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In the past decades we have observed an increasing understanding of the theory of
matter. The picture is summarized in the Standard Model of Particle Physics. The
model is complete except for the structure of the scalar sector. Gouverned by \
° ° ° ° ° o \ ) F-"\\_-‘ .
asymptotic unitarity, the Higgs self-couplings are finally fixed. 5. Walsh esY)
The Higgs sector -- phenomenological as well as collider aspects — is discussed in
today's colloquium. We are looking forward to Margarete Miihlleitner’s (Karlsruhe
Institute of Technology) presentation.
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Our Driving Force

+Peter Zerwas in a very rare outburst of emotions during coffee in the DESY cantine at
lunch time:

We have the most wonderful job in the world!

+ We would certainly all agree on that!

We are all driven by the endeavor to understand what holds
the world together in its inmost folds.

M. Munhlleitner, KIT, 28 June 2022 Peter Fest at DESY
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Facts

+Peter Zerwas followed this endeavor with enthusiasm and dedication
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Facts

+Peter Zerwas followed this endeavor with enthusiasm and dedication
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Facts

+Peter Zerwas followed this endeavor with enthusiasm and dedication

Date of paper

Citation Summary

Exclude self-citations ®

Citeable @ Published ®

Papers 217 182
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Facts

+Peter Zerwas followed this endeavor with enthusiasm and dedication

Date of paper Citation Summary
Exclude self-citations @
Citeable @ Published ®
Papers 217 182
Scaling Violations in Inclusive e+ e- Annihilation Spectra #11

C. Peterson (SLAC), D. Schlatter (SLAC), I. Schmitt (SLAC), Peter M. Zerwas (SLAC) (Apr, 1982)
Published in: Phys.Rev.D 27 (1983) 105

pdf @ links &

DOI = cite 3) 2,346 citations

40

20

0 1-9 10-49 50-99 100-249 250-499 500+
Citations

M. Munhlleitner, KIT, 28 June 2022

Peter Fest at DESY 2




1970 Dissertation on Chiral Symmetry

Postdoc at DESY/Hamburg, SLAC Standford/California

1976 Professor for Theoretical Physics in Aachen

1991 Leading Scientist in DESY Theory Group &
Professor at the University of Hamburg

2007 Retirement

- Guest Professor/Research Visits: CERN, SLAC, FNAL, KEK

- Leader of .Experiments Committee" at LEP/CERN

- Member of Particle Data Group Advisory Board at LBNL

- Co-Editor of .Zeitschrift fir Physik", .Eur. Phys. Journal®,
.Reports on Progress in Physics"

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY



+ Overview of Peter's research early and later years

+ The Legacy
- Higgs physics - relation to today's LHC physics program
what can be learnt

+Higgs discovery
- detour to supersymmetry

+ The Higgs program
- Higgs boson mass
- Higgs boson couplings
- Higgs boson quantum numbers
- Higgs pair production

+ Higgs Portal to Hidden Sector

+ Varia ~

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY 4
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Main research field: Quantum Chromodynamics

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY



Research

+Early years:  Main research field: Quantum Chromodynamics

Determination of charm quark mass first tfime from neutrino data

VOLUME 36, NUMBER 8 PHYSICAL REVIEW LETTERS 23 FEBRUARY 1976

Model of Dimuon Production by Neutrinos*

L. M. Sehgal and P, M, Zerwas
III. Physikalisches mstitul, Technische Hochschule, Aachen, West Germany
(Received 11 December 1975)
In an attempt to confirm the charm interpretation of dimuons, we have constructed an
explicit quark-parton model for the production and decay of a new hadron in neutrino in-
teractions. The model produces, among other results, a distribution for the muon ener-
gy ratio E@™/E "), which is independent of the neutrino spectrum and In remar X

kable
agreement with observations. The model encourages the hope that the study of dimuon
characteristics could reveal the charge of the charmed quark and the chirality of the
charmed current,

M. Munhlleitner, KIT, 28 June 2022 Peter Fest at DESY



Main research field: Quantum Chromodynamics

Determination of charm quark mass first time from neutrino data

Peterson Fragmentation - transition of heavy quarks into jets

SLAC-PUB-2912
April 1982
(T/E)

SCALING VIOLATIONS IN INCLUSIVE e*e~ ANNIHILATION SPECTRAX
C. Peterson**, D. Schlatter, I. Schmitt*** and P. M. Zeruas****

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

ABSTRACT

The origin of the observed scaling violations in inclusive e‘e”
annihilation is investigated. Perturbative jet evolution is not

necessarily the only reason for scale breaking in the hadron spectra at
S —

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY



Main research field: Quantum Chromodynamics

Determination of charm quark mass first time from neutrino data
Peterson Fragmentation - transition of heavy quarks into jets

Hoyer Model - fragmentation of gluons in hadron jet
discovery of hadron jets at PETRA (DESY) experimentally
established the existence of gluons

, B
Nuclear Physics B

Volume 161, Issues 2—-3, 17-24 December 1979, Pages 349-372

N
"

Quantum chromodynamics and jets in
ete”

P. Hoyer, P. Osland, H.G. Sander, T.F. Walsh, P.M. Zerwas # b

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY



Typical 3 jet event in the
TASSO detector: Two quarks
produced in an electron-
positron collision emit a gluon;
each of the particles turn into a
jet of particles. 1979

Eem=356eV

22.9.80
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Research

+Early years:  Main research field: Quantum Chromodynamics

Determination of charm quark mass first time from neutrino data
Peterson Fragmentation - transition of heavy quarks into jets

Hoyer Model - fragmentation of gluons in hadron jet
discovery of hadron jets at PETRA (DESY) experimentally
established the existence of gluons

Bengtsson-Zerwas Winkel - signal of the self-interaction of

the gluons -> asymptotic freedom of the QCD

Physics Letters B

Volume 208, Issue 2, 14 July 1988, Pages 306-308

F] SEVIER
Go to Physics Letters B on ScienceDirect

Four-jet events in e* e~ annihilation:
Testing the three-gluon vertex #

M. Bengtsson *, P.M. Zerwas *

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY
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Main research field: Quantum Chromodynamics

Determination of charm quark mass first tfime from neutrino data
Peterson Fragmentation - transition of heavy quarks into jets

Hoyer Model - fragmentation of gluons in hadron jet
discovery of hadron jets at PETRA (DESY) experimentally
established the existence of gluons

Bengtsson-Zerwas Winkel - signal of the self-interaction of
the gluons -> asymptotic freedom of the QCD

Photon Fragmentation Function - transition of hadronic jet into
a single highly energetic photon

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY
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Higgs Physics
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Research

+Later years:
Higgs Physics

Supersymmetry

Standard Model particles Supersymmetric partners

®)

@@
Q00
@@
QOO0

O Quarks @ Leptons @ Gauge @ Higgs (O Squarks O Sleptons O Gluino O Neutralinos
bosons & charginos
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Research

+Later years:
Higgs Physics

Supersymmetry

Physics Potential of an e+e- collider

Standard Model particles Supersymmetric partners

O Quarks @ Leptons @ Gauge @ Higgs (O Squarks O Sleptons O Gluino O Neutralinos
bosons & charginos

s !ECFA DESY! !

