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Fundamental Physics

. Introduction

. Singlet Extensions

. The 2-Higgs-Doublet Model (2HDM)

. Measuring Electroweak Symmetry Breaking

. Electroweak Baryogenesis
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Fundamental Physics

Symmetries
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Fundamental Physics

Symmetries

Higgs Sector
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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

of the SM
at the quantum level ‘

o direct discovery of
New Physics so far
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iscovered Higgs Boson
ehaves very SM-like

_/ Answers:
Experiment:
Sophisticated analyses
+
Theory:
precision calculations &
Interpretation

o direct discovery of |
New Physics so far |

. Muhllettner, KIT

CRC V'S Meeting, 25-27/9/2024, KIT

10



+ Discovery of the Higgs boson at LHC on 4 July 2012

Is it the Higgs boson?

CMS (s=7TeV,L=51fb"{s=8TeV,L=53"b
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Precise
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Higg0? We must may give hints

to beyond-SM
. , physics
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S particles
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+ We have the SM-like Higgs boson
What can we learn from Higgs physics?

+ Corner new physics with the Higgs:

— . ;

- anomalous Higgs

- anomalous Higgs

gauge couplings - coupling relations - Higgs mass , .
- CP violation gx~mx(®@ - Higgs self-interaction Eelpr'm"?";o“p' Ings
- vacuum structure - & violation
= New Physics & DM = Establish Higgs - CP violation
= Baryogenesis mechanism - portal to hidden sector z E:::vorl;:\ A;\:i‘:;e" puzzle
= Self-consistency SM = Baryogenesis

= Ultimate test
Higgs mechanism

= Vacuum stability

= New Physics&DM

= Matter asymmetry

= Cosmological
evolution
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+ We have the SM-like Higgs boson
What can we learn from Higgs physics?

+ Corner new physics with the Higgs:

— . ;

- anomalous Higgs

- anomalous Higgs

gauge couplings - coupling relations - Higgs mass : _
- CP violation gx~mx@ - Higgs self-interaction Eir"?";n*‘foum I
- vacuum structure - & violation
= New Physics & DM = Establish Higgs - CP violation )
= Baryogenesis mechanism - portal to hidden sector Z ill::vorl;{\ A;\:i‘;‘s'e" puz-le
= Self-consistency SM = Baryogenes
= Ultimate test Evolution
New l\—/liggs mecthclxar.nli.stm of the
, : = Vacuum stability
ESTGbIISh PhYSlCS = Now PhYSlCS&DM FlGVOf‘ COSI’nOS
Higgs Matter- .atter asymmel”  Matter
Mechanism Antimatter °Smological Puzzle
'ution
Asymmetry
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BSM Higgs Physics - Extended Higgs Sectors
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Why extended Higgs sectors?

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

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

Er\tog\/
A

@4& New E‘Lu‘mplt < Temai 'H'\P.O(B
: e >/WW W’
: ﬁ z NP ( ¢)V 1)
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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
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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®) )

o oM™

Lef = Lsm + Z

(]
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[Burgess,Schnitzer;Leung eal;Buchmdiller, Wyler;Grzadkowski eal;

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

*x 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 Lagrangian (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

cf. e.g. [Contino,1005.4269]
I Widely discussed benchmark model is composite Higgs: bound state from strongly interacting sector,

Higgs emerges as pseudo Nambu-Goldstone boson of an enlarged global symmetry
For a composi’re ZHDM, cf. [deCurtis eal,'18; deCurtis,delleRose, Egle Moretti, MM,Sakurai, 23]
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& 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
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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, KIT CRC V'S Meeting, 25-27/9/2024, KIT 23



O = 1(0.(¢79))? — overall shift of couplings

O = —(¢T¢p)3 — shifts Higgs self-coupling

O = (670)(Qot) + h.c. — shifts top Yukawa coupling; ttHH
Opa = ((chb)GZ’UGa“’” — pointlike Higgs to gluon couplings
O = (Qa“”T“t)qﬁwa + h.c. — chromomagnetic dipole operator

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 24



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. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT
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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. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 26



= 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
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= 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

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 28



AL Constraints on Extended HiGEIN

= Further constraints:

* Higgs data:
- one of the Higgs bosons must 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

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 29



= 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

M.M. Mihllettner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 30



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]

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 31



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. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 32



Scattering of longitudinally polarized W bosons
|14 W
|14 W |14 W
|14 W |14 W
%14 W

Higgs boson ensures unitarity of the W scattering (If its massis < 1 TeV.)

