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School (the week before sSUsY!)

Pre-SUSY school 2024: School on Supersymmetry and Unification of
Fundamental forces

3.—7. Juni 2024
IFT (Madrid, Spain)

Ubersicht

Pre-SUSY School 2024

A pre-SUSY pedagogical lecture school which will precede the SUSY2024
Tagesordnung conference from Monday 3 June to Friday 7 June, 2024 at IFT, Madrid.
Anmeldung The aim of the school is to introduce advanced undergraduate, graduate, PhD students and postdocs

. _ into specialised topics of particle physics, cosmology, mathematical physics and programming skills
Teilnehmerliste related to supersymmetry.

Wissenschaftliches
Programm

Code of Conduct
R Registration will open on 15/February and close on 15/May for the pre-SUSY school.
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Outline
4+ The SM in a nutshell

4+ Experimental test of the Higgs mechanism
- Role of the Higgs boson mass
- Higgs quantum numbers
- Coupling measurements
- Higgs pair production

4+ BSM Higgs Physics / Extended Higgs Sectors
- EFT
- UV-complete models
- Experimental and Theoretical Constraints

4+ Strongly-Interacting Higgs Sectors
- SMEFT, EWChL, MCHM44&5, Composite 2HDM

4+ UV-complete Models
- 2HDM, C2HDM, N2ZHDM, MSSM, NMSSM

4+ Measuring EWSB
- BSM di-Higgs production
- di-Higgs beats single-Higgs
- EFT in di-Higgs production
- Measuring BSM 1,,, HO, interference effects

4 Conclusions
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« Particle Content: Matter particles and interaction particles

Matter Particles

1 2 3 Families
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+ Fundamental Forces interaction particles:
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< Description of fundamental interactions: with quantum field theories
fields are quantized, e.g. photon: electromagnetic field quantum

interaction: exchange
of field quanta

< Relativistic quantum field theories: invariant under space-time transformations:
Lorentz transformations + space-time translations (Poincaré group)

< Construction principle: requirement of local gauge invariance (internal symmetry)

< Gauge symmetries of the Standard Model: U(1)y x SU(2). x SU(3)c

= (S
electroweak strong interaction
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Fu tal Physics
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< The problem with the masses:

= Fermion Lagrangian £; = ¥(iv*D, —m)¥ for fermion field ¥ = ( 22 )
Kinetic term is invariant under chiral tfransformations ¥’ =U,¥; and V%, = Ur¥p

but not the mass term:  m¥¥ = m(p', x") ( ig ) =m(p'x + x'¢) = m(V Vg + Vr¥})

1 m?

= (Gauge boson Lagrangian £L=—--  F*F,,  +— AFA,
gauge invariant not gauge invariant

U(1) gauge transformation A, — A), = A, +09,0.

Mass term breaks gauge invariance:

(A, A"Y = (A, + 0,0)(A* + 80) = A, A" + 24,00 + (0,0)(6"6)
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Fu tal Physics

L I [ I [ | [ I
=
5 <

< Higgs Mechanism:

Generation of particle masses through spontaneous symmetry breaking (SSB)

« Higgs Lagrangian: Lhiggs= (Du®)(DrP)t-V(P)

1
with the Higgs potential V(®)= p2(®t®) + A(@t®)2 and <@ > = ﬁ(O,V)T

The Higgs potential has a non-vanishing vacuum expectation value (VEV) v foru2 < 0
|®|2 = v2 = -(n2)/(21), v=246 GeV LV ($)

< SSB: Lagrangian preserves the
gauge symmetry, but the
ground state breaks it

< Generation of particle masses: through particle interactions with Higgs in the ground state

M.M. Mithllettner, KIT PRE-SUSY 2024 9



¢ Fermion masses

generated through the Yukawa interactions; e.g. for electrons

T
vy, 0
e h
= ——£ er + h.c.
2 _
~~ electron mass term
e . hev (= — __ hev =
Yuk,mass ~ V2 (eLer +érer) = /2 €€

The Yukawa coupling h. is related to the electron mass by

Me
V2Mwy

he =g

We also have an interaction between the electron and the Higgs boson

—_ Me 5
Lint = —9ar,eHe
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+ Scattering of longitudinally polarized W bosons:

W w
|24 W W W
GFS
Y, Z — GUFS
Y, Z A 871'\/§
W W w W
W W

M.M. Mithlleitner, KIT PRE-SUSY 2024 11



+ Scattering of longitudinally polarized W bosons:

114 114 114 114 w W
H LHHf G M?
71Z 7z Lo 'H A: F H
b ﬁ 4/2m
1174 1174
174 114 114 114 " % W W

Higgs ensures unitarity of W boson scattering if HWW coupling proportional m%,
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+Present Accuracy: [ATLAS,CMS]
M = 125.09 + 0.21 (stat) + 0.11 (syst) GeV

+ Why precision?

* 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

M.M. Mithlleitner, KIAT PRE-SUSY 2024 15
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+Present Accuracy: [ATLAS,CMS]
M = 125.09 + 0.21 (stat) + 0.11 (syst) GeV

+ Why precision?

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

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

+ Higgs mass uncertainty feeds back in uncertainty on Higgs observables

* Test parameter relations in beyond-SM theories
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+Present Accuracy: [ATLAS,CMS]
M = 125.09 + 0.21 (stat) + 0.11 (syst) GeV

+ Why precision?

* Self-consistency test of SM at quantum level "

(e.g.: Higgs loop corrections to W boson mass) Precision Measurements

- of SM parameters
+ MH « stability of the electroweak vacuum - (mw, mop) crucial :dnyakov eal]

+ Higgs mass uncertainty feeds back in uncertainty on Higgs observables

* Test parameter relations in beyond-SM theories

M.M. Mithlleitner, KIAT PRE-SUSY 2024 22
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+Present Accuracy: [ATLAS,CMS]
M = 125.09 + 0.21 (stat) + 0.11 (syst) GeV

+ Why precision?

* 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 constraints
on viable BSM
parameter space

*(will come back to this) ———

M.M. Mithlleitner, KIAT PRE-SUSY 2024 24



J spin
% Quantum numbers of the Higgs boson:  J PC P parity ‘@

C' charge conjugation

* yy—Hor H-yy ~>J z1

< CP properties:
2k SM Higgs J¢ = 0**; beyond the SM (BSM)

omore than one spin-0 particle possible
o CP-even, CP-odd, CP-violating Higgs states

%k Study of CP properties ~> insights in beyond-SM (BSM) physics

%k existing and future colliders:
establish CP properties, determine amount of CP-mixing

M.M. Mithllettner, KIT PRE-SUSY 2024 25



e Spin and CP quantum numbers: threshold effects and angular correlations in

Plehn,Rainwater,Zeppenfeld;
Hankele,Klamke,Zeppenfeld

] Odagiri; Klamke,Zeppenfeld;
glUOﬂ gluon fu5|on Campanario eal;

Del Duca eal; Andersen eal

e angular correlations in production: Hjj in vector boson fusion,

Dell’ Aquila,Nelson; Barger eal; Kramer,Kiihn,Stong,Zerwas;
] ] ] Skjold,Osland; Choi,Kalinowski,Liao,Zerwas
e Higgs decays into W and Z pairs Miller, MMM ,Zerwas;Bluj; Dova eal;
Buszello,Fleck,Marquard,van der Bij;
Gao eal:Englert eal: Sancti eal

Chang eal; Skjold,Osland; Choi eal; Niezurawski,Zarnecki,Krawczyk;

observables sensitive to ' P-violation Godbole, Kraml;Rindani,Singh Godbole, Miller, MMM; De Rujula eal

Grzadkowski,Gunion; Asakawa,Choi,Hagiwara;

° collisions
7Y Godbole,Rindani,Singh; Godbole,Kraml,Rindani,Singh

e Higgs-radiation & VBF at eTe™ colliders, also Higgs-ZZ coupling

Godbole,Roy; Hagiwara,Stong; Gounaris,Renard; Rao,Rindani
Miller,Choi,Eberle, MMM, Zerwas; Skjold,Osland; Hagiwara eal;
Han,Jiang; Biswal, Godbole, Singh; Biswal, Choudhury, Godbole eal

M.M. Mithlleitner, KIAT PRE-SUSY 2024 26



2 Higgs Decay into Z boson pair: H = ZZ™ = (f1f1)(f2f2)

SM Double polar angle distribution

1 ar’ 9 1 4o o
— _ 7 p ;
I'” d cos 61d cos 0, 16 v4 + 2 [v* sin” 0 sin® 6,

+% (1 + cos?6;)(1 + cos® 92)]

SM Azimuthal angular distribution

< Angular distributions for particle w/ arbitrary
spin and parity:
helicity analyses & operator expansion

1 dI” 1 1 1

e S 2
T dé | T2 2 ¢]

= Azimuthal angular distribution differs for scalar and pseudoscalar particle:
0t : dl'/dp ~1+1/(29*+4) cos2¢
0~ : dI'/dp ~1—1/4cos2¢

= Threshold behavior allows to determine the spin of the particle:

spin O: linear rise w/ p dCTH — 7+ 7
spin 1 (2) particle ~ p3 (~ p3) [ FIVE L. B=+/(My — Mz)? — M2/Mpy

M.M. Mithllettner, KIT PRE-SUSY 2024 27



CP-even or CP-odd

H>ZZ-> (1))
M,, = 125 GeV

T d[/dM, [GeV']

[Adapted from Choi,Miller MM Zerwas,” 03]

Spin O or Spin 2

* -+ -+
H>z2Z-> 1))
M, =125 GeV

[Adapted from Choi,Miller MM Zerwas,” 03]

M.M. Mihllettner, KIT
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INFags coupling MensuremernS N

< Higgs mechanism: Higgs couplings fo SM particles ~ fo masses of the particles

< Experimental fest: various production and decay channels ~> extract couplings
q - ~ I'ww x BR(H->tt) ~ I'ww x I'(H->t2)/It0t
W U < at LHC: not all final states are accessible
q - small SM I'tot non measurable
————————

< Experimental provide best fit values on mu-values
(signal strength parameters):

 Opoa X BR(H = XX)
A (Gored X BR(H — XX))sm

For extraction of coupling values, a Lagrangian parametrizing possible new physics
couplings needs to be defined ~> kappa framework

M.M. Mithllettner, KIT PRE-SUSY 2024 20



I e iappa Frameworke

< Kappa Framework: Simplest approach

1 h
L = Ly— (MEWIwr + 5M§Z,,Z")[1 + 28y —+ O(h?)]

g Bl rp O] + .
- i EEEEEE———————————————————,

= xw=kz=xv justified by assumed custodial symmetry

= assumes that there are no flavor-changing neutral couplings (FCNCs)

= |oop induced couplings (Hyy, HZy, Hgg) parametrized in terms of fundamental couplings
= assumes that there are no invisible or undetected Higgs decays beyond the SM

= with more data, higher precisions take individual xr for the different fermions

= distributions are also sensitive to the Lorentz structure of the couplings, which is
taken to be SM-like in the kappa framework

= For I'tot model assumptions have to be made (e.g. I'tot dominated by partial widths into
WW,ZZ bb,r7,99,77)

M.M. Mithllettner, KIT PRE-SUSY 2024 21



CMS

138 fb~" (13 TeV) CMS

[Tumasyan eal,2207.00043]

138 fb! (13 TeV)

® Observed
= +1 s5.d. (Stat @ syst)
— 12 s.d. (stat @ syst)

| £1s.d. (stat) ® Observed

- +1 s.d. (syst)

—

0.97:938

1.44+028

09432

2.66
6.05%5755

= +1 s.d. (Stat @ syst)
— 12 s.d. (stat ® syst)

| £1s.d. (stat)

0.85+0.10

1.2179%

— .50 06

- +1 s.d. (syst)

0 0.5 1.0 1.5 2.0

2.5

Parameter value

assumes BR/ = (BR/ )*M

3.0
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20 25 3.0
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)SM
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[Tumasyan eal,2207.00043]

[Aad eal,2207.00092] oS 1_3§.f5=jj|(13T.eV)
> 1F t ‘-"’-:
C < Observed best fit & | ° my, = 125.38 GeV w Z.o
115 :_ I Observed 68% CL
"7 Observed 95% CL
C SM prediction
1.10— ¥ P
1.05
& 1.00 - ¢ Vector bosons
0.95 :— i Third-generation fermions
E i Second-generation fermions
0.90 [~
E --- SM Higgs boson
0.85 |-
- AT ——— ——— T
0.80 - 3 12f 1.05
C I I I I I i) R N }.+ ................. 1.00
o) “F
b} 8k 0.95
m :lll L 1 IIlIIII 1 L IIIIIII 1 1 IIIIIII

107" 1 10 102
Particle mass (GeV)

The discovered Higgs boson looks very SM-like
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% SM Higgs potential: in physical gauge _Ameyt , M M2
V(R) i.Ma" 4 fv“ HY 4 f:i HY

\-l\'aas ™ass f M= :
g iy A MG A )
quodilinenc Higgs self-cougling =~ = IME/MY
Cunits X = 332660 /42) va  §

\

Measurement of the scalar boson self-couplings Experimental verification

and > (Of the scalar sector of the

Reconstruction of the EWSB potential EWSB mechanism

“* Importance of the trilinear Higgs self-coupling:

*matter-asymmetry
through electroweak
baryogenesis

= Determines shape of the Higgs potential
= Sensitive to beyond-SM physics
= Important input for electroweak phase transition™

M.M. Mithllettner, KIT PRE-SUSY 2024 34



[HH, White paper]

o(pp — HH + X) [b]
M, = 125 GeV
PDFALHC15

M.M. Mithlleitner, KIT PRE-SUSY 2024 325



[HH, White paper]

10 3 i o(pp — HH + X) [fb] gg — HH (NNLOPTapprox)
- M, =125 GeV _—

PDF4LHC15

VBF (N3LO) ttHH (NLO)

—ZHH (NNLO) tjHH (NLO)

-1
10 .
10 2L ' !mall cxn, large bkg:
1314 20 30 5 experimental challenge ~
Vs [TeV] precise theory

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

g “0000)

t,b

g \QQQQ/

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

1000 F
. gg - HH

o(pp - HH + X) [fb]
Vs =14 TeV, My = 125 GeV

Aunn/Miis

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

yAN2 A

HH: ==~ =2
g9 — . X

decreasing with Mpn

M.M. Mihllettner, KIT
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£ 104} ATLAS Preliminary
% - Vs=13TeV, 139 fb~'
= :

23]

>

-

‘% 103t

e s

o s

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

.................

Observed limit (95% CL)
Expected limit (95% CL)
Comb. exp. limit 10
Comb. exp. limit 20
Theory prediction

[Rui Zhang, ATLAS, HH Workshop” 22]

Observed: k) € [-1.0, 6.6]

SM prediction | EXpeCted: Ky € [—1 .2, 72]

......

—— bbyy

— bbbttt | C|VI|S .

