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Physics Goals of the LHC

Search for the
Higgs Boson

Jwikimedia


https://commons.wikimedia.org/wiki/File:Views_of_the_LHC_tunnel_sector_3-4,_tirage_1.jpg

See lectures by:
The Standard Model (SM) Hyungjin Kim for more on HEP Theory

Markus Diehl for more on QCD

T M

Higgs-gauge boson (W,2)
interactions
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The Brout-Englert-Higgs mechanism in the SM

Introduction of the presence of a scalar field into the SM leads to

- Particles acquire mass

- Bosons: W= and Z through electroweak
symmetry breaking

THE
- Fermions: «x Yukawa yij couplings “‘&66
BOSON

- Prediction of the existence of a particle
— Higgs Boson

- Higgs Boson interacts with itself

https://phdcomics.com/comics.php?f=1489
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The situation before the LHC

Status 2009: SM Higgs mass above 114 GeV and NOT in range 160-170 GeV

Tevatron Run Il Preliminary, L=0.9-4.2 fb™
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Interlude: how to read limit plots

Limit plots are used if we don’t see a significant signal

Tevatron Run Il Preliminary, L=0.9-4.2 fb™
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Interlude: how to read limit plots

y-axis = 95% CL
upper limit on Tevatron Run Il Preliminary, L=0.9-4.2 fb™

“signal strength” = L BREEE KRR | ,
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With 95% confidence level, we can say that the real signal strength is smaller than the
indicated value (calculate for each mass point separately)
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Interlude: how to read limit plots

y-axis = 95% CL

upper limit on Tevatron Run Il Preliminary, L=0.9-4.2 fb™
“signal strength” o
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Interlude: how to read limit plots

The limit for a given model will improve by adding more data

However if a signal is there the observed limit does not improve anymore

If the observed limit

IS better than the

expected — you
have a deficit
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If the observed limit
IS worse than the

expected — you
have an excess

“better” = lower
on the y-axis here



Higgs production modes at the LHC

Higgs production cross section as a function of My
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Higgs production modes at the LHC

Higgs production cross section as a function of My
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Higgs production modes at the LHC

Higgs production cross section as a function of My
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Higgs production modes at the LHC

Higgs production cross section as a function of My
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Higgs decay modes: a little bit of everything
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Higgs decay modes: a little bit of everything
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Nature 607 52-59 (2022)

x 7

Higgs to yy

Fairly clean signature: 2 photons & reconstruct myy

- Very good mass resolution — Excellent channel to measure myy " Y
- Large but smoothly falling di-photon background A == W
W
4
Higgs discovery Full Run 2
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Nature 607 52-59 (2022)

Higgs to ZZ

| —
Very clean signature: 4 Ieptons (electrons & muons, 2 same flavour opposite sign pairs)
Channel with high S/B ratio
- Low rate due to branching fraction of ZZ and Z — leptons
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Higgs to ZZ Wiz

Very clean signature: 4 Ieptons (electrons & muons, 2 same flavour opposite sign pairs) W/zZ

Channel with high S/B ratio

- Low rate due to branching fraction of ZZ and Z — leptons

- Typically one Z is on-mass shell & the trailing lepton is at low pr

CMS Simulation, ys =8 TeV
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https://link.springer.com/article/10.1007/JHEP06(2013)081
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Higgs to WW

Final states including two leptons & two neutrinos

- Higgs mass diluted by presence of neutrinos — mr variable is used

Nature 607 52-59 (2022)

Large event rate but also large bkgs from SM WW and top pair production

Higgs discovery
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Aside: control regions Wiz
: H ===ees
Large event rate but also large bkgs from SM WW and top production
_ . _ W/Z
— Control regions in data needed to estimate backgrounds
Control Region (CR):
- Little or no signal expected
- Statistically independent to the Signal Region (SR)
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Discovery! L SR e

Strongly motivated - _

10 Summer 2011 _
10 CMS Prel. C2 Is=7TeV

o ATLAS Prel. Ad Jldt=11b"

Significance T With IuminOSity p-value reflects consistency g
of observed data with the ’