PN
]
Q
B
»

8mv/2

()

SM fails at the Planck scale.

Is there a reason to assume that there is

New Physics between the weak and the Planck scale?
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Scattering of longitudinally polarized W bosons

W W W W W w LLL‘Jj
7,Z o : A p—
;’JLLL 44/ 21
114 114 114 114 " o w W W W

Higgs boson ensures unitarity of the W scattering (If its massis < 1 TeV.)

SM fails at the Planck scale.

Is there a reason to assume that there is

New Physics between the weak and the Planck scale?
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’

let Extensions

’
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= Add complex singlet field w/ hypercharge O to the SM Higgs sector:

S=5+I1A
= CxSM Higgs potential (renormalizable, w/ global softly broken U(1) symmetry):
2
VoxSM = %HTH + %(HTH)z + 52—2HTH|S|2 + %2|S|2 + %Srl + (Z—lsz +alS+c.c.)

= Doublet and singlet fields:

H—L G and S—L[v + S+ i(vg +A)]
- v+ h +iGO VA 4

v=246 GeV electroweak VEV; v, v, singlet VEVs of real and imaginary field component

= Applying discrete symmetries: possibility to have DM candidate, e.qg.
impose two separate discrete symmetries: S ->-Sand A -> -A (b; € R, a; = 0)
» va=vs=0 => h is SM Higgs boson, 2 Dark Matter particles (S,A)
» va=0 => A is the Dark Matter candidate, h mixes with S => 2 visible Higgs bosons h; (i=1,2),
one must behave SM-like
Spectrum: hi, hz, A; one of the hi2 is the hizs

M.M. Mithllettner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 27



= Add complex singlet field w/ hypercharge O to the SM Higgs sector:

S=5+I1A
= CxSM Higgs potential (renormalizable, w/ global softly broken U(1) symmetry):
2
VoxSM = %HTH + %(HTH)z + 52—2HTH|S|2 + %2|S|2 + %Srl + (Z—lsz +a18+c.c.)

= Doublet and singlet fields:

Gt 1 :
H_E ( v—l—h—I—z’GO) and S—E[vs+8+z(vA+A)]

v=246 GeV electroweak VEV; v, v, singlet VEVs of real and imaginary field component

= Applying discrete symmetries: possibility to have D/ Higgs as portal to DM
impose two separate discrete symmetries: S -> -S ai 0)

» va=vs=0 => h is SM Higgs boson, 2 Dark Matter pa " | "
» va=0 => A is the Dark Matter candidate, h mixes w o bosons h; (i=1,2),

one must behave SM-like o o
Spectrum: hi, hz, A; one of the hi2 is the hizs L ———
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LHC limit % [Egle, MM ,Santos,
Higgs->invisible 0.2~ Viana,'22]

0.10
0.081 “
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Parameter point allowed at leading order may be excluded at next-to-leading order and vice versa
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LHC limit % [Egle, MM ,Santos,
Higgs->invisible 0.2~ Viana,'22]

0.10

0.081

0.06 T

0.04 1

0.024 [ZEM n p*]

002 004 006 008 010 0.12 0.02
BRY(hiy — AA)

[ZEM + 0S|

0.04 006 008 010 0.12

0.00

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

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 40



LHC limit % [Egle, MM ,Santos,
Higgs->invisible .12 \\ Viana,'22]

Future increased
precision
will allow for
more conclusive
statements

w
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Parameter point allowed at leading order may be excluded at next-to-leading order and vice versa
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Ms > M5

[Egle,MM,Santos,Viana, 23]

123

1000

SR

ol

-

o

- - -
e wded o o o
» .