[CMS,2207.00043]
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Ll T T I T T 1 I T i
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8
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—
<

2
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-1.24 < KA <6.49
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1 l Ll T T
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T T I Ll 1 Ll I T T Ll l T T T

—— Observed
=~ Theory prediction

----- Median expected
B 68% expected

N\
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*2-loop QCD corrections: = 70% [HTL, p=Mun/2] [Dawson,Dittmaier,Spira]
*2-loop QCD corrections: @ = Op + O1/mi2+ ... + Oa/my8
[refinement: full LO at differential level] [Grigo,Hoff ,Melnikov,Steinhauser]

+ Mass effects @ NLO in real corrections: ~ - 10%
[Frederix,Frixione ,Hirschi,Maltoni,Mattelaer, Torrielli,Vryonidou,Zaro]

+NNLO QCD corrections: ~ 20% [HTL] [de Florian,Mazzitelli; Grigo,Melnikov,Steinhauser]
+N3LO QCD corrections: ~ 5% [HTL] [Chen Li,Shao,Wang]
+NNLO Monte Carlo: inclusion of full fop-mass effects @ NLO [partly at NNLO]

[Grazzini,Heinrich,Jones, Kallweit,Kerner Lindert,Mazzitelli]

+NLO: matching to parton showers [Heinrich,Jones Kerner Luisoni,Vryonidou]
+ New expansion/extrapolation methods:
(i) 1/m+2 expansion + conformal mapping + Padé approximants [Gréber Maier Rauh]
(ii) pt2 expansion [Bonciani,Degassi,Giardino,Graber]
+ NLO: small mass expansion [Q2 » m4?] [Davies,Mishima,Steinhauser,Wellmann]

+ Combination of full NLO and small mass expansion
[Davies,Heinrich,Jones,Kerner,Mishima, Steinhauser,Wellmann]

M.M. Mithlleitner, KIT PRE-SUSY 2024 39



Complete list, see e.g. twiki of LHC Higgs Working Subgroup HH
and recent reviews

-> recommendations for cross sections to be used given for
- different c.m. energies

- different coupling modifiers

-> uncertainties on di-Higgs cross sections

g “0000) //H g — - - — - H

7
t,b SR + t,b 4

9 9000/ “H g 9000)——>_----- H

M.M. Mithlleitner, KIAT PRE-SUSY 2024 40



[Borowka,Greiner,Heinrich,Jones Kerner, [Baglio,Campanario,Glaus, MM Ronca,Spira,Streicher]

Schlenk,Schubert,Zirke] 99 — HH at NLO QCD | /s = 14 TeV | PDFALHC15
1: T T T T T T T T T T v T
: —— HTL
] [ HTL + full reals
i ' — LO E e —— HTL + full virtuals |
— 014} — NLOHEFT - e O &= Full NLO
=z 012k iI=F — NLOFT,pprox - F :
9 : 1 — NLO :
< 0.08 F .
g [ : i —
- 0.06 F ~ —— E i -
~ g ] =
S 0.04} PDF4|—HC-; ' do/dmy,, [fb/GeV] ™
0.02 F i - | g = Mg =My /2
— o o o 4% i NLO scale uncertainty

300 400 500 600 700
mup [GCV]

M,
=

m .
o L
—

o O
= 0.

800 1000 1200

myy [GeV]
(o) (o)
onro=  32.91(10)138% b 32.81(7) 1327 fo
(o) (o)
Rt = 38.75T]58% fo 38.66 15,0 fb

my = 173 GeV 172.5 GeV

= -15% mass effects on top of LO

41




+Use my, my(m¢) and scan Q/4 < u < Q — uncertainty = envelope:

do(gg — HH)
dQ

do(gg — HH)
dQ

do(gg — HH)

dQ

do(gg — HH)

dQ

l0=300 Gev = 0.02978(7)1S% fb/Gev,

0400 Gev = 0.1609(4)12% fb/Gev,

o
l0=600 Gev = 0.03204(9)13% fb/Gev,

_ +0%
l0=1200 Gev = 0.000435(4)7; 0, fb/GeV

+ Bin-by-bin interpolation:

4%
‘ o(99 — HH) = 3281773 fb)
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+Large momentum expansion (S = Q2 » m+2), two form factors:
[Davies,Mishima,Steinhauser,Wellmann]

pole mass my:

. th m? ) \
AFl,mass — — 4 2F1,Lolog ? -+ TG]_(S, ﬂ

\ /

Qs ( m2 - )

m ~
AF> mass — —(2F2,L0l09 ?t + ?tG2(3a t)

\ /

-~

)

-~

MS mass m(ug):

_ _ ( t) \
AFl,mass , /J« ( A)

- 4]  m (Mt) .
AF2,mass : + tg Go(5,1)

+= scale u+ ~ Q preferred at large Q
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[Baglio,Campanario,Glaus,MM ,Ronca,Spira]

g9 — HH at NLO QCD | /s = 13 TeV | PDF4LHC15

]..4 | ! | ! | ! | | ! | | ! |
—— MS scheme with m,(m,)
' —— MS scheme with m,(Myy)
b2 r —— OS scheme, m, = 172.5 GeV |
B ! l
11 F . : .
S0t —
.9 — ]
45 0.9 EI_E'_-_‘—’—| F = 41_!—1—\;_
o _ _ _— = = = . . 1
0.8 T T iy
0.7 b tr=pr=Mgg/2 —=—T 3
Full NLO results for different top-quark masses
0.6 A DR R R R S R B R
400 500 600 700 800 900 1000 1100 1200 1300

M, [GeV]
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[Baglio,Campanario,Glaus, MM Ronca,Spira]

+Renormalization and factorization scale uncertainties at NLO:
27.73(7) 1385 b

32.81(7) 1132, b

127.0(2) T3 fb

1140(2) T197% fb

Vs =13 TeV : oot
Vs =14 TeV : oot
Vs =27 TeV : oot
Vs =100 TeV :

+m: scale/scheme uncertainties at NLO:

27.73(7) 125 b

Vs=14TeV: oy = 3281715

Vs=27TeV: oy = 127.8(2)115 b

1140(2) 3%, b

Vs =13 TeV: oot

\/g = 100 TeV : Otot

+Linear sum of uncertainties ~>
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[Baglio,Campanario,Glaus, MM Ronca,Spira]

+Final combined renormalization/factorization scale and m+ scale/scheme uncertainties
at NNLOFquprox*:

. 69
/5 =13 TeV : 31.0575% fb

: 69
Vs =14 TeV: 36.6975%, fb

o
V5 =127 TeV: 139.9127%% fb

. 49
V3 =100 TeV : 1224177 fb

*F Tapprox: 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 QCD
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+Final combined uncertainties at NNLOFtapprox: [Baglio,Campanario,Glaus,MM,Ronca,Spira]

+13%
16807 fb

+13%
598.91137° b

+11%
131.97.7 fb

+8%
70.3815% fb

+6%
31.0572%, fb

+3%
13.81757% fb

13.1075% b
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+ Top-Yukawa-induced corrections to Higgs pair production [MM,Schlenk,Spira,’ 22]

+*NLO EW corrections to gg->HH and gg->gH in the large mt limit
[Davies,Schonwald,Steinhauser,Zhang, 23]

+Higgs boson contribution to the leading 2-loop Yukawa corrections to gg->HH
[Davies,Mishima,Schonwald,Steinhauser,Zhang,” 22]

+Complete NLO EW corrections [Bi,Huang,Huang,Ma,Yu,” 23]

[Bi,Huang,Huang,Ma,Yu,2311.16963]

0.100;

—LO
—NO Impact of EW corrections

on total cxn: -4%

o
o
[}
o

daldM,,, [fblGev]
o
o
o
'—I

Impact on differential distributions
can be +15%...-10%

Significantly reduced theoretical
uncertainty

400 600 800 1000 1200 1400 1600 1800
Myy [GeV]
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Standard Model Total Production Cross Section Measurements [Ldt

Reference

e MW ey [

pp 7 = BN fraata) g 50x10~8  PLB761(2016) 158
"_ji?ﬂés‘j’é*’n*rah?n"é"&é&) ATLAS Preliminary 8108 Nucl Phys. B, 485-548 (2014)
SVRNLO 2 E TN, (l)'leory) ¢ 0.081  PLB759(2016) 601
W uzesssimay V_ ~7813 TeV A 202  EPJC 79 (2019) 760
SR -7 8 s wommme
et o2 werceom
Z = 20535003 0.77 i (ot g " JHEP 02 (2017) 17
7= 82045 361106 in © - il
top++ NNLO+NNLL (theory) ¢| 36.1 EPJC 80 (2020) 528
tt o =26202 17880 date) A 202  EPJC 74 (2014) 3109
T oper NNLONNEE (o) o) 46  EPICT74(2014)3109
o =247+ 246 b (dta) ) 3.2 JHEP 04 (2017) 086
ti—chan | 7= KGR {2y o e A 203  EPJCT77(2017) 531
o=aL2e8mb ("ar‘)?)) 46 PRD 90, 112006 (2014)
7= gﬁLﬁiNNL%_a( haoryy, o2t@) % 32  JHEPO1(2018)63
Wit c=Rslata 3)7 pb (data) ¢ 20.3  JHEP 01,064 (2016)
c=168:29 1("31 290 cata) ¢ 2.0 PLB 716, 142-159 (2012)
=ss e Ry, (,hgg,,(g ia) ¢ 139  ATLAS-CONF-2022-002
H 7= Thciddwd \?m farata) a 203  EPJC76(2016)6
=22 1cJ?-|xswe SER (theorz )7 pb (data) b - T 45 EPJC 76 (2016) 6
o= 13008 £ 17 +10.6pb (data) o eory 361  EPJC79 (2019) 884
wwW o = A a R A6 b (data) A 20.3  PLB763, 114 (2016)
o = 5L 5244 pb Gata) g LHC pp Vs = 13 TeV 46 Phys. Rev. D87 (2013) 112001
r=51e0 & + ﬁ .3 pb (data 361  EPJC79 (2019) 535
Wz 7 zﬁﬁ&éﬁrﬁ%) ;1..23‘3) A a sDtaatta 20.3  PRD 93092004 (2016)
7 = NAArAiX (NKLO) (f?.b Cata) o) stat @ syst 46 EPJC 72 (2012) 2173
—17.3:06+08 361  PRD 97 (2018) 032005
ZZ 7= 7::2% %:?Lo:l) fgge’m o A ° LHC pp V5 =8 Tev 20.3  JHEP 01,099 (2017)
7= QNES oy~ 04 PP (data) ¢ _ Data 46 PIB 798 corarT)
ts_chan | 77 KESXNL (eony” ™ 92 = Sl{ag t 20.3  LB756,228-246 (2016)
_ T s LR neory) In stat ® sys 36.1 PRD 99, 072009 (2019)
ttW 7= 0 (heory) 1P (data) ‘o LHC pp Vs=7 TeV 20.3  JHEP 11,172(2015)
‘iz o= - s::% "j‘j r55aog ﬁ{g ﬁi%%, o b Data 139  Eur. Phys. J.C 81 (2021) 737
HELAG-NLO (theory) 4] _ stat 20.3  JHEP 11,172 (2015)
WWW| 7= D haayr® @@ = stat @ syst 139 arXv:2201.13045
WWZ | 7= %hasa3%3 Gmoryy 2 PP (@12) .:| 79.8  PLB798 (2019) 134913
LTt cotisbae o | : | ! 139 JHEP 11 (2021) 118

10° 104 102 102 107t 1 10* 10?2 10%® 10* 10° 10° 10! 0510152025 Status: February 2022
o [pb] data/theory

Success of experiment
and theory

SM provides
consistent
description of
the data at the
quantum level

Stilll
there are
many open
questions

left!
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Open Ruestlons

< origin of electroweak symmetry breaking “*nature of Dark Matter
“hierarchy problem “matter-antimatter asymmetry
“*nature of the Higgs boson *dark energy

< fermion mass and flavor puzzle <inflation

“origin of neutrino masses “how to incorporate gravity

Decipherment of fundamental laws of nature:
judicious combination of
theoretical methods/interpretation
and experimental input/scrutiny
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iscovered Higgs Boson
ehaves very SM-like ‘

X S
\ CBL

onsistency Test |
of the SM |
at the quantum level 1 |

J

: : |
o direct discovery of |

New Physics so far |

M.M. Mithlleitner, KIT PRE-SUSY 2024
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Reach out for:

- Precision
- Diversity
- Model Independence
DD e T——————

Ensure close interaction:

- theory and experiment

- energy and intensity frontiers

- collider physics, low-energy physics,

astroparticle physics, cosmology
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Reach out for:

- Precision

- Diversity

- Model Independence

T —
Ensure close interaction:

- theory and experiment

- energy and intensity frontiers

- collider physics, low-energy physics,

astroparticle physics, cosmology
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do we Learn from Higgs Physics? I

aﬁHiggs: (ﬂ#¢|)(ﬂﬂ¢|)f - V(@,) + Lyukawa

- anomalous Higgs
gauge couplings &z,

CZZICZ U ICYYICZ}',CQQ

- CP violation

= New Physics & DM
= Baryogenesis

Establish
Higgs
Mechanism

- coupling relations - Higgs mass ) :
NPm 3) - Higgs self-interaction anomalous couplings
= Establish Higgs - vacuum structure - C¥ violation
mechanism - CP violation
- portal to hidden sector z E::y;{x;ger puzzle
= Self-consistency SM = Baryogenesis
= Ultimate test
Higgs mechanism
= Vacuum stability
= New Physics&DM
= Matter asymmetry
New = Cosmological .
Physics evolution Evolution
of
Cosmos
Matter- Flavor
Antimatter Matter
Asymmetry Puzzle

M.M. Mithllettner, KIT
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BSM Higgs Physies - Bxtended Higgs Sectors

Beyond the Standard Model

™ andard Mocdel of Bementary Partioes

W0em=0tam _ 10"m  And beyond?
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Why extended Higgs 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!

How systemize approach not to miss any new physics sign?

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

* specific well-motivated UV-complete models

&,
4

E(\tog\/

New A E‘Lu‘mplt L Ferai 'H'\P.O(B

>’WW W §CNP(¢,V‘)
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& SMEFT approach:

[Burgess,Schnitzer;Leung eal;Buchmiiller, Wyler;Grzadkowski eal;
Hagiwara,Ishihara,Szalapski;Zeppenfeld;Giudice eal]

*k SM field content and SM gauge symmetries, no New Physics at E < A

%k SM deviations: higher-dimensional operators built from SM fields

*k Operators = low-energy remnants of heavy new physics integrated out at A =>

*k Operators suppressed by scale A

New
%Héics

Et\tog\/
b Exomple: Temitheoy

M.M. Mithllettner, KIT
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& SMEFT approach: [Burgess,Schnitzer;Leung eal;Buchmiiller, Wyler;Grzadkowski eal;
Hagiwara,Ishihara,Szalapski;Zeppenfeld;Giudice eal]

*k SM field content and SM gauge symmetries, no New Physics at E< A

%k SM deviations: higher-dimensional operators built from SM fields

*k Operators = low-energy remnants of heavy new physics integrated out at A =>

*k Operators suppressed by scale A

¢ New inferactions of SM particles: Higgs part of a doublet field (EWSB linearly realized) ~>
leading new physics (NP) effects described by D=6 operators

c®) )
A2

Lest = Lsm + Z + O(A_4)

(]

M.M. Mithllettner, KIT PRE-SUSY 2024 59



[Burgess,Schnitzer;Leung eal;Buchmiiller, Wyler;Grzadkowski eal;

¢ SMEFT apprOGCh: Hagiwara,Ishihara,Szalapski;Zeppenfeld;Giudice eal]

*k EWSB linearly realized: Higgs boson part of a weak doublet

%k Additional expansion in g.v/A < 1 (g« typical coupling of the NP sector)

¢ EW Chiral Lagrqngian (EWChL) [Contino eal; Azatov eal; Alonso eal;

Brivio eal; Elias-Miré eal; Buchada eal]

*k EWSB non-linearly realized: Higgs treated as singlet

%k Chiral expansion

M.M. Mithlleitner, KIT PRE-SUSY 2024 &0



& SMEFT analysis:

%k Model and basis independence: All relevant operators need to be included

* Number of non-redundant dim-6 operators for 3 generations: 2499, 59 for 1 generation

[Grzadkowski eal;Alonso eal]
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& SMEFT analysis:
2k Model and basis independence: All relevant operators need to be included

*k Number of non-redundant dim-6 operators for 3 generations: 2499, 59 for 1 generation
[Grzadkowski eal;Alonso eal]

%k Global fit: complicated parameter space w/ many degenerate/flat directions and local minima ~>

& Practical approach - reduce number of operators by:

k Symmetry assumptions, e.g. flavor, CP conservation
*k focus on subsectors: Higgs, electroweak, top, Higgs-electroweak, top-Higgs, ...:

& include only operators relevant to the considered particle(s)/processes
< assume other operators well constrained from different processes
& note: not always justified!

