* CBm’c[ging LHC Tﬁysics and Cosmofogy

with the Cl-[iggs ‘Boson

| 28th IFT Xmas Workshop
IFT, Madrid T

14 December 2022




O Introduction
0O The Role of the Higgs Boson Mass

O Trilinear Higgs-Self-Coupling and HH Production
- Exp., theor. & HH constraints on BSM
- Scan results
- Benchmark C2HDM

O Dark Matter from the Higgs Sector
- Higgs Portal, Higgs->DMDM at NLO EW
- Scalar and Vector DM models: NLO EW to
indirect DM detection

O Baryogenesis in BSM Models
- CP in the Dark
- Impact EFT contributions
- Size of Baroygenesis

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop



Fundamental Physics LHC
1 | | l |
p 3 3 p p 3
=
V) Q) — =
v o
& + S -
— o S N
S Q V 3
£ N g V)
S O 3 O o
& 5 S 5 S
S W w X
Q.
7 < < 7 7 <

M. Muhlleitner (KIT), 14 December

28th IFT Xmas Workshop



Fundamental Physics

p 3
v
Y
| -
+—
V
£
S
S
N
z <

Higgs Sector

M. Muhlleitner (KIT), 14 December

28th IFT Xmas Workshop




How

tea,

~ Anti-Matter

Open

c
®
"
=
o
S
7
S
o
o
=
o

ions?




How

s

/ Matter -
 Anti-Matter

]
...
.

Experimental
Input

+

CP
Violation

.
-
.
.
.
.
.
.

heory
Interpretation




Status

35.9-137 fo'' (13 TeV)

- CMs

[ m, = 125.38 GeV
| 1071 L

p-value = 44%

----- SM Higgs boson

t
WZ. .

°’

¢ Vector bosons
§ 3" generation fermions
¢ Muons .

Datia A SM

|

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

1.21
1.30

1.05 +03

029 (+024 '8.19)
=017

121 +026

~024 (+n o

+0.2.

+0.40
0.38

1

+0.28

+0.29
027)

027,

N an

] EWK Fif (Gfitter; w.o. m
1 EWK Fit (Gfitter, w. m

T EWK Fit (GAPP; w:

| e H 1

1
1
1
T
1
1
I
1
1
r
1
1
I
]
1
1

1
1
1R
]
1
1

ATLAS Preliminary

Status: July 2021 [Ldt = (36 139) ot V5 =8,13TeV
Model Cy  Jetst ET™ [ram) Limit Reference
T T

ADD G + 8/q Oepury 1-4j Yes 139 Mo 1n2TeV o -2 210210874
ADD non resonant vy y = a7 [ms 86TeV 1 3HZNMO 1707 04147
ADD QBH N S a0 e o 170309127
ADD BH multijet - - 36 May =6, Mp = 3 TeV, rot BH 1512.02586
RS1 Gk =y 2y - - 139 Gy mass. Tev k[ Mpr = 0.1 2102.13405
BuK RS G -+ WW/ZZ  multi-channel 361 | Gucmass 23TeV 10 1608 02380
Bulk RS G — WV — fvaqq Tepu 2j/1J  Yes 139 Gy mass. Tev for = 1.0 2004.14636
Bulk RS gk — tt. leu 21b2102 Yes 36.1 Bk Mass. 38TeV r/m=15% 1804.10823
2UED / RPP leu 22b,23)  Yes 36.1 KK mass. 1.8 TeV Tier (1,1), B — ) = 1 1803.09678
SSM 2’ — 1t 2ep - - 139 4 5.1 TeV 1903.06248
SSM 7' e 21 S s 242Tev 1708.07242
Leptophobic 2’ — bb. - 2b - 36.1 21 Tev 1805.09299
Leptophobic 2’ — tt Oeyu 21b22J Yes 139 4.1 Tev r/m=12% 2005.05138
SSM W' — (v tew Yos 139 60ToV. 150605600
SSM W’ < v - Yes 139 5.0 ATLAS-CONF-2021-025
SSMW s th S T S I 1 44TeV 'ATLAS CONF 2021043
HVT W' — WZ — (vgqgmodel B 1e,u 2j/1J  Yes 139 4.3 TeV. & =3 2004.146¢
HVT 2' — ZH model B 2ep 12b Yes 139 32TeV & =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oeu 21b22J 139 32TeV & =3 )7.052¢
LASM W — iy 2 A 50TV (V) = 05TV, = g 1904.12679
Clagaq - 2 - a0 208ToV 1, 170309127
Ciltag 2eu O ATV 200612946

S Cieebs 2¢ - 1% 18TV £=1 2105.13847
Cl yapabs. 2p 1b - 139 20Tev &=1 2105.13847
Gttt step  =1b>1] Yos 361 257Tov €l = 4 te11.02005
Axial-vector med. (Dirac DM) Oepry 1-4j Yes 139 21TeV =0.25, g, =1, m(x)=1GeV/ 210210874
Pseudo-scalar med. (Dirac DM) Ty 1-4) Yes 139 376 GeV' &, 1

E Vector med. Z'-2HDM (Dirac DM) O e, i b Yes 139 31 Tev tan ATLAS-CONF 2021006
Pseudo-scalar med. 2HDMqa _mult-channel 139 560 GeV. gt g, ATLAS.CONF 2021.036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 3.4Tev y=04, =02, m{x 1812.09743
Scalar LQ 1% gen 2e 2] Yes 139 1.8 TeV 8 2006.05872
Scalar LQ 2% gon 25 2 Yes 139 17TeV » 20060587

S ScalarLQ 3" gen 1 2b  Yes 139 1.2ToV. B(LQ: 1 ATLAS-CONF-2021-008.
Scalar LO3Y gon O 22).52b Yoo 139 1.2 Tev 500 1 004,140
Scalar LQ 3" gon s2epsira)ab — 139 1.43ToV 50 1 2101 11582
Scalar LQ 3" gen Oe,>170-2.2b Yes 139 126 TeV H(LQY — bv) =1 2101.12527
VL TT ozt 4 X 2eruden 21b21) - 139 14 SU(2) doudlet ATLAS-CONF 2021024
VLQ BB — Wt/Zb+ X multi- | 36.1 1.34 Tev. SU(2) doublet 1808.0234:
VLQ Tos Tyl Ty — We+ X 2(89)23 eyt >15,21] Yos 361 1.64 TeV. B(Tys — Wo)= 1, c(TsaWe)e 1 0711
VLQ T — Ht/Zt 1 23] Yes 139 1.8 TeV SU(2) singlet, xr= 0.5 ATLAS-CONF-2021-040
vay Teu 21b>1i Yes 361 1.85 TeV B(Y — W) Tet207343
VLQ B — Hb Oepu 22b 21,210 - 13 20TeV. SU(2) doubl ATLAS-CONF-2021-018
Excited quark " — qg - 2 - 139 6.7 TeV only u* and 1910.08447
Excited quark g* — qy 1y 1 - 36. 53TeVv only u* and 1709.10440
Excited quark b" — bg. - 161j - 36.1 2.6 TeV. 1805.09299
Excited lopton ¢ 3eu S a3 A-30Tev art 2821
Excited lepton v* 3eut - - 203 A =16TeV 1411.2021
Typo Il Socsaw 234en 2] Yes 139 910 Gev. ATLAS-CONF 2021023
LRSM Majorana v " 2j - 36.1 3.2Tev m(We) = 4.1TeV. g1 = gn 1809.11105
Higgs triplet H** — W*w* 234 e,u(SS) various  Yes 139 350 GeV' DY production 2101.11961
Higgs triplot H** — (¢ 234eu(SS) - - 361 870GV, DY production 171009748
Higgs trpl r - - 203 D producton, B(H;* (1) = 1 14112921
Multi-charged particles - - 36.1 1.22TeV DY production, |q| 1812.03673
Magnetic monopoles. - - - 344 237 Tev DY production, |g| = 1go, spin 1/2 1905.10130