Two experiments: ATLAS & CMS | absence of signal

Several channels

Spring 2012 @ =7 TeV
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10" - Summer 2012 s =7 and 8 TeV
1077 CMS PLB C4 .
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Higgs production modes at the LHC

Production mode Cross section (pb)

Nature 607 52-59 (2022)

ggH 48.31 +2.44
VBEF 3.771 = 0.807
WH 1.359 £+ 0.028
/H 0.877 £ 0.036
ttH 0.503 = 0.035
bbH 0.482 1+ 0.097
tH 0.092 4= 0.008

At my = 125 GeV

+  gg—H: main production mode
+ Followed by VBF then WH


https://www.nature.com/articles/s41586-022-04893-w

Higgs decay modes: a little bit of everything

Decay channel Branching fraction (%)

bb 57.63 =0.70
bb WW 22.00 =0.33
go 8.15 =042
TT 6.21 ==0.09
CC 2.86 =£0.09
/7 2.71 =0.04
VY 0.227 £0.005
/7y 0.157 ==0.009
SS 0.025 =£0.001
U 0.0216 =+ 0.0004

At my = 125 GeV
- H—bb: main decay mode but large bkgs

- H — yy, H>ZZ and H—>WW are the

“discovery channels”
Nature 607 52-59 (2022)

x 7


https://www.nature.com/articles/s41586-022-04893-w

The Higgs turned 10!

I'heinternational journal of science / 7 July 2022

nacur
HIGGS.

Probing the
properties

of themost *
elusive particle

in physics

Coronavirus

Did vaccine mandates
help or hinder the fight
against COVID?

-
.

Cleaning up

How to puli the plug
on coal-fired power
plants

Seaofplenty

Ocean microbiome
reveals wealth of
biosynthetic pathways

years

HIGGS boson

discovery

A detailed map of Higgs boson interactions by the ATLAS experiment ten years
after the discovery

Ten years after the discovery of the Higgs boson, the ATLAS experiment at CERN probes its kinematic properties
with a significantly larger dataset from 2015-2018 and provides further insights on its interaction with other known
particles.

The ATLAS Collaboration

The most up-to-date combination of results on the properties of the Higgs boson is reported, which indicate that its
properties are consistent with the standard model predictions, within the precision achieved to date.

The CMS Collaboration

WiZ

wiz

/'
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Nature 607 52-59 (2022)

x 7

Higgs to bb b
H S
Highest branching ratio of Higgs decays to two b-quarks Sb
Large SM backgrounds
Statistical combination of various “channels” or “regions”
Often machine learning techniques used S . .f ATLAS ' . paa -
8 18:_ {s=13TeV, 79.8 fb" B VH, H — bb (u=1.06) -
] _ - 16:_ 0+1+2 leptons Diboson _:
3 main channels targeting 2 F 2.3jets, 2 b-tags N Uncertainty :
WH & ZH _ 8 14 - Weighted by Higgs S/B Dijet mass analysis B
- S 12 :
0 leptons (Z — vv), = 105 + Validate =
1 lepton (W — uv, ev), 3 8 B techniques -
< 6L # using Z = bb -
2 leptons (Z — uu, ee) > F i -
o 4 E
o 2,, -
See lectures by Stephen Jiggins for O ) kiR
= = = = -E_2:_I|III|III|III|III|III|III|III|III|I_:
introduction to Machine Learning L% 10 6080 100120 140160 180 200

Phys. Lett. B 786 (2018) 59

m,, [GeV] 25
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Higgs production modes at the LHC

Gluon fusion (ggF)

mm

y ¢ N —

"0
g

Vector-boson fusion (VBF)

Higgs-strahlung (VH)

Higgs production
in association with 77 (ttH)

:10.13140/RG.2.2.2409/7.02408

Observation of the ttH process
provides direct access to the top
Yukawa coupling of the Higgs


http://dx.doi.org/10.13140/RG.2.2.24097.02408

ttH: direct probe of top Yukawa coupling

 Very small production cross section:
one of latest discoveries

Large nhumber of complex final states:
Mixture of b-jets, leptons, taus and photons

Many different channels: many different bkgs
and different systematic uncertainties

— EXcellent way to cross check each other

tt H
\ SR
‘s
LR
LI

bW bW

blv,bjj || blv,bjj %

Marumi Kado lectures

+ - _+ -
Th Th > Th Ty

Cvlv, bv2)

40,2020, 2027
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https://indico.cern.ch/event/1132633

What does the SM predict for the Higgs boson?

