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Summary on Higgs Boson Properties

® Higgs boson discovered in 2012

® Not much known about the “new boson” by that time
® Sijtuation drastically changed during the subsequent years

® Precision measurement of its properties
® Mass, width, spin, parity, couplings
@ New analysis techniques such as the matrix-element method and neural networks allow to pursue difficult
channels or observables

® Global combination of different coupling measurements allows to derive a consistent and uniform picture of
the Higgs boson

® So far, everything looks like a SM Higgs boson
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Differential Cross Section

® So far: reconstructed distributions of kinematic observables compared to expected distributions
(from MC simulation and/or data)

a All physics effects forward-folded with detector effects, e. g. resolution
® Problem: distributions cannot be compared between experiments or with theory calculations
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Differential Cross Section

® So far: reconstructed distributions of kinematic observables compared to expected distributions
(from MC simulation and/or data)
a All physics effects forward-folded with detector effects, e. g. resolution
® Problem: distributions cannot be compared between experiments or with theory calculations
a A solution: measurements presented as differential cross sections = cross sections as a function of one
or more kinematic observable
a Detector effects corrected by unfolding procedure
® Typical result: fiducial differential cross section at level of stable particles
a Differential distributions contain more information on physics processes than inclusive cross sections: more
detailed comparison with theory

@ Main channels: H — vy and H — ZZ* — 4/

3/42 21.7.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



KIT

Unfolding Techniques

® Determine true distribution f(X) from reconstructed distribution
& Relation: Fredholm integral equation

o) = [ [AER]%) 6% + b07) = [[al7RR %) 67 + b(7)

a , X: “true” kinematics
® R(y|X) transfer function = acceptance a(y|X) x efficiency ¢(x)
= p(y): background distribution

[
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Unfolding Techniques

® Determine true distribution f(X) from reconstructed distribution
& Relation: Fredholm integral equation

9y = / | RUIX) [f(%) 0% + b(y) = / a(JIX)e(%) (%) 0¥ + b(7)

a , X: “true” kinematics
® R(y|X) transfer function = acceptance a(y|X) x efficiency ¢(x)
= p(y): background distribution

m Solving for f(X): ill-posed mathematical problem, typical solution
® First step: discretisation (=histogram) + response/migration matrix R

i :  bin observed distribution g
Jj: bin “true” distribution f

m
9 =Y Rifi+b
j=1

® R = diagonal: bin-by-bin correction factors c;: g = ¢ifi + b;
® Matrix inversion: numerically unstable due to statistical fluctuations
— additional assumption: smooth distributions (“regularisation”)
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Bin-by-Bin Unfolding (H — ZZ — 4/)
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Matrix Unfolding (H — WW)
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Example: Higgs-Boson pr A“(IT

ODQ_(j ~ _|:|_ ) < Karlsruhe Institute of Technology
® Probes modelling of dominant ggH production mode Omgb

® Sensitivity to new heavy particles in the loop
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Example: Higgs-Boson pry Om&j N < A“(IT

® Probes modelling of dominant ggH production mode

® Sensitivity to new heavy particles in the loop

CMS 35.9 fb™ (13 TeV)
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Fiducial cross-section measurements in each channel, extrapolated to full phase-space for combination
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Example: Higgs-Boson pr

® Probes modelling of dominant ggH production mode

® Sensitivity to new heavy particles in the loop

CMS 35.9 fb? (13 TeV)
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Example: Higgs-Boson pr %; <

® Constraints on other Higgs-boson couplings OQ_%%}
® Yukawa couplings to top, bottom, charm quarks

a Effective coupling to gluons (with higher dim. operator)
2CMS 35.9 fb™ (13 TeV) CMS 35.9 fb™? (13 TeV)
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Example: Higgs-Boson py (oo ﬂ(IT

H < Karlsruhe Institute of Technology
® Constraints on other Higgs-boson couplings %

® Yukawa couplings to top, bottom, charm quarks
a Effective coupling to gluons (with dim.-6 operator)
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Example: Higgs-Boson py (oca ﬂ(IT

H < Karlsruhe Institute of Technology
® Constraints on other Higgs-boson couplings .Q—‘gb%b

® Yukawa couplings to top, bottom, charm quarks
a Effective coupling to gluons (with dim.-6 operator)

4GCMS 35.9 fo (13 TeV) , CMS 35.9fb" (13 TeV)
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Example: Jet Kinematics A“(IT

