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

ATLAS Preliminary

Status: July 2021 JL dt = (3.6 -139) fb! Vs =8,13TeV
Model Cy  Jetst ET™ [ram) Limit Reference
T T T
D Gy + /9 Oepury 1-4j Yes 139 Mo 1n2TeV o -2 210210874
ADD non resonant yy y = a7 [ms 86TeV 1 3HZNMO 1707 04147
ADD BH multjet - - 6 | 26, My ~ 3oV wiBH 1512 02506
RS1 Gk =y 2y - 139 Gy mass. Tev k[ Mpr = 0.1 2102.13405
BUKRS Gex — WW/2Z  multichannel 361 | Gucmass 23Tev P A 100802080
Bulk RS Ggx — WV — (vqq leu 2j/1J  Yes 139 Gy mass. eV, kI Mpy = 1.0 2004.14636
Bulk RS gk — tt. leu 21b2102 Yes 36.1 Bk Mass. 3.8TeV 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
SSMZ' e 21 361 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’ < ¢y ey Yes 139 6.0 1906.05609
SSM W’ < v 17 - s 139 5.0 ATLAS-CONF-2021-025
SSMW s th S T S I 1 44TeV ATLAS.CONF 2021.043
HVT W' — WZ — (vgqgmodel B 1e,u 2j/1J  Yes 139 4.3 TeV. & =3 2004.146¢
HVT 2' — ZH model B 2 e 12b Yes 139 32TeV & =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oepu  21b22J 139 32TeV v =3 7.052¢
LRSM Wik — uNg 2u - 80 5.0 Tev. m(Ng) = 05TeV, g = gr 1904.12679
Ol ggaq - 2 - a0 |a 208ToV 1, 170309127
Clttqq 2ep - - 139 A aBETeV. . 2006.12946

S Glechs 2¢ b - 13 [A 18TeV a1 2105.13047
Cl yapabs. 2p 1b - 139 A 20Tev &=1 2105.13847
Gttt slep 21b>1] Yes 361 [A 257Tov €l = 4 te11.02005
Adalvoctor med. (DracDM) ety 1-4] Yes 139 [ 217V <025, g1, ()1 GaV 210210874
Pseudo-scalar med. (Dirac DM) Ty 1-4) Yes 139 Mned 376 GeV 1, & (x)=1 GeV

B | Vocormod. 2 2HOM(DracOM)  Oes | 26 Yoo 109 |mmm 31TV ATLAS.CONF-2021,006
Pseudo-scalar med. 2HDMva _ mullichannel 139 | 560GV ATLAS.CONF 2021.036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 m 3.4Tev 1812.09743
Scalar LQ 1% gen 2e 2] Yes 139 |LQmase 1.8 TeV =1 2006.05672
Scalar LQ 2" gen 2y 2] Yes 139 [LQmass 1.7ToV. B=1 2006.0567:

QS scalarLQ3" gen 1 2b Yes 139 | LOymass 1.2 TeV BLQ: 1 ATLAS-CONF-2021-008
Scalar L3 gon Oely  >2.32b Yas iso |LOimass 1,24 ToV 800 1 004 140
Scalar LQ 3" gon s2ep21r21)21b - 13y |LQbmass 143TeV 5L 1 2101 11562
Scalar LQ 3" gen Oeu>170-2),2b Yos 139 |LOdmass 1.26 TeV. B(LQY — bv) =1 2101 12527
VLQTT = 2t + X 2e/2u/>3eq 21b,21] - 139 T mass. 14 SU(2) doublet ATLAS-CONF-2021-024
VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass. 1.34 Tev. SU(2) doublet 1808.0234:

VLQ To/s Ty Tars — WE+ X 2(SS)23 eyt 21b,21] Yes 361 | Tapsmass 1.64 TeV. B(Tys = We)a 1, c(ToaWe)e 1 07.118¢