Width Spin and CP
~4 MeV for 125 GeV / Scalar: spin 0, CP even

_ Couplings
iggs-Fermion couplings & fermion mass
Iggs-Boson couplings & boson mass?

— SM Higgs sector is overall very predictive:

Knowing the fermion masses, only free parameter Is mn

https://phdcomics.com/comics.php?f=1489 28
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Let’s test these predictions

- Measure all properties:
Mass, spin, CP, couplings

- Deviations could point to physics
beyond the SM

- Higgs can also play an important role
In searches for new physics

https://phdcomics.com/comics.php?f=1489

29
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Higgs mass measurements

Not predicted by SM

Mass measurements in “golden
channels”: H - yy and H—>ZZ

Optimised analyses in channels
with best mass resolution
(photon, electron and muon)

Reached 0.09% precision
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Phys. Rev. Lett. 131 (2023) 251802 ™"
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Standard Model fits after the Higgs discovery

M,, [GeV]

Knowing the Higgs boson mass has large impact on global fits

10.1140/epjc/s10052-018-6131-3

B | | | | I | | | | | | | | | ! : | | | | | | | | l;
| 0 0 2!l m, comb. + 1o L |
— 68% and 95% CL contours L ™, = 172.47 GeV N
80.5 — Fit w/io M, and m _measurements il -- 0 =0.46 GeV P —]
B Fit w/o M, m and M, measurements | —0=046©050,,, GeV
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80.45 [— |
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(compare grey vs blue)
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Higgs width

What is the “width” of a particle?

Heisenberg uncertainty principle implies
energy (i.e. also mass) of all unstable
particles must have uncertainty

Width is inversely proportional to lifetime
Larger the width smaller the lifetime

Higgs width predicted to be ~4 MeV

https://atlas.cern/Updates/Briefing/Higgs- Total-Width
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Higgs width

Two ways to access Higgs width:
Direct mass measurement: Limited by experimental resolution to ~1-2 GeV
Indirect methods e.g. using off-shell signal strength (away from peak):

On-shell cross section depends on width, off-shell does not
— ratio is sensitive to width!

_shall $eak
3. On-she% ¢
SN
. S
s :-cﬁ || o(:‘F- ..ske\\
Latest CMS result (H—Z2): 2 M . continuum
[} = 3.0M29 Mev : 23 ' w
n =300 el |
§ j Not to scale
D 415 150 500 MHigus Dason mass _;
JJ mniks: GeV.C

Phys. Rev. D 111 (2025) 092014 https://cms.cern/news/life-higgs-boson 33
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https://doi.org/10.1103/PhysRevD.111.092014

Higgs width

Two ways to access Higgs width:

Direct mass measurement: Limited by experimental resolution to ~1-2 GeV

Indirect methods e.g. using off-shell signal strength (away from peak):

On-shell cross section depends on width, off-shell does not

— ratio Is sensitive to width!

Quiz: why would a Higgs width
> SM prediction be exciting?

Nature Physics 18, 1329-1334 (2022)
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Higgs spin and Charge-Parity (CP)

Spin (SM = 0)
- Spin 1 excluded using ZZ, WW decays (and by H — yy)

- Spin 2 excluded at a high confidence level

— Very likely spin 0 as predicted for the SM Higgs

CP (SM: even)
- Odd excluded at > 99.9% (ATLAS, CMS)
- Admixtures (CP even and CP odd couplings) still possible

More info: CP
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Higgs couplings

So far all measured couplings consistent with SM
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Higgs couplings summary

No evidence yet

First Second Third Probably needs
generation generation generation future colliders
Mass ~2.2 MeV ¢ ~1.27 GeV ¢ ~173 GeV ¢ ~125 GeV ¢

O ()