‘< je

<« e%
°

110

100

900

800

700

600

500

1056 : 60 400
' o0 300

1059 .
o B XENONIT 40 I - XENONIT 200

—— LUX-ZEPLIN —— LUX-ZEPLIN
| | | | . . 30 | | | , ' 127
10 200 400 600 800 1000 Mg 10 200 400 600 800 1000 TN
my [GeV] my [GeV]

miz5 mass of SM-like Higgs, ms mass of non-SM-like Higgs

SI o : spin-independent DM-nucleon scattering cross section
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[Egle, MM ,Santos,Viana,'23]
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= Add real singlet field $ w/ discrete Z, symmetry (S — — S) to the SM Higgs sector

= Most general renormalizable RxSM Higgs potential:

m? A A m?
VaxsM = 7HTH + Z(HTH)2 + %SHTHSZ + 505+

AS

4
ES

= Higgs doublet and singlet field:

1 Gt
Hzﬁ o+ b+ iGO and S=vg+s

v=246 GeV electroweak SM VEV; vs singlet VEV

= 2 possible phases:

Symmetric phase w/ v¢ = 0: i is SM Higgs, S is DM candidate
Broken phase w/ vy # 0: & mixes with § w 2 visible Higgs bosons /; (i = 1,2)

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 44



The 2-Higgs-Doublet Model (2HPM)

~ ; v ™ ,\',\'T - aS - sy
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= The 2-Higgs-Doublet Model (ZHDM) - Motivation:

- one of the simplest SM extensions

Atome

4 6% Dunkle
1070

Energie
72%

Dunkle
Materie

- provides DM candidate in its inert version

Stosndod, Hotltl puckicles Sagessymanthic Rshows

- N N N woe ot Loy T ()
supersymme‘rry requires introduction r0ce® rooa @
of two Higgs doublets SICICIO NI

OPO® OO
T —

- provides strong-first-order phase transition
(one of the three Sakharov conditions for the generation of =
the baryon asymmetry through EW baryogenesis)
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= Compatibility with constraints?
* Rho parameter: fulfilled as it is a doublet extension

% Flavour-changing neutral currents: will be discussed below
% Unitarity constraints:

V.V, = V;V,, f.f. = V.V, (f.=fermion w/ positive helicity) must not violate unitarity bounds

My
\/Emw
2HDM:, 3 two scalar Higgs bosons: h; = h, H with sum rules for the couplings:

SM: 3 HiggS w/ COUplith gaww = ngW and 8Hff =

SM _SM
Z gh vy = ghVV + gHVV = (gHVV)2 and Z Envv8n,fr = 8nvv8nir T 8uvv8Hr = 8avvEHS

W W - - wo W
W W K } h {’; LLLFF
vz T
W W W W v wOw
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[T.D.Lee Phys.Rev.D8(1973)1226; Branco eal.,1106.0034]

= 2 Higgs doublets ®; (i = 1,2) w/ potential having the following properties:
SU(2).xU(1)y gauge-invariant, renormalizable, CP conservation,
discrete Z, symmetry under which ®, — — ®,, ©, — ©, => potential w/ softly broken Z,

CP conservation: all parameters are real

= Electroweak minimum of the potential:  (®,) = ( g ) and (®q) = ( ?2 )
V2 V2
o
= Expansion of Higgs doublets around VEVs: @, = ( Va-tpadtina ) : a=1,2
V2
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= Higgs spectrum and masses:
- Plug in expansion around EW minimum in the potential V
- collect all terms bilinear in the fields ~> mass matrices

- diagonalize mass matrices w/ orthogonal matrices that are functions of the
mixing angle a (heutral CP-even matrix) and
mixing angle f (neutral CP-odd and charged matrices) ~>

physical states

D-(5 00 ()= 0@ @)= 0
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= 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™

- 1%
Mixing angle § : tan f = — : to reproduce the W and Z masses, we must have Vi vi=v?
Vi
2
2 mis  As+ As 2 2 s 1 2 m;
: = — = M*— —(]\ \ 2 _ 12
Masses M+ (’01’02 5 ) (v + v3) 2( 4+ A5)v M o
m%z
mi‘ = (— — A5) (’U% ‘|"U§) = M2 — A5’U2
V1V2

