff

ee” - 7" = 55— 5157 — 515,
e+e7%Z*%S;Sj%51Z*S1Z*%5151ﬁf_ﬁ (i7j:25374)

The main SM background is through

ete” — 27— ffup, eeT s WW = I'olfy, ete” — Zh— ffE;

a [pb]
10
5
— oM(ere s WW")
I — oM(e*e™>Z2)
050 oM(e*e">Zh)

200 300 400 500 ‘/g [GeV]

background decreases with increasing energy and is < 1.8 pb

Eur. Phys. J. C 80, no.2, 135 (2020)
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The differential ff — Z* — ZZ cross section at hadron and lepton colliders
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CP-violating asymmetries

Collider probes
[elelele] lelele]ele)

In the cross section of the ff — ZZ process

o(5Fs = 2,25) = oyn = Y MES (O] M

5,8

%5,
1,7

[917

Summary

with 8,8: helicities of incoming f, fand 7, 7j: helicities of the outgoing ZZ we define
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Phys. Rev. D 101, 095023 (2020)
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Inert cascade decays at the LHC

Tree level process: qq — Z* — HiA12 — HiH Z" — Hy Hy ff

76 . WG B
Arp H1,2 Hy i

(may be possible in 2HDM)
.88 — h— H1H2 — H1H1’7* — HlHlff

L qiqj — HiHy — HiHiy* — HiH ff

YW
Hiy

(smoking gun signature of 3HDM)

Benchmark || mpy, —mu, | ma, —mu, | ma, — My, | Mgz — My, | MgE — mp,
A50 50 75 125 75 125
15 5 10 15 90 95

[JHEP 05, 030 (2018)]
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Introduction 3HDM Collider probes Summary
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LHC cross section for £7/l and F7qg for scenario A50

S
o tree-level m o tree-level
= ggF = ggF
+ VBF + VBF
40 5 60 70 80
mpm(GeV) mpm(GeV)
Decay channels | BR(H, —+ H1X) | tree-level ggF VBF
Hy — bbH, 1.88e-01 2.49e-03 | 1.18e-07 | 2.05e-06
H, — s5H, 2.00e-01 1.97e-03 | 1.26e-07 | 2.19e-06
Hy — ecH,y 2.00e-01 3.94e-03 | 1.26e-07 | 2.19e-06
Hy — ddH, 2.00e-01 3.54e-03 | 1.26e-07 | 2.19e-06
Hy; — vuH, 2.00e-01 1.97e-03 | 1.26e-07 | 2.19¢-06
Hy = 7H7 H, 6.56e-02 8.09e-04 | 4.13e-08 | 7.15e-07
Hy, = ptu H, 6.69e-02 8.22e-04 | 4.21e-08 | 7.29e-07
Hy, —wete H, 6.69e-02 1.34e-03 | 4.21e-08 | 7.29e-07
[JHEP 05, 030 (2018)]
o = = = Z= Dac
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Collider probes
0000000080

LHC cross section for £7/l and E7qg for scenario 15

-2
Lg=========1 10_3N
-5 — -
E 10 0000060000 o tree-level 8 1075 [P00000000¢.
T pe LI ggF S 107 .
- + VBF 10-° -
10—11
40 50 60 70 80 90 40 50 60 70 80 90
mDM(GeV) mpm(GeV)

Decay channels | BR(H; — H, X) | tree-level geF VBF
H, — ssH; 2.22e-01 5.71e-03 | 9.70e-04 | 7.93e-06
Hy, — ccH, 1.63e-01 1.52e-03 | 7.12e-05 | 5.82e-06
H, — ddH, 2.28e-01 3.74e-03 | 9.96e-05 | 8.14e-06
Hy — wuH; 2.28e-01 4.80e-03 | 9.96e-05 | 8.14e-06
Hy = 7 H, 7.55e-03 1.13e-03 | 3.30e-06 | 2.70e-07
Hy — p u~ Hy 7.54e-02 7.47e-04 | 3.30e-05 | 2.69e-06
Hy —ete H; 7.59e-02 1.73e-03 | 3.32e-05 | 2.71e-06

[JHEP 05, 030 (2018)]
[m] = =
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Observable heavy scalar DM

Monojet and dijet channels in the heavy DM mass region:

Monojet
a[pb]
1.x107
— case G
8.x107
— case H

6.x1077

4.x1077 @ the IDM

2.x10°7 e,

i mi,[GeV]
450 500 550 600 650 700 750 800
'VBF: neutral channels VBF: charged channels
a[pb] a[pb]
4.x107
2.x107
1.5x1077 — case G~ 3x107 — case G
J— . — case H
1.x107 caseH  2.x107 case
5.x10°% 1x107 \
i i, [GeV] f my,[GeV]
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800

[JHEP 1511 (2015) 003]
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Introduction 3HDM Collider probes
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Summary

3HDMs are very well motivated and accessible through
@ Production thresholds of S;S; at e™e™ colliders

The ff — Z* — ZZ with the ZZZ vertex

CP-violating asymmetries
@ Inert cascade decays
@ Observable heavy scalar DM

and many non-collider complementary observables.