ﬁ Vi=13TeV | VE=13TeV 1 L
rtial data
B Tull data. 1 10 Mass scale [TeV]
“Only a selection of the available mass limits on new states or phenomena is

Small-radius (large-radius,

are d

d by the letter j (J).

a—atl — oG

d- (@@ » ;G/aiy - aWG)

ot - (1/2)G

pp - B4 W =164 - WE

PP = N A — 2% [(2/0/7)G] + ot

PP = %% = hhGG + Xun

PP = UK > (0/2)(0/2)GG + Xase

PP = WK - ZZGG + Xy

The quantities AM

e SUS-17-011

7+ MEx: arXiv:1711.08008
7+ Hr: arXiv:1707.06193

7+ £+ MEx: arXiv:1812.04066

p — &
7+ b+ MEq: arXiv:1901.06726

PP = RONT KX

5 MEqs arXivil7i1.0s008
7+ £+ MEq: arXiv:1812.04066
7+ MEq: arXiv:1711.08008

pp — ({1, X3, XD (%, 18, 12)
 3(/m,: arXivi1700.05406
h — bb: arXiv:1709.04806
B y: arXiv:1709.00384
combined: arXiv:1801.03957

S8l arXiv:1709.05406 Br
h = 372 arXiv:1709.00384 B
combined: arXiv:1801.03957 BF =

= 86/, arXiv:1709.05406
combined: arXiv:1801.03957

250 500 750

[+ Hp: arXivil707.06193 e exclusion)

(max. exclusion)
{max. exclusion)
(max. exclusion)

(mas. cxclusion)

(max. exclusion)

(max. exchusion)

BF(ZHA) = 112

20 opposite-sign: arXiv:1709.08908 BF = 50%
50%
0%

0%

20 opposite-sign: arXiv:1709.08908

1000

1250 1500 1750 2000

mass scale [GeV]
Sclction of abserved limits at 95% C.L. (theory uncetaiatic are not inclided). Probe up to the quoted mass i for liht LSPs unles stated otherwise,

sparticle and the LSP relative to A, respectively, unless indicated othervise.

‘and i represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermedinte

2019

Discovered Higgs Boson
behaves very SM-like

T ——

Consistency Test
of the SM
at the quantum level l

T

No direct discovery of
New Physics so far

B

M. Muhlleitner (KIT), 14 December

28th IFT Xmas Workshop



M. Muhlleitner (KIT), 14 December

28th IFT Xmas Workshop




What we have

+Experimental reality: No Beyond the Standard Model Physics discovered so far!
Guido Altarelli, 16/1/12, KIT: ,The situation is depressing, but not desperate.”

+ We have the SM-like Higgs boson

What can we learn from Higgs physics?
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Higgs 10th Birthday!
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[ATLAS,CMS]
My = 125.09 + 0.21 (stat) * 0.11 (syst) GeV

* Self-consistency test of SM at quantum level
(e.g.: Higgs loop corrections to W boson mass)

«+ MH < stability of the electroweak vacuum [Degrassi eal;Bednyakov eal]

+ Higgs mass uncertainty feeds back in uncertainty on Higgs observables

* Test parameter relations in beyond-SM theories

= indirect constraint of viable BSM parameter space!

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop 8
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Light supersymmetry

See also
[Athron eal,'22]
W boson mass
in BSM w/
FlexibleSUSY
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* SM: fundamental parameter, not predicted by the theory

* Supersymmetry: calculable from input parameters:;
quantum corrections Am2, are important!

MSSM: M

NMSSM: m3; =~ Mz cos*28 + N v?sin” 23  +Am%

2

M2 ~ocl 913 2
M?% cos®2f3 +Ami

* less important loop corrections needed compared to the MSSM

* solves little hierarchy problem

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop
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SUSY Higgs Masses

+ Supersymmetry: requires at least 2 complex Higgs doublets

+ Minimal Supersymmetric extension (MSSM): 2 complex Higgs doublets

5 Higgs bosons:  h, H, A, H*, H—

4 neutralinos: Xp (i=1,...,4)

+ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

+ Enlarged Higgs and neutralino sector:

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop 10



Corrections to hy-like Higgs (= SM-like Higgs) [Dao,Gabelmann,MM ,Rzehak,'21]

160 -

Remaining theoretical error: O (few%)
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The Higgs Self-Coupling

+Higgs Discovery ~ New Era of Particle Physics: structurally completes the SM

- self-consistent framework to describe physics up to cosmologically relevant scales
- extended Higgs sectors: answers to generation of baryon asymmetry, nature of DM

+ SM Higgs couplings: A
- proportional to masses/masses? of L

the corresponding SM particle & 10

ghtf ~ Me/V, ghvy ~ My2/v2 EI; i

1072

+Hi . : . _
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- still unknown |
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Experimental Results - Limits on Trilinear Higgs Self-Coupling

[Rui Zhang, ATLAS, HH Workshop” 22]
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Ultimate Test of the Higgs Mechanism

. . 4. L M‘l. M‘L ) ) W2 V \
VURY = G ML HE 4 SWHE 4 b R V@ - MEg-Y)
Higgs mass f M =Ry . s -
: L (o0 iy ¢
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Double Higgs Production Processes

10

3 o(pp — HH + X) [fb] gg — HH (NNLOg,..)
M, = 125 GeV
PDFALHCI15
tJHH (NLO)
L ” 30 50 70
Vs [TeV]

100

[HH, White paper]
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Double Higgs Production Processes

e VBF (N°LO) _

[HH, White paper]

o(pp — HH + X) [fb] gg — HH (NNLO
M, =125 GeV

PDF4LHC15

FTapprox

ttHH (NLO)

4 !mall cxn, large bkg:

1314 20 30 5 experimental challenge ~

Vs [TeV] | precise theory
predictions required
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Higgs Pair Production through Gluon Fusion

+Loop mediated at leading order - SM: third generation dominant

g VOO0 H g OO —— - - - - H
tb —---a - t,b
A AN
9 9900/ NH g o H

+ Threshold region sensitive to A; large MuH: sensitive to ct++/ceb [€.9. boosted Higgs pairs]

| o(pp — HH + X) [fb] | [Baglio,Djouadi,Gréober MM ,Quévillon,Spira]
1000 ¢ Vs =14 TeV, My = 125 GeV -

o A

100

10 ¢ e decreasing with MpH

0.1

-5 -3 -1 0 1 3 5
AaHH /A H
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Higgs Pair Production through Gluon Fusion

+Loop mediated at leading order - SM: third generation dominant g ¢
q --<
g 70580) H g TOOO H 9 7TTO0) L H g 1 ‘h
t,b e + b r tb 4 QQM .::!
A \\\ ‘\\
9 9000/ g g — H g 9900/ n

+ Threshold region sensitive to A; large MuH: sensitive to ct++/ceb [€.9. boosted Higgs pairs]

| o(pp — HH + X) [fb] | [Baglio,Djouadi,Gréober MM ,Quévillon,Spira]
1000 ¢ Vs =14 TeV, My = 125 GeV -

Ao A
100 | gg_)HH'TN_T
 ————————————
10 ¢ decreasing with Mpn

0.1

-5 -3 -1 0 1 3 5
AaHH /A H
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New Physics Effects in Higgs Pair Production

*+Cross section: - different trilinear couplings - different Yukawa couplings
- novel particles in the loops - resonant enhancement - novel couplings

+Example NMSSM:

resonant enhancement
for muk= 2*mn

differing

stop, sbottom
from SM value

9 7000" ,h N %
R o S o Hk t
qy Hy T
N e AN
g 000} 1 o 9000y @ ‘h
goooy-Forooy 97000N G o h
~ | I~ ! \\ //
Qz: :QJ qz-: /,"\\

B |//~_ \\
g7000™* -2 ho g 0oy ¥ NS
g - 7.7~ Phd h/ g q% //h

A TN [

/ \K, ) \__13_<
\ i K \\\ NN \\\
g \_z—’ S o h g \h
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[taken from Dao,MM,Streicher,Walz,” 13]

differing
from SM value
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New Physics Effects in Higgs Pair Production