M.M. Mithlleitner, KIAT PRE-SUSY 2024 &2



O = —(¢7)°

Oy = (¢'¢)(Qet) + h.c.
Opc = (d79)GL, G

O = (Qo*T*t)¢G%, + h.c.

overall shift of couplings

shifts Higgs self-coupling
shifts top Yukawa coupling; ttHH

pointlike Higgs to gluon couplings

A

chromomagnetic dipole operator

M.M. Mithllettner, KIT

PRE-SUSY 2024 &3



Exanple EFT Operators Contributing to Higgs Pair Production

Non-linear EFT:
couplings of one/two Higgs bosons to gluons become linear independent

couplings of one/two Higgs bosons to fermions become linear independent
can be probed directly in di-Higgs productions

Processes w/ 0,1,2 Higgs boson need to be connected to disentangle linear/non-linear dynamics

Note: EFT operators destroy SM cancellation between triangle and box diagrams

~» limits derived on Ay gy depend on EFT description

M.M. Mithllettner, KIT PRE-SUSY 2024 &4



g h

g ///,h 9 Reg, T __-n g C_H_//////h
---=C3/hhh b
5 K-factor:

g h g h

ratio of NLO

s, Cg n s, Cgg _.n to LO observable
;;.___.< jj;a-:::
[Grober,MM,Spira,Streicher,'15] [Buchalla,Capozi,Celis,Heinrich,Scyboz,'18]
- K(pp—hhtx) ] 241 ___
2.5 [ Vs=14TeV ; —
5 s c3=1,ct=1,cg=0,cgg=0 ] . :
Ktot —
1.5 ] .
: ] £ 201
1t . ~
e - S )
0.5 [ KVI ----------------------------------------- " 1.8 -
: K irt ]
0 ;::::::::::::::::::9:9:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: \
i Kgq 1.6 - \]
_0.5 | | 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5 20 -15 -1.0 -05 00 05 1.0 15 20
Cyt coupling

Tops integrated out at NLO:
- flat dependence of K-factors

[see also de Florian,Fabre Mazzitelli,” 17]

Inclusion of full fop dependence at NLO:
- non-uniform K-factors

M.M. Mithllettner, KIT

PRE-SUSY 2024
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Investigations of specific UV-complete models:

* Indisponible: complement EFT approach

* EFT approach cannot capture new physics effects due to new light particles

Guidelines for model selection

* simplicity

* compatibility with relevant experimental

and theoretical constraints
* solve (some of the) flaws of the SM

* testable in experiment

Validity of the models: they have comply with

* experimental constraints

* theoretical constraints

?

M.M. Mithllettner, KIT

PRE-SUSY 2024
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AL Constraints on Extended HiGEIN

2

M
= Electroweak rho parameter very close to 1: p = e er ~ 1 (in SM automatically fulfilled)
2 cos? Oy

* model with n scalar multiplets ¢; with weak isospin I;, weak hypercharge Y; and VEVs v,
of the neutral components: rho parameter at tree level

n I v2

n 1 2
Zi=12Yivi

pPi =

* SU(2) singlets with Y =0 and SU(2) doublets with Y = = 1 satisfy
I(I+1)= %YZ

and hencep =1

= Flavor-changing neutral currents (FCNCs): very stringent constraints from experiment

solution for multi-Higgs models: apply symmetries such that all right-handed fermions
of a given electric charge couple to exactly one Higgs doublet (cf. e.g.(N)2HDM type I..IV);
minimal flavor violation (flavor violation only arises from CKM matrix)

M.M. Mithllettner, KIT PRE-SUSY 2024 &F



= Further constraints:

* Electroweak precision tests (EWPTs): Peskin-Takeuchi resp. S,T,U parameters parametrize
potential NP contributions to EW radiative corrections; S,T,U are zero for SM ref. point;
assumptions:

- EW gauge group is SU(2).xU(1)y ~> no additional gauge bosons beyond Z, W*,y, e.qg. no Z’
- New physics couplings from light fermions are suppressed ~> only oblique corrections
(= vacuum polarization), no box and vertex corrections need to be considered

- NP energy scale is large compared to the EW scale ~> expansion in ¢g*/M?*, M = NP scale

=> parametrization in ferms of four vacuum polarization functions: self-energies of the
Z, W=,y and mixing between Z and y induced by loop diagrams

oy 9 2 — s
IL,,(¢") = ¢’ 11}, (0)+. .. aS = 4s%c, [H’ZZ(O) - c%cz T, (0) - H’W(O)]
2 2
z,(q°) =q H,Zy(0)+' X yw (0)  IIzz(0)
) - A=r T T
Iz2(q") =1z2(0) + ¢" I, (0)+. .. W z
A2 / 2T o / _2Tr

M.M. Mithllettner, KIT PRE-SUSY 2024 &8



= Further constraints:

* Electroweak precision tests S,T,U parameters

- S parameter: measures difference between left-handed & right-handed fermions w/ weak
isospin ~> tightly constrains number of new fourth-generation chiral fermions

- T parameter: measures isospin violation (<- sensitive to loop corrections fo Z and W vacuum
polarization)

- S and T parameter: affected by varying the Higgs boson mass
Before discovery: mass of Higgs boson constrained by EWPTs to lie within close to
LEP lower bound (114 GeV) and 200 GeV.

- U parameter: not very useful in practice, parametrizes dim-8 effects

* Flavour constraints: NP effects to flavor observables from loop corrections
- Example: B — Xy receives NP contributions from H* exchange;

sets lower bound of about 800 GeV on iy in the 2HDM type IT

[Deschamps eal, 09;Mahmoudi,Stal,'09;Hermann eal,'12; Misiak eal,'15;
Misiak,Steinhauser,'17; Misiak,Rehman,Steinhauser,' 20]

SM diagram: b s
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AL Constraints on Extended HiGEIN

= Further constraints:

x

Higgs data:

- one of the Higgs bosons has to have a mass of 125 GeV and behave very SM-like, i.e.
comply with LHC Higgs data

- remaining Higgs bosons have to comply with LHC exclusion limits from searches for
additional Higgs bosons

Direct searches for new particles predicted by the model:
- model has to respect exclusion limits on these particles (e.g. lower bounds on
stop or gluino masses in supersymmetric models)

Low-energy observables like the anomalous magnetic moment

Electric Dipole Moment (EDM) constraints: stringent constraints on CP violation in
CP-violating models

Dark Matter (DM) observables (relic density, direct and indirect detection limits):
constrains models w/ DM candidate
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= Theory constraints: (will be discussed in detail below)
* Higgs potential bounded from below
* EW vacuum with v=246 GeV is the global minimum

* Perturbative unitarity
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B

= Parameter scans per'formed with ScannersS: [Coimbra,Sampaio,Santos;MM,Sampaio,Santos,Wittbrodt]

ScannersS: Tool for performing scans in models with extended Higgs sectors
checking for the theoretical and experimental constraints
- link to HiggsTools to check for Higgs constraints
[Bahl Biekotter Bechtle Heinemeyer Li,Paasch,Weiglein,Wittbrodt]

- link Yo MicrOMEGASs to check for Dark Matter constraints [Bélanger,Boudjema,Pukhov eal]
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SM and its singlet, doubleft,
triplet extensions, SUSY

New particles necessary
to stabilize the Higgs mass

Ho

Composite Higgs Models

Resonances for unitarity
Higgs boson composite object

M.M. Mithllettner, KIT
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Kaplan,Georgi; Dimopoulos eal; Dugan eal
e Bound state from a Strongly Interacting Sector not much above weak scale

e How can we obtain a light composite Higgs? Ho

EWSB

Higgs: Pseudo-Goldstone boson of strongly interacting sector Sector

spontaneously

broken at f
Global symmetry of strong sector G — subgroup H;

G — Hi
H

G/H1: contains Higgs boson as Nambu-Goldstone Boson

e SM Gauge Group
x Ho C G gauged by external vector bosons
x ldentify Hog = Gsm = SU(2), x U(l)y; G — H1 D Gsm
% Hj contains 'custodial’ SO(4) = SU(2)r, x SU(2)gr (protect T' parameter)

x SM fields are external to strong sector ~» elementary

[Cartoon taken from R.Contino, 1005.4269]
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e Possible symmetry patterns

Examples:

- 50(5)/50(4) 4 PGBs = WI:-J':, ZL, h — Minimal Comp nggS Model Agashe,Contino,Pomarol

- 50(6)/50(5) 5 PGBs = Wl:—Jt, ZL, h,a — Next MCHM Gripaios,Pomarol,Riva,Serra
- 80(6)/[SO(4) x SO(2)]: 8 PGBs = Wi, Z;,,h, H, A, HY — Composite 2HDM

De Curtis,Delle Rose,Moretti,Yagyu

For a list: Bellazzini,Csaki,Serra
e Higgs Boson Mass protected < quantum corrections saturated at composite scale

e Higgs Potential generated radiatively
& By gauge boson and top quark loops

o EWSB triggered by top loops

M.M. Mithlleitner, KIAT PRE-SUSY 2024 Fe



. . Kaplan;
® n '
Partial Comp03|te €ss Contino,Kramer,Son,Sundrum

o Elementary fermions couple linearly to heavy states of strong sector w/ same quantum numbers

ch — _ALQLQR — ARCZ_-‘LtR + h.c.

¢ Fermions acquire mass through mixing with new vector-like strong sector fermions
¢ Linear couplings violate G explicitly ~ Higgs potential induced

¢ Large top Yukawa couplings ~ top largely composite

. i ) i Matsedonskyi,Panico,Wulzer;
¢ Light Higgs boson requires light top partners Redi, Tesi; Marzocca,Serone,Shu;

Pomarol,Riva
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> Modified Higgs couplings to SM gauge bosons and fermions

x Unitarity not restored any more in V., V7}, Giudice eal; Contino eal '10,'13

e Longitudinal W boson scattering

1% 144

W W L L

Wy Wy Wy 447 - - e e LHJIJ

H
7, Z vz e H 1 n%, s2
’ -A — .32 — D)
ﬁ v s—my
WL Wi,
WL WL WL WL W, Wy WL WL

ky = 1 perturbative unitarity in WW — WW

e Higgs couplings deviate from SM couplings = VV — VV and VV — HH grow with E?
:ﬁ’% f;« Giudice,Grojean,Pomarol,Rattazzi; Contino eal '10,'13
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> Modified Higgs couplings to SM gauge bosons and fermions

x Unitarity not restored any more in V., V7}, Giudice eal; Contino eal '10,'13
x Higgs production and decay rates changed Espinosa,Grojean, MMM
« Influences compatibility with EWPT Giudice eal; Barbieri eal; Contino; Agashe eal; Gillioz;

Lavoura,Silva; Lodone; Anastasiou eal; Grojean eal; Grober eal

> New couplings

* Compatlblhty with Flavour Constraints Agashe,Perez,Soni; Csaki eal; Blanke eal; Bauer eal; Redi,Weiler;

Keren-Zur eal; Barbieri eal; Redi; Vignaroli; Da Rold eal; Delaunay eal

x Influences Double Higgs Production Gréber, MMM: Contino eal; Gillioz eal

> New Resonances

x Compatibility with LHC searches Gillioz,Gréber, Kapuvari, MMM

> Partial Compositeness Kaplan;Contino, Kramer,Son,Sundrum
x Compatibility with Flavour Constraints
x Modified Higgs Yukawa couplings
x New particles in Loop induced processes
x Compatibibilty with direct LHC Searches for new fermions, with EWPT
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e SILH effective Lagrangian (SILH = strongly interacting light Higgs) expansion for small

‘ £ = ’U2/f2 I Giudice,Grojean,Pomarol,Rattazzi
SM limit for £ — 0

e Gauge couplings

gavv = 97y V1 —¢

e Fermion couplings depend on embedding into representations of the bulk symmetry

spinorial representations of SO(5) fundamental representations of SO(5)
MCHM4 MCHM5
_ ,SM 1-26 _ _SM
gufs = 9hipeV1— & = gify GH{f = OT1s e = 9iifs ©
universal shift of couplings BRs depend on ¢ = v?/f?
no modifications of BRs

e Higgs self-couplings also model-dependent Contino eal; Grober, MMM; Bock eal; Barger eal
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¢ Implementation for Higgs BRs: eHDECAY Contino,Ghezzi,Grojean, MMM, Spira

URL: http://www.itp.kit.edu/~maggie/eHDECAY/

[adapted from Grojean, Espinosa,MM,1003.3251]

I 1 L] 1
MCHM5 ]
BR(h) ]
Mh=1 25 GeV i

TT ]
cc |
1
3
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e Double Higgs production through gluon fusion:

* sensitive to trilinear Hi If-couplin Baur,Glover; Spira eal
sensitive to t ca g8S seli-coupling Djouadi,Kilian, MMM, Zerwas; Grober, MMM
* access to anomalous HH f f coupling (~ &) Contino eal '12
g o000 +H
m; o
miﬂ ----.\
m? %
g 0000 ' “H
VOO0 }—<+—T--—-- H
m;
m;y A My
p——rmmaes H
m;

> Can be enhanced compared to the SM process
> Mediated by top and bottom loops and heavy quark loops; here heavy top partners

> Different fermions can contribute within one loop

M.M. Mithlleitner, KIAT PRE-SUSY 2024 g2



e Questions:

x Taking into account LHC Higgs data: Can NP emerge in Higgs pair production despite the
SM-like Higgs behaviour?

x |f yes: Can we see New Physics in Higgs pair production before any direct or indirect hints
elsewhere?

e Investigation

> in benchmark composite Higgs models < large deviations from SM Higgs pair production due
to novel 2-Higgs-2-fermion coupling [Grober, MM; Dawson.,Furlan,Lewis]

> including the NLO QCD corrections in large loop particle mass limit for models with vector-like
fermions [Grober, MM, Spira]
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e Assumption: no new physics before Higgs pair production is accessible ~»
Higgs coupling deviations < projected sensitivities for 300 fb~! and 3000 fb—!

e Further constraints: on parameter scan

x direct search bounds for heavy fermions, projected to L3sgg and L3ogo

* exclude points for which |V}| < 0.92 [CMS, 2012]

x check for EWPT [Gillioz, Grober, Kapuvari, MM]

e Sensitivity Criteria for NP in hh production:
Ssm +3v/Ssm <S5 or Ssm — 34/ Ssm > S