Karlsruhe Institute of Technology

® Probes QCD radiation and Higgs production mode

Number of central jets
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Example: Jet Kinematics

® Probes QCD radiation and Higgs production mode
pr of central jets

CMS 35.9 b™ (13 TeV)
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Example: Jet Kinematics

® Probes QCD radiation and Higgs production mode

pr of central jets
CMS 35.9 b™ (13 TeV)
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Example: Double-Differential Cross-Section

H — ~+ channel, e.g. as function of pr (H) x N(jets)

[e8} (6102) 106} d3Hr]
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Example: Double-Differential Cross-Section A“(IT

H — ~+ channel, e.g. as function of pr (H) x N(jets)

[e8} (6102) 106} d3Hr]

CMS 35.9 fb™ (13 TeV) CMS 35.9 fb* (13 TeV) CMS 35.9 fb™ (13 TeV)
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Higgs Boson Self-Coupling at the LHC
® Higgs boson self-coupling: access to shape of Higgs potential
2,2 L 4 1 2 ﬁ 3| "j 4
Lu D =AVH AV — 2AH = omuH 4| 20K | — 20 H
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Higgs Boson Self-Coupling at the LHC
® Higgs boson self-coupling: access to shape of Higgs potential

Ln D —AH + AvH® — %)\H“ = ;

a Tri-linear Higgs coupling at hadron colliders: di-Higgs production

g _-h 9 TOOO

—myH? +

KIT

Karlsruhe Institute of Technology

2
ﬁHs omy 4

2v 8v?

——<—9---1

t —/— -.: t
1 N
g ~ho g oooo
Tri-linear coupling Yuka

-~

wa interaction

a Very small SM cross-section due to destructive interference with diagrams with Yukawa coupling

U’sm(HH) = 33.5fbat13TeV (=~ 0.1%0'sr\/|(H))
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Higgs Boson Self-Coupling at the LHC

® Higgs boson self-coupling: access to shape of Higgs potential

KIT
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202 3 1,4 1 2 ﬁ 3| _ m7ﬁ 4
Lu D =AVH AV — 2AH = omuH 4| 20K | — 20 H
a Tri-linear Higgs coupling at hadron colliders: di-Higgs production
g _-h 9 0000y—~—e---h
t --e t
h >«
9 ~hog oooot-——e --- |

Tri-linear coupling

Yukawa interaction

a Very small SM cross-section due to destructive interference with diagrams with Yukawa coupling:

(J’sm(HH) = 33.5fbat13TeV (=~ 0.1%0'sr\/|(H))

® |n principle also quartic Higgs self-coupling (tri-Higgs production
at 13TeV (— not feasible at LHC)
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Searches for Di-Higgs Production

@ Di-Higgs searches performed in several different final-states
® Often final states with one H — bb decay to exploit high branching ratio
— compensate low cross-section

BR(HH— XXYY) ® Each channel

& Upper limit on SM non-resonant production

& Search for non-resonant hh BSM effects in mpn

® Model-independent search for narrow resonance
in mpn spectrum

— same analysis results interpreted in different
models

MR Zy Y 2z cc T 99 WW bb

BR(H—> XX)
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BSM Non-Resonant Di-Higgs Production? A“(IT

Karlsruhe Institute of Technology

@ Resonant Higgs boson pair-production studied within generic extension of SM Lagrangian
— EFT approach (JHEP 1604 (2016) 126)

Tri-linear coupling Yukawa interaction ttHH interaction

Ly = 18,hd"h — ImBH — o\ Asuvh?
~™ (v + sh + %hh) (futs + h.c.)
1 ag C2g v
+1g (= 50 GG,

u 5 free parameters: £y = Annn /Ao, 51 = M/AM, C2, Cyy Cog
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Higgs-gluon contact interactions

M. Dall'Osso at EPS 2017
9 _-h g e Lohg ohog oo h

A ow el : E> Z@g’ zi%--,:'
g ~h g ooeT ---h 9 ~hy ~ho 9

~

~h
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https://inspirehep.net/record/1381952/
https://indico.cern.ch/event/466934/contributions/2588820/

Di-Higgs Production: Early Run 2 Results

12 benchmarks for k, rit, G2, Cg, C2g

Cluster 1

Cluster2

Cluster 3

Cluster 4

30500 1000 T2
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6 B60 000 720
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40 00 1000 1%
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0466500 800 1000 12!
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Cluster 12
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6800 0001200
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N, 49

ampies =

008007000 T2
M, (@evic)

N, 2

eampos =

#5600 800 1000 120
™, (@evic)

Nepps =299

T
m,, (Gevic?)