Ve Zt Teu 21b,23] Yes 139 \ass. 1.8 TeV SU(2) singlet, xy= 0.5 ATLAS-CONF-2021-040
vay Teu 21b>1i Yes 361 |Ymass 1.85 TeV (Y W) Te1z0704
VLQ B = Hb. Oepu 22b 21,210 - 139 B mass. 20 SU(2) doubl ATLAS-CONF-2021-018
Excited quark q* — qg - 2j - 139 6.7 TeV only u* and 1910.08447
Excited quark ¢" — qy 1y 1 - 36. 53TeVv only u* and 1709.10440
Excited quark b" — bg. - 161j - 36.1 2.6 TeV. 1805.09299
Excited lepton (" 3eu - - 203 A =30TeV 1411.2021
Excted oplon »* Sejr - - 303 A= 16TV 1411 2921

Typo Ill Soosaw 234 2] Yes 139 mase 910GV, ATLASCONF 2021023
LRSM Majorana v " 2j - 36.1 Ng mass. 3.2Tev m(We) = 4.1TeV. gt = gn 1809.11105
Higgs triplet H** — W*w* 234 e,u(SS) various  Yes 139 H** mass. 350 GeV' DY production 2101.11961
Higgs triplot H** — (¢ 234e(SS) - = 361 | He*mass 870GV, DY production 1710.09748
Higgs tip r ] OY producton, B(H;* - (1) = 1 e ze21
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]
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y: SUS-17-011

- (aid = ¢vG/axf — qWG) |5+ MBx: arkivi 71108008
7+ Ha: arXiv:1707.06193

7+ €+ MExy: arXiv:1812.04066

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

(mas. cxclusion)

N p — E
T t30, %8 — (1/2)G |3 b MEr: arXiv1901.06726 (max. cxclusion)
PP = WXL XK

A MEq: arXiv:I711.08008
7+ €+ MExy: arXiv:1812.04066
PP — RN XA — 2 x [(Z/h/7)G] + Xope [ MEs arkXiv:1711.08008

pp - B4 W =164 - WE
. exluson)

BF(ZHA) = 112

pp — ({1, X3, XD (%, 18, 12)
 3(/m,: arXivi1700.05406
h — bb: arXiv:1709.04806
B y: arXiv:1709.00384
combined: arXiv:1801.03957
20 oppositessign: arXiv:1709.08908 BF — 50%
=86/ m,: arXiv:1709.05406 BF
h = 2 arXiv:1709.00384 B
combined: arXiv:1801.03957 BF = 50%
20 opposite-sign: arXiv:1709.08908
SIBEf A AR 1709.05406
combined: arXiv:1801.0:

PP = %% = hhGG + Xun

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

The quantitles AM and 2 represent che absolute mase differnc beween the primasy spastce and the L3P, and the diffsrence between the ncermedinte

spariile and the LSP relaive to AM, respectively, unlens ndicated orherwise,

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

I ———
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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?

MH|26GEV 0Ol

Valide du 04/07/2012
au 31/1 200

Frenom

Higgs S.
Nam

Boson

s 00,
0

A

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting




rBey(mc[-S’J\/l
ﬂ-ﬁ'ggs Sectors

|




* fermion/gauge sectors not minimal - why should the Higgs sector be minimal?

* extended Higgs sectors:
alleviate metastability, DM candidate, additional sources of CP-violation <— baryogenesis

* many new physics models require extended Higgs models < supersymmetry!

* effective theory (rather model-independent, new physics effects at high energy scales)

* specific well-motivated models
Ay

& P

En tos\/
A Exomple : Femaii -U'\P_O(B

R
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Extended Higgs Sectors

singlet
extensions

singlet + doublet extensions

doublet
extensions

M. Muhlleitner, KIT, 22 June 2022

2HDM Working Group Meeting
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* simplicity