Top

Higgs
boson

~4.18 GeV ¢ 2

@ Established

Bottom

~93 MeV ¢ 2

©

Down Strange T

O

Z boson

=1.777 GeV ¢

O

~0.511 MeV c 2§ | =105.7 MeV c2

©®

Electron

~80.4 GeV c2

O

to conclusively  established at the LHC W boson
establishing within 5-10 years

Standard Model

couplings

O Quarks O Leptons o Vector bosons

No evidence yet First evidence
No clear route To be conclusively

Nature volume 607, 41-47 (2022)
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Undiscovered decays

Example H — uu Challenging: small coupling, large Drell-Yan bkg

bb

— Categorise events by production mode
— Use of sophisticated machine learning techniques

———255 ATLAS and CMS both achieved evidence (> 30)
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Di-Higgs production
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Holy grail: di-Higgs production

g \202009929999299 ~ H
A e ----- ' %
H h
flf ILI)\ \\\
g 9999999999999~ H
arxiv:24006.099/71

- Extremely interesting but very rare ~1000x rarer than H
- Enables us to test the Higgs self-coupling

 Deviations from SM expected in many BSM models

Higgs-self coupling will be a key focus

at the HL-LHC
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BSM Higgs searches

We indirectly search for BSM physics via precisely measuring the Higgs

We also perform direct searches e.g.

Flavour violating searches e.g. H — el

. . CMS 132 b (13 TeV)
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Next lecture

Jwikimedia

Search for
New Physics
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The Standard Model - fundamental particles
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@ The Higgs boson - very brief theory reminder

Higgs mechanism:
makes use of one Higgs doublet of complex scalar fields
to spontaneously break the SU(2)L x U(1)Y symmetry
to generate in a gauge invariant way
the masses of the W=, Z gauge bosons and the fermions

Basically:

In order to give the gauge bosons mass and keep gauge invariance
-> Introduce a Higgs field, with a scalar potential

-> find ground state -> express in terms of ground state

-> Higgs boson

-> (Gauge bosons with mass

-> Higgs-particle couplings terms >{Higgs couplings ~ boson mass/2
Higgs couplings ~ fermion mass

DESY summer student LHC physics lectures by Sarah Heim
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Higgs Charge Parity

Charge conjugation = replace particles with corresponding antiparticles
Parity = reverse spatial coordinates of system (like mirror image)

If coupling of Higgs boson to other particles does not change under CP
— CP-even (scalar)

If all coordinates are flipped, like left and right are flipped in a normal mirror
— Coupling is CP-odd (pseudoscalar)

https://cms.cern/news/Mirror-mirror-on-the-wall-who-is-the-most-CP-even-of-them-all
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Spin and CP

Effect of spin on | cosf* | of the two photons
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Variables can be defined in the

H — ZZ decay that are
sensitive to spin and parity
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Higgs production modes at the LHC

Run 2 production rates shown (13 TeV, ~150 fb-1)

Gluon fusion (ggF)

“0000000Y

g
~8 M events

Vector-boson fusion (VBF)

~600 k events

Higgs-strahlung (VH)

~400 k events

Higgs production
in association with 77 (ttH)

~80 k events

DOI:10.13140/RG.2.2.2409/7.02408
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Higgs to 77

7 leptons are complicated to reconstruct

+ Various decay modes including neutrinos

- Analysis through statistical combination
of variety of channels

The only lepton heavy
enough to decay to hadrons

wikipedia

3 prong
+ + F_+
T >R,
> 0 neutral z's

1 prong
+ +
T~ > L,

+ > 0 neutral z's

Nature 607 52-59 (2022)

x 7

Leptonic

+ . g*
(e i VH
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Nature 607 52-59 (2022)

x 7

Higgs to 77 ,,

| —

- T
Large backgrounds from Z — 77 + jets
10° All Thad had SRs VBF TlepThad
%20-0:_]lll|llllIIIIIIIIIIIIIIIIIII %100_!||lIllllIlllIlllllIlllllllll_
0] - ATLAS ¢ Data 0, . ATLAS ¢ Data _
© 175 +/s=13TeV,139fb~" 7777 Uncertainty — - \/; = 13TeV,139fb! 77222 Uncertainty —
- = All ThagThag SRS H— 17 (0.93 x SM) - " H— Tiop Tha H— 17 (0.93 x SM)
2150 .  Z- 1 o 80 VBE 1PSR l Zo1r
o ' Other backgrounds > — Other backgrounds
0 125 1 Misidentified T 1 Misidentified