—

95% CL upper limit on a(gg - HH) [fb]

10*

10°

102

e Observed

bbtt (HIG-17-002)

[ 68% expected
o Median expected [l 95% expected

KIT

Karlsruhe Institute of Technology

bbyy (HIG-17-008)
e Observed [ 68% expected
o Median expected [l 95% expected

| CMS Preliminary

Assumes SM Higgs
branching fractions

e O

35.9 bl (13 TeV)

O o HN

®0

10 11 12k,=0SM
Shape benchmark

@ Non-resonant SM production not yet accessible, upper limit of =~ 20 x SM expectation
& No evidence of additional BSM contribution, but vast parameter space that is difficult to cover
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https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG

SKIT

Where are we now?

@ Review paper by the CMS Collaboration ten years after the discovery of the Higgs Boson

@ A portrait of the Higgs boson by the CMS experiment ten years after the discovery maue 07 2022) 6068
@ State-of-the-art results for couplings and Di-Higgs searches
a Similar paper from the ATLAS Collaboration
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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Signal Strengths: Production and Decay

CMS 138 b (13 Tev) CMS 138 b (13 Tev)
® Observed \:’ +1 SD (stat) ® Observed \:’ +1 SD (stat)
e +1 SD (stat [ syst) l:l +1 SD (syst) w—+]1 SD (stat U syst) l:l +1 SD (syst)
— +2 SDs (stat O syst) —— +2 SDs (stat [ syst)
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Couplings to Fermions and Bosons
CMS . CMS 138 b (13 TeV)
bul T T T T oo T RS |
x [ - ‘ ! ! - ] g |:J 1f 12538 cev w Z_‘f.'"
+ Discovery # LHC Run 1 # This paper g e
L i 3
15 |—68%CL ---95% CL ¢ SMHiggs |— ’
L | 5 10 J
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L i < b .
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.9
1.0~ K n $  Vector bosons
r B i ) ¢ 3“ generation fermions
[ ; \ ] 0% w7 3 o . N
L ) ' B !." ¢ 27 generation fermions
r ,” ’:' B S SM Higgs boson
05? ," 2 i s 19-_17‘\ T BT AR B
r 5 1 B 15| ‘ ‘
| o) : T |
L . ) i 5 ég._ .......................... iT‘ .................... 1.00)
L . | 2 08
00 bl L L @ ppfel el il o
06 0.8 1.0 1.2 1.4K 10™ 1 10 10?
v Particle mass (GeV)
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Individual Couplings

CMS 138 o™ (13 TeV) CMS
w z
14f
® Observed [ 41 5D (stat) 3 .
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Di-Higgs Production

CMS 138 b (13 TeV) CMS
— = .

T T T T e T T
K=K =1 —e— Observed ~ -tte- Median expected 10? bb bb bb Tt
Ky =Koy =1 [ 68% expected

----- 95% expected

|
Theory

bb 2z
Expected: 40
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Multilepton
Expected: 19
Observed: 21

bb yy Combined

bb yy
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Observed: 8.4

%

bb 1T
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Observed: 3.3

10

95% CL limit on a(pp - HH)/o
.
(=3

bb bb
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Observed: 6.4

[N

1 1 | |

Lapy This ML -e— Observed
A RN “"’C/;Upaﬁer “He |- Median exp.
1 0 100 n2 [ 68% exp.
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Expected: 25
Observed: 3.4
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Self-Coupling and Quartic Coupling

22/42

95% CL limit on o(pp — HH (incl.)) / fb

10°

CMS 138 fb” (13 TeV)
DR e e e e e B 0°F
Fo=ryy =k, =1 —— Observed ~ -==-- Median expected E
r = Theory prediction B8 68% expected r
r- {3 95% expected F
N\
10°

Excluded

95% CL limit on o(pp — HH (incl.)) / fo

Excluded

LY = R N P B B [
— - -2 0 2 4 6 8 10
K
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138 fb (13 TeV,
e

