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Higgs Physics KIT
= 2013

source: BMBF-FSP-LHC
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Understanding mass and matter

Gluon

NUCLEUS

Quark

Hadron masses from lattice QCD

2000 Proton mass
L mp = 938 MeV
1500 - e -
= oz A Quark masses
émoo— B A mMu = 1.5-4.5 MeV
= o Mg = 5.0-8.5 MeV
500_- = —— experiment
_ - .Vrvs.j:] Inertial mass
. —— TI ¢ prediction mOStly QCD eﬁeCtS

Xiv:1203.4789
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https://arxiv.org/pdf/1203.4789.pdf

Higgs Mechanism

= SM based on “local gauge
invariance” of SU(2).xU(1)xSU(3)

® Problem: weak bosons are
massive and a mass term can not
be added “by hand” as gauge
symmetry would be destroyed

= Solution: Higgs mechanism, i.e.
introduction of a scalar, complex
field with ground state breaking
the gauge symmetry
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Higgs Mechanism

®= Higgs mechanism: fundamental particles
obtain their masses from interacting with
the Higgs field

® Higgs boson: field quantum of the Higgs
field

®» Complex scalar SU(2) doublet — 4 degrees
of freedom

®= 3 components of the Higgs doublet —
longitudinal components of the W+, W-,
and Z bosons

® 4th component: H the Higgs boson

= Models with two Higgs doublets (e.qg.
MSSM) => prediction: 5 physical Higgs
bosons
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Higgs Boson History IT

We should perhaps finish with an apologv and a caution. We apologize to ex-
erimentalists for having no idea what is the mass of the Higgs boson, unlike the

. R. Brout, F. Englert, and, case with charm [3,4]
. . @ ] that they are probably all very small. For these reasons we do not want to encourage
|ndependent|y, P H |ggS theoretlcal big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.

discovery of a mechanism that
contributes to our understanding of
the origin of mass of subatomic

particles”
Gaillard Nanopoulos
0 the search for the Higgs Boson Source: Sally Dawson
started to gain momentum at LEP o - - RaG R
. B oot 8 Tue Hicas
. | the Tevatron at Fermilab ‘- - HuNTER S
continued the search B : (GUIDE
2 — — ......-5'1.:::.‘ ST
. the LHC entered the game . i .
0 _— Excluded W
30 100 500 Jole b nmon

Howard E. Haber
mH [GeV] Gordon Kane

\l”\ l).l\\ SOn

S
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Road to Discovery SKIT

Excluded by Excluded by Excluded by
LEP Experiments Tevatron Experiments Indirect Measurements
158 173 185

114

100 110 120 130 140 150 160 170 180 190 200 GeV/c?
Higgs mass values
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Road to Discovery SKIT

Excluded by
LEP Experiments

Excluded by Excluded by
Tevatron Experiments Indirect Measurements

114 127 158 173 185
| | | | | | | | | | |
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Higgs Boson Discovery
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Higgs Boson Production IT
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Higgs Boson Production and Decays
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Decay BR [%]
bb 57.7
TT 6.32
ccC 2.91
MU 0.022

A 21.5
ag 8.57
27 2.64

H [MeV]
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Higgs Boson Mass KIT

® Precision measurement CMS
AmH/mH = 0.19% Run 1:5.1 fb (7 TeV) + 19.7 fo”' (8 TeV) e Stat. Only

2016: 35.9 fb™' (13 TeV)
Total (Stat. Only)

= Measurement performed In Run 1 Hoyy — 124.70 + 0.34 (+ 0.31) GeV
HHXX and H—4l channels Run 1 H— ZZ— 4l ——— 12550 +0.46 ( + 0.42) GeV
= As mu is the Oﬂly free Run 1 Combined -—1 125.07 + 0.28 ( + 0.26) GeV
parameter, all other 2016 H—yy W———n 12578 +0.26 (+0.18) GeV
observables can be 2016 H—s ZZ— 4l —— 125.26 + 0.21 ( + 0.19) GeV