S: number of signal events
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MCHMI10 w/ partial compositeness; blue points: HH distinguishable from SM HH at 30

80

70

onro [fb]

50 ¢

40

80 +

70 +

onro [fb]

L]
[ ] .‘....
® ." 9oe

60 -

bbr*1~ final state |
[£=300fb"

-e.:"'

‘.
!

onro [fb]

60 +

[£=300fb""

006 008 0.l

[Grober MM ,Spira,'16]

30 bbr*t~ final state
70 |
60 |

50 |

[£=3000fb"

40 |

bbyvy final state

[L£=3000fb"

SM

006 008 0.l
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e 2-Higgs Doublet Model (2HDM) w/ compositeness: [De Curtis,Delle Rose Moretti,Yagyu,” 18]

e Particle content: 2ZHDM:
- 2 CP-even Higgs boson h, H with m, < m;;, 1 CP-odd A, charged Higgs pair H*

- par"rial composi’reness: e 4 top partners with Q = 2/3: Xo/3, Ta/3, fl~’1,fl~’2;
¢ 1 bottom partner with Q@ = —1/3: B_y3;
e 1 exotic fermion with @ =5/3: X5/3.

e Higgs Pair Production

T;
g 20990909 - - —- h 9 20909909 o9 00009000 h
h/H // //
T, T; T, »-----« T,
g 20909099 T S h 9 99090909 - h g 99090909 - h

H exchange can resonantly
enhance hh, if my > 2m,,
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e Benchmark point BP3 w/ resonant enhancement

/

SM

BP 3:
my = 1182 GeV, my, = 1358 GeV

mr, = 1583 GeV, mr, = 1615 GeV
FH/mH =5.42 %, Utot/OS)l =15
only top, no Gprr,

only top

full result

1079

0 1000 2000 3000 1000 5000
Q [GeV]

[De Curtis,Delle Rose Egle Moretti, MM ,Sakurai,” 23]

Red line: mimics elementary 2ZHDM;
constructive(destructive) interference
of triangle and box diagrams
before(after) peak

Orange line: adding in 2-Higgs-2-fermion
coupling contributions, interferes
destructively ~> inversion of effect

Light blue line: all fop partners added in
enhancement before and after peak
compared to SM

=> can in principle distinguish elementary
from composite 2HDM

M.M. Mithlleitner, KIT PRE-SUSY 2024
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The 2-Higgs -odet (2HDM)

- ¥ as
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The 2-Higgs Doublet Model (2HPM)

- one of the simplest SM extensions

- provides DM candidate in its inert version

- supersymmetry requires intfroduction of two Higgs doublets

- provides strong-first-order phase transition (one of the three Sakharov conditions
for the generation of the baryon asymmetry through EW symmetry breaking)

* Rho parameter: fulfilled as it is a doublet extension
% Flavour-changing neutral currents: will be discussed below

= Unitarity constraints: amplitudes for longitudinal gauge boson scattering (V,V, — V,V;)

and fermion scattering (f.f, — V,V,, f.=fermion w/ positive helicity) must not violate
unitarity bounds. In SM, this is ensured by existence of light Higgs with couplings

gm gm
SHWW = 2W Cmd S8Hff = \/En:W
In 2HDM, there are two scalar Higgs bosons coupling to VV: h and H. For unitarity, they
must fulfill the sum rules

2 _ SM _SM
Z Envv = ghVV + gHVV (gHVV) and Z Envv8n,tr = 8nvv8nir T 8uvv8ar = 8avvEHf

i

M.M. Mithllettner, KIT PRE-SUSY 2024
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The 2HDPM Higgs Potential

SU(2).xU(1)y gauge-invariant, renormalizable, CP conservation,
discrete Z, symmetry under which ®, - — ®,, ®, — ®, => potential w/ softly broken 7,

2 2 ) 2
V= m} @0, + m3,00, — ml ([0, + Ol0, ) + = (0j@,) + = (@},)

(cbicbz)z + (cbgcbl)z]

p
+1; {0, 0!, + 1,0[D,0ID, + 75

CP conservation: all parameters are real

¢+
@a — ( ’Ua—l—p:—}-zna > 9 a/ — 1’ 2
V2

Plug in expansion in V, collect all terms bilinear in the fields ~>
mass matrices; diagonalize mass matrices w/ orthogonal matrices that are functions of

the mixing angles a (neutral CP-even matrix) and / (neutral CP-odd and charged matrices) ~>
physical states
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e Higgs spectrum and masses:

2 neutral CP-even Higgs bosons: h and H, with m, < my
1 neutral CP-odd Higgs boson: A

2 charged Higgs bosons: H*, H™

Vo

Mixing angle 8 : tan f = — ; to reproduce the W and Z masses, we must have v{ + v; = v?
Vi
2
2 mis A+ As 2 2 o 1 2 m;
X = —_ = M* — —(\ \ 2 _ 12
Masses M+ (’01’02 9 ) (’Ul + ’U2) 2( 4 + 5)’0 M Sin B cos B

2 m%z )\ 2 2N A2 2
mA—(—— 5)(v1+v2)—M — A5V

5 1 ) ) M ; matrix elements of
My = 5 M+ MnE \/ (M = Mgp)? + 4Mi, the mass matrix in the

neutral CP-even sector

o 2ZHDM input parameters: my, my, my, my-, m122, cos(ff — a), v, tan f
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T ceoging NN

o Alignment limit: one of the neutral Higgs bosons has to be approximately aligned with the
direction of the Higgs VEV in field space ~> limit of a SM Higgs

o Alignment with decoupling: Alignment limit in extended Higgs sector realized if all additional
Higgs states are very heavy: decoupling limit

» Alignment without decoupling: occurs generically in 2HDMs

= Masses of the heavy 2HDM Higgs bosons take the form: ® = H, H* A
m3 = M? + \v*(+Ov*/M?))
; linear combination of 4,,..., s

= In case M* > 1v*: heavy Higgs bosons decouple, h behaves SM-like (sin( — a) — 1)
alignment/decoupling limit

= alignment without decoupling: H can become SM-like particle (cos(f — a) — 1) ~> light Higgs
h with mass below 125 GeV in the spectrum

= Strong coupling regime: M?* < Av*: large value of mg, for A large (limited by perturbativity)
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e Yukawa Lagrangian: g, — —{Q'L(F1<I>1 + T9®,) Dy — Q) (A D) + AxD,) U
LT3 + TL®,) El + h.c.} ,

where Q, L denote the left-handed quark and lepton doublets and Q = (U,D)?, L =
(v, E)T, with U = (u,¢,t)T, D = (d, s,b)T, v = (Ve, v, ;)T and E = (e, u, 7). The indices
L, R denote left- and right-handed fermions f given by

1

Jo,r=PLrf = 5(1 F)f -

We have defined ®, = (®7¢)t, with
(0 1
€ = 10 .
The couplings 'y, A, and II, (a = 1,2) are 3 x 3 complex matrices in flavour space.

Problem w/ 2 Higgs doublets: Mass and coupling matrices cannot be diagonalized simultaneously
~> FCNC at tree-level!

» Solution: Extend discrete Z, symmetry of Higgs sector o Yukawa sector such that only
one Higgs doublet couples to a given right-handed fermions
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e Four 2ZHDM types:

e Alternative solution: alignment in flavor space of the Yukawa couplings
Ty =& Ty, Ap=EeA, My=E&e ™I

masses and couplings are proportional to each other ~> can be diagonalized simultaneously
four Yukawa types appear as special cases of the aligned 2HDM (A2HDM)
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 Potential Bounded-From-Below: quartic part of the potential positive for arbitrarily large
field values ~> (tree-level analysis)

V@) )

Deshpande ,Ma, 78;Klimenko, 85
% A1 Z O ’ A2 Z 0 : ’ :

T Az > —v/ Az, A3+ A — [ As] > =/ A s

Inclusion of higher-order effects: check the tree-level conditions for running A, at any
scale Q up to which model is considered to be valid

dA,; B
d1n0 = :Bi(gj)
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» Potential Bounded-From-Below: quartic part of the potential positive for arbitrarily large
field values ~> (tree-level analysis)
V@) )

Deshpande ,Ma, 78;Klimenko, 85
% A1 2 O ) A2 Z O [ ’ ]

T Az > —v/ Az, A3+ A — [ As] > =/ A s

Inclusion of higher-order effects: check the tree-level conditions for running A, at any
scale Q up to which model is considered to be valid

dA,; B
d1n 0 = :Bi(gj)

e Electroweak vacuum w/ v=246 GeV is the global minimum:
possible 2ZHDM vacuum directions o,

q;lzi( p1+1m ) <I>2=i( p2 + wcB + 1172 )
V2 \G1 +wi+iy )’ V2 \G2 +wa + 1 (Y2 + wep)

neutral CP-conserving minima: o, @,
neutral CP-violating minimum: wcp
charge-breaking minimum: wcp
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e Electroweak vacuum w/ v=246 GeV is the global minimum:

[Ferreira eal,04;Barroso eal, 05;Ivanov,07;Ivanov'08]

- If the potential has a CP-conserving minimum w,, @, , then any other stationary point
(either wcp or wep) is a saddle point w/ a higher value of the potential

[Ivanov'O8;Barroso,'12,'13]
- Two CP-conserving minima could coexist, however! Panic Vacuum!

Vacuum w/ the symmetry breaking pattern (v=246 GeV) is the global minimum if and only if
D = mi,(mf, — /21 2m3) (v lvy — (AA) ) > 0

e Perturbative Unitarity:
make sure that the potential couplings do not become non-perturbatively large %~
analyze eigenvalues of the S matrix for scalar-scalar scattering amplitudes: RN

3 9
ay = §(>\1 + Ag) & \/Z(Al —A2)2 + (2A3 + \g)?,

1 1
SO+ 2) £ 21/ 0n =22+ 432,

=> Require (tree-level perturbative unitarity:
Az — M| < 8m

bt

i i
i = SO A E 5y (= )2 4N,

e = X342\ —3Ns, A3 +2Xs £3X5| < 87
€2 = }‘3_>‘57 1
fo = A+22+3)s, 2 (/\1+/\2+\/(/\1—>\2)2+4/\£21) < 8
- = X+, 1
fi = A3+ Aq, —()\1+)\2+\/()\1—)\2)2+4)\§> < 8.
1= A3—Ag. 2
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e Electroweak vacuum w/ v=246 GeV is the global minimum: ‘.

05;Ivanov,07;Ivanov'08]
- If the potential has a CP-conserving minimum «,, w, ,* Nofe: These rules are ry point

(either wcp or weg) is a saddle point w/ a higher valuc No longer valid when
vacuum is investigated

including higher-order vanov08;Barroso,12,13]
- Two CP-conserving minima could coexist, however! Par corrections

Vacuum w/ the symmetry breaking pattern (v=246 GeV)'s the global minimum if and only if
D = mi,(mf, — /21 2m3) (v lvy — (AA) ) > 0
e Perturbative Unitarity:

make sure that the potential couplings do not become non-perturbatively large %~
analyze eigenvalues of the S matrix for scalar-scalar scattering amplitudes: RN

3 9
4. = §(>\1—|—>\2):|:\/Z(Al—)\z)2+(2>\3+>\4)2,

1 1
SO+ 2) £ 21/ 0n =22+ 432,

=> Require (tree-level perturbative unitarity:
Az — M| < 8m

b+

i i
i = SO A E 5y (= )2 4N,

e = X342\ —3Ns, A3 +2Xs £3X5| < 87
€2 = }‘3_>‘57 1
fo = A+22+3)s, 2 (/\1+/\2+\/(/\1—>\2)2+4/\£21) < 8
- = X+, 1
fi = A3+ Aq, —()\1+)\2+\/()\1—)\2)2+4)\§> < 8.
1= A3—Ag. 2
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e Inclusion of renormalization group running of the parameters:
(capture - ,hopefully" - bulk of higher-order corrections)
[Basler,Ferreira,MM,Santos,'17]
- Perform RGE running of all potential parameters and VEVs starting at mz
- At each scale between mz and the Planck scale verify whether the theoretical constraints
are still verified
- If yes, proceed to a higher scale and repeat

Note: Higgs mass values and quartic couplings are closely related ~> if at scale mz we start

with a heavy Higgs spectrum ~> start values of quartic couplings 4; are large ~> scale up to
which model remains perturbative, is lowered

N / / m<l> ~M
l 0 Y\D’(\—'\OG«\.LCL
M. < ; : Limik
cl)‘l q”L | !
\ ) -
< N A
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Flavor constraints set stringent lower bound on mi: in 2HDM Type II! [Basler Ferreira, MM, Santos,17]
1000 101 1000 101
900} 10% 950+ 10%7
800} 10%? 900 10%
— 700} 1017 — 850} 1017
e = =
o, ooy 10" O 800t 1073
E% 500 100 = g 750} 100 =
~400f 107 700 107
0f 10° 650 10°
200 - SR 107 600 10?
04 -02 00 02 04 06 -1.0 —05 00 05 1.0
cos(f — «) cos(f8 — «)

my= > 500GeV and requirement of validity up to the Planck scale ~> alignment
(exp. & theor. 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; ...]
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 Precision predictions to Higgs observables indispensable: match experimental precision;
be sensitive to subtle beyond-SM (BSM) effects; if detected, identify underlying model,
distinction from possibly other models w/ similar features

e EW higher-order corrections in the 2HDM:
- cautiously chose renormalization scheme in order not to introduce gauge parameter

dependence in HO corrections from mixing angle renormalization;

[Krause,Lorenz, MM,Santos,Ziesche,'16;Krause, MM ,Santos,Ziesche,'16]
[Denner,Jenniches Lang,Sturm,'16;Altenkamp,Dittmaier,Rzehak,'17;Denner,Dittmaier,Lang, 18]

solution: apply so-called tadpole scheme for the renormalization of the VEV
project out gauge-parameter independent terms (pinching)

See also N2HDM: [Krause Lépez-Val, MM,Santos,'17]; multi-Higgs: [Fox,Grimus,Loschner,'18;Grimus Loschner,'18];
singlet-extended SM: [Bojarski,Chalons Lopez-Val ,Robens]; [Dittmaier Rzehak,22]

- quartic couplings input parameters, only constrained by unitarity constraints =>

[Kanemura,Kiyoura,Okada,Senaha,Yuan, 02;Braathen,Kanemura,'19,20]; [Krause, MM ,Santos,Ziesche,'16]; [Bahl,Braathen,Weiglein,22]
HO corrections involving trilinear Higgs self-coupling can be parametrically enhanced

1022
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[Krause, MM ,Santos,Ziesche,'16]
Parameter scan in the 2ZHDM type II, exp. & theor. constraints applied

300
250} _pNLo _pro [ *T PRt
. Al = ]_"LO ©%e DOS

2001 * ceo DL
g ].JO" P o
% 100{ "o )

f.O...o o

q 50;..‘0: % o

?fihh[GeV]

Parametrically enhanced NLO corrections in the non-decoupling limit
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G Codes for o corvestions to e SRR

e Fortran code HDECAY: [Krause, MM, Spira, 18]
partial decay widths and branching ratios at one-loop EW and including the state-of-the-art
HO QCD corrections; includes tree-level of f-shell decays and QCD corrections to the
loop-induced decays; offers choice among renormalization schemes w/ automatic parameter

conversion [Krause,MM,'19]

ABR bb L pwtp= 8§ cc ole] 0% Zy WHWw— Z7
-1.76% -1.59% -3.52% 2.24% -3.81% 4.34% -2.29% -0.71% 3.68% 1.61%

SM

Table 6: Relative size of the EW corrections to the BRs of the SM Higgs boson Hsm with mass mpg,, =
125.09 GeV.
-

e Based on Fortran code HDECAY: [Djouadi,Kalinowski,Spira,'97; Djouadi,Kalinowski,MM,Spira,'18]

computation of LO decay widths, of f-shell decays and loop-induced 2HDM decays including
state-of-the-art QCD corrections
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1 Program Codes for HO Correstions to the 2HBM |

e Fortran code 2HDECAY:

[Krause, MM ,Spira,'18]

partial decay widths and branching ratios at one-loop EW and including the state-of-the-art
HO QCD corrections; includes tree-level off-shell decays and QCD corrections to the
loop-induced decays; offers choice among renormalization schemes w/ automatic parameter

conversion

bb
-1.76%

ABR

-
1

SM

Table 6: Relative size of t
125.09 GeV.