Linear Collider Workshop

M. Munhlleitner, KIT, 28 June 2022 Peter Fest at DESY



Dedication to the e+e- Linear Collider

Extended Study NEWS TDR LC Notes WGs TESLA Colloquium

Goals of the Study.
I%E%ea:lt—ozlllgs—comme' TESLA Technical Design Report
News Page
Review process for a detector R&D program
Workshops:
o First Workshop, Orsay April 1998. Speakers slides.
o Second Workshop, Lund 28-30 June 1998. Speakers slides.
Third Workshop, Frascati 7-10 Nov 1998. Speakers slides. Part Il
Fourth Workshop, Oxford 20-23 March 1999. Speakers slides.
International Workshop on Linear Colliders (LCWS99) at Sitges, neat P hysics at an e+ e Linear Co"ider
Fifth Workshop, Obernai 16-19 October 1999. Speakers slides.
Sixth Workshop, Padova 5-8 May 2000.
Speakers slides - sorted by program. Speakers slides - sorted by authg
o Seventh Workshop, DESY, 22-25 September 2000.
Speakers slides.
o S5th International e+e- Linear Collider Workshop on Physics and Detex March 2001
e Meetings of working groups between main ECFA/DESY Workshops and otl

_

s !ECFA DESY! !

Linear Collider Workshop

O O 0O O o

Editors: R.-D.Heuer, D.Miller, F.Richard, P.M.Zerwas

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY 7
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Fundamental Physics

Symmetries

Particle Content

Forces
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Higgs Sector

M. Muhlleitner, KIT, 28 June 2022

Peter Fest at DESY




Fundamental Physics
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Higgs Sector
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Status

35.9-137 fb’

(13 TeV)

¥ £

| 10—1 L

CMS

m, = 125.38 GeV
p-value = 44%
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
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ATLAS

Preliminary

Status: July 2021 JLdt=(36-139)fb" Vs =8,13TeV
Model Cy  Jetst ET™ [ram) Limit Reference
T T T

ADD G + 8/q Oepury 1-4j Yes 139 Mo 1n2TeV o -2 210210874
ADD non resonant vy ¥ - 367 [Ms 86TV 1 -3HZMO 1707 04147
ADD QBH N S a0 e o 170309127
ADD BH muljot - - 6 | Mn =6, My = 3oV, 1ot BH 1512.02506
RS1 Gk =y 2y - - 139 Gy mass. Tev k[ Mpr = 0.1 2102.13405
BuK RS G -+ WW/ZZ  multi-channel 361 [ Gacmass 23TeV 10 1608 02380
Bulk RS G — WV — fvaqq leu 2j/1J  Yes 139 Gy mass. Tev for = 1.0 2004.14636
Bulk RS gk — tt. leu 21b2102 Yes 36.1 Bk Mass. 3.8TeV r/m=15% 1804.10823
2UED / RPP leu 22b,23)  Yes 36.1 KK mass. 1.8 TeV Tier (1,1), B — ) = 1 1803.09678
SSM 2’ — 1t 2ep - - 139 4 5.1 TeV 1903.06248
SSM 7' e 2r - - g6t 2427Tov 1700 07242
Leptophobic Z' — bb - 2b - 36.1 21 Tev 1805.09299
Leptophobic 2’ — tt Oeu  21b22J Yes 139 4.1 Tev r/m=12% 2005.05138
SSM W' — (v tew Yos 139 60ToV. 150605600
SSM W’ < v 17 - Yes 139 5.0 ATLAS-CONF-2021-025
SSM W' th S aieaty - 139 44Tov 'ATLAS CONF 2021043
HVT W' — WZ — (vgqgmodel B 1e,u 2j/1J  Yes 139 4.3 TeV. & =3 2004.146¢
HVT 2' — ZH model B 2 e 12b Yes 139 32TeV & =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oeu 21b22J 139 32TeV v =3 7.052¢
LASM W — iy 2 - w 50Tev (V) = 05TV, = g 1904.12679
Clagaq - 2 - a0 28TV 1 170300127
Clttqq 2ep - - 139 aBETeV. . 2006.12946

S Glechs 2¢ - 1% 18TeV a1 2105.13047
Cl yapabs. 2p 1b - 139 20Tev &=1 2105.13847
Gttt Sep  1b21] Yos 361 257 Tov Cul = 4r 1811 02905
Axial-vector med. (Dirac DM) Oepry 1-4j Yes 139 21TeV =0.25, g, =1, m(x)=1GeV/ 210210874
Pseudo-scalar med. (Dirac DM) Ty 1-4) Yes 139 376 GeV' &=, 1

E Vector med. Z'-2HDM (Dirac DM) O e, i 2b Yes 139 31 Tev tan ATLAS-CONF 2021006
Pseudo-scalar med. 2HDMsa__multi-channel 139 560 GeV. anfet g, 'ATLAS-CONF 2021.036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 3.4Tev y=04, =02, m{x 1812.09743
Scalar LQ 1* gen 2e 2] ves 139 18TeV. 5 2006.05872
Scalar LQ 2™ gen 2 2] Yes 139 17TeV Y] 2006.0587:

S ScalarLQ 3" gen 2b  Yes 139 1.2TeV B(LQ: 1 ATLAS CONF.2021.008.
Scalar LQ 3" gon O 32],22b Yos 139 124 ToV (.0 1 004,140
Scalar LQ 3" gon s2euxira)b — 139 1.43ToV 51 1 210111562
Scalar LQ 3" gen Oeu,2170-2j,2b Yes 139 1.26 TeV. BLQ] - bv) =1 2101.12527
VL TT ozt 4 X 2eruden 21b21) - 139 14 SU(2) doudlet ATLAS-CONF 2021024
VLQ BB — Wt/Zb+ X multi- | 36.1 1.34 Tev. SU(2) doublet 1808.0234:

VLQ Tos ToplTos — We+ X 2(SS)/28equ >16,21] Yes 361 1.64 TeV. B(Toy — W) 1, ¢(TyaWe)a 1 07,11

VLQ T — Ht/Zt 1 23] Yes 139 1.8 TeV SU(2) singlet, xr= 0.5 ATLAS-CONF-2021-040
vy ey 21b21)  Yes 36.1 1.85 TeV. B(Y — Wb). 1812.07343
VLB~ Hb Oeu 3202110 - 139 20 SU(2) dou ATLAS-CONF 2021018
Excited quark ¢" — ag. - 2 - 139 6.7 TeV only u* and 1910.08447
Excited quark q* — qy 1y 1 - 367 53TeVv only u* and 1709.10440
Excited quark b" — bg. - 161j - 36.1 2.6 TeV. 1805.09299
Excited lepton 3eu - - 203 A =30TeV 1411.2021
Excited lepton v* et - - 203 A =16TeV 1411.2021

Typo Il Socsaw 234en 2] Yes 139 910 Gev. ATLAS-CONF 2021023
LRSM Majorana v " 2j - 36.1 3.2Tev m(We) = 4.1TeV. g1 = gn 1809.11105
Higgs triplet H** — W*w* 234 e,u(SS) various  Yes 139 350 GeV' DY production 2101.11961
Higgs triplet H** —» (¢ 234 eu(sS) - - 861 870 GeV. DY production 1710.09748
Higas rip r - - 203 OY producton, B(H;* - (1) = 1 1411 2521
Multi-charged particles - - 36.1 1.22TeV DY production, |q| 1812.03673
Magnetic monopoles. - - - 344 237 TeV. DY production, |g| = 1go, spin 1/2 1905.10130