*+Cross section: - different trilinear couplings - different Yukawa couplings
- novel particles in the loops - resonant enhancement - novel couplings

+Example extension w/ strange Dark sector: [thanks to D. Neascu]
SM value
value
G / G SM ) G ” I‘{ B _ H’ _ -
te H, - o W : G I
! G
U ——= e u . .
q (\\H u f u d
Ue N - G us - G dy S
G G " H T ) H" H"
G G . G .
, H _ G phiQ5 H __ phiQ5 H __ : -
% PhiQ5  H,’ phiQs e~ L0, phiQsH -~ s T o P e
P > - I I I I e .
phiQ5 ! | ce € ( G O IphiQs phiQ5 D ol g H phiQ5 ! | phiQ5  phiQ5! | phiQ5 - i phiQ5
| - | | | | . ~
pthS \ pth5 T ]11Q5 AN -— -~ _ -— = —@ _ G PhiQ5 “e__ o
993. \ H =~ ‘93-9*9“. P S J&é'upthS H " J‘&é},pthS H "
PHQS - o M5 C phiQs g/ we g/ phis H/
’ N7 G /T~ ,’H PN , G ’ -~
G « » -4 G oG
\\ // \\H \\.‘/ \\\H G S H \\H _I_} N H __' Mol .__
¢ thQS AR G phiQs phiQ5 \ G Ue \ P111Q5 \
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2 Higgs doublets Singlet extension Supersymmetry

hHAH H H*H H1,H2,H3 H* H- H1,H2,H3 A H* H-
SFOEWPT, [?M, plus CP violation rich pheno, DM a lot (DM, CPviol,
plus charged Higgs Hierarychy, ...)
\ Resonant Enhancement /

+Following results based on:
Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, MMM, Santos, ..Benchmarking Di-Higgs
Production in Extended Higgs Sectors”, JHEP 09 (2022) 011



Parameter Point Samples

+ Scans in parameter spaces of the models w/ ScannerS:

take into account all relevant theoretical and experimental constraints
+ limits from di-Higgs searches

4b: [ATLAS-CONF-Note-2021-030, ATLAS,1804.06174], WWyy: [ATLAS,1807.08567]
bbyy: [ATLAS,1807.04873]; bbWW: [ATLAS,1811.04671, bbZZ: [CMS,2006.06391]
bbtt: [ATLAS,1808.00336;ATLAS-CONF-Note-2021-035;ATLAS,2007.14811], 4W: [ATLAS,1811.11028]

+ Computation of Higgs pair production cxn:

HPAIR [Spira] for CRHDM [Gréber, MM, Spira,'17], NMISSM [Dao,MM,Streicher,Walz,'13],
QHDM [MM], NRHDM [MM]: Born-improved HTL cxn; K-factors 1.4-2.1

+ Scatter plots:

LO cxn times factor 2 (fo approx. account for NLO QCD), benchmark points include
NLO QCD calculated w/ HPAIR

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop 21



Impact of Resonant Searches - Ex. N2ZHDM H1 SM-like

----- ~ ATLAS-CONF -NOTE-2021-030 bbrT

— — = ATLAS-CONF -NOTE-2021-035 bbbb
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Impact of Resonant Searches - Ex. N2ZHDM H1 SM-like

resonant constraint
on single Higgs times
branching ratio

onnLo(99 = Hy = HsmHsw) [pbl]

0.100
0.010}
0.001}
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Impact of Resonant Searches - Ex. N2ZHDM H1 SM-like

resonant constraint
on single Higgs times
branching ratio

onnLo(99 = Hy = HsmHsw) [pbl]

0.100}
0.010}
0.001}
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----- ~ ATLAS-CONF -NOTE-2021-030 bbrT

— — - ATLAS-CONF -NOTE-2021-035 bbbb

assume hon-resonant contribution is SM-like
and no interference effects
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Impact of Resonant Searches - Ex. N2ZHDM H1 SM-like

r/m>5%
-> do not apply exp
limits (assume NWA)

----- ~ ATLAS-CONF -NOTE-2021-030 bbrT

— — - ATLAS-CONF -NOTE-2021-035 bbbb
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%) [ Y . Dttt i !
L 0.010: iSRRI A - - - A oo e
T i —_—
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Impact of Resonant Searches - Ex. N2ZHDM H1 SM-like

----- ~ ATLAS-CONF -NOTE-2021-030 bbrT
r/m>5%
-> do not apply exp — — - ATLAS-CONF -NOTE-2021-035 bbbb
limits (assume NWA)

cut points w/ I/m > 50%
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S 500 1000 1500 2000 500 3000
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Impact of Non-resonant Searches

+ Our definition:

take into account all relevant theoretical and experimental constraints
+ limits from di-Higgs searches

OresH < 0.1 * Ofyi -> non-resonant production

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop
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Impact of Non-resonant Searches - Example N2ZHDM

Shaded: non-resonant ® Hi=Hsy ® Hy=Hgy
\ N2HDM-|

yo)
=
3%
T bbyy
I;, 0.1
T 0.05
(@) SM
D
-
S 0.02
X
(Q\|
0.01
1077 10°

2. Onno(99 = H)*BR(H; = HsyHsw) [pb]
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Impact of Non-resonant Searches - Example N2ZHDM

Shaded: non-resonant ® Hi=Hsw ® Hy=Hgpy Purely resonant
\ N2HDM-| /
0.5 [ | [ [ | ;
o) A
2 | | | | :
= 02 S T P
T tg V1V | |
2 . '
I
T 0.05
o) SM
AL
S
S 0.02
X
AN
0.01
1077 10°

2. Onno(99 = H)*BR(H; = HsyHsw) [pb]
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Impact of Non-resonant Searches - Example N2ZHDM

® Hi=Hsy ® Hz=Hgy
N2HDM-|

transition region

Purely resonant

Shaded: non-resonant \
0.5

o go
L <|
<

2+%0 0(99 = HsuHsw) [pb]

/

2. Onno(99 = H)*BR(H; = HsyHsw) [pb]

M. Muhlleitner (KIT), 14 December

28th IFT Xmas Workshop
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Impact of Non-resonant Searches - Example N2ZHDM

non-resonant searches
start cutting ® Hi=Hsy ® H;=Hsy
parameter space N2HDM-|

0.5 .
Q
2
3 o

bb
= 04
= 0.1
I
T 0.05
(@)] SM
(@)
~—
S
S 0.02
X
(N

0.01

2. Onno(99 = H)*BR(H; = HsyHsw) [pb]
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combination Non-resonant and Resonant Searches

Required

total

non-resonant production

SM (y;£10%)

® Hi=Hgy ® Hy=Hgy @ H3=Hgy

SM (y£10%)

® Ho=Hsy @ Hi3=Hgy

® Hi=Hgpm

N2HDM-I|

[qd

]

AS_mIS_mI «— mmvo._b*N

A3 Hey /A3 H

A3 Hg, /A3 H

SM value/+-10%

- full/dashed lines: top-Yukawa coupling

- Combination of resonant and resonant searches required to constraint trilinear coupling

25

28th IFT Xmas Workshop
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combination Non-resonant and Resonant Searches

Required

total

negative interference of
H1 and H2 triangle contributions

non-resonant production

SM (y,£10%)

® Hi=Hgy ® Hy=Hgy @ Hz=Hgy

— SM (y;£10%)

® Ho=Hsy @ Hi3=Hgy

® Hi=Hgpm

N2HDM-I|

N2HDM-I

[qd

]

AEmI_\,_m..I «— mmvo._b*N

A3 Hey /A3 H

A3 Hg, /A3 H

SM value/+-10%

- full/dashed lines: top-Yukawa coupling

- Combination of resonant and resonant searches required to constraint trilinear coupling

25
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Parameter dependence - Ex. R2ZHDM T1

® Hi=Hsy @ Hy=Hgy
R2HDM-I|

2%00(99 = HsmHswm) [pb]