predicted and tested

2016 Combined 125.46 £ 0.16 (£ 0.13) GeV

Run 1+ 2016 125.38 £ 0.14 ( £ 0.11) GeV

——i
o |
L] | L] | B [ | | S I | [ R R | NS S DS | | ) [ | A I | |

122 123 124 125 126 127 128 129
m, (GeV)
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Higgs Boson Cross Section
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Vs =13 TeV * From iHixs
* F. Wilcek 1
LO J. Ellis, M.K. Gaillard, D.V. Nanopoulos, C.T . Sachrajda : 1 977 - 1 980
H. Georgi, S. Glashow, M. Machacek, D.V. Nanopoulos :
T. Rizzo 1
NLO - QCD* :
S. Dawson I : 1 991 B 1 995
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas :
NNLO+NNLL QCD - NLO EW | . 2002 - 2012
S.Catani, D. de Florian, M. Grazzini and P. Nason :
S. Actis, G. Passarino, C. Sturm, S. Uccirati 1
Harlander,Kilgore; Anastasiou, Melnikov :
Ravindran, Smith, van Neerven 1
N°LO - NLO EW | 2016
C. Anastasiou et al. :
ATLAS Collaboration Run2 .. ;
Nature 607, 52-59 (2022) : 2022
CMS Collaboration Run2 ——
Predictions for m = 125 GeV Nature 607, 60-68 (2022) :
| | | | | | | | | | | | | | | | | | | | | | : | | | | | | | |
10 20 30 40 50 6
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Fiducial Cross Section
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® Various production and decay channels are combined using a broad
set of analysis techniques in a single inclusive cross section

®= Deployed approach with simplified fiducial template cross sections
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Exploring (Testing) the Higgs Boson IT
®= Higgs to Tau decays

®= TJau decay via the weak interaction to e, Y, or hadrons always including at least one v

® Tau identification using DNN (DeepTau) arXiv:2201.08458
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https://arxiv.org/abs/2201.08458

Exploring (Testing) the Higgs Boson

®= Higgs to Tau decays

18
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Exploring (Testing) the Higgs Boson IT
®= Higgs to Tau decays

138/139 fb' (13 TeV)

e Observed —* 1o tot + 1o stat
Modelling of signal and - Measurement of inclusive,
background processes ' STXS stage 0, and L
STXS stage 1.2 signals
. ATLAS - 0.93 032 Zoo7 010
1 incl
= CMS o 0.82 510 006 ~0.06
ggH STXS

qgH STXS % combined

. i .
genuine T ‘,:(> B
/ . ATLAS I — 096733 01 +os

ggH
CMS —— 0.67 2538 Z0:08 014
Four di-T pair final states Event categorization is based it il ATLAS . 0.90 +020 +0.13 +0.15
eM, eT, UT,, T, T, - on neural network (NN) - R i Sl i
h - ~ 5 : v CMS 0.81+0.17 +0.14 +0.06
multi-classification e ~0.16 -0.13 -0.06
lIllllIllllllllllllllllllllllll
0 0.5 1 1.0 2 20 3

Parameter value
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Exploring (Testing) the Higgs Boson IT

= Coupling Measurements ST
o Ol

® Strategy: narrow width (0-BR) (it = H = [f) =

approximation —
H"
W |

® Measurement: parametrize
deviations wrt SM in production

and decay
= Implies precise knowledge of . |

SM prediction

a BSM acceptance effects are not

considered 2 92

K, 'K
(0-BR)(gg - H = vy) = osu(gg — H)-BRsu(H — vy) - ——

KH

20 Markus Klute Institute of Experimental Particle Physics (ETP)



AT

Karlsruhe Institute of Technology

Exploring (Testing) the Higgs Boson

= Coupling Measurements

ATLAS

CMS 138 fb~! (13 TeV)

Ill 1 |} Illll'l ' 1 lllllll ] 1 lllllll

> 1F
. p o — . .
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— > : .”o :
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B Yo || Yu Vr Y ¢ In E* | = i
O o : > -
B Force carriers Higgs boson 1 0-2 3 T , E
K, o Py 3
- § Vector bosons i
L i Third-generation fermions
. —e— B, =B,=0 10°F 1 E
Ky g o F 2 ¢ Second-generation fermions -
--m- B, free,B, >0,x, <1 L ¢ :
. - SM prediction ' --- SM Higgs boson :
" Parameter value not allowed
A‘ b . " 1 0-4 E—l 1 I 1 1 1 L L 111 l 1 1 1 1 41 1411 l 1 1 1 P 111 I 1 _-::
Zrl 0 Heeeeseeeeeaaa- - Tsscsccass o 4 1.4 T T T T rrrr T T T rrrr T B ——— T
- ] I P T | ! >
0.8 1.2 1.4 1.6 w 12fF [ 1.05 ﬂ
O
B, | l--—-—--—--——-——-——-—-—-=-=--= —| s 1.0F 5 + 1.00 o
- = 0.95
o 0.8 :
Bu. ———————————— —{ m O 6 1 l 1 | ' 4 41 11 l | 1 | 41 1 11 I 1 1 1 L2 1 11 I 1
N X N ) 1 L 3 N L 1 L 2 N X | ) 2 N 3 | L * 1 0_1 1 1 0 1 02
0 0.05 0.10 0.15 0.20