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

neutral CP-even sector

= 2HDM input parameters: my, my, my, my:, mlzz, cos(f — a),v,tan
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| Flavour-Changing Newtral Currents (FENE) |

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

= Solution: Extend discrete Z, symmetry of Higgs sector to Yukawa sector such that only
one Higgs doublet couples to a given right-handed fermion field

= Four 2HDM types:

e type I 2HDM: All quarks couple to just one of the Higgs doublets (conventionally
chosen to be ®@,).

e type II 2HDM: The @ = 2/3 right-handed (RH) quarks couple to one Higgs doublet

(conventionally chosen to be ®;) and the Q = —1/3 RH quarks couple to the other
(®1).

e Lepton-specific model: The RH quarks all couple to ®5 and the RH leptons couple to
D,.

e Flipped model: The RH up-type quarks couple to ®,, the RH down-type quarks couple
to @1, as in type II, but now the RH leptons couple to ®,.
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= Potential Bounded-From-Below: quartic part of the potential positive for arbitrarily large

field values ~> (tree-level analysis)
Vi) )

Deshpande,Ma,'78;Klimenko,' 85
\ M>0, A >0 Desty ]

I Az > —vV/ A, A3+ A — | As] > =/ A

Inclusion of higher-order effects: check the tree-level conditions for running 4; 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)

\/(-%) Y
Deshpande,Ma,'78;Klimenko,' 85
% A1 Z 0 ) )‘2 Z 0 [ ’ ]

TY A3 > —V/ A1 e, Az + A — [As] > =/ A A

Inclusion of higher-order effects: check the tree-level conditions for running 4; at any
scale Q up to which model is considered to be valid

dA,; B
dn0 = :Bi(gj)

= Perturbative Unitarity: /
make sure that the potential couplings do not become non-perturbatively large: M.~
analyze eigenvalues of the S matrix for scalar-scalar scattering amplitudes: 7N

=> Require (tree-level perturbative unitarity:
Az — A < 8
Az +2X\ £3Xs] < 8

(/\1 + Ao + \/()\1 — )\2)2 + 4)\2) < 8m

N+~ N

()\1 + Ao + \/()\1 — )\2)2 + 4)%) < 8.
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= Electroweak vacuum w/ v=246 GeV is the global minimum:
possible 2ZHDM vacuum directions o,

q;lzi( p1+1im ) <I>2=i( p2 + wcB + 1172 )
V2 \G +wi+i)’ V2 \ (2 +wa + ¢ (12 + wep)

neutral CP-conserving minima: o, @,
neutral CP-violating minimum: wcp
charge-breaking minimum: wcpg

[Ferreira eal,04;Barroso eal, 05;Ivanov,07;Ivanov'08]
- If the potential has a CP-conserving minimum @,, @, , 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,(mi, — /21 2m3) (v lvy — (A4) ") > 0
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nt

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

q;lzi( p1+im ) <I>2=i( p2 +wcB + 112 )
V2 \G +wi+i)”’ V2 \ (2 +ws +1i (P2 + wen) t‘

Note: These rules are

neutral CP-conserving minima: o, o, No longer valid when

neutral CP-violating minimum: wcp vacuum is investigated

charge-breaking minimum: wcg including higher-order
corrections
PSEmps———————_

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

- If the potential has a CP-conserving minimum @,, @, , 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,(mi, — /21 2m3) (v lvy — (A4) ") > 0
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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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" Theory Constraints and High Scale tmpact

Flavor constraints set stringent lower bound on mi: in 2HDM Type II! [Basler Ferreira, MM, Santos,17]
1000 1019 1000 109
900} 10% 950+ 10%7
800} 10%? 900 10%
— 700} 1017 — 850} 1017
e = =
o, ooy 10" O 800t 1073
§= 500 100 = gz 750} 100 =
~400f 107 700 107
5007 107 650 107
200 SER _ 107 600 108
04 -02 00 02 04 06 ~1.0 —-05 00 05 1.0
cos(f8 — ) cos(f8 — «)

my= > 500GeV and requirement of validity up to the Planck scale ~> alignment
(exp. & theor. constraints included) cos(f — @) ~ 0, i.e. h behaves very SM-like