500 1000 1500 2000 2500 3000
mx [GeV]
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Parameter dependence - Ex. R2ZHDM T1

no clear correspondence between cxn value
of resonant production and resonant mass value
' H1=HSM . H2=HSM P

R2HDM-I

2%00(99 = HsmHswm) [pb]
o

| |
| |
| |
| |
I | | |
| |
| |
1 1

i 1 1

001 i -
500 1000 1500 2000 2500 3000
m, [GeV]
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Parameter dependence - Ex. R2ZHDM T1

no clear correspondence between cxn value
of resonant production and resonant mass value
' H1=HSM . H2=HSM P
R2HDM-|
T ——

2%00(99 = HsmHswm) [pb]
o

|
|
|
|
|
|
|
|

P - o e o e e o -

L i 1 i i 1 i i 1

0.01 -
500 1000 1500 2000 2500 3000
m, [GeV]

*. even more in models with several resonant Higgs bosons
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Impact of Single- & Di-Higgs Constraints on trilinear Higgs couplings

® No Higgsdata @ Single Higgs data ® No Higgsdata @ Single Higgs data
® Double Higgs data ® Double Higgs data
R2HDM-| N2HDM-|
1.20— | : : : 20— 77 7 7 1
1.15}--- ' | ' ' LI L e S e .
1.10| 1100 oo
= 1.05] T 1050 b e
>, [ [
\Ig, 1.00} % 1.00F--ascmmetermraee e naah el Y
= 0.95| 0] SR NS SN SO S S .
0.90} 0.90} -4 -+- L MY
0.85 085 Lt —E
0.80! 0gol oL
-17 -1 -13 -11 -9 -7 -5 -3 -1 1
A3 Hu/ A3 H
- single Higgs constrains y+ -> affects Auu - increased y: precision affects here Appn
- di-Higgs does not lead to much further more strongly
restriction - AnnH reduction mostly due to unitarity
constraints (specific to N2HDM)

.wedge": non-SM ApnH comes with non-SM vy
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Allowed values of the trilinear Higgs self-coupling

R2HDM C2HDM
T ot | D P | B et | A D
light 1 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light 11 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium II n.a. n.a. — —
heavy 11 — — — —
N2HDM NMSSM
T v | Dt | S v | R P
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light 11 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium II | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy 11 — — — —
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Allowed values of the trilinear Higgs self-coupling

R2HDM C2HDM
T ot | D P | B et | A D
light 1 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light 11 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium II n.a. n.a. — —
heavy 11 — — — —
N2HDM NMSSM
T v | Dt | e | R P
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light 11 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium II | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy 11 — — — —

Experimental results cut on Apnu
and hence on the parameter space

ATLAS; -0.4 =K;=6.3
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Allowed values of the trilinear Higgs self-coupling

R2HDM C2HDM
T ot | D P | B et | A D
light 1 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light 11 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium II n.a. n.a. — —
heavy 11 — — — —
N2HDM NMSSM
T v | Dt | S v | R P
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light 11 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium II | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy 11 — — — —

Experimental results cut on Apnu
and hence on the parameter space

CMS; -1.24 =K5=6.49
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Allowed values of the trilinear Higgs self-coupling

R2HDM C2HDM
T ot | D P | B et | A D
light 1 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light 11 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium II n.a. n.a. — —
heavy 11 — — — —
N2HDM NMSSM
T v | Dt | e | R P
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light 11 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium II | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy 11 — — — —

some models: Apnn compatible
w/ zero still possible
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CP-Violating Decays

+ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

+ Example C2HDM T1:
mpy, |GeV] | mpy, |GeV] | my+ [GeV] | «ay a9 as | tan B | Re(m3,) [GeV?]
125.09 265 236 1.419 | 0.004 | -0.731 | 5.474 9929
oy, b] | K-factor | T [GeV] ' [GeV] g [GeV] | T [GeV]
387 2.06 4.106 x 1073 | 3.625 x 1073 | 4.880 x 1073 0.127
sty [AsH | Y, [y | op [Pb] | oy, P [pb] | oy, [pb)
0.995 1.005 49.75 0.76 0.84

o(Hs) x BR(Hy — H1Hy) = 191fb, o(Hs) x BR(Hy — WW) = 254 b
o(Hy) x BR(Hy — ZZ) = 109fb, o(Hy) x BR(Hy — ZH,) = 122 fb
U(Hg) X BR(HQ, — HlHl) = 235 1b , O'(H3) X BR(Hg — WW) = 315 1b
o(H3) x BR(Hs — ZZ) = 136fh, o(Hs)xBR(Hs— ZH,) = 761b.
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Dark Matter candidate

SM extended by complex singlet field

m2 A\ 2 9 b d b
_ " et N ] 25t 2 | 721q2 , %2,q4 “1gq2
1% 2<I><I>+4(<I><I>) + 5 @TeIS* + ISI* + S| +<4S -I-c.c.)

G+ 1
@ — . 9 S —_ —I_ S + ) _I_ A !
(% (v+ H + zGO)) \/5(1}5 ‘wa+4)

impose two separate discrete symmetries: S ->-Sand A -> -A
va=0 => A->-A symmetry unbroken, A is stable and becomes the Dark Matter candidate

hi, h2, A; one of the hi2 is the hizs
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Higgs->invisible 0121

0.10 T
0.08T
0.06 T
—~ ”“—1 T
<
= 0.02+

2 0.00

[Egle, MM, Santos,
Viana, 22]

-

~

= 01414
=

.

o 0127
~M

0.10 ¢

/WL/ ."".':.!. .
hi2s=hi SN

"~ hizs=h:

0.06 + e o 2

- 3 " -,

) 1 v
l)“l"' : w
o
l)“:z T s - * v
(ZEM + p*| [ZEM + OS |
0.00 t ' 4 ' + 4 4 | } } + 4
0.02 0.04 0.06 0.08 0.10 0.12 0.02 0.04 0.06 0.08 0.10 0.12

BRYC(hy95 — AA)

Parameter point allowed at leading order may be excluded at next-to-leading order and vice versa

M. Muhlleitner (KIT), 14 December
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The Vector Dark Matter Model (VDM)

[Hambye,” 08; Lebedev eal,” 11; Farzan,Akbarich,” 12; Baek eal,” 12,”14; Duch eal,” 15; Azevedo eal,” 18]

+The VDM: SM extended by complex SM-gauge singlet S, charged under U(7),

gauge symmetry; gauged symmetry ~ new vector boson y,. invariance under
Z> symmetry (under which SM particles are even) ~ stable VDM candidate:

X — —Xu and S— S *
no kinetic mixing between U(7), dark gauge boson and SM U(7)y gauge boson

*+Higgs potential:
V=~ [HP + Al H|* = pg|SP + As|S|* + &[S HI

with the doublet and singlet fields
o 7: neutral SM-like Goldstone boson G

G 1 | 0g : DM Goldstone boson GX
7 GRS R R R
2\ ,

V2

and we have the covariant derivative
DuS = (O + t9xXxu) S
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The Vector Dark Matter Model (VDM)

+Mass eigenstates:

h1 D gy cosa  sin« D gy
= R, .
ho bg —sino  CoS bg

\ m,%l cos? o + m,%2 sin? o
Using the relations H = 902
L (m,%l — m,%g) COS (v SIN (v
VUS
m,2 sin o + m,2 cos? o
)\S — 11 12
2vVg
m
vg = — X
9x

+Independent physical Higgs potential parameters:

777“]21 ,771]12 :mX , 0, U, gX aT(I)H 3T<I)S

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop
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The Scalar Dark Matter Model (SDM)

[Silveira,Zee,” 85; McDonald,” 94; ...; see also Gross eal,” 17; Azevedo eal,” 18; Ishiwata, Toma, 18]
+The SDM: SM extended by complex scalar singlet S, invariant under intrinsic

global dark U(1) symmetry
S—exp(iaxS)

to residual Z; symmetry: S—-S ~

+Higgs po’ren’rial'