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

Small-radius (large-radius,

are d

d by the letter j (J).

a—atl — oG

d- (@@ » ;G/aiy - aWG)

ot - (1/2)G

pp - B4 W =164 - WE

PP = N A — 2% [(2/0/7)G] + ot

PP = %% = hhGG + Xun

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

PP = WK - ZZGG + Xy

e SUS-17-011
7+ MEx: arXiv:1711.08008
7+ Hr: arXiv:1707.06193

7+ £+ MEx: arXiv:1812.04066

p — &
7+ b+ MEq: arXiv:1901.06726

PP = RONT KX

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

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

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

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

250 500 750

[+ Hp: arXivil707.06193 e exclusion)

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

(mas. cxclusion)

(max. exclusion)

(max. exchusion)

BF(ZHA) = 112

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

0%

20 opposite-sign: arXiv:1709.08908

1000

1250 1500 1750 2000

mass scale [GeV]

Sclction of abserved limits at 95% C.L. (theory uncetaiatic are not inclided). Probe up to the quoted mass i for liht LSPs unles stated otherwise,
The quantitles AM and 2 represent che absolute mase differnc beween the primasy spastce and the L3P, and the diffsrence between the ncermedinte
spariile and the LSP relaive to AM, respectively, unlens ndicated orherwise,

2019

Discovered Higgs Boson
behaves very SM-like

T ——

Consistency Test
of the SM
at the quantum level l

T

No direct discovery of
New Physics so far

B
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The Higgs Discovery 4th July 2012

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY
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LHC Higgs Production Cross Sections

I | D]

™ T
\s= 14 TeV 3
10 = N
1 = .
1 f_ _f
10 = |discovery and :
_o[_|interpretation B
107 E require precise =
_a[ [theory predictions -
10 E |of Higgs observables =
. ] 1 Lo vl 1 L L1 11 | R

10 20 30 100 20 1000 2000
M, [GeV]

LHC HIGGS XS WG 2016
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LHC Higgs Production Cross Sections

I | D]

™ T
\s= 14 TeV 3
10 = N
1 = .
1 f_ _f
10 = |discovery and :
_o[_|interpretation B
107 E require precise =
_a[ [theory predictions -
10 E |of Higgs observables =
. ] 1 Lo vl 1 L L1 11 | R

10 20 30 100 20 1000 2000
M, [GeV]

LHC HIGGS XS WG 2016
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Gluon Fusion in H at NLO QCD w/ full Top Mass Effects

Higgs boson production at the LHC #46

M. Spira (Hamburg U.), A. Djouadi (Montreal U. and DESY), D. Graudenz (CERN), P.M. Zerwas (DESY)
(Feb, 1995)

Published in: Nucl.Phys.B 453 (1995) 17-82 - e-Print: hep-ph/9504378 [hep-ph]

pdf ¢ DOI [= cite 3) 1,516 citations

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY
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Gluon Fusion in H at NLO QCD w/ full Top Mass Effects

[Spira,Djouadi,Graudenz,Zerwas, 95]

T I I I |
HI.'m-*H+K} p=M=m_ - O(pp-’H-f-X) [‘pb] =M i
af va = 14 T m, = 17 GV Ve =14 TF m, = 174 GV
GEY - m"=150{}tv_.
20 \ GRY

+ NLO QCD corrections are significant
+ renormalization scale dependence: reduction of theoretical uncertainty

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY 17




ttH+X Production at NLO QCD

NLO QCD corrections to t anti-t H production in hadron collisions

W. Beenakker (Nijmegen U., IMAPP), S. Dittmaier (DESY and Munich, Max Planck Inst.), M.
Kramer (Edinburgh U.), B. Plumper (DESY), M. Spira (PSI, Villigen) et al. (Nov, 2002)

Published in: Nucl.Phys.B 653 (2003) 151-203 - e-Print: hep-ph/0211352 [hep-ph]

pdf & DOI [= cite %) 598 citations
-

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY
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ttH+X Production at NLO QCD

[Beenakker,Dittmaier,Krdmer,Plimper,Spira,Zerwas, 02]

LA L L AL LA L AL L L L L DL L DL AL LA L LA B 1400 ! ! ! ! ! ! LI |
o(pp — ftH + X) [fb] - o(pp — ftH + X) [{b]
3 [ ]
10~ | Vs =14 TeV 7 1200 Vs =14 TeV g
W= p,=m, +M,/2 3 o M,, = 120 GeV
B --- LO 1000 . Uy =m, + My/2 i
800
600
102 |
IR 400
PO TR T [N TR TR TR AT Y TR AN NN ST AN S NN SN S S SN TN SN AN NN TN SN S NN T S T N S S S ' 200 I N L L L N L L
80 100 120 140 160 180 200 220 240 260 0.2 0.5 : ) 5

+ NLO QCD corrections increase cross section @LHC by 20%
+ renormalization scale dependence: reduction of theoretical uncertainty

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY 18



No Beyond the Standard Model Physics
discovered so far!

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY
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Where we are - Example SUSY Search Limits

CMS (preliminary) Moriond 2021

Overview of SUSY results: squark pair production
137 fb~! (13 TeV)

pp — tt

t— tx
t — bxi - bW=x)

t— (tX3/bXi — bWXY
t— bffl)zg AM < 80 GeV (max. exclusion)
t = bgF - bff'x?
t—cy?
t — byi — bul — butx?

pp — bb
b — bl
b — t{F — tWg? Mgy = 50 GeV

PP — Qq

AM < 80 GeV (max. exclusion), z = 0.5

AM < 80 GeV (max. exclusion)

500 750 1000 1250
mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate

sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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Where we are - Example SUSY Search Limits