* compatibility with relevant experimental

and theoretical constraints

* solve (some of the) flaws of the SM

* testable in experiment

M. Munhlleitner, KIT, 22 June 2022

2HDM Working Group Meeting
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Experimental Constraints on Extended Higgs Sectors

e Electroweak p parameter very close 1: simplest solution Higgs singlets and doublets

e Flavor-changing neutral currents (FCNCs): symmetries so that all right-handed fermions
of given electric charge couple to exactly one Higgs doublet (e.g. (N)2HDM type I...1V);
minimal flavour violation

e Further Constraints
* EWPTs (« S,T,U)
* Flavour constraints (B — Xsv, Ry, ...)
* Higgs data (+— 125 GeV SM-like Higgs required, direct searches for additional Higgs bosons)
x Direct searches for new particles predicted by the model
*x Low-energy observables
* Relic density («<— models w/ DM candidate)

* EDM constraints (<— models w/ CP violation)

M. Muahlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 13



T heory Constraints on Extended Higgs Sectors

e Higgs potential bounded from below
e EW vacuum global minimum

e Perturbative unitarity

Parameter scans with constraints:

Reduction of the parameter space
to the allowed parameter space ~~
sharpen predictions for the models!

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting
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Compatible with p parameter; prominent example of 2HDM: supersymmetry, but
SUSY relations constrain model

motivation: baryogenesis, DM, stability of EW vacuum

11 1
Vireo = m3 01 ®; + m2,0}0, — [m%2<1>{<1>2 +hel + 5/\1(<I>J{<I>1)2 n 5A2(<I>;<I>2)2

1
+ A3(2]81) (B]D2) + Aa(B]D2)(2)®1) + | 5 A5(2]2)° +hc.
discrete symmetry  ®; — @, and &2 — —®2  softly broken
2 CP-even h,H with mn < my,

1 CP-odd A,
charged Higgs pair H+

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 15



Mass Spectrum

[Aboouid,Arhrib,Azevedo, Ferreira,El Falaki, MM,Santos,'21]
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lower limit from B->s gamma measurements
mH: > 800 GeV  [Misiak Rehman,Steinhauser, 20]
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Theory constraint and High Scale Impact

High-scale impact on alignment in 2ZHDMs [Basler Ferreira, MM,Santos,17]
1000 1019
900 1017
800 1010
— 100 1013
T+ O,
= o00F 100 =
S
400} 107
200+ ' e 103

04 -02 00 02 04 06
cos( — a)

Left: type I, right: type IT
Alignment for mu+ = 500 GeV and validity up to the Planck scale (theor.&exp. constraints included)

See also [Chakrabarty eal; Bhupal Dev eal; Das,Saha; Chowdhury Eberhardt; Ferreira eal; Cacchio eal;
Cherchiglia Nishi; Krauss eal; Goodsell, Staub; Braathen eal; ...]

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 17



Motivation: baryogenesis, DM, rich phenomenology

1 A6

A
VNouDM = VeuDM + —mi®% + =@ + ?7(6{(1)1)@% +5

2 8

discrete symmetry @1 > P, P2 — —Dg,
(I)l — (I)l , (1)2 — (1)2 9

3 CP-even Hi23 with
1 CP-odd A,

A8

®g — Pg and
(I>S — —<I>5 .

MH1 < MH2 < MH3,

charged Higgs pair H+

(D)) D%

softly broken

M. Munhlleitner, KIT, 22 June 2022

2HDM Working Group Meeting
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Mass Spectrum

. H1=HSM . H2=HSM . H3=HSM

. N2HDM-|
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[Aboouid,Arhrib,Azevedo, Ferreira,El Falaki, MM,Santos,'21]
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Theory constraint: vacuum stability

Possible vacua in the Next-to-Minimal 2-Higgs-Doublet Model (N2ZHDM)

[Ferreira, MM, ,Santos,Weiglein,Wittbrodt,'19]

dangerous N
dangerous CB
dangerous CP
long-lived

absolutely stable
only EW vacuum

non physical vacua
impact on phenomenology

1.05
>
-
1.00
0.95
0.90
0.85
200 400 600 800 1000 1200 1400
My = [GeV]

 EEEEEEEEE——————————————————————————————————————————_——
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- can provide a strong first order electroweak phase transition (like 2HDM)
- has additional sources of CP violation (required by electroweak baryogenesis)
- has rich phenomenology, in particular interesting di-Higgs signatures