60
10.0

7.5
5.0

lIlllIIlIlIllIIlIlIlllllllll

2.5

IIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII_

N
u
—

O'O:::::::::::::::|||II|llll|ll'|: O |||||||||:::| IIIIIIIIlIIII_

2 025E —; 2 25 bt E

1000 ferag t AL R [ J— b A, o , , . .

c _ — s — - _

- e E b b b b e 1S CDU —29 :_I caoa v by b b v by 1_:
50 75 100 125 150 175 200 50 75 100 125 150 175 200

JHEP 08 (2022) 175 mee - [GeV] mMMC [GeV]

X 7



https://link.springer.com/article/10.1007/JHEP08(2022)175
https://www.nature.com/articles/s41586-022-04893-w

Differential Higgs measurement

Enough Higgs candidates to perform differential measurements for variety of observables

;‘ 22— I I I I I I —
8 5 :_ ATLAS A H — 77* _:
S - H—-=ZZ*, H — vy v H—yy =
S 1.8 Vs=13TeV, 139 b ¢ Combination —
I\%I_ ‘ 6:— Systematic Uncertainty =
S U Total Uncertainty ]
B 1.4 | ¢ MG5FxFx K=1.47,+XH  —
o 2:_ ------------- NNLOPS K=1.1, +XH =
e I’I ---=--= XH=VBF+VH+ttH+bbH+tH -
=S -
0.8 i3y ik + =
0.6"T A I’* =
0.2 I +’E+] by =
= S & n
| ZEEEE LS T T T R R R R R T I R Y w w e m < = o A Hser ] gx |l g
g 2k - - | P
S 15 ; i —
~ ’ *
E, 1 —¢-"---- s Cuint it . - I s =TT T
S 05 | | | | | | | | T
|E 0 10 20 30 45 60 80 120 200 300 650 13000
pH [GeV]

JHEP 05 (2023) 028

x 7

49


https://doi.org/10.1007/JHEP05(2023)028

Di-Higgs production

ATLAS Run 2 combination:

< 8_ | | I | | I | I | | | | I | | | | I | _I | |
c [ ATLAS —— Combined —— bbyy -
a 7‘_\/_ _,  — Muttilepton  —— bbbb
I 'FVs=13 T.eV,.126—14O fb —— bBll+EMSS —— bBTYT
- HH combination 7
61— All other K fixed to SM —— Obs.: 95% CL [-1.2,7.2] —
i ——=- Exp. (SM); 95% CL[-1.6,7.2] 1
5 =
4= —
3
21
==
ot

KA
Higgs-self coupling will be a key focus at the HL-LHC
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Putting 1t all together

Almost all production modes established
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Higgs mass measurements

* Not predicted by SM

- Mass measurements in “golden
channels”: H — yy and H—>Z2Z

- Optimised analyses in categories
with best mass resolution (photon,
electron and muon energy response)

+ Reached 0.09% precision

Phys. Lett. B 805 (2020) 135425

CMS
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H—WW control region

Phys. Lett. B 716 (2012) 1-29

Owing to spin correlations in the WW ™ system arising from
the spin-0 nature of the SM Higgs boson and the V-A structure
of the W boson decay vertex, the charged leptons tend to emerge
from the primary vertex pointing in the same direction [107]. This
kinematic feature is exploited for all jet multiplicities by requiring
that |Ad¢ye| < 1.8, and the dilepton invariant mass, mye, be less
than 50 GeV for the 0-jet and 1-jet channels. For the 2-jet channel,
the my, upper bound is increased to 80 GeV.

6.2.3. WW control sample

The MC predictions of the WW background in the 0-jet and
1-jet analyses, summed over lepton flavours, are normalised using
control regions defined with the same selections as for the signal

region except that the A¢yy requirement is removed and the upper
bound on my, is replaced with a lower bound: my; > 80 GeV.

53


https://www.sciencedirect.com/science/article/pii/S037026931200857X