CMS (preliminary) Moriond 2021

. . .
Overview of SUSY results: squark pair production
-1
137 b~ (13 TeV)
pPp — tt
t— t)z(lj Combination: SUS-20-002
0¢: arXiv:1909.03460;1908.04722,2103.01290
14: arXiv:1912.08887
2/ opposite-sign: arXiv:2008.05936
~ —t _
t — by — bW*x?| Combination: SUS-20-002 z=105
04: arXiv:1909.03460;2103.01290 z=05
14: arXiv:1912.08887 z=05 i
2( opposite-sign: arXiv:2008 ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
T ~ ~+ ~ E— =
t — (tx3/bxi —» bWx?) | Combination: SUS-20-002 March 2022 . , o Vs=13TeV
: Model Signature  [£dr[fb™'] Mass limit Reference
04: arXiv:1909.03460;2103.01290 - T T L | T T —T—
33, §—g¥) Oe,ut 26jets  Epe 139 _ 1.85 m(¥})<400 GeV 2010.14293
1/4: arXiv:1912.08887 9 mono-jet  1-3jets ETTSS 139 g [8x Degen.] 0.9 m(3)-m(¥})=5GeV 2102.10874
-~ — S iz z-90 Oe.p 2-6jets EF™ 139 |2 23 m(t})=0GeV 2010.14293
t — bfF'0| 06: arXiv:1909.03460;2103.01290 S ¢ Forbioden 1.151.95 m(#t)=1000Gev 201014295
~ —t -0 W 73 goqgWh Teu 2-6 jets v 139 |2 2.2 m(¥})<600 GeV 2101.01629
t— le — bff X1 0/: arXiv:1909.03460;2103.01290 Q 2 goqIO] €6 Jii 2jets  EP™ 139 |2 2.2 m(¥})<700 GeV CERN-EP-2022-014
- § 28, 3>qqWZ¥) Oeu  7-11jets ENS 139 |z 1.97 m(¥}) <600 GeV 2008.06032
t— ci({ 0/: arXiv:2103.01290 3 SSe,u 6 jets v 139 z 1.15 m(g)-m(¥1)=200 GeV 1909.08457
-~ ~t ~ ~0 S 3, g—tit) O-1epu 3b Ep™ 798 | & 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
t = bxF — bul — bulx?| 26 arXivi2008.05936 SSeu  6jets 199 % 125 migymid})=a00Gev 190508457
biby Oeu 2p  EFS 139 | B, 1.255 m(¥1)<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
T 1 byby, by—b¥3 — bhi] Oeu 6b  EMS 139 |3 Forbidden 0.23-1.35 AM(E.19)=130 GeV, m(¥{)=100 GeV 1908.03122
PP — bb % § TR ! o7 26 EMS 139 |G 0.13-0.85 Am(BLT)=130 GeV, m(T})=0 GeV 2103.08189
Q N
- ~0 . i 3 23 A, ol 0-1eu  >ljet EMS 139 |7 1.25 m(@))=1GeV 2004.14060,2012.03799
b— le 0¢: arXiv:1909.03460;1908.04722 Eg i, i WhHE teu BjetsAb EMS 139 |7 Forbidden ~ 0.65 m(¥})=500 GeV 2012.03799
L ~+ +:0 : 5 8 S5 Qi hi-Tiby, T1—1G 127 2jets/th EMY 139 [ Forbidden 14 m(#)=800 GeV 2108.07665
b — tx7T — tW=X] | 2 same-sign and > 3¢: arXiv:2001.10086 R T 0o N oS mi)=oGev 180501549
e Oepu mono-jet  EF™ 139 |4 0.55 m(iy,&)-m(¥})=5 GeV 210210874
171, T 109, X —Z/hT) 1-2e,u 146 EMS 139 |h 0.067-1.18 m(E2)=500 GeV 2006.05880
PP — q("i b, b +Z 3epu 1b EPS 139 |7 Forbidden 0.86 m(E)=360 GeV, m(fy)-m(¥})= 40 GeV 2006.05880
_ - XX viawz Multiple ¢/jets Ea‘" 189 | B/ 0.96 m(E)=0, wino-bino 2106.01676, 2108.07586
q— qX?| 0¢: arXiv:1909.03460;1908.04722 cer >l Ep 3 [EE 0208 (<5 GV wino o 1911.12605
. XiX} viaww 2epu Epis 139 | FF 0.42 m(¥})=0, wino-bino 1908.08215
04: arXiv:1909.03460;1908.04722 XY via Wh Multiple ¢/jets EMs 139 | ¥580  Forbidden 1.06 m(@)=70 GeV, wino-bino 2004.10894,2108.07586
5 i vial/v 2epu ERS 139 |4 1.0 m(Z.7)=0.5(m (¥} )+m(})) 1908.08215
L ! E .§ 7, torh) 27 Ep 139 |7 FrL AR IN0A60:3] 0.12-0.39 m(E})=0 1911.06660
0 250 500 - AN ; miss 5 e
GrlR, (-0 2ep Ojets  E 139 |7 0.7 m(¥})=0 1908.08215
A eefir :ljet  ERS 139 |7 0.256 m()-m(¥)=10 GeV 1911.12606
HH, H->hG/ZG Oe,pu >3b E£“‘ 36.1 i 0.13-0.23 0.29-0.88 BR(,f" - hG)=1 1806.04030
Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted 85’/1 N ZIOJets. . g;‘:: 139 (A 0.55 BR(Y) — ZG)=1 2108.11684
The quantities AM and x represent the absolute mass difference between the primary sparticle and the Li e zzlargelets by 189 | & 0520:95) BRI = 26)=1 2108.07586
sparticle and the LSP relative to AM, respectively, unless indicated otherwise. — — - - -
Direct X1 .X| prod., long-lived X7 Disapp. trk 1jet EPS 139 % 0.66 Pure Wino 2201.02472
7 0.21 Pure higgsino 2201.02472
§ 8 stable z R-hadron pixel dE/dx Evs 139 |z 2.05 CERN-EP-2022.029
t‘,,'og Metastable g R-hadron, —qq¥| pixel dE/dx Emiss 139 | & [(3) =10ns] 2.2 m(t))=100 GeV CERN-EP-2022-029
S8 -G Displ. lep Epis 139 | &q 0.7 (@ 201107812
2 ) 7 0.34 G 2011.07812
pixel dE/dx EPS 139 | % 0.36 @ =10ns CERN-EP-2022-029
TR Vi ozttt 3epu ) 139 Pure Wino 2011.10543
YL IXS > ww)zeettvy depn Ojets  EP™ 139 1.55 m(¥})=200 GeV 2103.11684
28, gaqq/\_/(ll,/?? - qqq 4-5 large jets 36.1 19 Large 17,, 1804.03568
=~ i, faﬂ?,i‘f — ths Multiple 36.1 m(¥1)=200 GeV, bino-like ATLAS-CONF-2018-003
& i, i-bXT, XT — bbs > 4b 139 Forbidden m(¥s)=500 GeV 2010.01015
niy, h—bs 2jets+2b 36.7 1710.07171
i, hi—>ql 2epu 2b 36.1 0.4-1.45 BR(7y —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(fi —qu)=100%, cosf,=1 2003.11956
)‘(T/)??/)??, )'(ll’yz—ﬂb& X1 —bbs 12e,u >6 jets 139 b4 0.2-0.32 Pure higgsino 2106.09609
N L L MR N N L M
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]
phenomena is shown. Many of the limits are based on

simplified models, c.f. refs. for the assumptions made.
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Let’'s talk about Supersymmetry

+ Motivation:

+ maximal possible symmetry compatible with
Poincaré group (space-time symmetry)

+ solves some of the open problems of the SM: Gurys

- candidate for Dark Matter
- inclusion of gravity
- unification of fundamental forces
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Supersymmetry

+ Motivation:

+ maximal possible symmetry compatible with
Poincaré group (space-time symmetry)

+ solves some of the open problems of the SM:

- candidate for Dark Matter
- inclusion of gravity
- unification of fundamental forces
+ Implications:
# enlarged particle spectrum: each SM particle has supersymmetric partner particle

* enlar'ged HiggS sector Standard Model particles Supersymmetric partners

DOO@
@00 (I (®)
00 00

O Quarks @ Leptons @ Gauge @ Higgs (O Squarks O Sleptons O Gluino O Neutralinos
bosons & charginos
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Discovery Requires Precise Theory Predictions
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Discovery Requires Precise Theory Predictions