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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= What about the Higgs potential during the evolution of the Universe?
investigation of effective Higgs potential at non-zero temperature
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‘. [From Ph. Basler, PhD Thesis]

Phase transition from

symmeftric to broken vacuum " ,' :
: J 0
I l’ Symmetric vacuum
‘| Broken vacuum
§e = <%> > 1
|
_2 I T ! T
0 100 200 246 300 350

(#) [GeV]
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= What about the Higgs potential during the evolution of the Universe?
investigation of effective Higgs potential at non-zero temperature

= Vacuum of the 2-Higgs-Doublet-Model: four minimum directions possible

11 1
Viree = m2, 81 @1 +m2,®5d, — [m%zcb’{cbz +he |+ SM(@]@1)2 + 5 2a(0)@,)’

1
+ A3(®1®1)(BLB2) + Ay (BT ®o) (®1B1) + 5,\5(<I>1<I>2)2 + h.c.] .

<I>1=L( p1L+ 1M ) ¢2=L< p2 +wcB + 112 )
V2 \C+wi+iY )’ V2 \Q2 +wa + 1 (Y2 + wep)

{wCBa Wi, W2, wCP}|T=0 — {Oavlav2a0}7 with

= \/'vf-l—v2 = v = 246 GeV

WEW |p—g = \/Wf +wj + wip + Wp
T=0

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT &0



e BP1 inpu‘r parameters: From [Aoki,Biermann,Borschensky, Ivanov,MM,Sakurai, 23]

BP1: type=1, A\; =6.931, \y =02631, A3 = 1.287, Ay = 4.772, \s = 4.728,
m?2, = 1.893 x 10* GeV?, tan 8 = 16.578 .
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high-T phase, low-T phase [Basler,Biermann, MM Miiller,Santos,Viana,” 24]

BP1

phasesgswpr 0: {216, 400}

1: {0, 237}
PaIrsgsupt 0: [0 — 1]{216, 237}
{MinimaTracer 41.47s

| | ' {226.3}
0 100 200 300 400 {222.9, 222.9}
T |GeV] {222.6}
{222.6}
History: E:;T:;ps 6.87 min
BSMPTv3

- first-order PT from neutral (red)
to charge-breaking CB phase (blue)

- second-order PT into a neutral
minimum
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Measuring EWSS
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< SM Higgs potential: in physical gauge VK) = %_M; T %'3 e My o

) v
\-l\aas mass : M, = m v

|
; Vy
Frilincac Higa a\f—mphra L A 3NV AN
Quadilivenc Higgs elf-caupling -~ %, = IMG/MY X
Cunits N\ » 382G 1) 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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% SM Higgs potential: in physical gauge

Higgs mass f M =y :

W Ultimate 4plig = A= IME/M; 7N
 fest Higgs . NN N
", Mechanism WP\"Q ‘)‘m;n SMH/M; PaN

(und " = 33260 /22)

b—

VU= A B e

New

Measurer Physics

and

alar boson self-couplings

Reconstruct .1 ot . 2 EWSB potential

v*
Matter-
Antimatter
Asymmetry
e . Evolution
of
Cosmos

\

Experimental verification

>  Of the scalar sector of the

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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[HH, White paper]

o(pp — HH + X) [fb] gg = HH (NNLO,

M, =125 GeV
PDF4LHC15
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[HH, White paper]

FTapprox)

o(pp — HH + X) [fb] gg — HH (NNLO
M, = 125 GeV
PDF4LHC15

ttHH (NLO)

s —_— q’ V* ‘/,H

VBF (N’LO

tjHH (NLO)

~ZHH (NNLO)

10
10 ' .
10 2L : - : - small ¢xn, large bkg:
13 14 20 30 50  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

CRC V'S Meeting, 25-27/9/2024, KIT
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-21InA

o

Phys. Lett. B 843 (2023) 137745

I 1 1 I I 1 1 1 1 I I
ATLAS

Vs =13 TeV, 126—139 fb~!
Observed

HH + H K only:
95%: k) € [-0.4,6.3]
HH + H k) generic:
95%: k) € [-1.4,6.1]

w— H K, Only

= HH K, only

= HH + H K, only
-~ HH + H K, generic

ATLAS: =14 <k, <6.1at95%CL

I I I 1 1

1 I 1 1 1

-2 Alog(L)