2 complex Higgs doublets @, @,
CP-violating scalar potential w/ softly broken Z; symmetry @1 — @, ®; — -P®;

A A
V = m} @12 + my|@a? - (miy @] @2 + hec.) + TH(@]@1)? + T2 (@]@,)’

)\ complex
F2a(@1)(B0) + Ma(@]@)(@101) + | (@[22 + he|

(4 | 43
®; = v1+p1+in and ®y = v2+p2+1in2
V2 V2

P(As5) # 2 ¢(m%2)

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 21



Mass Spectrum

[Aboouid,Arhrib,Azevedo,Ferreira,El Falaki, MM,Santos,21

® Hi=Hsy ® H=Hsy @ Hi=Hgy ® Hi=Hspy
C2HDM-I ] C2HDM-II

3000 i R RRREUEDEEEEE -onee- R 5 3000+~ mmmmmmmem oo === o 3

30 50 100 500 1000 3000 30 50
m, [GeV]

lower limit from B->s gamma measurements
mH: > 800 GeV  [Misiak Rehman,Steinhauser, 20]

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 22



place stringent constraints on size of CP-violating phase

After taking into account all relevant theoretical and experimental constraints still possible

Hz2=h125

1.5

1.0 1

0.5 -

0.0 -

—0.5 1

—1.0 1

—1.5

[Fontes, MM Romao,Santos,Silva,Wittbrodt,'17]

1.5

no EDM

1.011 = Typell

0.5 1

T 0.01

LY

—0.5 -

—1.01

_1.5 1 T T

hi2s couples like pseudoscalar to down-type fermions, like scalar to up-type fermions

M. Munhlleitner, KIT, 22 June 2022
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Example: Higgs search in tau final states

Parameter scan results in various new physics models

[MM,Sampaio,Santos , Wittbrodt,'17]

10° N2HDM T1 now excluded . N2HDM T2
103 C2HDM T1 by experiment «  C2HDM T2
= CxSM « NMSSM
f ——— SM-like ~ SM-like
b~
2
~of
|
26() 400 660 8(')() 1000 200 400 600 800 1000
mp, [GeV] mp, (GeV]
M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 24
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Higgs Pair Production

+Ultimate test of the Higgs mechanism:

. 3 . « o .
Measurement of the scalar boson self-couplings Experimental verification

and > Of the scalar sector of the
EWSB mechanism

Reconstruction of the EWSB potential

N

+ Test of Higgs self-couplings at colliders :

Avnn  via Higgs pair production

}\HHHH via triple Higgs production

+ SM Higgs pair production at the LHC - dominant process: gluon fusion

’ . | o SM: destructive interference
“WEH TN ! triangle and box diagrams
g “H QOQQ)—=—---- H
Vs=13TeV: o = 31.053?% fb. Challenge: small cxn and large QCD bkg

at FTapprox: full NNLO QCD in the heavy-top-limit with full LO and NLO mass effects
and full mass dependence in the one-loop double real corrections at NNLO

M. Muahlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 26



SM Higgs Pair Production

+ SM Higgs pair production at the LHC - dominant process: gluon fusion

9 OO H SO0 ——-- H
7 Y Sy A
F2aN !
9 \QQQ9 ‘H QQQQ/—=<—---- K

* SM: destructive interference triangle and box diagrams

[Baglio,Djouadi,Grober, MM, Quévillon,Spira]

1000

100

T

10 ¢

0.1

. gg — HH

o(pp — HH + X) [fb] |
/5 =14 TeV, My = 125 GeV -

"
.
Pie

"

.
.

.
.....
----------

...