—

S
ABR7L -

ABRSL

< 15.0% (48 %)
< 27.5% (93 %)

<10.0% (52%)
<25.0% (92%)

<10.0% (52 %)
| $25.0% (92%)

<12.5% (52%)
< 32.5% (88 %)

<5.0% (51%)
< 15.0% (80 %)

<5.0% (68%)
<10.0% (91 %)

<5.0% (65%)
| $10.0% (86%)_

<5.0% (65%)
<10.0% (88 %)

ABRSL

< 47.5% (50 %)
>100.0% (29 %)

< 62.5% (50 %)
>100.0% (39 %)

< 67.5% (50 %)
| 2 100.0% (38%) |

<90.0% (40 %)
>100.0% (57 %)

[Krause, MM,'19]

W~ VA

8% 1.61%

ABRYL

S1
ABR’HW:E HF

<5.0% (48 %)
<22.5% (85%)

<2.5% (60%)
<10.0% (86 %)

<'5.0% (61%)
| S15.0% (88%)

<5.0% (68%)
<12.5% (87 %)

<5.0% (56%)
<17.5% (81%)

<5.0% (60%)
<10.0% (87 %)

<5.0% (71%)
| ST75% (84%)

<5.0% (67%)
<7.5% (85%)

5
ANBISE,

S
ABRI‘IIT+ T

<15.0% (49 %)
< 35.0% (88 %)

<15.0% (54 %)
< 25.0% (91 %)

<15.0% (54%)
< 27.5% (90 %)

< 15.0% (55 %)

< 27.5% (90 %)

M.M. Mithllettner, KIT

< 90.0% (28 %)
>100.0 % (70 %)

<90.0% (10%)
| 2 100.0% (89%) |

<90.0% (20 %)
>100.0% (78 %)

<90.0% (14 %)
>100.0% (84 %)

2HDM

with mass mpug,, =

—
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1 Program Codes for HO Correstions to the 2HBM |

e Fortran code 2HDECAY: [Krause, MM, Spira, 18]
partial decay widths and branching ratios at one-loop EW and including the state-of-the-art
HO QCD corrections; includes tree-level of f-shell decays and QCD corrections to the
loop-induced decays; offers choice among renormalization schemes w/ automatic parameter

conversion

e Fortran code HCOUP: [Aiko,Kanemura,Kikuchi,Sakurai,Yagyu, 23]
various Higgs effective vertices, decay rates, branching ratios at one-loop EW and HO QCD
for 2HDM and Higgs singlet model

° PyThOh code anyHa: [Bahl,Braathen,Gabelmann,Weiglein, 23]

one-loop corrections to trilinear SM-like Higgs self-coupling 4,,; for any renormalisable
model for with arbitrary external momenta values; semi-automotic, flexible renormalisation
procedure
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The CP-Violating 2HDPM (CHDM)

one of the three Sakharov conditions for the generation of the
baryon-anti baryon asymmetry through electroweak baryogenesis

w/ softly broken Z, symmetry
) ) ) A 2 A .
V= m} @0, + mhold, - (meld, +h.c. )+ = (@0,) + = (@}0,)

+/13((DT(I)1)((DT(D2) + /14((I)T(D2)((I)Tq)1) +

/1 2
- (@1@2) +h.c.]

All parameters are real except for m?, and As: m?, = |m2, | 0" | Jo = | s | e
The two complex phases are not independent of each other

2Re(m?,) tan ¢(m?y) = viva Re(Xs) tan ¢(As)
Ensure CP violation (both phases cannot be removed simultaneously) by choosing:

P(As5) # 2 ¢(m%2)
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e CP-violating 2tom (caHER

» Mass spectrum and mixing: CP violation ~> neutral formerly CP-even (h,H) and CP-odd (A)
states mix to mass eigenstates H; (i = 1,2,3) with indefinite CP quantum number

o7 3 h -
¢ = vitpit+im (I)Z — v2+p2+in2 => H2 =R P2
V2 V2 Hj p3
C1C2 S1C2 S9
with R=| —(c18283+ s1c3) cic3 — 818283 €283 and MH, <My, < My,

—c189¢c3 + 8183 —(c183 + 8182¢3) Ccac3
only two masses are

—7/2 < oy <m/2, —m/2 < ag < /2, —7m/2 < ag <7/ 2 independen‘r:

qul Ri3(Rigtan 8 — Ry1) + m%[z Ro3(Raatan 8 — Ra1)
R33(R31 — R3z tan 3)

2 _
mH3—

Charged Higgs sector is unchanged.

* C2HDM input parameters: my, my, my, Re(my,), v, tan B, Rys, i yys Cigyy » With my < my,

and sign of R ;to lift degeneracy from squared couplings

» Allowed amount of CP violation: stringently constrained by EDM measurements
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[ Thece-violating atom (carem)

» Mass spectrum and mixing: CP violation ~> neutral formerly CP-even (h,H) and CP-odd (A)
states mix to mass eigenstates H; (i = 1,2,3) with indefinite CP quantum number

¢

| P2
vitp.
v 3 neutral CP-mixed Higgs bosons: H|,H,, H;, p3

with my <my <my
2 charged Higgs bosons: H", H™

<1>1:< SN 2N ( Hy \ [ ;1

with R=| —(c.
—C152€3 + 8183 —(C183 + 5152€3) C2€3 /

S mH, S TMH,

only two masses are

—7/2 < a; <7/2, —7m/2 < ag < /2, —m/2 < az <m/2 independen‘r:

2 qul R13(R12 tan 8 — R11) + m%{z R23(R22 tan 8 — Rzl)
s R33(R31 — R3z tan §)

Charged Higgs sector is unchanged.

* C2HDM input parameters: my, my, my, Re(my,), v, tan B, Rys, i yys Cigyy » With my < my,

and sign of R ;to lift degeneracy from squared couplings

» Allowed amount of CP violation: stringently constrained by EDM measurements
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3 . .
Mfzr e N | s .0 3 Biekotter Fontes, MM ,Romdo,Santos,Silva,'24
Ly == TLF [t F) +ic(haf Pvs) fha [ ]

(%

i=1
) ] =hqos5 Lepton-Specific, h1=h425
L o I B S e B S B B S A ST 7
- inclusion of limits on CP violation in h77 coupling |
i ] 1  from LHC hy,5 — 77 measurement: @, . < 41°
05 - - 0.5 - -
Ool-' Ot.l)-‘ I ]
g of 1 £ of :
C C
(@) (@]
2} 2}
-0.5 | - 05 - -
1} - 1k -
_15 I PR ST ST T T ST ST ST T ST S ST ST S N ST S ST S N S S S S R S S " ] _1.5 I PR SR S T (T SR ST ST TN N S SN ST S N ST ST S S N S S S S S S S "
1.5 -1 -0.5 0 0.5 1 15 1.5 -1 -0.5 0 0.5 1 1.5
sgn(ky) ¢t sgn(ky) ¢t

Combined fits from LHC run2&3 on Higgs data&searches, new EDM results, data from direct CP-violation
searches in angular correlations of the 7's in h,5 — 77, the bound on my: from b — sy constrain possible
amount of CP-violation: only in the LS case a sizable amount of CP-odd components, |c’| ~ |c¢|, is still

allowed, where CP violation occurs in the hj,s77 coupling. The amount is ultimately limited by the LHC
measurements of a;, .,

The dark red points obey the currently strongest limit on the eEDM 4.1 x 10-30 e.cm reported by JILA [60].
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[Fontes,MM Romdo,Santos,Silva,Wittbrodt,'17]

» Fortran code C2HDNM_HDECAY: partial decay widths and branching ratios in the CP-violating

2HDM including of f-shell decays, loop-induced decays and state-of-the-art higher-order
QCD correction
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o The NZHDM: based on the CP-conser'ving 2HDM [Chen Freid,Sher,14] [MM,Sampaio,Santos,Wittbrodt,'16]

w/ a softly broken Z, symmetry, extended by a real singlet field &g

e Motivation:
- enlarged Higgs sector ~> rich phenomenology
- study effect of singlet admixture

- rich vacuum structure (possibility of strong first order phase transition)
- possible Dark Matter candidate
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. The NZHDM bC(SZd oh The CP—conser'ving ZHDM [Chen Freid,Sher,14] [MM,Sampaio,Santos,Wittbrodt,'16]
w/ a softly broken Z, symmetry, extended by a real singlet field @

e The tree-level potential:

A A
Vo= mh|@i” + mby|@af? — miy(]@2 + hc) + T (@181) + T ($]22)’ } .y

structure

A
+23(2]81)(2522) + Aa(B]92)(21®1) + T((9]92)” + huc]

1 A A A
+5mE@E + T8+ T (2] 21)0% + T (9]22)25% .

invariant under two discrete symmetries:
Ly &1 @1, P2 —-Dy, P5— Pgs (softly broken)
Zé: D >P;, Py >Py, Pg— —Dg

e After EWSB:

o7 b3
q) — . ; q) - . y CI) =
' ( 5 (v1 + p1 + im) 2 5 (v2 + p2 + in2) S = Vst PS
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* Higgs spectrum and mixing angles: charged (H*) and pseudoscalar (A) sector unchanged,
three neutral scalar field py, p,, pg mix to Higgs mass eigenstates H;(i = 1,2,3)

Hy P1 Cay Cas SaqCo Sas
Hy =R P2 with R = _(Cal SazSas T Salca3) Ca1Caz — SazSazSas CazSas
Hs pPS —Ca;SayCaz T SagSaz _(Cal Saz T salsa2ca3) CasCas

T s
__ < ol
and mp, < mg, < mg, g = Y123 %5

e N2HDM input parameters: My My, My, m122, ay, Ay, 0z, v, tan B
» FCNCs at free-level: avoided by extending Z, symmetry to Yukawa sector ~> 4 N2HDM

types analogously to the 2HDM
[MM,Sampaio,Santos, Wittbrodt,1612.01309]

u-type d-type leptons

e.g. Yukawa coupling modification type I % % %
factors of the N2HDM Hi Higgs type II R_fz R_fl R_zﬁl
bosons w.r.t. the corresponding . E@ }?z[? ﬁ@
SM coupling lepton-specific e 3—22 C—;1
i Rio Riy Rip
flipped S cs sp
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T ThenettozeM (NakeM)

* Higgs spectrum and mixing angles: charged (H*) and pseudoscalar (A) sector unchanged,
three neutral scalar field py, p,, pg mix to Higgs mass eigenstates H;(i = 1,2,3)

H; P1 \ 3 neutral CP-mixed Higgs bosons: H,, H,, H;, 5a;Ca, Sa
H2 =R P2 with i’l’lH1 < mH2 < mH3 — Sa1SazSas CazSas
Hs pPS ; T Salsazca3) CasCas

1 neutral CP-odd Higgs boson A
2 charged Higgs bosons: H*, H™ T i
and myg, <mp, < TS M2ss g

LLS

* N2HDM input parameters: my g, mys, m?,, a, ay, 0z, v, tan 3
» FCNCs at free-level: avoided by extending Z, symmetry to Yukawa sector ~> 4 N2HDM

types analogously to the 2HDM
[MM,Sampaio,Santos, Wittbrodt,1612.01309]

u-type d-type leptons

e.g. Yukawa coupling modification type I % % %
factors of the N2HDM HiHiggs type II R_Z R_zB1 R_fl
bosons w.r.t. the corresponding E@ }‘é? I%@
SM coupling lepton-specific S—Z; 8—22 C—;l
' Rz Riy Riz

flipped y > 5
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W mrergconstaines

» Theoretical constraints: tree-level perturbative unitarity, boundedness from below,
global minimum; for details, cf. (mm sampaio, Santes Wittbrodt,1612.01309]

e More on the N2HDM potential minimum structure: [Ferreira,MM,Santos,Weiglein,Wittbrodt,1905.1023]

- First normal stationary point ./: both doublet w/ non-zero real VEV, singlet VEV=0 => Z/
preserved; singlet does not mix w/ remaining scalars ~> DM phase

<¢1>N=%(i)a (‘I’2>N=%(i), (Ps)n =0

- Second normal stationary point ./'s: both doublet and singlet w/ non-zero real VEV => Z}
broken; singlet mixes w/ the remaining scalars

@iva= 25 ()@= T () @ohe s

- Analogously first and second charge-breaking, resp. CP-breaking stationary points

- Stationary point S: doublets do not acquire VEV, only singlet has non-zero VEV ~> EW gauge
bosons and fermions massless ~> unphysical

- Further possibilities: existence of multiple minima of types /', /s or S, also panic vacuum!
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Possible vacua in the Next-to-Minimal 2-Higgs-Doublet Model (N2HDM)

[Ferreira, MM ,Santos,Weiglein, Wittbrod+t,1905.1023]

dangerous N
dangerous CB
dangerous CP
long-lived

absolutely stable
only EW vacuum

1.20 L _ (o(H)BRMH = yDyowpy
o = TG (H)BR(H = 17)sw ¢
1.15 ) °
[ ]
1.10 ¢
O
1.05
S
3
1.00
0.95
0.90
0.85
200 400 600 800 1000
my= [GEV]

1200 1400

Note: Vacuum structure will be changed through higher-order correctionl
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Possible vacua in the Next-to-Minimal 2-Higgs-Doublet Model (N2HDM)

[Ferreira, MM ,Santos,Weiglein, Wittbrod+t,1905.1023]

dangerous N
dangerous CB
dangerous CP
long-lived

absolutely stable
only EW vacuum

1.20 _ (6(H)BR(H = y7)N2upm “
o = TG (H)BR(H = 175y ¢
1.1 ¢
[ ]
1.10 ¢
o
1.05
<
- |
1.00
0.95
0.90
0.85
200 400 600 800 1000
my= [GEV]

1200 1400

Note: Vacuum structure will be changed through higher-order correctionl
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1 ThevarkPhases of the narem ]

» Discrete symmetries: If both symmetries
Zy @1 — @1, Py -0y, P5— Pg 7y ®1 - B, By Py, Pg— —Pg

are exact ~> DM candidates; tree-level potential (no m?,):

A 2 ) 2
Vscalar = m11CI)T¢)1 + mQQCI)Tq)2 + 21 ((I)];q)l) + ?2 (¢£¢)2)

2
+ A3®] @3}, + 1, 0] D,05 0, + ’\25 [(@’{%) + h.c.]