CMS: —1.2 <k, <75at95%CL

M.M. Mithllettner, KIT

MS-HIG-23-

CMS Preliminary
L B B L

I single-H and HH comb.
" Floating xy, X,y K;, Kp: Kz, Ky

L) I 1 T Ll I T L

\

1.7
— Observed, 4.7:‘.2

|

138 fb' (13 TeV)
Ll I T T T I 1 T T

95% CL (20) ]

68% CL (1o)]
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+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"
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= Z2ZHDM nggs sector: 2 H'QQS doublets EWSB neutral, CP-even h, H neutral, CP-odd A charged Ht H-

® h=Hsy ® H=Hgy [Abouabid eal,'21] ®o
R2HDM-I Parameter scan
1 -------- . resonant enhancement 8 . 000000 D poin‘rs compa’rible
for m = 2*my | : | w/ all relevant
0.5____._-__ \ E----- B et BT theoretical &
: q R : experimental
| constraints

SM HH ¢cxn
value (LO)

2%0 0(99 - HswHswm) [pPb]
o

o - - - o o - .
b - - - - - - - -
e - - - - - - - -

I
I
I
I
I
I
I
|
1

500 1000 1500 2000 2500 3000
m, [GeV]
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[Abouabid eal, 21]

Large values
of A3y, required
for SFOEWPT!

R2HDM C2HDM
UM fyem | AN Nam || ve 0N Jyem | ASEED /A3
light 1 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light II 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium 11 n.a. n.a. — —
heavy II - - - —
N2HDM NMSSM
ur i fyem | ASEEOM Nam ||y yen | Ao /Asm
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy | 0.893...1.030 | 0.770...1.112 n.a. n.a.
light II 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium IT | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy 11 - - — —

M.M. Mithllettner, KIT
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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_) ggl 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

M.M. Mithllettner, KIT
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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%

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

ng —ng
N~

5.8-1071° < < 6.6-10"10

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

* (41) C'" and C'P violation

x (717) Departure from thermal equilibrium

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

ecs%) > 1

(®.) and T, field configuration and temperature at phase transition
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‘. [From Ph. Basler, PhD Thesis]

Phase transition from

symmeftric to broken vacuum " ,' :
: J 0
I l’ Symmetric vacuum
‘| Broken vacuum
§e = <%> > 1
|
_2 I T ! T
0 100 200 246 300 350

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

ng —ng
N~

58-1071° < <6.6-10"1°

e Sakharov Conditions: ‘b [Sakharov '67]
= SM: smooth cross-over

= not enough CP violation

% (71) C' and C'P violation ~ large trilinear Higgs coupling
required

* (1) B number violaton (sphaleron processes)

 (i1i) Departure from thermal equilibrium => physics beyond the SM needed

Extended Higgs sectors!
e Additional constraint: EW phase transition m

§e = <%> > 1

'94; Moore '99]

(®.) and T, field configuration and temperature at phase transition

M.M. Mithllettner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 79



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

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

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

(*<¢C(Z;)>/T(.z1 ]

-
P, T

VEVand T
at EW phase

transition
\_ W,

(P»=0

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

M.M. Mithllettner, KIT
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+Next-to-Minimal 2-Higgs Doublet Model: [Azevedo Ferreira, MM Patel ,Santos,Wittbrodt, 18]

2
m
VO = 12|82 + m2y|®o[2 + S 32 4 (A<1>1<1>2<1>S + h.c.)