The Production of charginos / neutralinos and sleptons at hadron colliders

W. Beenakker (Durham U.), M. Klasen (Argonne), M. Kramer (CERN), T. Plehn (Wisconsin U., Madison),
M. Spira (Hamburg U.) et al. (Jun, 1999)

Published in: Phys.Rev.Lett. 83 (1999) 3780-3783, Phys.Rev.Lett. 100 (2008) 029901 (erratum) - e-
Print: hep-ph/9906298 [hep-ph]

pdf ¢ DOI [= cite %) 546 citations
—
(0]

53 80 105 129 X0

o (PP/PP — X%3> X5K3> XiX5» X1 [Pb]]

pp (VS = 14 TeV)
....... pp (VS=2TeV) |

10

10
10 ] X%
ol T ST
100 150 200 250
M. Miihlleitner, KIT, 28 June 2022 Petel m(¥7:x3) [GeV]



Discovery Requires Precise Theory Predictions

Stop production at hadron colliders #13

W. Beenakker (Leiden U.), M. Kramer (Rutherford), T. Plehn (DESY), M. Spira (CERN), P.M.
Zerwas (DESY) (Oct, 1997)

Published in: Nucl.Phys.B 515 (1998) 3-14 - e-Print: hep-ph/9710451 [hep-ph]

pdf ¢ DOI [ cite %) 646 citations
EEEEEEEEEEEEEEEEEEEE—EEEmEmEm—E——————

200 220 240 260 280 300 320 340 360 380 400

L L L L L L L L L L
| ! | | ! ! ! | ! |

— m(f)) [GeV] |

10 |- pp—=>1t+ X
Oy PP]
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. @NLO SUSY-QCD

lllllll

|
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- === NLO :u=m() Tt .
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Discovery Requires Precise Theory Predictions

Squark and gluino production at hadron colliders
W. Beenakker (Leiden U.), R. Hopker (DESY), M. Spira (CERN), P.M. Zerwas (DESY) (Oct, 1996)

Published in: Nucl.Phys.B 492 (1997) 51-103 - e-Print: hep-ph/9610490 [hep-ph]

10 3 1 I 1 | I I 1 I I 1 I I 1 I 1 — 10 3 - I 1 1 | I I 1 | 1 I 1 I I 1 1 =
= 7) = = - =
pdf & DOI @1 | ) -
1021 NLO -+ 10%E E
Lo\ 1 Lo\ :
[ N Am-=+28GeV | | N\ Am-=+14GeV |
10 F N ER o E
- pp— 44 1 [ pp—dd ]
10 -1 1 1 1 I l 1 1 l 1 1 1 l 1 1 1 10 B 1 1 1 I l 1 1 I 1 1 1 l 1 1 1
200 400 600 800 1000 200 400 600 800 1000
3 mg [GeV] 3 my [GeV]
10 ; "-. T T I T T T l T T T I T T T ; 10 ; T l:‘. T I T T T I T T T l T T T ;
: @3 1 @
02 \NLO 1 02 NLO |
- LO . 1k i
i \Am = +52 GeV _ i i
10 | -4 10 | LO
: € : Am; = +36 GeV "\
. pp— 88 | . pp— &4 \
1 | o[pb] - 1 £ olpb] =
: m~/m~=1.2 : - m~/m 20 ;
A S _: S ™ 1.2 1
10 -1 1 | 1 | | | 1 l | 1 1 I 1 | 1 10 | 1 | | | | 1 | 1 | 1 l 1 1 |
. - 200 400 600 800 1000 200 400 600 800 1000
M. Muhlleitner, KIT, 28 June 2022 m; [GeV] m; [GeV]
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Discovery Requires Precise Theory Predictions
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Discovery Requires Precise Theory Predictions

SUSY QCD decays of squarks and gluinos #11

W. Beenakker (Leiden U.), R. Hopker (DESY), P.M. Zerwas (DESY) (Feb, 1996)
Published in: Phys.Lett.B 378 (1996) 159-166 - e-Print: hep-ph/9602378 [hep-ph]

pdf & DOl [S cite %) 102 citations

Stop decays in SUSY QCD #9

W. Beenakker (Leiden U.), R. Hopker (DESY), T. Plehn (DESY), P.M. Zerwas (DESY) (Oct, 1996)
Published in: Z.Phys.C 75 (1997) 349-356 - e-Print: hep-ph/9610313 [hep-ph]

pdf ¢ DOI [= cite %) 95 citations
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Discovery Requires Precise Theory Predictions

o 25 _l I I I I 1 I I I l I I I I | I 1 I I_
SUSY QCD decays ,, | (a) (@) [GeV ] E
- m~ = 300 GeV .
W. Beenakker (Leiden | 15 E 1 E
Published in: Phys.Lett §
10 - E
pdf ¢ DOI 5 [ LO - E
0 El PRI S AN TR ST ST S N S S |||. 5
100 150 200 250 300
2:""1""1""|""_
15 - (b) Ivio/Tio y!
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05 [ =
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100 150 200 250 300
m-é[GeV]
15 T T T IIIII] T T T T 17T
- (© I'@) [ GeV]
10
5 B
0 - | ]
10" 1 10
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Underlying Theory: Determination of SUSY Properties

HHSSEs_ '

MIXING -

jﬁnd\d MP‘S T /// Ey end pt | Ky
A‘Aa th'num L > ~

X, |[0/300 | 4o/ 500
ACoun Meac pﬁcd ' . 2 | 200/300 | 701600

S

Ao, 0l F q [~3qv |~ 1gv
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Underlying Theory: Determination of SUSY Properties

Polarization in sfermion decays: Determining tan beta and trilinear couplings  #/

E. Boos (SINP, Moscow and DESY), H.U. Martyn (Aachen, Tech. Hochsch.), Gudrid A. Moortgat- [ : M
Pick (DESY and Durham U., IPPP), M. Sachwitz (DESY, Zeuthen), A. Sherstnev (SINP, Moscow) et al.
b0 | 4o/ S00
(Mar, 2003)
Published in: Eur.Phys.J.C 30 (2003) 395-407 - e-Print: hep-ph/0303110 [hep-ph] 00 | 70/600
pdf ¢ DOl [= cite %) 89 citations fv VAR
| L
Gluino Polarization at the LHC #1

M. Kramer (Aachen, Tech. Hochsch.), E. Popenda (Aachen, Tech. Hochsch.), M. Spira (PSI, Villigen),
P.M. Zerwas (RWTH Aachen U. and DESY) (Feb, 2009)

Published in: Phys.Rev.D 80 (2009) 055002 - e-Print: 0902.3795 [hep-ph]

00
pdf ¢ DOl [5 cite %) 12 citations —
R R =——————
Analysis of the neutralino system in supersymmetric theories: Addendum #10

S.Y. Choi (Chonbuk Natl. U.), J. Kalinowski (Warsaw U.), Gudrid A. Moortgat-Pick (DESY), P.M.
Zerwas (DESY) (Feb, 2002)

e-Print: hep-ph/0202039 [hep-ph]

pdf [= cite %) 54 citations

Analysis of the neutralino system in supersymmetric theories #11

S.Y. Choi (DESY and Chonbuk Natl. U.), J. Kalinowski (DESY and Warsaw U.), Gudrid A. Moortgat-
Pick (DESY), P.M. Zerwas (DESY) (Aug, 2001)