Ut
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Next-to-Leading Order gg->HH with Full Mass Dependence

[Baglio,Campanario,Glaus, MM ,Streicher,Spira,'18]
(see also [Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Schubert,Zirke,'161])

10

10

107 F

2.0

1.8 |

1.6

-factor

X 1.0 |

0.8

0.6 L~

g9 — HH at NLO QCD | /s = 14 TeV | MMHT2014

14 |
1.2

I N I N I N I I ! I ] ]. - v
— LO ] i
—— HTL
HTL + full reals
—— HTL + full virtuals 10"
—— Full NLO ]
E 10
do/dm,, [fb/GeV]
_ -3
[ = pp =My /2 10
NLO scale uncertainty
: : : = 1.3 H—
. =12 |
E 1.1}
] o 1.0 i
| S 09 F
1 S 08 |
] é 0.7 _
1 " 1 " 1 1 1 " 1 " | 0.6
400 600 800 1000 1200 1400
My [GeV]

g9 — HH at NLO QCD | /s = 14 TeV | PDFALHC15

do/dm,, [fb/GeV]
Hrp = Hp — ‘m1111/ 2

NLO scale uncertainty

—— HTL

HTL + full reals
—— HTL + full virtuals |
—— [ull NLO E

400

600 800 1000 1200 1400
myy [GeV]

inclusive: -15% mass effects on top of LO

exclusive: even more

M. Munhlleitner, KIT, 22 June 2022
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Challenge Measurement

[Grazzini eal'19]
for extensive list of refs.

+Cross section: see |di Micco eal'19]

. %
Vs=13TeV: oy = 31.05755%, fb.

at FTapprox: full NNLO QCD in the heavy-top-limit with full LO and NLO mass effects
and full mass dependence in the one-loop double real corrections at NNLO

+Challenge: small cross sections and large QCD backgrounds

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting 29



Experimental Results - Limits on Trilinear Higgs Self-Coupling

= M AL I T
= 40¢| ATLAS Preliminary - gbse“’ed it (99:°’°g'-)
— : _ -== Expected limit (95% CL)
% - Vs=13TeV, 139 fb™’ =1 Comb. exp. limit +10
t | 1 Comb. exp. limit +20

g BN Theory prediction

- SM prediction

% 103}

o 3

O . U S

102}

bbyy
bbbttt

L Observed: k € [-1.0, 6.6] —
w— Combined 1
6

| Expected: k, € [-1.2,7.2]

;‘é..110
KA

1 NP TP T TP PR TP
0= % 2 2 0 2 4

Obs. k, € [-2.3, 9.4]
Exp. k, € [-5.0, 12.0]

[Rui Zhang, ATLAS, HH Workshop” 22]

Observed: k), € [-1.0, 6.6]
Expected: k) € [-1.2,7.2]

[Fabio Monti, CMS, HH Workshop” 22]

CMS 138 fb™' (13 TeV
) 4000 ; ; } :
&=, - 95% CL upper limits All Categories )
o - = Observed h
o " eecsee Median expected HH — bbbb
" B 68% expected |
g. 3000 B 95% expected
2 | = Theoretical prediction
U : :
>
0
& 2000
©

TR PR PR TT TP P T DOPPPPPPRPRRRRRRRRR. ey
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New Physics Effects in Higgs Pair Production

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

. tak MM eal'13
§Examp|e NMSSM [taken from Dao, eal'13]
resonant enhancement  differing stop, sbottom differing
for muk= 2*mn from SM value / from SM value
9700807 q\4 b ) 97000 g . L T 13
qy _P{k ’ qu E :>___k<: qy q
N A AN 000" ----
g 000} ¢ o 9000 @ he 7 h
goooy Loy 97000 G L kS G, TR
1 1~ | \\ // - L
qz: :q'7 qﬁ: //x\\ \\ : .7
_—— - - - - - ' 7. o ~ s
97000% -2 o g oor” ? ~h 9 G “v----h
g L~ - h g Gi /,h
7 qZ \ // /’ \ H //
/ \K/ ) )--’E{
\ i K \\\ ‘i v \\\
g \_z—’ S o h g \h
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Aim

Overview of Higgs Pair production possibilities

in archetypical BSM Higgs sectors
including different symmetries

lincluding theoretical and experimental constraints ‘

L

OO

provide benchmark points / lines / planes
for experiment

|

e

M. Muahlleitner, KIT, 22 June 2022 2HDM Working Group Meeting
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Allowed Coupling Deviations