2
A A A
51 @1+ (0ot + X321 (02 + N[ Rol* + T2 ((@]22)° + (21)°)
A
- 46<I>S + —|<I>1|2<I>S + —|<1>2|2<1>2

+with one discrete 7o symmetry: &1 — &1, P9 — —Py, &g — —dg

one SM-like Higgs plus dark sector: hi,hz h3 H*

+trilinear coupling A is complex: dark sector with explicit CP violation <- not constrained
by electric dipole moment

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT g3



+ General vacuum structure at TzO0:

1 p1 + im 1 p2 + wcs + 2
@ —_ = . 9 @ e . b] @ =
T2 (Cl + w1 + 1‘1’1) T V2 (Cz + w2 + (W2 + wep) $ = 65+ ws

electroweak VEVs: w1,w2 CP-violating VEV: wcp
charge-breaking VEV: wc¢g (unphysical; found to be zero for all of our scan points)

Z2-symmetry breaking VEV: ws

+ General vacuum structure at T=0:

1 p1 + im 1 (p2+im
O = — ) e, = — AT Y
: \/i(C1+V1+l‘I’1) 2 \/5((:2+l‘1’2 s = Gs

(@1)|r=0 = % (‘2) , (D2)|1=0 = (8) , (Ps)|r=0 =0

Wi |1-0cev = v1 = v = 246.22 GeV

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT R4



*[Azevedo, Ferreira,

[Basler Biermann, ~< 17 MM Patel,Santos,
MM Miiller, \\‘ ) Wittbrodt]
Santos,Viana] 10—12 [ .
7] N
2
4 104 11 Z
L % Generated w/ Q <':
c BSMPTV3 A
= 107 =
< s
b Ao
10—39 >
. L max h2Qgw (f)
signal-to-noise ratio SNR = , | T df 5
Jmin h* Qgens ()

10—48
1070 103 0T T

peak [HZ]

SW

- d points w/ SNR(LISA-3yrs)>10, compatible w/ all relevant theor. and exp. constraints

- all points lead to EW minimum at T=0 (ho vacuum trapping)

- all of the LISA-sensitive points (colored points) have SFOEWPT: &1
e e e ——w
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*[Azevedo, Ferreira,

[Basler Biermann, ~< 17 MM Patel,Santos,
MM Miiller, \\‘ ) Wittbrodt]
Santos,Viana —12 15

, ] 10 ‘ .
13 =
-
4 104 11 Z
L % Generated w/ Q <':
G 20 BSMPTv3 N
T e
=10 )
5 o
1074 2 &
10—48 1
107° 1073 10V 107
peak
s [Hz

- d points w/ SNR(LISA-3yrs)>10, compatible w/ all relevant theor. and exp. constraints

- all points lead to EW minimum at T=0 (ho vacuum trapping)

- all of the LISA-sensitive points (colored points) have SFOEWPT: &1
— R —— T ——————

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 26




SNR(LISA-3yrs) [Biermann,MM,Santos,Viana]
1 3 5 7 9 11 13 15 17

100 10_44 E
] Qexph? = 0.12 5

1 v-floor
—50

0 200 400 600 00 1000 10! 02 10°
my, [GeV] mp, |GeV]

Qroah?
‘ 7 =0 Qstdh?'
- Viable GW points (SNR(LISA-3yrs)>1 - colored points):

compatible w/ relic density (<h2)

above neutrino floor
testable at future direct detection experiments
i e s S -—'—w
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Conclustons
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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. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 90



g h g

g //,h 9 2qq,
iij>"<:§3/hhh }

s, Cg  .n
S
[6rober MM, Spira,Streicher,'15]
E K@p;hh#x') i I ' i i i I i ' ! ! I ' i ! ' 1 i ' i i :
25 [ Vs=14 TeV ]
5 s c3=1,ct=1,cg=0,cgg=0 - ]
Ktot
1.5 ]
1 F K ]
e B eeeeeeeeeeeeemenen]
(3R S ]
0 :::::::::::::::::[Egl:g::::::::::::::::::::::::::I:f:\:,:lf:::::::::::::::::::::::::::::::::::::::::
: Keq
_0.5 | 1 P 1 1
-1.5 -1 -0.5 0 0.5 1 1.5
Cit

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

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

__h g C_I_:I_//////’1
“Th g: \\\\\\‘h K'fGCTOP:
ratio of NLO
:g;;,g o to LO observable
[Buchalla,Capozi,Celis,Heinrich,Scyboz,'18]