1 /\6 )\7 )\8

1 2x2 4 T 2 ’r
Broken Phase (BP): doublets+singlet non- Dark Doublet Phase (DDP): one doublet+singlet non-
zero VeVs; Z,,7 spont. broken ~> zero VeVs; Z, exact,Z, spont. broken ~> 4 dark sector
no DM candidates particles (A, H),, Hy,), 2 visible particles (H,, H,)
Dark Singlet Phase (DSP): both doublets Fully Dark Phase (FDP): only one doublet non-zero VeV;
non-zero VeVs, singlet zero VEWV; Z) Z, and Z5 exact ~> visible SM Higgs (H,,), dark
unbroken ~> 1 DM sector particle (), particles (HD, Hg, Ap, Hg)

5 visible particles (H,, H,, A, H*)
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[Engeln,Ferreira, MM, Santos,Wittbrodt,2004.05382]

0 200 400 600 800 1000
mpwm [GeV]
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_ (6(H)BR(H = y7))N2upm

M = T G (H)BRMH — 77

[Engeln, Ferreira, MM,Santos, Wittbrodt,2004.05382]

BP
1.1
> 1.0
3
0.9
0.8 o0 ~
DSP
1.1
> 1.0
1 %&\/
0.9
0.8 ]
0 200 400 600 800
my= [GeV]

! l

1000 O

200 400 600 800 1000
myz [GeV]

Visible H* always suppress M, compared to the SM; H7, have more freedom in their couplings ~> enhance or suppress rate

=> ji,,, measurement could exclude BP, DSP

M.M. Mithllettner, KIT
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» Computation of the mu values: requires computation of the production cross sections

(obtained from SM/MSSM results by multiplying w/ the appropriate coupling modification
factors) and the decay widths:

[Engeln, MM, Wittbrodt,'18]

» Fortran code N2HDECAY: computation of the N2HDM branching ratios and decay widths

including state-of-the-art QCD corrections and off-shell decays; also for the dark phases
of the N2HDM

[Krause, MM,'19]

 Fortran code ewlN2HDECAY: computation of the one-loop EW corrections to the N2HDM
on-shell Higgs decays including the state-of-the-art HO QCD corrections (not for the
dark phases)

M.M. Mithllettner, KIT PRE-SUSY 2024 123



[Krause, MM,'19]

» Fortran code ewN2HDECAY: computation of the one-loop EW corrections to the N2HDM
on-shell Higgs decays including the state-of-the-art HO QCD corrections (not for the

dark phases)
Type ABR}‘{'II2 -
I < 7.5% (48 %)
| ___ | S300%(87%)
II <7.5% (46 %)

< 25.0% (90 %)

LS <5.0% (45 %)
| S225% (90%)

FL <7.5% (50%)
< 30.0% (90 %)

S1
Type ABR Hoprt 7=

I <10.0% (51 %)
< 35.0% (87 %)

II <7.5% (50 %)
< 25.0% (90%)

LS | <10.0% (62%)
| $225%(90%)

FL | <10.0% (58%)
< 30.0% (86 %)

S1
Type ABRsziEF

I <12.5% (41%)
> 100.0% (33 %)

II <7.5% (59 %)
> 100.0 % (19 %)

LS <5.0% (51%)
| S200% (83%) |

FL | <15.0% (21%)
>100.0 % (55 %)

S
Type ABR Hl2 Hy Hy

I < 50.0% (50 %)
>100.0 % (37 %)

II < 40.0% (50 %)
>100.0% (31 %)

LS | <45.0% (50%)
______ < 100.0% (32%) _

FL | <37.5% (50%)
> 100.0 % (29 %)

[Krause,MM,1912.03948]
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[Azevedo,Gabriel MM ,Sakurai,Santos,2104.03184]

» Dark Doublet Phase of the N2ZHDM: one doublet (®,) and singlet (®g) acquire VEV ~>
Z, (Z5) unbroken (broken) (¢ extension of the inert 2ZHDM) ~>
spectrum; visible; H,, H,, dark sector: H,, A;,, H*: lighter of the H,, A, is the DM candidate

o LHC search for DM particles: Higgs decay into DM, H,/H, - DM DM
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[Azevedo,Gabriel MM ,Sakurai,Santos,2104.03184]
1 2

DDP My, < Ma,: My, =125.09 GeV DDP My, < Ma,, My,=125.09 GeV

1

1000 T llllll(% T T TTTIT T 7 R 0 T TTTT
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Ib: o illel _100 1 llllllllp 1 l[llllllo | lllIllP 1
10* 10° 102 10" 10° 10° 10* 10 10% 10" 10°
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>
Experimental bound on invisible branching ratio: BR,, = 0.11
OS proc. scheme: most stable renormalization scheme; large corrections appear

for very small LO BR below LHC sensitivity
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[Azevedo,Gabriel MM ,Sakurai,Santos,2104.03184]

1 2
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Experimental bound on invisible branching ratio: BR,, = 0.11
OS proc. scheme: most stable renormalization scheme; large corrections appear
for very small LO BR below LHC sensitivity
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+ Supersymmetry: relates bosons <> fermions:

Q|F >=|B >

1 multiplet
Q|B >= |F >

+ Motivation:
(i) maximal symmetry of the S matrix compatible with Poincaré group (space-time symmetry)

Coleman-Mandula theorem: Bosonic operators cannot extend the Poincaré algebra.

Fermionic operators: Q ~ spin % = graded Lie-algebra

(ii) Hierarchy problem
Standard Model: ELW scale v ~ 102 GeV — GUT scale Mgy ~ 106 GeV

Fermion masses stable against radiative corrections.
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Boson masses unstable:

£1= (/0 —mp)p + 1 (0,8)? — sm3S? — "X s

3\? A?
S F 5mF = — Fn;F lOg—2 + ...
E, > > -2 U A g 647T mF
)\2 A2
omz — A% —milog —5 | +
872 ma

F': mild log. divergence ~ mpglogA — 0 for mp — 0 (mp — 0 — ~y5-symmetry)

B : quadratic divergence ~ A? — cancelled only by fine-tuning of the bare mass term.
Bosonic masses cannot be kept small in a natural way within the presence of high-energy scales

SUPERSYMMETRY:
Bosonic masses can be kept small in a natural way if bosons are related to fermions.
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Ly = [0up1]” + 02" + )‘7552(|¢1|2 +162/") = mg(I1]° + [92%) [ < 61, ¢2]

| \|¢
gt .‘1____3_
omz = —I—& A? —m2lo A—2 + (+Pauli principle)
s = tgo s gmé princip
22 A?
mg = —=—= Az—m?rlog_]Jr
872 ms

2
dm% ~ g (m% —m3)log A

SUSY:

degree of freedoms : 2 fermionic <+ 2 bosonic }
AF = Ag

If SUSY is exact (unbroken), then my = m, ~> no log divergence left
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(iii) Higgs mechanism generated via radiative corrections (for m, ~ 100...200 GeV) - T
(iv) Unification of elm + weak + strong couplings - T
S0 = & 2ilogQ? for i=U(1),SU(2),SU(3)
SM: No single crossing point: order of magnitude deficit.

SUSY: Unification of couplings da/a =~ 1.5%. Depends solely on quantum numbers,

independent of mass spectrum beyond ~ 1 TeV.

(v) Cold Dark Matter (CDM): If SUSY particles assigned conserved multiplicative quantum
humber,

R-parity = +1 SM, = —1 SUSY, then

SUSY particles prod. pairwise in SM collisions  lightest SUSY particle stable: CDM candidate

(vi) Local SUSY: enforces gravity
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Evolution: M,-zlr2 (Q?%) ~ ME + u® — 2%2(3]\/—[3 + p?) log MQ .

Mo=300 GeV, M, ,=100 GeV, Ag=0
M3, (M%) < 0 possible for m; ~ 100 — 200 GeV 400

— radiative symmetry breaking
SU3 X SU2 X U1 — SU3 X Ufm

300

200

100

Sparticle Mass (GeV)
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Measurements
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Measurements
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Suq:ersg mme’crgj - MSSM

Low-energy Supersymmetry:

1) Doubling of particle spectrum, enlarged Higgs sector
2) Equal coupling constants in the fermionic ~ bosonic couplings
3) mgy ~ O(100 GeV = m, = it < O(1 TeV)

SM alone cannot be formulated as SUSY theory =

SUSY-Standard Model = SM ® SUSY (N = 1)

minimal particle content

— Doubling of particle spectrum: SM+SUSY partner

Benchmark model, compatible with experiment, for exploiting phenomenology of SUSY models

Gauge field and matter Lagrangians adapted to SU(3) x SU(2) x U(1)
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+ Higgs sector: Give masses to up- and down-type quarks + anomaly-free theory = left-chiral
superfield H, with hypercharge Y = + 1 and left-chiral superfield H, with ¥ = — 1

H,= W7, H =@, —h)T

*+ Matter- and Higgs-superfield and particle content of the MSSM:

Superfield SUB)ce SU(2), U(l)y Particle content
Sl e (5 ()
€r, €r €L
E° 1 1 2 €Rr, €R
5 (U 1 U Ur
o-(z) o+ 2 (i)(a)
4 3 1 Up, U
De 3 1 2 dr, d%
. Bt H,
Hy=|{ .2 1 2 1 .
= () ()
N BO* Hl
H, = 1 1 2* —1 ~
=) (&)

*+ Gauge-superfield and particle content of the MSSM:

Superfield SU(3)¢ SU(2)r U(l)y Particle content

Ge 8 1 0 G-, §
B 1 1 0 B* b
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MSSM Higgs Sector

CP conservation

Viiges = (mig, + | p ") | Hy |* + (g, + |1 |*) | Hp|* — Bue(H{H) + . c)
2 2 2
g +8 g
— [|Hl|2—|1L12|2]2+7|1L11THz|2

2 complex Higgs doublets
_(H\_( b _(Hy\_ (M
me ()= (Ge) e m ()= (i
9.9 SU(2) and U(1) couplings, 1 higgsino parameter, Bu arises from the soft SUSY

breaking Lagrangian
charged components do not acquire VEV ~> EM symmetry unbroken; require
compatibility w/ the phenomenology of the EWSB SU(2);, x U(1), — U(1),,,

v v 2
< HY >= \/—15 and < H) >= \722 with v+ =12°= 4gzrj_zg,2 ~ 246 GeV, tanf = %
1

Insert expansion of Higgs doublets around EW minimum in Higgs potential, extract terms
bilinear in the fields ~> mass matrices ~> diagonalization ~> Higgs mass eigenstates
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I mssmmggssetr

e MSSM Higgs spectrum and masses: CP conservation

2 neutral CP-even Higgs bosons: h and H, with m, < m,,
1 neutral CP-odd Higgs boson: A

2 charged Higgs bosons: H*, H™

Tree-level masses:

m? = Bu(cot B+ tan B) , myx = m5 +miy, My < mgz, My
9 1 9 9 ~> My > mg, My
me g = Sl + m3) F 3/ (mA +m3)? — dmim cos? 26] Mys > Ma,my

mixing angles: p diagonalizes CP-odd & charged sector, a diagonalizes neutral CP-even sector

e Remarks:
- light Higgs mass m;,, given in terms of the gauge couplings (Bu ~ O(my)) ~> no hierarchy
problem (Higgs quartic couplings in potential are given in terms of the gauge couplings!)

- at tree-level: M, < m, ~> higher-order corrections to Higgs mass are crucial to shift
Higgs mass to the measured 125 GeV

- free-level MSSM Higgs sector can be parametrized by only 2 parameters, usually chosen
to be: m,, tan
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MSSM Higgs Sector

L 3

A word on SUSY breaking:

VHig . . + h. C.)
‘  We have not discovered any SUSY particles yet

~> SM and SUSY masses cannot be equal
~> SUSY is softly broken (as couplings are kept equal)

2 complex Higgs do We do not know the exact SUSY breaking mechanism
~> parametrize our ignorance through soft-SUSY

+
H, = breaking Lagrangian :’L% )
2
9. 9" §U(2) and U.(l. Cor = —LMoun for the gauginos soft SUSY
break|n9 Lagr'anglar — mf;]le + ... for sfermions, Higgs
— Us(p) — Us(p) + h.c.  super potential .
charged cor en; require

CompalelllTy w/ the R G A e A B s e e 2 ¢ /) JE A VR g

2
MZ__ ~ 246 GeV, tan B = 2

g2+ g2 V1

v
< H) >= — and < H)>=— with vi+ vy =0v=4

R%

Insert expansion of Higgs doublets around EW minimum in Higgs potential, extract terms
bilinear in the fields ~> mass matrices ~> diagonalization ~> Higgs mass eigenstates

M.M. Mithllettner, KIT PRE-SUSY 2024 140



MSSM Higgs sector — supersymmetry & anomaly free theory = 2 complex Higgs doublets

EWSB neutral, CP-even h, H neutral, CP-odd A charged H+, H™

nggS Masses IHCIUdIng HO corrections Ellis et al;Okada et al;Haber,Hempfling;

Mh 5 140 GeV Hoang et al;Carena et al;Heinemeyer et al;
Zhang et al;Brignole et al;...

MA,H,Hi ~ 0(’0)1 TeV

Decoupling limit:
MA ~ MH ~ MH:I: Z (Y
M}, — max. value, tan 3 fixed; h becomes SM-like

Modified couplings with respect to the SM: (decoupling limit Gunion,Haber)

9dua 9edd gevv

tanB 1T = gouu |

Ca/Sp— 1 —Safcg— 1 | sg_a— 1
Sa/sp— 1/tgB | ca/cg— tgB | cp—a— 0
1/tgf3 tgpB 0

S
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300 | | | | | | | | | | I I | | I | | I | | | | | |

- max -
m Msusv =1TeV, )(t =2 Tev, At = Ab = AT, m,=171.4 GeV//
u= M2 =200 GeV, m, = 800 GeV

tanp = 5

FeynHiggs 2.5 |
| | | | | | | | | | |

150 200 250 300
M, [GeV]

Upper bound on M,
for M, > M. decoupling limit w/ SM-like light Higgs and all other Higgs bosons heavy
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Supersy mmetrg - The NMSSM

- m—

: = —
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The Next-£o Minimal Supersynometric SM(NMSSM)

o The NMSSM: extension of MSSM Higgs sector by complex singlet field

e Motivation:
- solution of the y problem
- less tension to shift the SM-like Higgs mass to 125 GeV (tree-level mass has additional
contribution
- enlarged Higgs sector ~> interesting phenomenology (e.g. Higgs-to-Higgs cascade
decays (e.g. H; » HH; » (HH)(HH)), my, > 2my > 2my )
- CP-violation at tree-level possible in the Higgs sector
- Cancellations in the various EDM contributions ~> more sizable CP violation still possible
[King, MM Nevzorov,Walz,'15]
e Review articles:

- U. Ellwanger, A. Teixeira, Phys.Rept.496(2010)1, arXiv:0910.1785[hep-ph]
- M. Maniatis, Int.J.Mod.Phys.A25(2010),3505, arXiv:0906.0777[hep-ph]
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e CP-Violating NMSSM: scale-invariant, Zs-symmetric

e Higgs Potential: complex/CP-violating

Ve = (ASP2+m% ) H Hy+ (\S|2 +m% YHH, +m%|S|?
1 1
+5(93 + o) (H}Ha — HIHL)? + g5\ HiH. |

+| — €Y Hg:H, j + kS?|? + [— eI NANSHy H,, ; + gls:A,ﬁ.,S‘3 -+ h.c.]

e Higgs Fields after EWSB:

1 : -
—=(vqg + hq + ta . ht i6ps
H,; = x/i(d d d) H, = ¢l ,S=6

hy I (0u + by + iay,) V2

(vs + hs + iay)

e MSSM Limit: A,k — 0 at k/\ = const., Ay, Ak, tefr fixed

e Effective i1 parameter:
AvgePs

,U'eff — \/§

M.M. Mithlleitner, KIT PRE-SUSY 2024 145



+ Tree-level Higgs potential: (neglecting D-term contributions) |
LN

CP-conserving (CPC): 3 CP-even Higgs bosons Hi (i=1,2,3),
2 CP-odd Higgs boson A (j=1,2),
2 charged H* H-

CP-violating (CPV): 5 CP-mixing Higgs bosons Hk (k=1,...,5),
2 charged Higgs bosons H*, H-

+ Higgs boson mass:
* SM: fundamental parameter, not predicted by the theory

* Supersymmetry: calculable from input parameters;
quantum corrections Am2y are important!