Excluded

— Observed

= Theory prediction

----- Median expected
BB 68% expected
==== 95% expected

N

Excluded

)
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How SM-Like is H(125)? A“(IT

Karlsruhe Institute of Technology

CMS 138 b (13 Tev)
e Observed [ ]+1 5D (stat)
= +1 SD (stat O syst) [] £1 SD (syst)
— +2 SDs (stat [ syst)
* H Stat Syst
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KZ ‘6 1'00—003 -003  -0.01
@ Couplings of the Higgs boson H(125) have been Kol  — 000220 907 007
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Hierarchy Problem in the SM Higgs Sector

® ‘Bare’ Higgs boson mass receives quantum corrections
a Corrections to mass scale quadratically with cut-off scale A
® A: scale up to which SM is assumed to be valid
@ Quadratic corrections unique feature of scalar particles
quantum corrections

f N\
hd
2 2 Moo
H___ L my =m0 - 787(’2/\ + ...
1 X

\
125GeV \ bare mass
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Hierarchy Problem in the SM Higgs Sector

a ‘Bare’ Higgs boson mass receives quantum corrections
a Corrections to mass scale quadratically with cut-off scale A
® A: scale up to which SM is assumed to be valid
@ Quadratic corrections unique feature of scalar particles
quantum corrections

f N\
hd
2 2 Moo
H___ L my =m0 - 787(’2/\ + ...
1 X

\
125GeV \ bare mass

® SM: A = Appanak =~ 10'® GeV — natural scale for my
How can my be 125 GeV?
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Hierarchy Problem in the SM Higgs Sector

a ‘Bare’ Higgs boson mass receives quantum corrections
a Corrections to mass scale quadratically with cut-off scale A
® A: scale up to which SM is assumed to be valid
@ Quadratic corrections unique feature of scalar particles
quantum corrections

f N\
hd
2 2 Moo
H___ L my =m0 - 787(’2/\ + ...
1 X

\
125GeV \ bare mass

® SM: A = Appanak =~ 10'® GeV — natural scale for my
How can my be 125 GeV?

—m = %/\2 at extremely high precision (10'8!): fine-tuning problem
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Hierarchy Problem in the SM Higgs Sector

a ‘Bare’ Higgs boson mass receives quantum corrections
a Corrections to mass scale quadratically with cut-off scale A
® A: scale up to which SM is assumed to be valid
@ Quadratic corrections unique feature of scalar particles
quantum corrections

f N\
hd
2 2 Moo
H___ L my =m0 - 787(’2/\ + ...
1 X

\
125GeV \ bare mass

® SM: A = Appanak =~ 10'® GeV — natural scale for my
How can my be 125 GeV?

—m = %/\2 at extremely high precision (10'8!): fine-tuning problem

& Alternatively
® New physics at a scale A < Apianck?
® Additional terms that cancel corrections (e. g. in Supersymmetry)?
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Pecularities of the SM Higgs Sector A“(IT

g WO T T T T T T
(]
L} C — Perturbativity bound 15
E= + [ Stability bound =42
300 [— A =21 [ Finite-T metastability bound | §
- Il Zero-T metastability bound - ;
[ A=m Shown are 1o error bands, w/o theoretical errors ~ —| &}
H s N
@ Standard Model self-consistent and 250 | s
. 8
renormalisable, but r 12
[ 1s
@ Metastable vacuum when extrapolated to the 200 14
— - o
Planck scale C ]
® Quadratically divergent quantum corrections to Tevatron exclusion at >95% CL
Higgs-boson mass 150 — 7
[~ LEP exclusion =
- at>95% CL =
r e
1004 6 8 10 12 14 16 18

Iogw(AI GeV)

® Higgs mechanism added somewhat ad-hoc to achieve EWSB
® Yukawa couplings just defer problem of fermion masses
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https://inspirehep.net/search?p=find+eprint+0906.0954
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Out for the Unknown

heavy SM-like
Higgs

singlet extension -

2HDMs
MSSM

NMSSM

Higgs - invisible
composite Higgs
lepton-flavour
violating Higgs

Non-SM-Higgs properties of the 125 GeV boson? Additional Higgs bosons?
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Lepton-Flavour Violating Higgs Couplings

® |n SM, no lepton-flavour violating (LFV) Higgs couplings
® But can occur in models with more than one Higgs doublet