Particle mass (GeV)
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Exploring (Testing) the Higgs Boson

®= Higgs to Muon Decays

= \Very small signal-to-noise ratio

®= Requires accurate description of backgrounds

®= Results dominated by statistical uncertainties

CMS 137 b (13 TeV)

107 F . 5
2 — Combined — VBF-cat. E
- Observed  _ggH.cat. ttH-cat.
— VH-cat.
10—4 llllllllllllllllllllllllllllllllllljlllllllllllll
120 121 122 123 124 125 126 127 128 129 130

m,, (GeV)
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137 b’ (13 TeV)
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CMS Experiment at the LHC, CERN
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Exploring (Testing) the Higgs Boson

MS Experiment at the LHC. CERN

= Higgs to b quark decays in gluon fusion prod. il o s ama
® | arge cross section and branching fraction
®= \ery small signal to noise

® Requires accurate description of backgrounds

= Exploiting high pT Higgs bosons and jet-substructure

137 b’ (13 Te
104 T T | T T T | T T T | T T T | 13? fb_t1 (1'3 T[eV) > 25000 — e s o R L |( Fr I)_I'
S~ m __ _—
2 CMS — Data 5 - CMS W B
O 10° I~ - 450<p_<1200GevV 4 .
— == LHCHXSWG approx. NNLO - - Deep double-b tagger - -t -
— ) 20000 a Passing region --- Multijet -
102 HJ-MINLO e B greg &4 Total background |
[0 - I H(bb), n =3.7 _
- . > = ¢ Data .
10'E - LW 15000 —
10° f——+——————+—+— —t—t— 1 B _
o0l 7 10000 —
o [ - -
ez | B -
2% 10 ] N _
€O | 5000 —
I [ - 7
o L : - -
20} - _
e | D .
o 10f - | 2
g3 | —m— % o
oF e =
X N D R RS RS
400 600 800 1000 1200 60 80 100 120 140 160 180 200
pH (GeV) Mgy (GeV)
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Exploring (Testing) the Higgs Boson
= Jet tagging

24
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Light jet rejection - b tagging efficiency ¢ = 70%

Initial tagger based on track impact parameter

HJetProb 2010

” IP3D-JetFitter/SV1 2011-2012

Impact Parameter (IP) and Secondary Vertex (SV) tagger

Tagger combination based on MultiVariate method (MV)

” MV1 2014

MV tagger after IBL insertion at Run 2

”Mvzczo - IBL 2018

Deep Learning Neural Network tagger

H DL1r* 2019

GN1 2021

Graph Neural Network tagger

* Variation in efficiency due to lower jet threshold and improved charm rejection

I | |

| | | | | | ] | | | ] I ] | | | ] | | |

Source: Kado Light jet rejection factor

200 400 600 800 1000 1200 1400 1600

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee
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Exploring (Testing) the Higgs Boson

®= Higgs to charm quark decays

m Several methods to explore light quark decays

u " d,s "
g CMS Experiment at the LHC, CERN
4| Data recorded: 2018-Aug-05 09:43:33.747957 GMT - A /
“ 1 Run/Event/LS: 320854 / 196048575/ 115 } - X
d wt 4!

[U—
N
—

d
B
—

—
)
p——y—
1

y.independent
(dominant contribution)

0.8F

(1/0 dU/de’h)/( /o da/dp'[‘,h)SI\"I

PT.h [GeV]
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Exploring (Testing) the Higgs Boson

®= Higgs to charm quark decays 138 b (13 TeV)
ﬂ 1200 _l I I 1 I I | 1 | I I I 1 I | I | I | | | I I 1 | I —l 1 l_
. S 5 CMS —4— Observed Bl VH(H-bb) -
= \ery encouraging results z s MR VZ(Z—cF) Wiother)
5 1000 y B single Top o —
= S I t th 1 4 SM < B ol panih W+jets Z+jets :
Ignal streng < .% - All categories B VH(H—-cE), u=7.7 % B uncentainty
= 8001 S/(S+B) weighted | =
(13 TeV) = B -
5 | 5 600 o =
S - CMS DeepAK15 == B . =
S E 0 . . N 8 4 -
= Simulation —#— ParticleNet = C 5
O F antik, R=15]ets Boot B i + .
2 : g
5 - p_>300GeV, |n| <2.4 : —— g 5
= . 200 —— -h e s ..
o E
© Ea e
m. P
107 ol
----- H—ct vs. H—bb
10 & — H—cC vs. V+jets 50
i . = B0 80 100 120 130 1860 180 200

0. ii0o 04 0.6 08 1 Higgs candidate mass [GeV]
Signal efficiency
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Exploring (Testing) the Higgs Boson
®= Higgs to Higgs Higgs

® Higgs Boson pair production probes directly the Higgs
self-interaction and, ultimately, the shape of the Higgs
potential and the structure of the vacuum.