244

224
£ 201
B
X

1.8 -

—
\J

-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
coupling

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

M.M. Mithllettner, KIT

CRC V'S Meeting, 25-27/9/2024, KIT

91



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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= Yukawa Lagrangian:  p _ _{Q'L(I‘lcbl + Dy®5) Dy — Q1 (A1 81 + Ay ®y)Up
—I—EI(Hl(I)l + H2¢2)E}2 -+ hC} )

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 =&e T, Ay=EeA;, =& ™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)

M.M. Mithllettner, KIT CRC YS Meeting, 25-27/9/2024, KIT 94



high-T phase, low-T phase

[Basler,Biermann,MM Miiller,Santos,Viana,” 24]

|
——————— BSMPTv3 for BP1 """"'"L“~~~ Cosmo for BP1
S T

200 - E
— ;
< 1 \:
&, |]|===== W2 .i\'
i 100 T ssdssseoses WCB .: “\

0 100 200 300 400 0 100 200 300 400
T [GeV] T [GeV]
History:
BSMPTv3 CosmoTransitioins

- first-order PT from neutral (red) - agrees w/ low-T phase

to charge-breaking CB phase (blue) until T~200 GeV
- second-order PT info a neutral - fails to tfrace any minima

minimum for higher temperatures
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| 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 |

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 96
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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

M.M. Mihllettner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 9%



* 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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HDM (C2HDM)
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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 2HpM (catem)

» 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

[ Hy \ [ p

| \ / oy \
@1 p— ( 'Ul+ff . . p2
v 3 neutral CP-mixed Higgs bosons: H|,H,, H;, p3

with my <my <my

2 charged Higgs bosons: H", H™

with R=| —(e <mg, < My,

—C182C3 + 8183 —(C183 + 8182C3) C2C3 /
only two masses are

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

qul R13(R12 tan 8 — R11) + m%b R23(R22 tan 8 — Rzl)
R33(R31 — R3z tan 3)

2 _
mHS—

Charged Higgs sector is unchanged.

e C2HDM input parameters: Mg Mg, My, Re(mlzz), v, tan f, Ry,, Cévv, Cé,ﬂ  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,st7 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

M.M. Mithlleitner, KIT CRC V'S Meeting, 25-27/9/2024, KIT 105
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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 @

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 (I) =
' ( 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=%(32), (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]

1.20 . _ (6(H)BR(H = yP))yasom ¢ dangerous N
Moy = T G (H)BRMH = 17))531 e dangerous CB
1.15 e dangerous CP
e |ong-lived
1.10 e absolutely stable
¢ only EW vacuum
1.05
<
3
1.00
0.95
0.90
0.85
200 400 600 800 1000 1200 1400
my= [GEV]

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]

1.20 _ (6(H)BR(H = yP))yasom ¢ dangerous N
Moy = T G (H)BRMH = 17))531 e dangerous CB
1.1 e dangerous CP
e |ong-lived
1.10 e absolutely stable
¢ only EW vacuum
1.05
<
3
1.00
0.95
0.90
0.85
200 400 600 800 1000 1200 1400
my= [GEV]

Note: Vacuum structure will be changed through higher-order correctionl
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10 ThevarkPhases of thenztom

» 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 = mllq)f(l)l + mQQCI)Tq)2 + 21 ((I)];q)l) + ?2 ((I)ECI)Q)

2
+ A3®] @3}, + 1, 0] D,05 0, + ;5 [(@’{%) + h.c.]

+ 1m§<1>?g + ’\6<I>§ + ’\7<1>T<I> d% + ’\8<I>T<I>2q>
2 8 2 2

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, HIS),A ; Hg)

5 visible particles (H,, H,, A, H*)
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[Engeln,Ferreira, MM, Santos,Wittbrodt,2004.05382]
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= (6(H)BR(H = y7))N2upm
" o(H)BR(H = y7)su

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

I

l

BP
| |
h12s = Hq
1.1 O hips=H; |
O  his=Hs
> 1.0
3
0.9 A
0.8 O ~
DSP
| |
® hips=H;
1.1 O hixs=Hy -
> 1.0
1 %N
0.9
0.8 ]
0 200 400 600 800 1000 O
my= [GeV]

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
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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
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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_) ggl 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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