Published in: Eur.Phys.J.C 22 (2001) 563-579, Eur.Phys.J.C 23 (2002) 769-772 (addendum) - e-
Print: hep-ph/0108117 [hep-ph]

M. Muhlleitner, KIT, 28 June 2022 pdf ¢ links ¢ DOI [= cite %) 244 citations
e III——————




Underlying Theory: Determination of SUSY Properties

(a) Re(M)) [GeV] (b) Im(M,) [GeV]
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Reconstructing SUSY

(W) racsunhuchon of fud. Susy Ougony

bamc p(wxw s M fﬁmﬂ,
s peade RGE Ligf. ol

The Reconstruction of supersymmetric theories at high-energy scales #10

G.A. Blair (DESY and Royal Holloway, U. of London), W. Porod (Zurich U.), P.M. Zerwas (DESY) (Oct,
2002)

Published in: Eur.Phys.J.C 27 (2003) 263-281 - e-Print: hep-ph/0210058 [hep-ph]

pdf > DOI [= cite %) 130 citations
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Reconstructing SUSY
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Reconstructing SUSY

Blair
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SUSY Particles at e+e- Colliders

Slepton production at e+ e- and e-e- linear colliders: Addendum -, #2

—

A. Freitas (Fermilab), A. von Manteuffel (DESY), P.M. Zerwas (DESY) (Aug, 2004)
Published in: Eur.Phys.J.C 40 (2005) 435-445 - e-Print: hep-ph/0408341 [hep-ph]

pdf Z links > DOI [ cite %) 30 citations

-0

Slepton production at e+ e- and e- e- linear colliders

A. Freitas (Fermilab), A. von Manteuffel (DESY), P.M. Zerwas (DESY) (Oct, 2003)
Published in: Eur.Phys.J.C 34 (2004) 487-512 - e-Print: hep-ph/0310182 [hep-ph]

[ pdf Z links > DOI =

Chargino pair production in e+ e- collisions
l S.Y. Choi (Yonsei U.), A. Djouadi (Montpellier U.), Herbert K. Dreiner (Rutherford), J.

Kalinowski (Warsaw, CFT), P.M. Zerwas (DESY) (Jun, 1998)

pdf & DOl [5 cite

Published in: Eur.Phys.J.C 7 (1999) 123-134 - e-Print: hep-ph/9806279 [hep-ph]

%) 126 citations

Determining SUSY parameters in chargino pair production in e+ e- collisions  #"

P.M. Zerwas (DESY) (Dec, 1998)

| A ndf /2 DOI S cite

S.Y. Choi (Korea Inst. Advanced Study, Seoul), A. Djouadi (Montpellier U.), H.S. Song (Seoul Natl. U.),

Published in: Eur.Phys.J.C 8 (1999) 669-677 - e-Print: hep-ph/9812236 [hep-ph]

%) 116 citations

Squarks and gluinos at a TeV e e~ collider: Testing the identity of Yukawa and #' —

gauge couplings in SUSY-QCD

A. Brandenburg (DESY), M. Maniatis (Heidelberg U.), M.M. Weber (SUNY, Buffalo), Peter M.
Zerwas (RWTH Aachen U. and DESY) (Jun, 2008)

Published in: Eur.Phys.J.C 58 (2008) 291-300 - e-Print: 0806.3875 [hep-ph]

pdf ¢ DOI [ cite 3) 7 citations
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No Beyond the Standard Model Physics
discovered so far!

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

Guido Altarelli, 16/1/12, KIT: ,The situation is depressing,
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No Beyond the Standard Model Physics
discovered so far!

Guido Altarelli, 16/1/12, KIT: ,The situation is depressing,
but not desperate.”

What can we learn from Higgs physics? y

Nl =

MHI[26GEV Ol

Valide du 04/07/2012
au 31/1 2000

Prenem
Higgs S.
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Boson
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The Role
of the
‘J—[iggs ‘Boson
‘Mass
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The Role of the Higgs Boson Mass

+ Combined Higgs mass value:
My = 125.09 + 0.21 (stat) * 0.11 (syst) GeV

[ATLAS,CMS]
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The Role of the Higgs Boson Mass

+ Combined Higgs mass value:
My = 125.09 + 0.21 (stat) * 0.11 (syst) GeV

+ Why precision? What can we learn?

[ATLAS,CMS]
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The Role of the Higgs Boson Mass

+ Combined Higgs mass value:
My = 125.09 + 0.21 (stat) * 0.11 (syst) GeV

+ Why precision? What can we learn?

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

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

+ Higgs mass uncertainty feeds back in uncertainty
on Higgs observables

+ Test parameter relations in beyond-SM theories

= indirect constraint of viable BSM parameter space!
T ——

[ATLAS CMS]
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The W Boson Mass
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The W Boson Mass
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* SM: fundamental parameter, not predicted by the theory

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

MSSM: M

2

NMSSM: mi, ~ A[Z) cos® 283 + \?v? sin” 23 +Am§{ +— (5!

* less important loop corrections compared to the MSSM

* solves little hierarchy problem

M 2) cos? 23 +Am%{ +— (8!
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* SM: fundamental parameter, not predicted Lhuw .

* Supersymmetry: calculable from input para
quantum corrections Amzh are important!

MSSM: m%[ M?Z cos® 23 +Am%{ — (85 GeV)?!

NMSSM: m3 =~ Mz cos?23 + N v?sin”“28 +Am3, <+ (55 GeV)?

2

* less important loop corrections compared to the MSSM

* solves little hierarchy problem [Kim, Nilles, '84]
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SUSY Higgs Masses

+ Supersymmetry: requires at least 2 complex Higgs doublets

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

+ Enlarged Higgs and neutralino sector:

7 Higgs bosons: Hi,Ho, Hy, Ay, Ay, HT . H™

5 neutralinos: Xy (i=1,..,5)

M. Mubhlleitner, KIT, 28 June 2022 Peter Fest at DESY



NMSSM Mass Spectrum

CERN-TH/2003-077
DESY 03-066
ITEP-03-05

The Higgs Sector
of the Next-to-Minimal Supersymmetric Standard Model

D.J. Miller!, R. Nevzorov?
and P.M. Zerwas®

1 Theory Division, CERN, CH-1211 Geneva 23, Switzerland
2 ITEP, Moscow, Russia
3 Deutsches Elektronen—Synchrotron DESY, D-22603 Hamburg, Germany

arXiv:hep-ph/0304049v2 4 Jun 2003

Abstract

The Higgs boson spectrum of the Next-to-Minimal Supersymmetric Standard Model is ex-
amined. The model includes a singlet Higgs field S in addition to the two Higgs doublets
of the minimal extension. ‘Natural’ values of the parameters of the model are motivated by
their renormalization group running and the vacuum stability. The qualitative features of the
Higgs boson masses are dependent on how strongly the Peccei-Quinn U(1) symmetry of the
model is broken, measured by the self-coupling of the singlet field in the superpotential. We
explore the Higgs boson masses and their couplings to gauge bosons for various representative

scenarios.

e
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NMSSM Mass Spectrum

[Miller Nevzorov,Zerwas, 03]