MSSM:  mj ~ M7 cos?2f3 +AM2 <« (85 GeV)?2!
NMSSM: m?2, ~ M2Zcos?28 + A20?sin® 28 +Am?2,  « (55 GeV)?

+ NMSSM: less important loop corrections needed compared to the MSSM

+ Why precision predictions for Higgs masses?
compare calculated value w/ 125 GeV = indirect constraint of viable BSM parameter space!
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<* Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ l \

full (N)MSSM perturb| |some very heavy| |combines virtues
series fruncated at SUSY masses: of
fixed order large logarithms fixed order
reliable for not too require and EFT
heavy SUSY masses [ | resummation k calculation |

T ———

< Fixed-Order Calculations: exp. exclusion limits push SUSY masses to high scales
~> terms ~ yyx In(Msx/My) with yx Yukawa coupling, Mx (Msx) mass of (SUSY partner) particle
most important contribution from top/stop sector ~> large hierarchy~> large logs ~> resummation!
needed for reliable results

< EFT calculations: full theory matched to to effective low-energy theory at high-scale;
RGE running from high scale to EW scale resums large logs
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< Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ l \

full (N)MSSM perturb| |some very heavy| |combines virtues

| series truncated at | | SUSY masses: | of |
| fixed order ~ |large logarithms| | fixed order |
| reliable for not too | require | and EFT |

| heavy SUSY masses | | resummation k calculation |

T ———

< Status MSSM spectrum calculations:
FO: up to 2-loop in on-shell (OS) and DR scheme, partial 3-loop in DR scheme
EFT: up to N2LL (included in calculators), N3LL
Hybrid: FeynHiggs, FlexibleEFTHiggs, N3LO+N3LL QCD corrections

< Status NMSSM spectrum calculations:
FO: up to 2-loop in mixed OS-DR scheme and in DR-scheme
EFT: matching to quartic coupling in NMSSM w/ all BSM particles at TeV scale
e.g. [6abelmann,MM ,Staub,” 18,” 19][Bagnaschi eal,” 22]
Hybrid: FlexibleEFTHiggs, SARAH+SPheno
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NMSSM Spectrum Caleulators
- FlexibleSUSY : DR, FO & hybrid,
through FlexibleEFTHiggs

- NMSSMCALC:

FO, real & complex NMSSM, DR and mixed OS-DR
- NMSSMTools : FO, DR scheme
- SOFTSUSY : FO, DR scheme |
- SPheno : FO, DR scheme
e T e

Remarks:

- comparison of codes in DR scheme:
FlexibleSUSY,NMSSMCALC,NMSSMTools, SOFTSUSY,SPheno
- comparison of codes in mixed OS-DR scheme:
FeynHiggs, NMSSMCALC ’
- solution of Goldstone boson catastrophe
- advances in FeynHiggs:
real&complex NMSSM, GNMSSM: 1-loop in, 2-loop&resummation of HO log-effects only in
MSSM limit, no public code yet
- OS masses CP-violating NMSSM, consistent description production/decay

’ 0 Y Y Y o Y .
M.M. Muhllettwner, KIT ¥ [J,V,,'# Hi .F. -o‘..){?l 0 o~ ‘X<m. - A 0 -0 .,Xk.. -0 -0 -Xi'-‘q,i%




Implementation of mass corrections in our code NMSSMCALC
[Baglio,Borschensky,Dao,Gabelmann,Gréober, Krause, MM Le Rzehak,Spira,Streicher, Walz]

One—loop masses [Ender,Graf MM Rzehak,'12], [Graf,Grober, MM.Rzehak,Walz,'12]
Two-Loop O(aias) [MM Nhung,Rzehak,Walz,'15]

Two-Loop O(ai+aias) [Dao,Griber Krause, MM Rzehak,'19]
Two-Loop O((as+ay+ax)? + aias) [Dao,Gabelmann, MM Rzehak, 21]

The Fortran Code NMSSMCALC:

= Calculator of one- and two-loop Higgs mass corrections and Higgs self-couplings as well
as of Higgs decay widths in the CP-conserving and CP-violating NMSSM
— Computation of the muon magnetic and the electric dipole moment

— Computation of the rho parameter and the W mass prediction up to two-loop EW NMSSM
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Corrections to hy-like Higgs (éSM-Iike Higgs) [Dao,Gabelmann, MM Rzehak,'21]

Ame(DR) _ \me(0S) - . o
Aren = : remaining theoretical error: O(few%)

)\mt (ﬁ)
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Corrections to hy-like Higgs (éSM-Iike Higgs) [Dao,Gabelmann, MM Rzehak,'21]

NMSSM specific
couplings A, K

related to new
singlet field
in superpotential

Ame(DR) _ \me(0S) - . o
Aren = : remaining theoretical error: O(few%)

)\mt (ﬁ)
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Corrections to hy-like Higgs (éSM-Iike Higgs) [Dao,Gabelmann, MM Rzehak,'21]

Zoomed:
compatible w/
HiggsSignals af ter
including the new
correction

Ame(DR) _ \me(0S) - . o
Aren = : remaining theoretical error: O(few%)

)\mt (ﬁ)
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Corrections to hy-like Higgs (éSM-Iike Higgs) [Dao,Gabelmann, MM Rzehak,'21]

Zoomed:
compatible w/
HiggsSignals af ter
including the new
correction

Ame(DR) _ \me(0S) - . o
Aren = : remaining theoretical error: O(few%)

)\mt (ﬁ)
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<* Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ l \

full (N)MSSM perturb| |some very heavy| |combines virtues
series fruncated at SUSY masses: of
fixed order large logarithms fixed order
reliable for not too require and EFT
heavy SUSY masses [ | resummation k calculation |

T ———

< EFT calculations, Matching:

- SUSY couplings matched to corresponding couplings in EFT theory such that physics at
matching scale pr is the same

- In case we have only SM particles plus heavy SUSY particles:
EFT is the SM => Asm(pr) = Aesm(pr) [receives only BSM contributions]

- We have terms like yx In(Msx/My), respectively yx ( In(Msx/pr?) + In(ur2/Mx2) ), with pr=Msyx =>
yx In(Mr2/Mx2) <= resummed via RGEs for yx
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Quartic Coupling Matching (unbroken EW symmetry; vu,va—0, tanf=vu/v4=const., vsz0):

[Bagnaschi eql,” 22] for real NMSSM
our work: complex NMSSM

M, MS NMSSM, MS
’\EI ’ S(Qmatch)z’\H S S(Qmatch)

effective quartic coupling after subtracting the SM contributions:

DR __ \tree 11 21
ANMSSM (@mateh) = ANMssM + AANMmssm + A issm

Tree-level
exemplary m (M) light
diagrams (heavy) mass
scale
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Pole Mass Matching/,Hybrid" (broken EW symmetry, v<Msusy): e.g. [Athron eal, “ 16]

2 1 a2
Mh,SM = Mh,NMSSM

MEy =mj x —Spx(Mfx)  with X =SM,NMSSM
mp, sm and mjy, Nvssm denote the running MS and DR masses of the SM(-like) Higgs states

2
! m
Tree Level:  misy = 20§08y = My xmssm ~ | Ao = L NMSSM
2UNMsSM
1 o .
One-Loop Level: A = 202 [mizz,NMSSM — 3, NmssM (1 xmssu) + z3h,SM(m§,SM)]
SM
Leading terms in expansion in v/Msusy
ot = L 2 ~ AS), - 2m3 AS ith A =SV ssm (0) — 1y (0)
SM — 2v§ SSM h,NMSSM h h,NMSSM~%p Wi h — “h,NMSSM h,SM

Y, renormalized self-energy
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BP3 with k = A - kKPP /NP8 A, = AP . (3 — NP3 /)) /2

1550

1900

0.6 0.7

M.M. Mithllettner, KIT

PRE-SUSY 2024
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BP3 with kK = X\ - KPP3 /A3 A, = A% . (3 — NP3 /)\)/2

lllllllllllllllllllllll

1550
AA \\ ]
1500
1450 ="
] (D}
: O,
1400 =
e =
{350
- 300
IV OO0((ay(agtay)) :
Yy L CORD N :
FO O(arast(atantan)?) . _{250
"""" 06 07 08 09
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+ SM Higgs potential in physical gauge:

Vg s T i A
Hliocar Higg h-coupling = A= IME/M; A,
Quodilinenc Higes self-cougling = N = 3M/MY b4

Cunits 1> B9G22

+ Masses M;=(92Vi/¢i $;)|+-0 and Higgs self-couplings Aij=(93Vi/¢i $; $i)|4-0 related through Higgs
potential Vi => catch up in precision w/ masses

+ Importance of the trilinear Higgs self-coupling: V4

— determines shape of the Higgs potential

— Sensitive to beyond-Standard-Model physics
= Important input for Higgs pair production

= Important input for Higgs-to-Higgs decays - "%
= Important input for electroweak phase transitions o

+ Previous work: full 1-Ioop [Dao, MM ,Streicher,Walz,'13]
2-loop at O(etaxs) [Dao, MM Ziesche,'15]

Present work: 2-loop O(a(&+a+)) [RBorschensky,Dao,Gabelmann MM Rzehak, 22 ]
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+ New corrections at O(a+2): all 2-loop diagrams with top/stops and at most one Higgs/Higgsino field, e.g.

) hk ) hk ) hk
' A t_1
¢ t tz", Itm b .
L’ i~ v
hi - hi X hi < H*% vd hi < | xa 1t
t t Zp‘\ ?i:o tm "
h; h; h;

proportional to top mass m: and soft SUSY-breaking trilinear stop mass parameter A;

+ Approximations:
- gaugeless limit g1,92—0 (keeping tanBw=g2/g: fixed)

- vanishing external momenta — effective coupling

11
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| Tilinear Higgs Self-Coupling ot 2L O(a(a; +a))

Corrections to h.-like Higgs (= SM-like Higgs) [Borschensky.Dao.cabelmann.MM Rzehak,” 22]

e one-loop

e O(aiay)

;\eff

abe

: renormalized loop-corrected Higgs self-coupling at vanishing external momentum

‘ Ame(DR) _ Amt(08>|
Estimate of theor. uncertainty via renorm. scheme dependence: A.., =

A\ (DR)

3M?
Results comply w/ SM value A\, = —2

= 191 GeV within theoretical uncertainty
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IRERF Figos seif-coupling at 2L OGN

Corrections to h,-like Higgs (= SM-like Higgs)

AT renormalized loop-corrected Higgs self-coupling at vanishing external momentum

abc
‘ \me(DR) _ )‘mt(OS)|
Estimate of theor. uncertainty via renorm. scheme dependence: A.., =

\m¢(DR)

3M2

Results comply w/ SM value )3, = — 191 GeV  within theoretical uncertainty
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Corrections to h,-like Higgs (= SM-like Higgs)

--------------------------------------------------------------------

Aot mPR [%]

ol og+ox
A mS [%] o mpR

8 10

1.0

=) =)
S~ S~
v 3 x =
o:: |o§=
— —
o< o<
< «=<
g g

+ +

w - "y w
T E3
4 4

= Correlation with size of mass corrections

— Smaller corrections in the DRbar than in the OS scheme
due to partial resummation of of higher-order terms

M.M. Mithlleitner, KIAT PRE-SUSY 2024

14



Benchmark Point BP10: [Borschensky.Dao.Gabelmann.MM.Rzehak,” 22]

Parameter Point BP10: All complex phases are set to zero and the remaining input parameters
are given by

IA| = 0.65, |k| =0.65, Re(Ax) = —432 GeV, |ueg| = 225 GeV, tanf = 2.6,
Mpy+ = 611 GeV, mg, = 1304 GeV, m;, = 1576 GeV, mg_5. ; =3 TeV,

Ay = 46 GeV, Ay = —1790 GeV, A, = —93 GeV, A, = 267 GeV

A; = —618 GeV, A, =1851 GeV, A, = —59 GeV, A; = —175 GeV,

1600 GeV, |M;| = 810 GeV, |M,| = 642 GeV, Mz =2 TeV .

h1 [hu] h2 [hs] h3 [hd] al [as] a9 [ad]
tree-level 97.21 307.80 | 626.13 | 556.71 | 617.22
one-loop 131.46 299.65 625.96 543.58 615.82
(114.81) | (299.28) | (625.52) | (543.69) | (616.01)
two-loop O(ayas) 11890 | 299.40 | 625.78 | 543.73 | 615.90
(120.36) | (299.38) | (625.58) | (543.60) | (615.96)
two-loop O(au(as + ay)) || 123.53 | 299.44 | 625.89 | 543.73 | 615.90
(120.14) | (299.38) | (625.57) | (543.60) | (615.96)
two-loop O(as,) 122.36 | 300.27 | 625.94 | 543.34 | 615.91
(119.97) | (299.90) | (625.65) | (543.47) | (616.01)
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Benchmark Point BP10:

are given by

Al
MH:I:

&
[

[Barschensky.Dao.Gabelmann.MM.Rzehak,” 22]

Parameter Point BP10: All complex phases are set to zero and the remaining input parameters

0.65, |k| =0.65, Re(Ax) = —432 GeV, |puee| = 225 GeV, tan = 2.6,
611 GeV, mg, = 1304 GeV, m;, = 1576 GeV, MR 250 = 3 TeV,
46 GeV, Ap = —1790 GeV, A, = —93 GeV, A, = 267 GeV,

—618 GeV, A, = 1851 GeV, A, = —

59 GeV, A; = —175 GeV,

1600 GeV, |M;| = 810 GeV, |M,| = 642 GeV, Mz =2 TeV .

hi [ha] | holhs] | h3lha]l | a1las] | a2 [a4]

tree-level 97.21 | 307.80 | 626.13 | 556.71 | 617.22
one-loop 131.46 299.65 625.96 543.58 615.82
(114.81) | (299.28) | (625.52) | (543.69) | (616.01)

loop O(azas) 118.90 | 299.40 | 625.78 | 543.73 | 615.90
(120.36) | (299.38) | (625.58) | (543.60) | (615.96)

loop O(ay(as +ay)) || 123.53 | 299.44 | 625.89 | 543.73 | 615.90
(120.14) | (299.38) | (625.57) | (543.60) | (615.96)

loop O(a2,) 122.36 | 300.27 | 625.94 | 543.34 | 615.91
(119.97) (625.65) | (543.47) | (616.01)
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U wepacton Higgs Pair Production 1]

1-loop 1LIL || o [fb] | oP [fb] K'%?HlHl ng?Hlﬂl “?IEHIHI K%E{HlHl Areno
‘inp’ 63.72 62.14 0.54 0.71 -0.25 -0.30 2.5% '
‘proc’ 76.83 61.48 1.01 1.04 -0.30 -0.31 25% -
2-loop ‘at2at2’ UOS [fb] GDR [fb] h:g?HlHl K’gl}HlHl ngngHl K%?HlHl Aren(f
O(as? ‘inp’ 68.98 61.25 0.61 0.65 -0.27 -0.28 12.6%
+asa;) | | 'proc’ 71.69 62.57 1.03 1.02 -0.30 -0.31 14.6% *

loop order
mass tril.cplg.