2
V= “H H|? +—|H| - f (5% + §*2)
with the doublet and singlet fields
G 1 ,
" (% (1) + by + iGO)> | > = ﬁ (¥s + &5 +2X)

+Mass eigenstates: y DM particle with mass my and scalar mass eigenstates

hi\ O35 2 N g2 o1/ m3 0 v _ [ cosa  sina
(hz) = li(a) ((bs)‘ M= = R(a) MP R a) = O1 -m%g = —sina  cos «
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The Scalar Dark Matter Model (SDM)

Using the relations

2 2
)\ 772/]22 — Tnhl .
HS = — sin 2,
20U

m,QZ sin? o + m,2 cos? a

)\ — 2 1
H V2

m,2 cos? a -+ m,2 sin? v

Ag = 12 211

2
(2

+Independent physical Higgs potential parameters:

v, Vs, (O, m,%l, m,%Q, mi, Ty, Ts
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One-loop Corrections to the Spin-Independent DM-Nucleon Cross Section

+Computation of spin-independent DM-N cxn: use effective Lagrangian

X X
’\/\A,\WN\/\/
! eff eff eff
Si L7 = Z ‘Cq +‘CG [Hisano,Nagai ,Nasato, “15]
| q qg=u,d,s
0
q
X X
X---7---X  X--)-X X---t---X
|
B IR
q —»—»—( q —»—1»—( (1+C}»q
q q
X--r-r--X X--<-7--X X--—z—--X
+ L + e + K
g p'p'p q sy T

+ Approximation:
zero momentum transfer:
incoming momentum of DM equal to outgoing momentum

+Cross section at Leading Order for the SDM:
equal to zero at vanishing momentum transfer (<-U(1) symmetry)
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Parameter Scan

+ Scan with ScannerS checks for:

- theoretical constraints: EW minimum=global one, bounded from below, perturbative unitarity
- experimental constraints: EWPD, Higgs data [HiggsBounds, ATLAS cMs “15]; BRs are computed w/
sHDECAY/anyHDECAY [Costa MM, Sampaio,Santos,” 15/MM,Sampaio, Santos, Wittbrodt,” 20]

+ Dark Matter Constraints:

QOh?
- DM relic density < (2h%)2}; = 0.1186 + 0.002 ~ define DM fraction fo. = )

(Qh%)DR

- DM annihilation strongest bounds from Fermi-LAT [FermiLAT, 15]; comparison with data through

eff _ p2

o5y = FixPxx » With fxx, oy obtained from MicrOmegas [Bélanger eal]

- bound on ST DM-nucleon cross section (applied on LO value): for DM mass > 6 GeV limit by XenonlT
[XenonlT Aprile eal,"18]; for lighter DM masses combined limits by CRESST [cRESST Angloher eal,”15] and
CDMSlite [SupercDMs Agnese eal,” 15]; quantity to be compared aif]fv = f\xoxN. we use N=p, with

my, = 0.93827 GeV

+ Notation and SM parameters: non-SM-like of the h; (i=1,2) called ms, SM-like called my

mwy = 80.398 GeV my = 91.1876 GeV , sinfy = 0.4719,

me = 0.511-1073 GeV , my, = 0.1057 GeV |, m, = 1.777 GeV
m, = 0.19 MeV mg = 0.19 MeV My = 0.19 MeV
m., = 14 GeV |, mp = 4.75 GeV | my = 172.5 GeV .
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Scan Ranges

* VDM: my (GeV] m, [GeV] wvg [GeV] «
min 1 1 1 —7
max | 1000 1000 107 =

with gy=my/ms with gy2=4n

+ SDM: me € 30GeV, 1000 GeV |
my, €| 30GeV, 1000 GeV
vs € 1GeV, 1000 GeV

ae| —m/2, /2
+ Nuclear proton fP=0.01513, f5=10.0191, fP =0.0447
matrix elements: f£=0.92107,
[Hisano Ishiwata,Nagata,” 12; u’(2) = 0.22, c’(2) = 0.019,
Young, Thomas,” 09; u?(2) = 0.034, c?(2) =0.019,
Shifman,Vainshtein,Zakharov,” 78] dp(Q) —0.11. .S‘p(Q) — 0.026 . bp(2) — 0.012.
dP(2) = 0.036, sP(2) = 0.026, bP(2) = 0.012,
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VDM: K-Factors

[Glaus, MM Miiller Patel,Santos,” 20]

2.0 - -
e -3
1.5- .
._‘O - - ®
U e . » e
© 2 el 4% 2
\C 1()'»““%5 \\:;
C'T}j . * ° V‘O. “e
b - " K '
0.5- - !
0.0 55  10—b52  1—49 . 46  1(—43
10~ 10~ 10~ 10~ 10~

oL [em?]

- K-factor increases with gy, below 30% (barring outliers)
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VDM: Phenomenological Impact

[Glaus, MM Miiller Patel,Santos,” 20]

1 0 X104
NLO excluded : ZI}
="
0.8- s
“..“:
~ Pl
E z",.i' h
0.6 a :
0 r‘i"‘.
b &
o /’01 *
0.4
gtk ! - 0.21% dashed line: Xenon limit
0 200 400 600 800 1000 200 400 600 800 1000
my [GeV] my |GeV]
- blue: allowed at LO - parameter points, allowed at
green excluded at NLO LO, but excluded at NLO
~ NLO corrections phenome-
hologically important
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SDM: Impact of NLO Corrections

[Glaus, MM ,Miiller Patel Romer,Santos,” 20]
10445 _
] —— XenonlT
1| == Xenonl0T

107454 —— mp /2

- 800

107464
600

10—47_:

fry - 0/cm?
my /GeV

1 400
10748

1049+ W © » 200

10_50 T T T T v — - " T T T £ T T T T T
10! 102 103
m, /GeV

- aynt9= 0 (vanishing momentum transfer), NLO corrections shift effective SI cxn above
neutrino floor (grey) [Drukier,Stodolsky; COHERENT Coll. Asimov eal,”17]
- at resonances (my=mn/2, my*ms/2) suppressed DM-resonance coupling (<—direct detection),

compensated by kinematic resonant enhancement
- my < mn/2: constrained by Higgs data (h->yy)
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Electroweak Baryogenesis

e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry
in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]

np —ng
72/")/

5.8-1071 < < 6.6-10"1

e Sakharov Conditions: [Sakharov '67]
* (i) B number violaton (sphaleron processes)

x (i1) C' and C'P violation

 (7i7) Departure from thermal equilibrium

e Additional constraint: EW phase transition must be strong first order PT [Quiros '94; Moore '99]

<(I)C>
c = > 1
Ec 7. 2

(®.) and T, field configuration and temperature at phase transition
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Strong First Order Electroweak Phase Transition

. 3 A
i o
| ] [
Z o d r
g ':i II I
S o / :
Sl < ] / !

— O ‘x \ /. ll : ___________
S “:
< i
T |
=~ |
----- T'>1Tc i

_9 . . ! .
0 100 200 246 300 350

(#) [GeV]
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Baryogenesis in a Nutshell

Bubbles of the non-zero
Higgs field VEV nucleate
from the symmetric vacuum

CP-asymmetry is converted
iINnto a baryon asymmetry by
sphalerons in the symmetric
phase in front of bubble wall

They expand & particles in
plasma interact with the phase
interface in a CP-violating way

[*<¢C(71.)>/T<-2 1 }

~
¢, T

VEVand T
at EW phase

transition
\_ Y,

(P>=0

Produced baryons muss not
be washed out by sphaleron
processes in symmetric phase
in front of bubble wall

M. Muhlleitner (KIT), 14 December

28th IFT Xmas Workshop
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Higgs Pair Production and a 2ZHDM-EFT [Anisha Biermann Englert MM,'22]

+ 2HDM type IT struggle to reach SFOEWPT (compared to type I)

[see e.g. Basler,Krause MM ,Wittbrodt ,Wlotzka, '16]

+For 2HDM type IT points with & < 1.
What extra dynamics is required to achieve SFOEWPT?