M4
MI?I — M%l + 13)
’ M,
1 MA M4 K M2 M2 2
2 2 2 13
MH2/1 = 5 M22+M33_M_%i\/(M§2_M§3+ﬁ12?) +4(M223_ 11&12112)
- —
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NMSSM Mass Spectrum

[Miller Nevzorov,Zerwas, 03]
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NMSSM Mass Spectrum

[Miller Nevzorov,Zerwas, 03]
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NMSSM Mass Spectrum

[Miller Nevzorov,Zerwas, 03]
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Spectrum Calculations 2022

<* 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 t calculation |

EEEE— R ———

< 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

< 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
hybrid

M. Munhlleitner, KIT, 28 June 2022 Peter Fest at DESY



Spectrum Calculations 2022

DESY 20-229, IFT-UAM/CSIC-20-184, FR-PHEN0-2020-021,
KA-TP-23-2020, MPP-2020-235, P3H-20-086, TTK-20-53

<* Methods for Higgs |

Higgs-mass predictions in the MSSM
and beyond

P. Slavich® and S. Heinemeyer®“? (eds.),

E. Bagnaschi®, H. Bahl/, M. Goodsell?, H.E. Haber?, T. Hahn", R. Harlander’,
W. Hollik"®, G. Lee?®! M. Miihlleitner™, S. PaBehr?, H. Rzehak™, D. Stockinger®,
A. Voigt?, C.E.M. Wagner®™* and G. Weiglein/,

B.C. Allanach?, T. Biekétter!, S. Borowka®!, J. Braathen’, M. Carena”*",
T.N. Dao%, G. Degrassi®, F. Domingo¥, P. Drechsel/*, U. Ellwanger?, M. Gabelmann™,
R. Gréber®, J. Klappert?, T. Kwasnitza®, D. Meuser/, L. Mihaila®* N. Murphy*,
K. Nickel?*, W. Porod?, E.A. Reyes Rojas®, I. Sobolev/ and F. Staub™*

* Status MSSM spec
FO: up to 2-loop in
EFT: up o N2LL (in

Predictions for the Higgs masses are a distinctive feature of supersymmetric extensions
of the Standard Model, where they play a crucial role in constraining the parameter space.
The discovery of a Higgs boson and the remarkably precise measurement of its mass at the
LHC have spurred new efforts aimed at improving the accuracy of the theoretical predic-
tions for the Higgs masses in supersymmetric models. The “Precision SUSY Higgs Mass
Calculation Initiative” (KUTS) was launched in 2014 to provide a forum for discussions
between the different groups involved in these efforts. This report aims to present a com-
prehensive overview of the current status of Higgs-mass calculations in supersymmetric
models, to document the many advances that were achieved in recent years and were dis-
cussed during the KUTS meetings, and to outline the prospects for future improvements
in these calculations.

<+ Status NMSSM spe
FO: up to 2-loop in
EFT: matching to q
hybrid

arXiv:2012.15629v3 [hep-ph] 17 May 2021

EFT) - hybrid

ombines virtues
of
fixed order
and EFT

calculation t
—
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SM and also MSSM Higgs Production and Decay | T

Heavy SUSY Higgs bosons at ete ™ linear colliders #15

A. Djouadi (DESY and Karlsruhe U.), J. Kalinowski (Warsaw U.), P. Ohmann (DESY and Oxford U.), P.M.
Zerwas (DESY) (May, 1996)

Published in: Z.Phys.C 74 (1997) 93-111 - e-Print: hep-ph/92605339 [hep-ph]

pdf ¢ DOI [= cite %) 148 citations

—
SUSY decays of Higgs particles #19

A. Djouadi (DESY and Karlsruhe U.), P. Janot (CERN), J. Kalinowski (Warsaw U.), P.M. Zerwas (DESY)
(Mar, 1996)

Published in: Phys.Lett.B 376 (1996) 220-226 - e-Print: hep-ph/9603368 [hep-ph]

pdf & DOl  [= cite 2) 130 citations
e —
Two and three-body decay modes of SUSY Higgs particles #24

A. Djouadi (Karlsruhe U. and DESY), J. Kalinowski (Warsaw U.), P.M. Zerwas (DESY) (Nov, 1995)
Published in: Z.Phys.C 70 (1996) 435-448 - e-Print: hep-ph/9511342 [hep-ph]

pdf 2 links ¢ DOI [= cite %) 216 citations
N EEEETIII——————

SUSY Higgs production at proton colliders #7

M. Spira (DESY), A. Djouadi (Montreal U.), D. Graudenz (LBL, Berkeley), P.M. Zerwas (DESY) (Sep,
1993)

Published in: Phys.Lett.B 318 (1993) 347-353

pdf @ links (¢ DOl [3 cite %) 174 citations
EEEEETTEEIIII—————

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY 38



SM and also MSSM Higgs Production and Decay | svsy wess msons
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Higgs Boson Quantum Numbers

J  spin
e Quantum numbers of the Higgs boson: JYC P parity

C' charge conjugation

e Observation in «~: No spin 1 [Landau-Yang|; C=+1 [assuming charge invariance]

e [heoretical Tools:

x helicity analyses
x operator expansions

e Systematic analysis of production and decay processes

#* angular distributions, threshold analyses

M. Muhlleitner, KIT, 28 June 2022 Peter Fest at DESY

40



Higgs Boson Quantum Numbers

Prospects of measuring the parity of Higgs particles

M. Kramer (Mainz U., Inst. Phys.), Johann H. Kuhn (Karlsruhe U., TTP), M.L. Stong (Karlsruhe U., TTP), P.M.
Zerwas (DESY) (Dec, 1993)

Published in: Z.Phys.C 64 (1994) 21-30 - e-Print: hep-ph/9404280 [hep-ph]

+t-
(&)

pdf 2 links & DOl [ cite 2 196 citations |
ﬂ Workshop on CP Studies and Non-Standard Higgs Physics

E. Accomando, A.G. Akeroyd, E. Akhmetzyanova, J. Albert, A. Alves et al. (Jul, 2006)
Published in: CERN Yellow Reports: Conference Proceedings - e-Print: hep-ph/0608079 [hep-ph]

' [A pdf ? links & DOI [= cite 2) 410 citations

Measuring the spin of the Higgs boson #12

D.J. Miller (DESY), S.Y. Choi (DESY and Chonbuk Natl. U.), B. Eberle (DESY), M.M. Muhlleitner (DESY and Montpellier
U.), P.M. Zerwas (DESY) (Feb, 2001)

Published in: Phys.Lett.B 505 (2001) 149-154 - Contribution to: 2nd Workshop of the 2nd Joint ECFA [ DESY Study on
Physics and Detectors for a Linear Electron Positron Collider, 1825-1834 - e-Print: hep-ph/0102023 [hep-ph]

pdf & links ¢ DOI [= cite ) 116 citations

‘ Identifying the Higgs spin and parity in decays to Z pairs #3
S.Y. Choi (Chonbuk Natl. U.), D.J. Miller (CERN), M.M. Muhlleitner (Montpellier U.), P.M. Zerwas (DESY) (Oct, 2002)
Published in: Phys.Lett.B 553 (2003) 61-71 « e-Print: hep-ph/0210077 [hep-ph]