[Abouabid,Arhrib,Azevedo ElFalaki,Ferreira, MM,Santos,'21]

R2HDM C2HDM
ur ™ Jyem | ASEEOM  Napr ||y BEOM Jye i | ASEEOM / Asp
light I 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 | 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light II 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
Ut Jyrm | Mg Nam || ui e ynE | A3/ Aan
light I 0.895...1.079 | -1.160...1.004 1n.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 II 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 II - - - -
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Maximum Cross Section Values - Resonant Production

_Mg_d_el\ SM-like H1 H2

R2HDM T1 444 fb

R2HDM T2 81 fb

C2HDM T1 387 fb 47 b

C2HDM T2 130 fb no point

N2HDM T1 376 fb 344 fb

N2HDM T2 188 fb 63 fb
NMSSM 183 fb 65 fb

NLO SM HH production (in the heavy top limit): 38 fb

M. Mahlleitner, KIT, 22 June 2022 2HDM Working Group Meeting
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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/")/

5.8-107" < <6.6-107"

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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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. Munhlleitner, KIT, 22 June 2022
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Strong First Order Electroweak Phase Transition
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2HDM: SFOEWPT and Mass Spectrum
[Basler,Krause, MM ,Wittbrodt,Wlotzka,'17]

2HDM Type I w/ h SM-like Higgs

number of parameter points normalised to largest bin
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& 400} & 400}
200} 200 | ST I
0 000gee o0 o o @ 0
200 400 600 800 1000 0 200 400 600 800 1000
mgy [GGV]

0
mgy [GGV]
-

SFOEWPT favor large mass splittings between A and H, but also other scenarios

are found; & up to 4.5
41
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C2HDM: SFOEWPT and Mass Spectrum

[Basler, MM Miiller,'19]
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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, 22 June 2022 2HDM Working Group Meeting
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How Define Resonant di-Higgs Production?

Additional Higgs bosons H: possible resonant enhancement of the di-Higgs cross section
* If muk < mui + myj then clear case of ,non-resonant” production

* If muk > myi + my; © resonance contribution may be suppressed due to small couplings, large masses,
large widths or destructive interference effects

From an experimental point of view the cross section would not be distinguishable from ,.non-resonant"
production then. => Our recipe:

* HiggsBounds turned off for di-Higgs
* Use SusHi to calculate 6(Hk) for all possible intermediate resonances Hx at NNLO QCD

* Calculate 6(Hx) x BR(Hk -> Hsm Hsm) and compare it with experiment

* Exception: exp. limits assume narrow resonance -> we keep points if (Itot(Hk)/mMuw)imit > 5%

Provided final states on request: 4b, (2b)(2tau), (2b)(2gamma), (2b)(2W), (2b)(2Z), (2W)(2gamma), 4W

Suppress interfering Higgs signals by excluding scenarios with neighboring Higgs masses below 5 GeV.

M. Muhlleitner, KIT, 22 June 2022 2HDM Working Group Meeting A1



Impact of Di-Higgs Searches on N2HDM parameter space

Non-resonant experimental searches start
cutting in N2HDM parameter space

® Hi=Hsy ® Hy=Hsy ® Hi=Hsy ® Hy=Hsy
N2HDM-| N2HDM-II

o) e}
k= =
E. 3
T I

% %

I I

T 0.05 0

@) o)
2 S,

S g ]

S 0.02 S O. : |

X *x ' :
N ™ | | : : | |

0.01 | | | L :
1077 107° 1073 107" 10°
2. OnnLo(99 = H)*BR(H; » HgyHsy) [pb] 2. OnnLo(99 = H)*BR(H; » HgyHsy) [pb]
Cross section resonantly dominated if 6(Hk) x BR(Hk -> Hsm Hsm) > 0.1 o(HkHKk)
Non-resonant experimental search limits applied
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[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]
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