+ Our model: CP-conserving 2HDM with softly broken discrete Z, symmetry
Viree(21, B2) = mi; (2] 81) + m3 (2] @2) — miy (B] By + D] @1) + Mt (2] 81)” + do(2] 22)°

1
+ 23 (®] 1) (2] 02) + M\ (2] @2) (9] D)) + EAS[(CI’I%)Z + (2] ®1)’]
+ Extended by (purely scalar) dim-6 EFT contributions to the Higgs potential [Anisha eal, 19]
Ct . .
Lerr = LoupMm + Z A—SO’G = Viime = — Z — O

+Higgs pair production: a tool for fingerprinting an SFOEWPT?
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0é11111 ((I,irq,l)3 0%22222 (¢;¢2)3
Oémzz (@Iq’l)z(@;q’z) 0&12222 (‘3[’1[@1)(@;@2)2
o2l | (pT@,)(@]d))(®T®@)) || 012212 | (d]®,)(®]d))(2]®))

o211 | (®1®,)2(®T®) +he. || 02122 | (81®,)2(®]®,) +he.

e absorb dim-6 contributions (to scalar masses) in shifts \; — X; + d\;, m§, — m?, + ém?,

—> scalar mass spectrum same as for dim-4 @ LO
—> shift EFT effects into Higgs self-couplings & multi-Higgs final states
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Effect of Dim-6 Operators

[Anisha,Biermann,Englert, MM, 22]

—— gl — 0.905 — €4 =0.905 — &3 = 0.905
c 0.975 1 ¢ :

0.96 1 1.1

- 0.9501

0.921 0.9251 LO7
£ g Lo
o o5 ] o5

200, 0.900 0.9

- 0.8751

0.81
)56 0.850
| | | 0.825 1 ! i , 0.7 1 | | |
-1.0 —0.5 0.0 0.5 1.0 -1.0 —0.5 0.0 0.5 1.0 -1.0 —0.5 0.0 0.5 1.0
CIUILL /A2 [1/GeV?) x107° CH222 72 [1/GeV? x107° C&#2 [N\ [1/GeV?] X107

impact of individual Wilson coefficients on &6 for £44=0.9:

- linear response ~ Ci, -> perturbativity ok
- SFOEWPT achievable in agreement with experimental constraints
interference effects in heavy Higgs production in t1 final state are width dependent

-> sensitive to EFT modifications: overall effect is small after taking the Higgs data
constraints into account => hh production important tool for fingerprinting SFOEWPT
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Strength of EWPT and hh production

[Anisha,Biermann,Englert, MM, 22]

individual Cg

0% (hh) /0% (hh)

{ I I T TR NN NN SN TN N N N S T NN NN S NN N S N |

2 3 4 5 6
0% (H — hh)/o%(H — hh)

Points with Ed6=1 for 44 = 0.3, orange points £.44>0.8
- suppression of overall hh: additional potential contributions enhance Anwn by O(50%)
- analysis of the separated res. production H—hh compared to hh continuum production

— indirect constraint on &.~1

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop 49



Correlation of &.94 and resonant H—hh Production

[Anisha,Biermann,Englert, MM, 22]

102 :

- Higgsphilic points characterized by larger distance |1- &4

~ interplay of different dim-6 operators to achieve &~1 in a controlled way
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Correlation of &4, continuum and resonant hh production

[Anisha,Biermann,Englert, MM, 22]

L] L] L) L) l L] i L] L] L]
uniform Cg = C

10; ————— -|-'- ————————————————————————————— —]
o
o

—~ o o ®
e 08 o o
3 o I
ﬁ O .. |
g 00 o 09
S l
© o

o(H) x BR(H — hh) maximised

2 3 4 5 6
0% (H — hh) /o (H — hh)
T ———II—————————

- Resonant H—hh production enhancement factor of 2.5 possible for cxn in fb range
- Higgs-philic points: resonance contribution modified by ~5-10%, continuum production

modified by ~50%

ST 1T T T T I

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop 51



More on ‘Electroweak Phase

15

/

| Transition and CBaryogenes

|

|

|




[Azevedo,Ferreira, MM Patel,Santos, 18]

2
m
VO = m? |01 +m|®f2 + 202 + (Acb’{cpchs + h.c.)

A5

A A
5 181"+ T2l 4+ A1) + Na| D] 2o + T2 ((2]92)” + (2181)7

\ A
+46<I>S+—|<I>1|2<I>S 5 1222

P > Dy, P9 —Py, Pg— —DPg

one SM-like Higgs plus dark sector: hi,hz,hz H*

dark sector with CP violation <- not constrained by
electric dipole moment

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop
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Strong First Order Phase Transition and DM Constraints

[Biermann, MM Miiller'22]

—44
pOinTS 10 v floor 2.4
compatible —— XENONIT
with dl.r'ec’r~ \ —— XENONnT 2.2
detection \
107464 e o 20
> i oo,
5 1.8
. w,
points with «.E .
strong first
1.4
order electro-
weak phase 1.2
Transition

10—5()
10

points also compatible with DM relic density
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[Biermann,MM Miiller'22]

250 1
e CP-violating
200 - VEV in dark
. BT sector plus
. U_JI(T singlet VEV
= 150 “2(T) generated
Ci‘D) x  wep(T)
O, sop(T / spontaneously
13 100- . wZI(T) Y => CP violation
o) transferred
to visible
N /
sector
01 = 4’_
0 50 100 150 200

T [GeV]

Strong first order electroweak phase transition
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Electrweak Baroygenesis - C2ZHDM

BSMPT [Basler, MM Miiller,'18,20;Basler,Biermann MM ,Miiller,22]

103 ; 550
_ . 500
i Lo
10~ <o® 1450
2 5 o« 400
< 1075 + e =
P : LT e 0.2 350 &
;r —6: o eee 8. }. .C_D,
S 107% C el g{. 300 |
S e 250
1071 5 PO o
j e Y 200
10753, " 150

103 102 107! 100
€_')té'c-[/-wcz—’c

O+ CP-violating top-quark phase, Lw wall thickness

but with large uncertainties in the baryogenesis calculation [Postma,van de Vis,White,22]
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CP-violating Higgs-Fermion Couplings, Electron EDM and Baryogenesis

1.5

1.0

5 0.0 F
—0.5F
—1.0F}

151t

0.5F

[Bahl,Fuchs,Heinemeyer Katzy ,Menen Peters,Saimpert ,Weiglein,22]

F —— LHC 90% CL
[ —— eEDM 90% CL :

I p— YgIA/ngS

(Cr, &) free

1.5 -1.0 -05 00 05 1.0 1.5

Cr

- Complex tau Yukawa coupling can account for observed baryon asymmetry but with large

uncertainties in the baryogenesis calculation [Postma,van de Vis White,22]

M. Muhlleitner (KIT), 14 December

28th IFT Xmas Workshop
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Interplay between Gravitational Waves and LHC Physics in the 2ZHDM

[Biekotter Heinemeyer ,No,Olea-Romacho,Weiglein, 22]

O -
or -
i ILC-500
4}~ HL-LHC ]
< [ === ATLAS limit
X EW SnR
3 [« Trapped i
i SNR >1 ]
27
1r -

mg —mp [GeV]
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Conclusions

4+ Flaws of SM call for new physics; no direct signs of new physics => Higgs boson

4+ Insights
- in allowed parameter ranges of the
- in mechanism of mass generation,
- in nature of Dark Matter
- in baryogenesis
- in flavor/CP puzzle

' , inscate9f new physics
ruci Eeaﬁgq/mics of electroweak symmetry breaking

life, %%qgrr'\?veérse
and eve%y‘rhing!

4+ Interesting times ahead!