[A pdf @ links @ DOI [= cite 2) 265 citations
Theoretical Basis of Higgs-Spin Analysis in H — -yy and Z+~ Decays #3 P
S.Y. Choi (Chonbuk Natl. U.), M.M. Muhlleitner (KIT, Karlsruhe, TP), P.M. Zerwas (DESY) (Sep, 2012)
Published in: Phys.Lett.B 718 (2013) 1031-1035 - e-Print: 1209.5268 [hep-ph]

. Muhlleitper, KIT, June 2022 Peter Fest at DESY
é/l pl\git'l é@ DOl 2\% &t
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Higgs Boson Quantum Numbers

[Choi,Miller, MM ,Zerwas, 02]
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Higgs Boson Quantum Numbers

i CP violation

Required ingredient -2 spin

for gener'a’rion of —

baryon-antibaryon asymmetry

[Choi,Miller, MM ,Zerwas, 02]
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CMS, ATLAS: Testing Spin-Parity Hypotheses

CMS (preliminary)

19.4 b (8 TeV)
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Establish the Higgs Mechanism
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Ultimate Test of the Higgs Mechanism
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Ultimate Test of the Higgs Mechanism
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Higgs Pair Production and Beyond

Multiple production of MSSM neutral Higgs bosons at high-energy e+ e- colliders #2

A. Djouadi (Karlsruhe U. and DESY), H.E. Haber (UC, Santa Cruz), P.M. Zerwas (DESY) (Feb, 1996)
Published in: Phys.Lett.B 375 (1996) 203-212 - e-Print: hep-ph/9602234 [hep-ph]

pdf & DOI [S cite 3) 112 citations
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Pair production of neutral Higgs particles in gluon-gluon collisions #13
T. Plehn (DESY), M. Spira (Hamburg U.), P.M. Zerwas (DESY) (Mar, 1996)

Published in: Nucl.Phys.B 479 (1996) 46-64, Nucl.Phys.B 531 (1998) 655-655 (erratum) - e-Print: hep-ph/9603205
[hep-ph]

pdf ¢ DOI [= cite %) 416 citations
e ——

Production of neutral Higgs boson pairs at LHC #16

A. Djouadi (Montpellier U.), W. Kilian (Karlsruhe U., TTP), M. Muhlleitner (DESY), P.M. Zerwas (DESY) (Apr, 1999)
Published in: Eur.Phys.J.C 10 (1999) 45-49 - e-Print: hep-ph/9904287 [hep-ph]

pdf ¢ DOI [ cite %) 271 citations
EEEEE  IIIIIE———————

Testing Higgs selfcouplings at e+ e- linear colliders #17

A. Djouadi (Montpellier U.), W. Kilian (Karlsruhe U., TTP), M. Muhlleitner (DESY), P.M. Zerwas (DESY) (Mar, 1999)
Published in: Eur.Phys.J.C 10 (1999) 27-43 - e-Print: hep-ph/9903229 [hep-ph]

pdf & DOl [= cite 2) 249 citations
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SM Higgs Pair Production at the LHC

[Djouadi,Kilian, MM ,Zerwas, 99]
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*+Challenge: small cross sections and large QCD backgrounds
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Experimental Results - Limits on Trilinear Higgs Self-Coupling
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T

| Expected: k, € [-1.2,7.2]

[Rui Zhang, ATLAS, HH Workshop” 22]

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

[Fabio Monti, CMS, HH Workshop” 22]
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MSSM Higgs Pair Production at the LHC

[Plehn,Spira,Zerwas, 96]
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MSSM Higgs Pair Production at the LHC

[Plehn,Spira,Zerwas, 96]
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MSSM Higgs Pair Production at the LHC
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MSSM Higgs Pair Production at the LHC

[Plehn,Spira,Zerwas, 96]
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MSSM Higgs Pair Production at the LHC

ombination of Higgs decays:

48 4 - I62|.7 7{.2 771.2 | 781.8 | Hi->Hsm Hsm - Hi CP-even
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10 " :
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The Higgs Portal to a Hidden Sector

Exploring the Higgs portal #3

Christoph Englert (Heidelberg U.), Tilman Plehn (Heidelberg U.), Dirk Zerwas (Orsay, LAL), Peter M. Zerwas (DESY and
RWTH Aachen U.) (Jun, 2011)

Published in: Phys.Lett.B 703 (2011) 298-305 - e-Print: 1106.3097 [hep-ph]

pdf & DOI [= cite Z) 216 citations
- —
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The Higgs Portal to a Hidden Sector

SM Higgs sector extended by singlet field [Englert Plehn,Zerwas, Zerwas,11]
001 | | | : |
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SM Higgs sector extended by singlet field [Englert Plehn,Zerwas, Zerwas,11]
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Insights in
Incorporation of discrete symmetries => Higgs portal to DM nature of

Dark Matter
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disagreement w/ SM
v,Z interact w/ same

strength w/ all leptons
=> equal number of

pt, et in final state w/ mass somewhere

/ between 1TeV and 40TeV \

high-lumi LHC physics case for 100 TeV collider
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Leptoquark Pair Production

Pair production of scalar leptoquarks at the Tevatron
M. Kramer (Rutherford), T. Plehn (DESY), M. Spira (CERN), P.M. Zerwas (DESY) (Apr, 1997)
Published in: Phys.Rev.Lett. 79 (1997) 341-344 . e-Print: hep-ph/9704322 [hep-ph]

pdf & pol [S cite

#6

'9 195 citations

Pair production of scalar leptoquarks at the CERN LHC

and Fermilab) (Nov, 2004)
Published in: Phys.Rev.D 71 (2005) 057503 - e-Print: hep-ph/0411038 [hep-ph]

pdf (2 links & pol [3 cite

#2

M. Kramer (Edinburgh U.), T. Plehn (CERN and Munich, Max Planck Inst.), M. Spira (PSI, Villigen), P.M. Zerwas (DESY

‘9 164 citations
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Leptoquark Pair Production at Tevatron

10

150

[Krdmer Plehn,Spira,Zerwas, 97]
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%ﬁin insight in the % Comparison with %nbina’rion of Higgs decays:

underlying theory measured Higgs mass value: Hk->Hsm Hsm - Hk CP-even
: & Hk-> WW / ZZ - Hk CP-even
glimpse at the Restriction of & Hi -> WHsm / ZHsm - Hik CP-odd
eai/UEEIES parameter space of => Test of CP violation
BSM Models
% "Insights in
, . CP violation nature of
&ahon from ?M di-Higgs 4 Dark Matter
cross section value: Required ingredient
Sign of extended Higgs sector for generation of
Sign of strongly interacting baryon-antibaryon asymmetry % B embinatiorier
Higgs sector of the universe production & decay
through => Higgs couplings
electroweak baryogenesis => test if grxx~mx
insight in mechanism
of mass generation
*&consis’rency test of SM at the % Hint on
qUEREL cve! underlying theor
« stability of the elec’rr'owea.k vacuum e TZic’?ion - / mima‘re understanding
« Test BSM parameter relations = parameter space of of mechanism
indirect constraint of BSM parameters BSM models of mass generation
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" Many thanks for the competent discussion of open questions in
particles physics. We hope — as shown by Margarete — answers will be o
YK ° A AT
found soon, and we look forward to exciting developments of particle o waish O
. . g VT
physics in the near future! Aoch
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