@ |ndirect constraints:
® B(H— eu) < O(1078)
a B(H— ur) < O(10%)
® B(H— er) < O(10%)
e.g. from virtual loop contributions of LFV Higgs
couplings to
nw— ey, T — ey, T — Wy

H — er and H — u7 only weakly constrained
Perform direct measurements!
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Lepton-Flavour Violating Higgs Couplings: er and ur
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137 fb* (13 TeV)

H - et BDT fit

e Observed

X Median expected
I 68% expected |
[ 95% expected
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95% CL limit on B(H- eT1) %
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/index.html
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Lepton-Flavour Violating Higgs Couplings: er and ur e e ey

137 fb™ (13 TeV) CMS 137 fb™ (13 TeV)

€102€0 (1202) ¥OI Q Aoy "sAud

107 =

10™

18<H pamasqux,f'

[%Isa i

-3 TP 1 ST

sl E
10° 10™

10° 10* 10° 102 10%

Interpreted as limit on lepton-flavour violating Yukawa couplings
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/index.html

Lepton-Flavour Violating Higgs Couplings: eu

KIT

Karlsruhe Institute of Technology

@ Although the eu channel has already higher constraints, a similar search has been carried out

@ No signal found for decay of the SM Higgs boson into e...

CMS
1

138 fb (13 TeV,
1 1

ggHcat0
0.53 (0.82) x 10 l

ggHcatl
0.85 (0.82) x 10 I

ggHcat2
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95% CL limits

* Observed

B Expected + 10
x| Expected 20

VBFcat0
2.08 (1.72) x 10* -

VBFcatl
3.96 (3.27) x 10

Combined I
0.44 (0.47) x 10

0 2

95% CL limit on B(H - ep) [x 10™]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html
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Lepton-Flavour Violating Higgs Couplings: eu

® However, the analysis covers not only SM Higgs boson decays, but also searches for a non-SM signal
from the decay of a generic BSM boson decay (my # 125 GeV)
& Significant excess (3.8¢ local, 2.8 global) at around my = 146 GeV observed

ot
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Lepton-Flavour Violating Higgs Couplings: eu

® However, the analysis covers not only SM Higgs boson decays, but also searches for a non-SM signal
from the decay of a generic BSM boson decay (my # 125 GeV)
& Significant excess (3.8¢ local, 2.8 global) at around my = 146 GeV observed

Qa ey shyd o)

CMS 138 fb (13 TeV)
.CMS 138 fo (13 TeV) 3 OFTTT ! ! IR
e e e e 8 b + Dam E
E 8 959% CL limits ENe) 2 F — S+Bfit El 2
. 13 ¢ e ] 3
X . . . . -
t R T More data will be necessary to decide whether this is a true BSM signal or not EREN
g 3 — analysis with Run 3 data (no signal seen by ATLAS in Run 2) N
5 M -
c E =
g o£ | | | | | | B =
E jd
= s
1 2
o o
X
Yo}
(&)

60 L bl b i b d
flO 115 120 125 130 135 140 145 150 155 160 6o 11‘0 12‘0 13‘0 14‘0 5 o

5
my [GeV] me, [GeV]

31/42  21.7.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-002/index.html

KIT

Searches for “Higgs — Invisible”

® Very small branching ratio of ~ 0.1 % in SM (mostly H — zz* — 4v)

@ But possible at larger rate in new-physics models, €. g. in Supersymmetry or extra-dimensions models
® New invisible particle x often Dark Matter candidate

@ Constraints from combined coupling measurements
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Searches for “Higgs — Invisible”

® Very small branching ratio of ~ 0.1 % in SM (mostly H — zz* — 4v)

@ But possible at larger rate in new-physics models, €. g. in Supersymmetry or extra-dimensions models
® New invisible particle x often Dark Matter candidate

@ Constraints from combined coupling measurements

“VH” vector-boson fusion monojet

Direct searches in events where H recoils against visible objects
Signature: large £+ recoling against a distinctive visible system

32/42 21.7.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



SKIT

(13 H HP EH
Searches for “Higgs — Invisible
4.9 b (7 Tev), 19.7 fb* (8 TeV), 140 fb™* (13 TeV)
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Searches for “Higgs — Invisible”
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Searches for “Higgs — Invisible”
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Searches for “Higgs — Invisible”
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@ [nterpretation in Higgs-portal Dark Matter
(DM) models

@ Hidden DM sector, only H couples to DM

— Limits on DM-nucleon scattering cross
section
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@ [nterpretation in Higgs-portal Dark Matter
(DM) models

@ Hidden DM sector, only H couples to DM

— Limits on DM-nucleon scattering cross
section

— Complementary sensitivity to
direct-detection DM experiments

@ No sensitivity for higher masses due to
kinematic threshold
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Supersymmetry

® |n the SM two different kind of fundamental particles

® Bosons with integer spin: mediate forces between particles and the Higgs boson
® Fermions of half-integer spin: constituents of matter

® [s there a connection between both? Maybe a broken symmetry at higher energies similar to the EWSB?