M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop
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Comparison with EFT

. . ([ h h? 1 /3M?
+Effective Lagrangian: AL ondin D —mutt | ci— + cp—s | — 3= ho)p3
v 202 6 v

c3: trilinear coupling modification; c+: top-Yukawa coupling modification;

ct++: effective two-Higgs-two-fermion coupling q B
no Cq, Cqg: N0 New heavy colored BSM particles assumed g ‘ S

g h g ___-h 9 _h :
D T1 b=
g “h g T g I
+ Matching relations of our specific BSM models:

Higgs-top Yukawa coupling ; gf{ M, B) — ¢

H H H
T 82M SM (p;)
3M
HSM/U

two-Higgs-two-top quark coupling lezl;“lx (ﬁ) gkaSMHSM
H

k

trilinear Higgs coupling

— C3

(pz')QtHk(Oéz',ﬁ) —  Cyt




2HDM versus EFT

+R2HDM T2 sample parameter point:

OR2HDM

mp, [GeV] | mpg, [GeV] | ma [GeV] | my+ [GeV] Q tan 3 | m?, [GeV?]

125.09 1131 1082 1067 -0.924 | 0.820 552749
+corresponding EFT values: gi? = —1.126
c3 = 0.782, ¢t = 0.951, ¢y = —0.122

+goodness of approximation?:
i, (GeV] | Ty GV | cu | gF" P [GeV] | only ] | oty M) | ratio
1131 78.80 -0.1222 -504.52 30.5 26.1 86
1200 89.74 -0.1031 -479.29 27.7 24.8 90%
1500 470.2 -4.853 1072 -352.42 21.8 21.4 98%
+Remark:
w/ores ctt=0
= 18.6 tb and ogyppp = 18.6 1b




N2HDM versus EFT

+N2HDM T1 sample parameter point:

mpy, |GeV] | my, [GeV] | my, [GeV] | ma [GeV] mpy+ [GeV] tan 3
125.09 269 582 390 380 4.190
aq o a3 vs [GeV] | Re(mi,) [GeV?]
1.432 -0.109 0.535 1250 28112

+ corresponding EFT values:

g2 =0.179 and ¢/™* =2.337 x 1072

c3 = 0.877, ¢; = 1.012, ¢ = 4.127 x 1072

+goodness of approximation?: (mu3 kept fixed)

mpg, | Tn, cj1? Crt ga2Hith Ugéﬁ%sl\q [fb] | oizn. . [fb] | ratio
269 | 0.075 | 4.410 x 1072 | 4.127 x 1072 72.42 183.70 20.56 11%
300 | 0.083 | 3.170 x 1072 | 2.877 x 1072 -64.80 162.80 21.28 13%
400 | 0.177 | 9.544 x 103 | 6.721 x 10~ -34.68 43.33 22.60 52%
420 1 0.229 | 6.895 x 102 | 4.063 x 103 -27.62 31.70 22.76 72%
440 | 0.284 | 4.600 x 1073 1.767 x 10~° -20.22 26.26 22.90 87%
450 | 0.315 | 3.564 x 10~° | 7.323 x 10~* -16.39 24.84 22.96 92%
500 | 2.567 | —7.132 x 10~% | —3.545 x 103 4.05 23.56 23.22 99%




Single Higgs versus Di-Higgs Cascade Decays

+Singlet extended N2ZHDM, NMSSM: non-SM Higgs is singlet-like and/or more down- than
up-type like => suppressed direct production rate

+ Sample parameter point N2HDM T1:

mpy, |GeV] | my, |(GeV] | mpy, [GeV] | m4 [GeV] mpy+ [GeV] tan (3
125.09 281.54 441.25 386.98 421.81 1.990
aq a9 a3 vs [GeV] | Re(mi,) [GeV?]
1.153 0.159 0.989 9639 29769

H2 has tiny couplings to b-quarks => better chances to be
discovered in di-Higgs than single Higgs channels




Computation of the DM-Nucleon Cross Section

+Effective Lagrangian:

Leff _ Z ngf 4+ L(éff

q=u,d,s

I P
L3 = fqX X mqGq+ —5x i0"i0"x Of,
X

LG = fax x G, G

[Hisano,Nagai,Nasato,” 15; Hisano,Ishiwata,Nagata,” 10,” 15;
Ishiwata, Toma,” 18; Hisano,Ishiwata,Nagata,Yamanaka,” 10]

1

. 1
OZV = 5‘?2 (8;/71/ + 81/'7u — 5&) q

X stands generically for scalar and vector (¥u) DM

+*Nuclear Matrix elements for the partonic operators:

(N|meGq|N) = mnfr,
9ag

q:u)d73
1 1

4

(N(p)|OL, IN(p)) = — (pupu — —m?vguu> (¢ (2) + 3" (2))

my

+DM-Nucleon Cross section:

2
JN:l( my )|fN|2.

™ \My + MmN

——— (N[ GG |N) = (1— )3 fﬁ) my = my fg

[Shifman,Vainshtein,Zakharov,” 78]

N=p,n, mn nucleon mass

¢V (2), 7" (2)second momenda of
(anti-)quark pdfs

fufmy= 3 G+ Y @@ +dY@) 0 gt

g=u.,d.s g=u.d,s.c,b




Treatment of Heavy Quarks

+ Second momenta (contribution from quark twist-2 operator):
3 .
Y S @@+ ) g, contains all quarks below

ndcb energy scale ~ 1 GeV

+ Sum over quarks in first term:
Z qu:,fy only light quarks
q

qg=u,d,s

+ Heavy quarks contribute through effective gluon interaction:

X X
obtained from By by integrating out the heavy quarks
¢ A AR w/ Q=c,t,b and replacing resulting

| tensor structuremqgQQas:

equivalent to calculating i _ 08 o o
. | r = A
; ; mQQE = —35 Gl
and hence  fg = Z _as f, so that at LO
12771
qg=c,b,t
7 ( N 2 N )
o N N _ il
fn/my = Zd fulfy = g ttato = fi 2% Iy +3+ 5=
qg=u,d,s q=u,d,s




Computation of the Wilson Coefficients

+Wilson coefficients f,, g,, fg:

compute building blocks of direct detection cross section
and match onto tensor structure of effective Lagrangian

+Cross section at Leading Order for the VDM:
at vanishing momentum transfer, summing over Higgs mediators h: ~

X X

. 9 > VRNV
1 ggy sin(2a) mf, —m3, l
—— ‘ m 'k
T 2my 2 m3 1 -772%2 X o
e
q q
hence )
: 2 (2 2\2 2,
1O _ sin® 2a [ mymn (M, — mhy)” mymg Z 43, 2 N
- Ax m, +m mF ms 0202 T 77 o7'lc
X ‘N h1"""hs ) q=u,d,s

no contribution from twist-2 operator at LO

+Cross section at Leading Order for the SDM:
equal to zero at vanishing momentum transfer (<-U(1) symmetry)
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Renormalization of the VDM

*Parameters to be renormalized: DM and scalar fields h; and
my, mhi, mixing angle a, dark coupling gy
(dark coupling replaces singlet VEV)

+Mass and field renormalization: on-shell

953, (p?)
2 T (.2 N _ XX
Om.x = Re ZXX (mx) OZXX = —Re 5,2
P p2=m2
~ 2 o ‘ 2 - — 1ty -~ . -~ . 2 ~
O'm.hz_ p RC I:z)hlh2 (77lhi) — ()Thzhl] C)Zh,,hz RC[ dpQ p2:m2. OZhihj _— 771,}21; — 77_’}27 | Re [zhihj (’n'hj) _ OThihj] .