® Higgs Boson pair production cross section ~1000 times
smaller than single-Higgs production

® Both, ATLAS and CMS investigate multiple channels
with Higgs decays to bb, yy, T, WW, ZZ - all complex
topologies

® Significant improvements in reconstruction and analysis
techniques

27 Markus Klute
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Higgs as Portal to New Physics

Many extended Higgs theories have over parts of their parameter space a lightest
Higgs scalar with properties very similar to those of the SM Higgs boson

® Beyond measuring Higgs properties with precision, we can look for

= Additional Higgs bosons

®= Higgs boson decays to new particles

Big Questions
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Higgs as Portal to New Physics
= All SUSY models have extended Higgs sector

®= |In the minimal model (MSSM) as second Higgs doublet is introduced
= New particles: h, H, A, H*, H-

= At leading order, two parameter covern the Higgs sector, e.g. ma and tanf (ratio of the two vacuum
expectation value)

® For large values of mathe h can very much look like the SM Higgs boson

h H A
Type | e e s Type ¥ By T B, e En §40) DD LL
U U U
®, ®, T I COS (v COS (v COS (v sina  sina sin t t t
D D D JL sin 3 sin 3 sin 3 sinf  sinB  sinp —cot 5 cot 3 cot 3
D N @\ @ Typell sp3 gy g s ms ma  _cotp —tanf —tanp
___— generates mass of Type X G5 o7 BeEmml sof o7 Bmmll $—COtF ot e
Source: M. Burkhardt Type Y (S:?I?g e (S;g;% Z?I?g :iﬁg 282% :iﬁg — COU B = tan 6 cot 5
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Higgs as Portal to New Physics

®= Higgs to tau decays excellent probes

M{?® scenario
tt ma = 600 GeV

~ other '~ other

hh TT
TT
== oOther - other
ay o

Source: M. Burkhardt
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Higgs as Portal to New Physics

®= Higgs to Dark Matter decays
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Higgs as Portal to New Physics
®= Higgs to Dark Matter decays

—25
:E 10 — | LI llllll ) LI | llllll ) L] lllll] | LI llllll ) | LS
S 107 F B, <0127 ATLAS =
3 S = Alllimits at 90% CL (s=13TeV,139fb" =
3] . s
E B[ -
E 1 O_ :: :‘ Higgs Portal WIMP: Other experiments: ::
' DH S = 44444 Scalar DarkSide-50 —
W2 ! b§ E i 79 S22 Majorana ==+ PandaX-4T ]
[ — R S xR \/ector =iimi Cresstlll  —
: 39 [ ~ria 5 EFT =
‘ H ‘“ V\S\\)‘t{_ 1 O :— G 75 V(':'CtorUV complete model —:

F - ’ e /W;
q 3 51 — ' g coherent elastic neutrino-nucleus —
) 1 0— = ,."" ,‘4""‘ —
\ é\i\" =7 ~"="m, = 100GeV =
- | | | IIIIIII ] | | IIlIlI ] | IIIIIII | ] | IIlIIl ] ] | Illl?
S 10~ 1 10 10 10° 10*

Mywe [GeV]

32 Markus Klute Institute of Experimental Particle Physics (ETP)



Quiz SIT

Karlsruhe Institute of Technology

®= Why was the LHC bound to make a discovery?

®= \WWhat were the key channels used to discover the Higgs
Boson?

® Which channels are used to measure the Higgs Boson
mass? Why not other channels”?

= How do the tau leptons decay?

® \What are simplified fiducial cross sections?

® The statistical significance of a measurement usually
scales with /L. How can we beat this?

® How do you extract limits on DM-nucleon cross section
from a limit on the Higgs BR to DM?
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References and further reading

m Jextbooks

Modern Particle Physics by Mark Thomson

QCD at Colliders by Ellis, Stirling, and Weber

® Pictures

CERN Document Server

= Wikipedia

Or reference on page

m References
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Previous CERN Summer Lectures - https://indico.cern.ch/category/97/
MIT’s OCW 8.701 and 8.811

KIT’s Particle Physics master courses (you can contact me)

Public results from ATLAS, CMS, and LHC combination groups

Or reference on page
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