Standard Model particles Supersymmetric partners
‘ o ¢ 't (8 ) gluino
— Concept of Supersymmetry (SUSY): relate each WOV u \g/

; ; 2
fermion/boson to a corresponding superpartner \) O U d b @ photino &
called sboson/sfermion with AS = 1 = e

: - @G @
® Many additional free parameters (>100) in general, (V- AV, JV. )i 7 LN e 5
focus on minimal extensions to the SM OO O @ @ @ @ wino
© quarks squarks H hi,
o Iqeptons u () srleptons & sneutrinos @ Iggsmo
© force particles © neutralinos §° & charginos §*
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Minimal Supersymmetric Standard Model
@ MSSM requires 2 Higgs doublets ¢, (¢2) and ¢q4 (¢1)

+

¢U fr— d)L:) 5 Yd)u = +1 5 VU :VEVU
b

_ [ 9% _ :

d)d_ — 7Y¢d—_1>Vd-VEVd

¢

® SUSY invariance requires different doublets for Yukawa-coupling terms of up- and down-type fermions
@ Using instead conjugate Higgs field as in SM breaks SUSY invariance

a 8 d.o.f. since 2 complex Higgs doublets: 3 d.o.f. for my+, mz — 5 physical Higgs bosons

2 CP-even neutral Higgs bosons h, H (mn < my)
1 CP-odd neutral Higgs boson A
2 charged Higgs bosons H*
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MSSM Higgs Sector A“(IT
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® Two vacuum expectation values v, and vy of the Higgs doublets

Vu 2 2 2 2 4m§
tanﬁ = 7(1 Vu —+ Vg = Vou = (246GeV) = W

Additional parameter «: angle between ¢, and ¢q4 in SU(2) isospace

@ At LO, MSSM Higgs-sector entirely described by 2 parameters

® Typical choice: | tan 8 and ma
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MSSM Higgs Sector

® Two vacuum expectation values v, and vy of the Higgs doublets

Vu 2 2 2 2 4”’%
t = — vy + vy = vgy = (246 GeV)" = ———
anpj Ve G Ve = vau = ( ) 7+ g2

Additional parameter «: angle between ¢, and ¢q4 in SU(2) isospace

@ At LO, MSSM Higgs-sector entirely described by 2 parameters

a Typical choice:

tan S and ma

® Strict mass relation at LO

2 2 2
e = My + My

= 4 (2 (= )+ ame sin(25) )

m

® |n particular ’ my < mz-|cos28| < mz ‘
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MSSM Higgs Sector A“(IT

Karlsruhe Institute of Technology

® Two vacuum expectation values v, and vy of the Higgs doublets

Vu 2 2 2 2 4m§
tanﬁ = 7(1 Vu —+ Vg = Vou = (246GeV) = W

Additional parameter «: angle between ¢, and ¢q4 in SU(2) isospace

@ At LO, MSSM Higgs-sector entirely described by 2 parameters

® Typical choice: | tan 8 and ma

® Strict mass relation at LO

2 2 2
e = My + My

= 4 (2 (= )+ ame sin(25) )

m

® |n particular ’ my < mz-|cos28| < mz ‘ contradicts h(125) observation!
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MSSM Higgs Sector A“(IT

@ MSSM Higgs sector depends on other SUSY parameters than tan 5 and mju via higher-order contributions
@ Higgs boson masses receive higher-order corrections

t t
PASEEN

0 0 ’ \
A(m3) = - e Py
\ /

~ ’
- -

—| mp < 135GeV | predicted in MSSM!
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Neutral MSSM Higgs Bosons
® Coupling strength relative to respective SM coupling
aw /g Guu/ G 940/ 954
A — ~® cot ~®tan 3
H cos(B—a) - 0 sina/sinf — cotf cosa/cosfS — tanf3
h sin(B—a) - 1 cosa/sinf — 1 —sina/cosff — 1