+Renormalization of the dark coupling: MS

9y 1
S _Ix - _ , |
= 962 Ac with Ae = - E + Indm




Renormalization of the VDM

[Pilaftsis,” 97; Kanemura,Okada,Senaha,Yuan,” 04; Krause Lorenz, MM, Santos,Ziesche, “16]
+Mixing angle renormalization: KOSY scheme, process-dependent scheme, MS

counterterm def. through off-diagonal wave function ren. constants

]2,2

()-ve(3)
Ra+d0) VZa (g ) = RG)R(@)V ZaR(a)” R(a) (31 ) +0(6?) = Vi ()

5 nh 0Zhyh
| 4 22 5C,, (LU LERF Yo
v ZH — R(CSQ() ( ) <5Ch _So 5Zh2h2)

5Ch 1+ OZ"?"? 1+
0L h . . 0Zpoh .
,2112 = 0C, + dav and }221 L L 60C), — dav
dov = (5Zhlhg 5Zhghl)

— R.G(Zhth (772']%1) + Ehlhg(?n"]‘)‘zg) T 25Thlhg)




Renormalization of the VDM

take only divergent part of counterterm in D=4 dimensions

through SM-like h decay h—zz

NLO,weak ! +LO
Ah—)’r’r = Al s

A ,wea :ALO+A\11t,\Veak+Act

h—sT1T1

Avirt.,wea.k 4+ Act — 0

Scv — ( 2myy ) [ Avirt,weak n ACt|5a:0]

gmr COS &x




Renormalization of the SDM

+*Parameters to be renormalized: DM and scalar fields hj and
my, Mni, mixing angle a,
(singlet VEV instead of dark coupling)

+Mass and field renormalization: on-shell - like in VDM

+Renormalization of the singlet VEV: we use standard tadpole scheme:
in R¢ gauge singlet VEV does not need to be renormalized at 1-loop if scalar field
obeys rigid invariance (disconnected from scalar sector ~ invariance unter

9|oba| Tr'ansfo pmaﬂons) [Sperling,Stdckinger, Voigt,” 13]

+Mixing angle renormalization: KOSY scheme







The SI Cross Section at NLO

+NLO contributions:

X X
( ) _ X"_OT"_X N X"Q_'X N X"_:T_"X Calculation of loops
It Gpip g q@q including ct diagrams ~
¢ 1 result can be expressed
X--r-r=-X  X--~x-7-- X X--—r—--X in terms of form factors
T L T A T /A of the effective Lagrangian
q > q q > q U |

+One-loop Wilson coefficients:

Light quark contributions fé\ILO = f;’ertex + f;ned -+ f;DOX

NLO b
9dg =~ =9q "
heavy quark contributions fgLO _ a5
127
X X
W VANV / )
" hy vertex&mediator P ; ;

[ AVAV, i ‘\J'\,/"\,/"\,:'\J\p\;"\)\' \"
\ /

corrections to Q i\ Sk
this di agram s 0 ey, 0000009000 %‘Woﬁ*ﬁm
Q o




Upper Vertex Corrections

*Upper vertex correc’rions:

-7 I

\\ |
X --
1

S = {hq, Gy}

S,V ={hi, Gx}, {X} 5.V ={hi, Gx}, {X}

S V‘NW 4 X \ /){ /){
a) X --~-- ~--X b) X-oxmmm- X c) X—(\’}———X d) X—-——(\’)—-X
~d h1 h] \\Y/ hk X \Y/ X h’] ihz hzi hj
S,V = {h;},{X} q_’—lh‘_q q—’JI‘—q I —»—>—1q g —»—>—q
e) X--7—r-- X ) X--7=---X g X---&--X

X
X X .
g ] f ‘\\ | . | .
4 L LSV Co q—»—>—q q—»—>—q q—»—»—q
X - X "o % T~ S -
Vo S . By o

5,V = {hi}, {X} S,V ={h:}, {X}

Computation of
with

S,V ={h;},{X} S ={h;, Gx}
- 4ANLO
ZAxxh Axxh + Z'Axxh + ZAxxh

sina, 1=1
i = e(p)-e*(p) = 2gyme(p) - *(p '
“47(><hz Iy xhi€(P) (p) Gy (p) () {cosa, 1= 2

_1 ‘ ~
AX_>Xhl - 5 (gXXhQ(SZthl + gXXthZhlhl) + 9xxh1 6ZXX —+ OgXXhl g(p) . c* (p)

: 1 7
- 1CT - . ~ )
WAk = 2 (9xxh10Zhhy + Gxxha0Zhsha) + Gxxha0Zxx + 09xxhy | €(P) - €7 ()

results in tensor structure

i ANFO = (|

. >§(pin) -

~LO

(pout)J‘l‘ ( . )\(pin o (pout)) (pout .

~NLO

5(pin))1

with our approximation Pin = pout second tensor structure vanishes




Lower Vertex Corrections

+Lower vertex corrections:

we encounter IR divergences in VDM from QED subset

v %
q
q
CIC qa .
q 9 " h

diagrams form UV-finite subset

expansion for strictly vanishing external quark momentum and neglecting
terms of O(pq2) ~ regularization of IR divergences in VDM

SDM: U(1) symmetry of the potential ~ complete cancellation of the QED subset,
hence no IR divergences




Heavy Quarks

+ Inclusion of heavy quarks through replacement rule mQQQ

S
Glakv
1270 H¥

Qw@wwg

“additional gluon contributions”

D@ @ X @ A @

e ky Nk

with L =
\ ngg&fz:j% M ma}\

b) X --@---X X--q-—-1--X X----- o X X ----- oo X
[ [ /A ' N1
/N = I I —I— £ + l/A\k
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h-i h.j hi hj hi hj k=1,2 hi hj

only for comparison w/ literature we include the “"additional gluon contributions”
[Ishiwata, Toma, 18]




Heavy Quarks

Q\QQMOQM/-Q

+ Treatment of third diagram (gluon box diagrams): replace lower vertex by effective vertex

hz hj
N e . 9 [Hisano Ishiwata,Nagata,” 10;
AN s ’I/g
> ~~ %ai(lj Abe Fujiwara,Hisano,” 19;
393% A8Tem; Ertas,Kahlhoefer,” 19]
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combination with SN = ! leads to
h; h; h; h;
/—\ X X
WV eaAAAANRNVY
t’op _ (deﬁ) CZ] —aS h \\ // B
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Mediator Corrections

X X

*Mediator corrections: VAN

oy

O

| IZ]

A

q q

in approximation of zero momentum exchange we get

3 2
A, Dby (p*=0)
hih; — — 2, 2
mh_mh_
i J

projection on corresponding tensor structure ~ effective NLO correction to

Wilson coefficient of operator mqy yqq




Box Corrections

+Box corrections:

WMWWWW

S' 'S S! 'S S' S 's s, .S
/v/.—.\\ /—\ /r/‘—‘\s\ e et
q q g q q q g F ¢ a F a4

F, 5 ={a}, {hi} F, S ={a},{hi,Gx} F,5V ={a},{hi,Gx},{X}  F.S={a},{hs}  F, SV ={a},{hi Gy}, {X}

expansion of propagator terms in small quark momentum ~ projection onto
required tensor structures ~ we get the box contribution to the Wilson
coefficients fqbox and gqbox




Result for SI Cross Section at NLO

+LO form factor:

+NLO form factor:

fNLO

my

with

+NLO cross section:

= ¥ s+

f fLO { Z qu + Z fTG}

qg=u,d,s q= Cbt

3 81
Z 4 \d (¢(2) +4(2)) g, b - g—fTGfNLO
q=u,d,s g=u,d,s,c,b

fNLO _ fvertex 4+ f(;ned 4+ fbox

NLO b
gq quZl’
NLO as ( vertex med) top
— + +
e 127 fq fq Ja
q=c,b,t

“additional gluon contributions”

(m nj_NmN) [lfLO 2 1+ 2Re (f fNLO*)] VDM
X

1

™

1 ( my
ON = —

T \\My + MmN

ON =

) fNNLO|2 SDM




VDM: K-Factors

[Glaus, MM Miiller Patel,Santos,” 20]

2.0 , ~ 2.0 . —
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ot [em?] my [CeV]
- K-factor increases with gy, below 30% (barring outliers)
- for me*mn K-factor close to 2 due to resonant behavior in vertex correction
- blind spots are the same for LO and NLO
M. Muhlleitner (KIT), 14 December 28th IFT Xmas Workshop 40