Venus Keus (Helsinki) Dark CPV 06.07.2021
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SM+S 2HDM
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The background to the inert cascade decay

The background process, h decay into two charged scalars, cross section
for mpp = 54 GeV.

| scenario | cross section (pb) |

A50 6.77e-09
15 7.91e-08
110 4.19e-08
Venus Keus (Helsinki) Dark CPV
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2HDM
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SM+S
oo

HS, VBS and ggF processes in inert cascade decays

g L H
VA
Ais ,”Hl
q %
JAQ)
[ Uk q; K 3 Uk
—_—,— —_——
ZW+ H W+ H 2w H,
h s e [
TR < - A(Hf)
z,w+ ZW*HE el Sommos
) ) Z(W+
1, , w) § H,
B ——— B —
q; Q a; Q@ L} q
g S H
h .
,,,,,, <
g S]
Dark CPV 06.07.2021 21/18
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SM+S 2HDM
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Dark CPV observables: the ZZZ vertex

a : ? — M2 o a «
ersst = ieT—TE(f(q"g" + d8") + K" (pr — pa),]
z

AVAVAVAVAVAVAVAVAVAVA
0 —
Z* S p1
1 e 1
|Sj
S 1
7 o ! —»
NAN P2
SAANMANN

M2z|g25253‘ 825,551 182515, | . 2 a2 2 2 2 2
fa = 271'26((]27/\/’22) ZEUkC002(MZ7 Mqu 7mi7mj7mk)

ijyk

V. Keus, S. F. King, S. Moretti, D. Sokolowska, et al., [JHEP 12, 014 (2016)]
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SM+S 2HDM
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Scalar singlet extension of SM

the SM Higgs doublet + a scalar singlet
) S

() ()

5SS — SM SM, S /4 SM SM
— ~———

pair annihilation stable

¢
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SM+S 2HDM
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SM + scalar singlet DM v/, CPV x

DM protected by a Z, symmetry (+, —) from decaying to SM particles.

SM fields — SM fields, ¢ — ¢, S— —S

The Lagrangian and the vacuum are Z, symmetric: (¢) = v, (S) =0

L="Lsy+ = (85) m25% — \S* — Apst®S?

Relic density Direct detection Collider
Indirect detection experiments
DM, DM
AN 7
M N / 1
DM SM Y /DM

7
| th\[ hS‘M

-«
|

’ N y
DM, SM /\ \DM

Tension: all relevant interactions are governed by the same coupling!
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the SM Higgs doublet + a scalar doublet



SM+S 2HDM
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Z>-symmetric 2HDM DM v/, CPV x

DM is protected by a Z, symmetry (+, —) from decaying to SM particles:
SM fields — SM ﬁelds, 01— d1, P2 — —Po

Z> symmetry: only ¢1 couples to fermions ¢, = ¢g = pe = P1

—Lyukawa = YuQlLicagyuk + YaQLpadr + YeLideek + h.c.

vih+i6® H+iA
V2 V2

Z> symmetry respected by the vacuum: ¢; = ( c > , = < . )

DM candidate: the lightest neutral particle from the dark doublet
HH— h—SM, HA—Z—SM, HH™ — W* — SM

Tension: all scalar interactions are governed by the same coupling!
Gauge couplings are fixed!
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SM+S 2HDM
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CP-violating 2HDM DM x, CPV v

Break the Z, symmetry and let the two doublets mix

+ +
¢1 ¢2

¢1 = vi +h(1)+ia(1J 5 ¢2 = v2+h(2)+iag
V2 V2

No Dark Matter candidate!

Mixing doublets means h; (mixtures of h®,, a%,) are CP-mixed states

}L,j
JPERREN
.

Sl
! . ‘ !
L“LLW,

contributing to electric dipole moments (EDMs).

CP-violation is very constrained!

V. Keus, S. F. King, S. Moretti, K. Yagyu, [JHEP 04, 048 (2016)] V. Keus, N. Koivunen, K. Tuominen, [JHEP 09, 059 (2018)]
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[Eur.Phys.J. C78 (2018) 165]
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