® For mp > myz (‘decoupling limit'): o — 3 —
® h becomes SM-like: cannot distinguish SM from MSSM via coupling measurements of h(125)
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Neutral MSSM Higgs Bosons
@ Coupling strength relative to respective SM coupling
aw /g Guu/ G5 ad/9a"
A — ~® cot ~®tan 3
H cos(B—a) - 0 sina/sinf — cotf cosa/cosfS — tanf3
h sin(B—a) - 1 cosa/sinf — 1 —sina/cosff — 1

® For mp > myz (‘decoupling limit'): o — 3 —
® h becomes SM-like: cannot distinguish SM from MSSM via coupling measurements of h(125)

— Search for additional Higgs bosons!
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Neutral MSSM Higgs Bosons

tanp=5 FeynHiggs+HDECAY tanp=30 FeynHiggs+HDECAY

T 17””‘mwm‘mWm‘mwm‘mwmg% T 1W%
X r 1¢ T F 12
o @
103 43 T e S |

- 1 BR(H - tt) :

r B — BR(H- bb) 7

102¢ E 102 - EEE:; SJ) E

F E —BRH- WwW) | J

10°= —eRin- ) | = 10°kE ]

C — BR(H- 1) u| £ 3

C BR(H- ) | 7 L ]

L — BR(H- WW) i L |

I M} 0q SCENArIo 7 r m; .4 Scenario |

[T) i SN U S EWEES I R i P [T A N FEN R P W i P
100 200 300 400 500 600 700 800 9001000 100 200 300 400 500 600 700 800 9001000

M, [GeV] M, [GeV]
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Cornering the MSSM Higgs Sector

(ma, tan B) regions in different scenarios excluded by various direct searches

CMS Preliminary 35.9-138 fb™ (13 TeV)
@ 60
c
S 50 hMSSM D Observed exclusion 95% CL
40 |- e
[
30 ;;%%;E ted excl oswoL | &
NN xpected exclusion o ﬁ
[}
20 h(125) 3 hMSSM — modified
EPJC 79 (2019) 421 ] .
< version of the default
AHIh s .
10 D arxiv:220;.‘02717* * MSSM to incorporate
. D H - ww2iv) the observation of Higgs
L]
=L (HIG-20-016) boson
4 H — hh (bbyy)
3 HiG-21-011*
( | HIA - tt
Il | S
Py N | JHEP 04 (2020) 171
\ \
N ‘
N N\ A - Zh (Iht)
\ JHEP 03 (2020) 65
. S
130 200 300 400 1000 2000 *1381b?

m, [GeV]
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Cornering the MSSM Higgs Sector

(ma, tan B) regions in different scenarios excluded by various direct searches

CMS Preliminary 35.9-138 fb™ (13 TeV)
@ 60
i
S Observed exclusion 95% CL |
40 (= z
0k AW ) T
w Expected exclusion 95% CL %
w
20k A — pp 3
PLB 798 (2019) 134922 3
R .
AH - bb g If one requires a mass
10 = JHEP 08 (2018) 113 )
- of 125 GeV for h in the
B AMHh - 1T
g, axriv:2208.02717 * default MSSM, also low
4 |:| H - Ww(2l2v) tan 3 values are
L3
3 (H6-20019 excluded
H — hh (bbyy)
2k HiG-21-011*
1L S I
100 200 300 400 1000 2000 *1381b?
m, [GeV]
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Summary on the (BSM) Higgs Sector
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® H(125) with well-understood properties (SM-like “within less than 10%”)
@ SM self-consistent, but incomplete + theoretical deficits
® Gravity, Dark Matter + hierarchy problem, ...
a Why does EWSB occur?
@ There must be new physics beyond the SM: (how) does it affect the Higgs sector?
@ Non-SM properties of the H(125) boson?
® Extended Higgs sector with additional Higgs bosons, e.g. in SUSY?
® Vast number of searches covering many of the expected signatures

@ Generic “heavy SM Higgs” searches vs. model-inspired

® Important inspiration for possible signatures: MSSM

a Often interpretation of same results in different models

® Goal is to search for generic signatures of BSM Higgs physics

21.7.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider

KIT

Karlsruhe Institute of Technology

KIT -ETP