Vo

[Borschensky.Dao.Gabelmann.MM.Rzehak,” 22]

= 'inp": loop-corrected masses and mixing angles (-> Yukawa & trilinear couplings) in
tree-level-like formulae: HO corrections to input parameters

= proc’ additionally including loop-corrected trilinear Higgs self-coupling ->
HO corrections to observable included (though only partially)

= 'inp": scheme dependence of input parameters uncanceled by scheme dependence
of process-dependent corrections (at the same order)

= ‘proc’: remaining large uncertainty (14.6%): remaining missing EW corrections
might be important
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% SM Higgs potential: in physical gauge _Ameyt , M M2
V(R) i.Ma" 4 fv“ HY 4 f:i HY

\-l\'aas ™ass f M= :
g iy A MG A )
quodilinenc Higgs self-cougling =~ = IME/MY
Cunits X = 332660 /42) va  §

\

Measurement of the scalar boson self-couplings Experimental verification

and > (Of the scalar sector of the

Reconstruction of the EWSB potential EWSB mechanism

“* Importance of the trilinear Higgs self-coupling:

*matter-asymmetry
through electroweak
baryogenesis

= Determines shape of the Higgs potential
= Sensitive to beyond-SM physics
= Important input for electroweak phase transition™
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& : e : Y
SM Higgs potential: in physical gauge VIY = A7 o pt o Mipe  Mi e
! A" v+
\-l\aas mass M, = {2V . Matter-
, | . . I3 Antimatter
i Ultimate "Pl"ﬁ Auu;‘ IML/M; TN Asymmetry
test Higgs . p
Mechanism C"“P\“"a ')‘m;n IML/M3 ><\ |
(uni O = 3326eV/A%) L v ’i’ Evolution
' ’ of
New . Cosmos
Measurer : alar boson self-couplings Experimental verification
Physics
and > Of the scalar sector of the

Reconstruct .1 ot . 2 EWSB potential

EWSB mechanism

“* Importance of the trilinear Higgs self-coupling:

= Determines shape of the Higgs potential
= Sensitive to beyond-SM physics
= Important input for electroweak phase transition™

*matter-asymmetry
through electroweak
baryogenesis
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+Loop mediated at leading order - SM: third generation dominant

g “0000)

t,b

g \QQQQ/

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

1000 F
. gg - HH

o(pp - HH + X) [fb]
Vs =14 TeV, My = 125 GeV

Aunn/Miis

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

yAN2 A

HH: ==~ =2
g9 — . X

decreasing with Mpn

M.M. Mihllettner, KIT

PRE-SUSY 2024

171



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

+E xample NMSSM: [taken from Rao.MM.Streicher.Walz, 13]
resonant enhancement  differing stop, shattom differing
for muk= 2*mn from SM value / from SM value

9 VOO q\4 h /97000 & sh g oo ---- 1
° .
/q-

g ooo"

M.M. Mithlleitner, KIAT PRE-SUSY 2024 172



| Overview on BSM Higgs Pair Produstion |

\ Overview of Higgs Pair production possibilities
including theoretical and experimental constraints
in archetypical BSM Higgs sectors

including different symmetries |

|

provide benchmark points / lines / planes
| for experiment |
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2 Higgs doublets CP-violating Singlet extension Supersymmetry
h,H,A H* H- H1,H2,H3,H* H- H1,H2 H3 H H- H1,H2 H3,AH H-
SFOEWPT, DM, plus CP violation rich pheno, DM a lot (DM, CPvial,

plus charged Higgs haryogenesis SFOEWPT Hierarychy, ...)

R R O A A ORI IYTr
+Following results based on:

Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, MMM, Santos, ..Benchmarking Di-Higgs
Production in Extended Higgs Sectors”, JHEP 09 (2022) 011
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* If muk < mui + myj then clear case of .non-resonant” production

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

* Distinction resonant/non-resonant: if cross section®* more than 10% of total di-Higgs result ~> resonant limits

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 o(Hx) for all possible intermediate resonances Hk at NNLO QCD
* Calculate o(Hx) x BR(Hk -> Hsm Hsm) and compare it with experiment

* Exception: exp. limits assume narrow resonance -> we keep points if (I'tot(Hk)/MHK)iimit > 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.
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® Hi=Hgy [HPAIR]

o Hi=Hsm [OnnLO(99 = HR2)*BR(H2 » HiHy)] _ _ _ ATLAS-CONF-NOTE-2021-035 bbbb

5
o)
=
=1
()]
f% 0.5
I
T
o 0.1
=
S  sm
S
*
N
0.01"-

----- - ATLAS-CONF-NOTE-2021-030 bb1T

———— - - -

------

500

1000 1500 2000 2500 3000
my, [GeV]

- Hi=Hsm [OnnL0(99 = H2)*BR(Hz = HiH1)l . _ _ ATLAS-CONF-NOTE-2021-035 bbbb

2%0.0(99 = HsmHswm) [pb]

® Hy=Hgy [HPAIR]

N2HDM-I

[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM, ,Santos,” 21]

----- - ATLAS-CONF-NOTE-2021-030 bb1T

1000 15
M, [GeV]

00

[ S
]
\
\
'

e

2000 2500 3000

M.M. Mithllettner, KIT

PRE-SUSY 2024



Non-resonant experimental searches start
cutting in N2HDM parameter space

[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM, Santos,” 21]

® Hj=Hsy ® Hy=Hsy ® Hi=Hsy @ Hy=Hsy
N2HDM-I N2HDM-II
0.5
= =
2 =
3 7
T T
n r
T T 0.05-
(@)) l@)] SM
2 2
S S |
S 5 0.02 i
* X !
N . | | N | : ! . ! |
0.01 ' s fe i ! 0.01 ' ' ' : :
107 107° 1072 10" 10° 1077 107° 1072 10" 109
2 OnnLo(99 = H)*BR(H; » HgyHsy) [pb] 2 OnnLo(99 = H)*BR(H; » HgyHsw) [pb]

Cross section resonantly dominated if o(Hk) x BR(Hk -> Hsm Hsm) > 0.1 o(HkH«)
Non-resonant experimental search limits applied
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[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM, Santos,” 21]

_Mg_dgl\ SM-like H1 H2

R2ZHDM 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.M. Mihlleitner, KIT PRE-SUSY 2024 179



[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM, Santos,” 21]

R2HDM C2HDM
Yttnr (Y | NS Ak || yidan [y | Agiel /s
light T | 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium | n.a. n.a. 0.889...1.028 | 0.251...1.172
still heavy I | 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
compatible light IT | 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
with zero medium [I n.a. n.a. - -
heavy II - - - -
N2HDM NMSSM
Large values ] ]%II;II\I:M Yo 3NIEIEIT\IA)M s || o JIL\I/ISSI\?M Sy 3NII_}/§VISM /Nan
of Az, required light T | 0.895...1.079 | -1.160...1.004 n.a. n.a.
for SFOEWPT! medium [ | 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 IT | 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium IT | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy II — — - —
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Experiments provide limits on A assuming SM top Yukawa coupling! But y, = 10 % still possible!

Full line:
SM HH production
as function of

A variation
Dashed lines:
y, £ 10 % variation

PISma———————

factor 2: roughly account
for NLO QCD corrections
HPAIR version with

NLO QCD corrections in
heavy top limit available
[Dao,MM, Streicher,Walz,'13]

m

2+0.0(9g9 = HsuHswm) [pb]

[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM, Santos,” 21]

® Hi=Hsy ©® Hy=Hgy @ Hz=Hgy — SM (y£10%)

N2HDM-I

0.5

0.3:-

--.~

0.1---

0.03---
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[Abouabid.Arhrib.Azevedo.E| Falaki Ferreira.MM.Santes, 21]

------------------------------------------------------------------------------------------------------------------

Possible for models w/ singlet-dominated and/or hq-like (small gluon fusion production cxn!)
non-SM-like Higgs boson => NMSSM benchmark:

A K Ay [GeV] | Ak [GeV] | pesr [GeV] tan 3
0.545 0.598 168 -739 258 2.255
my+ (GeV] | M; [GeV] | My [GeV] | M3 [TeV] | A; [GeV] | Ap [GeV]
048 437.872 498.548 2 -1028 1083
mp, [GeV] | mi [GeV] | my  [GeV] | Ar [GeV] | m; [GeV] | mz, [GeV]
1729 1886 3000 -1679.21 3000 3000=
EEE———
mu, (GeV] | mpy, [GeV] | mu, [GeV] | ma, [GeV] | ma, [GeV]
123.20 319 560 545 783
'Y [GeV] | T [GeV] | T [GeV] | TR [GeV] | T [GeV]
| | 3.985 x 10~3 | 0.010 4.207 6.399 6.913
singlet-like " o hia Bt hoo
He o~ [ 0419 0.909 0.015 0.187 20.102
T~ hos h31 h32 h33 ail
0.977 0.889 -0.407 -0.212 0.908
as1 ai3 a23
-0.104 0.114 0.994

M.M. Mithllettner, KIT
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[Abouabid,Arhrib,Azevedo.El Falaki.Ferreira. MM.Santes, 21]

Possible for models w/ singlet-dominated (suppressed couplings to SM particles) and/or hq-like
(suppressed direct production) non-SM-like Higgs boson => NMSSM benchmark:

Hz is singlet-like: dominant decay channel into A1 A;

Single Higgs Production (4b final state)

o"NO(Hy)y = o"O(Hy) x BR(Hy — A1 A;) x BR(A; — bb)?
— 13.54 x 0.887 x 0.704% fb = 5.95 fb .
e - e t——

Di-Higgs Production (6b final state)

oNYO(H Hy) = 111 fb BR(H; — bb) = 0.539
oNO(H H,) x BR(H; — bb) x BR(Hy — A1 A;) =53 fb

oNYO(H Hy)egp = 53 x 0.7042 fb = 26 fb

S S AEEEL
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2 2
+Effective Lagr'angian! AL on-lin D —mttf (CtE + Ct——= h ) — C31 (3M ) h3

202 6 v

cs: trilinear coupling modification; ¢:: top-Yukawa coupling modification;
¢+ effective two-Higgs-two-fermion coupling q B
no Cg, Cgg- N0 New heavy colored BSM particles assumed g ¢

g h g __h g
/ -=" e
/ _’
/ //
___( ~
\ ~
\
N \‘\\
g “h g “h g

+ Matching relations of our specific BSM models:

Higgs-top Yukawa coupling ; HSM (o, B) —

H Hg\ H
s SM sMHSM ().
3M12LI /v

trilinear Higgs coupling — 3

two-Higgs-two-top quark coupling : ZZE‘T‘ (E_g_) :I;I wHsmHsw (pi) gfI g, B) — e

k
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. [Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]
+R2HDM T2 sample parameter point:

mpy, (GeV] | my, [GeV] | ma [GeV] | my+ [GeV] a tan 3 | mi, [GeV?]
125.09 1131 1082 1067 -0.924 | 0.820 552749
+ corresponding EFT values: g2 = —1.126
c3 = 0.782, ¢; = 0.951, ¢y = —0.122
+goodness of approximation?:
mu, [GeV] | Th, [GeV] | ew | g5™"™ [GeV] | opdipn [fb] | oSifupr [fb] | 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 -4.8531072 -352.42 21.8 21.4 98%
+Remark:
onlor® =186 fh and oS0 = 18.6 fb
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[Abouabid, Arhrib,Azevedo El Falaki, Ferreira, MM,Santos,” 21]

+N2HDM T1 sample parameter point:

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

+ corresponding EFT values:

g2 =0.179 and ¢/ =2.337 x 107*

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

+goodness of approximation?: (mu3 kept fixed)

mpg, | Tm, cth2 Crt gil2 it al‘zéﬁ%sM [fb] | o7y [fb] | ratio
269 | 0.075 | 4.410 x 102 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 1073 6.721 x 1077 -34.68 43.33 22.60 52%
420 | 0.229 | 6.895 x 10~° 4.063 x 1073 -27.62 31.70 22.76 2%
440 | 0.284 | 4.600 x 1073 1.767 x 107 -20.22 26.26 22.90 87%
450 | 0.315 | 3.564 x 1077 7.323 x 10~* -16.39 24.84 22.96 92%
500 | 2.567 | —7.132 x 10=% | —3.545 x 1073 4.05 23.56 23.22 99%
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[Arco Heinemeyer MM ,Radchenko, 23]
- Differential distribution required to disentangle the various NP effects in hh production

——-—-—--h
¢ b .- h :
g hi = h,H RN h g - = =h
(a) Triangle diagram. (b) Box diagram.
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Bin size: 10 GeV

—all diagrams
- —the continuum
—smeared 15%

- —smeared continuum |

[Arco Heinemeyer MM Radchenko,22]

Bin size: 20 GeV

da/dmhh [fb/GGV]

—_
S
w

800 1000 1200

mpp [GeV]
Bin size: 40 GeV

—all diagrams

- ~the continuum
—smeared 15%

- —-smeared continuum |

—all diagrams
- —the continuum
—smeared 15%

- —smeared continuum |

800 1000 1200

mpp [GeV]
Bin size: 50 GeV

N
o
N

da/dmhh [fb/GeV]
S

—_
<
w

mpp [GeV]

800 1000 1200

—all diagrams

- ~the continuum
—smeared 15%

- —smeared continuum |

S
A

mpp [GeV]

800 1000 1200

Depending on the scenario, a resonant H contribution to di-Higgs production can leave possibly visible
effects in the m,, distribution
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loop corrections to k; lift loop and interference effect: pronounced resonant

destructive interference
structure present
at threshold at tree level

peak ~> overall smoothly m,, distribution w/ just
a small modulation at m,;, ~ my \

100 ] T T T 3 _'o-full(o'totlz 1605.fb)
: oral (oot = 23.17 fb) 3 —0pes(T1or = 1.41 fb)
_Gres(atot =0.91 fb) 1 [ (1) (1)
101t ¥ : — : my = 465 GeV :
—_— mpy = 465 GeV i - - -
> ] [3) myg = 660 GeV 1
Q my = 660 GeV ] @) .
O o I ~ Cl—a = 0.13
~— C—a = 0.13 £ ) ta— 10
=102 tg = 10 =10 8
£ £
= ©
< 10-3 S 1073 J
104} : 104} , , , , T
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mph [GeV] ™mnh [GeV]

Exclusion limits obtained for the resonant di-Higgs searches by ATLAS and CMS may be too
optimistic in view of the possible modifications in the invariant mass distribution in realistic
scenarios, when all relevant contributions are taken into account.

[Heinemeyer, MM Radchenko,Weiglein, 23]
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https://www.itp.kit.edu/~maggie/pre-susy24
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Bubbles of the non-zero
Higgs field VEV nucleate
from the symmetric vacuum

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

(P»=0

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

(*<¢C(Z;)>/T(.z1 ]

-
P, T

VEVand T
at EW phase

transition
\_ W,

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