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INTRODUCTION TO HIGGS PHYSICS

Celebrations on 4
i July 2012

o 'A‘
>

@ .. ~1 CERN , ICHEP Melbourne
and all over the world!

T P/ 73 / - Both CMS and ATLAS
[ F AR YAl &3 reporting 5 sigma evidence
. ‘ "4 O for a new particle with mass
~ 125 GeV



INTRODUCTION TO HIGGS PHYSICS

HIG6S MECHANISM

Symmetry in description of Electromagnetic and Weak forces allows unification: ->
electroweak interaction

Fermions: spin = 1/2 particles

In the Standard Model with no Higgs
mechanism, interactions are symmetric
and particles do not have mass

Symmetry is broken however:

- Photon massless

fundamental “\.
| scalar particle

- W, Z very massive -> How?

ﬁ‘ A\

trino on neutrino tau neutrino

Higgs Mechanism: SRS |
2 Leptons

- Higgs field breaks EWK symmetry

- Explains masses of W, Z and photon, and other particle’s masses

- Additional consequence: new particle predicted to exist - Higgs boson!



INTRODUCTION TO HIGGS PHYSICS

HIGGS BOSON AND THE ORIGIN OF MASS

The Higgs boson is the ‘quantum excitation’ of the
Higgs field

Just as the photon is the quantum excitation of the
electromagnetic field

The theory predicts that the Higgs is a boson with
zero spin, zero electric charge, zero colour charge

Zero spin -> a scalar particle. The first known
scalar elementary particle in nature!

If we found the Higgs we would verify the Higgs
field is how elementary particles acquire mass.



Data 2011+2012
SM Higgs boson mH=1 26.8 GeV (fit)

Bkg (4th order polynomial)

Events / 2 GeV

H-yy

Vs=8TeV |Ldt=20.7fb"

\s=7TeV JLdt 481"

Events - Fitted bkg
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gg fusion Vector boson fusion (VBF)™_
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IMass ~ 126 GeV

. Tau-antitau

V4 4

LHC HIGGS XS WG 2010
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Two photons

: 99'
C |
102¢ ,
ZZ (which decay to four
leptons (ee, pu)

1 0-3 . .
100 120" 140 160 180 200
M, [GeV]

arer decay modes suffer rrom statistics but generally have lower levels of background
processes obscuring the signal AND have a higher resolution on the mass of the Higgs
before decay.




Dominant decay mode:

Higgs decays at m«=125GeV

b-quark pair, large multijet background
ww
Golden channel:

ZZ -> 4 |leptons (e, )




Higgs production e Higgs decay to photons

‘U




Top quark loop ZO

Higgs Boson

Gluon Fusion

ZO
The formation and decay of a Higgs boson

after a proton-proton collision. The decay
would produce Z° hadrons and L leptons.







INTRODUCTION TO HIGGS PHYSICS

HIGGS PRODUCTION AND DECAY

JATLAS

2 EXPERIMENT

Run Number: 209381, Event Number: 72873013
Date: 2012-08-28 04:17:16 CEST

< - P \. e - '“ o. g P - - o]'
/o "".- : - - . ‘- --
Higgs -> tau tau (One decays into an electron and the other into a muon)



Data 2011+2012
SM Higgs boson mH=1 26.8 GeV (fit)

Bkg (4th order polynomial)

ys=7TeV | Ldt=4.83fb" ATLAS Preliminary

Events / 2 GeV

ys=8TeV | Ldt=2065fb  H—2Z""-4lchanrfel o

Is=7TeV JLdt =481f"
[ ] Signal (mH=125 GeV) \s=8TeVJ

I Background 22"
Background Z+jets, tf
—4— Data

Events / 5 GeV

Ldt=20.7 fo'

Fitted bkg

Events -

I SM signal strength
— - + [ gl

e |'I—;'l | I g e

Data - Background




New Higgs boson discovered in 2012 — how did we
discover it

Questions - is it the SM Higgs boson? Measure its
properties - ned all production and decay modes

® Data
Signal (‘mH 125 GeV)
B zz
B z:jets, 1, fi+V, VWV
7/////, Uncertainty

ATLAS Preliminary
H—- ZZ" — 4l

13TeV, |80 fht

—
o
o

Qo
o

Events / 2.5 GeV
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90 100 110120 130 140 150 160 170
Four-lepton mass m,, [GeV]

195 events for 115< m, < 130 GeV
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INTRODUCTION TO HIGGS PHYSICS
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INTRODUCTION TO HIGGS PHYSICS

-y \ = o
= =l - Describes everything
experimentally confirmed

t 'L
- Xz p ;‘ % ¢ A before 2012
A
4 e Y e B

i RXNENVD

Yukawa coupling with new scalar
(completely new interaction type)

ttH, H- bb and H- 1t are important !

A

D

& -

»

Gauge boson interaction with new scalar
(new for scalar, but known for fermions)



Interaction with gauge bosons:

Earlier 7 and 8 TeV results:

At 7 and 8 TeV Higgs boson discovered.
Main channels: H - yy,H -ZZ, H - WW

Recent 13 TeV results:
H-WW

T I T T T T I T 1 2 T T l T T
ATLAS Preliminary
H-WW*sevuv, Npm =1
Vs = 13 TeV, 36.1 fb™

eV
n
(=]
8

G
®
3

Events / 10

{00 180
fransverse mass m [Gev]

Events/ GeV

Data/Bkg

Yukawa coupling to fermions:

Only glimpse at 7 and 8 TeV (2012)
ATLAS/CMS combined H - 17!

5.5¢ (5.00) obs (exp) for 7/8 TeV
JHEP 08 (2016) 045

H-11

I | LI B L |

ATLAS Preliminary = Daia2015+2016

2 COJHotr{u=1.09
s=13TeV, 36.11b"' — i

: *rad thad VBF high-p'* SR 8 Other Backgr

Misidentified r
Uncertainty

ATLAS 7/8/13 TeV:
6.4 (5.40) obs (exp)

ATLAS-CONF-2018-021

Example of mass in

B - 1/13 signal categories

|
50 100 200
di-tau mass




Higgs decays to gauge bosons used for differential cross-section measurements.

4 lepton channel 2 photon channel W

L L L L I L L l L L L I L D ] T 17 177 l T Ty
' ATLAS Preliminary H-yy, Vs =13 Tev.‘_a_o_tb'
i -4-Data, tot. unc. = Syst. unc;

| | | | | | |

|
| ATLAS Preliminary ¢ Data
- H-o2ZZ"' - 4 [ ] Syst. uncertainties

M B MG5 FxFx K =1.47, +XH
. NNLOPS K = 1.1, +XH
ey XH = VBF+WH+ZH+ttH+bbH n NNLOJET®SCET + XH
Total stat. @ syst. uncertainty

p-value NNLOPS = 7.8% * 5 XH = VBF+VH+itH+bbH

p-value MG5 FxFx = 9.4% ATLAS-CONF-2018-028 _
ATLAS-CONF-2018-018 :

—A

[fo/GeV]

&= gg—H default MC + XH

T4
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doy,/ dp!’ [fb/GeV]

S,
L
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o <3.75 x SM 95% CL,

lllll

Theory/Data

f - - —
f0 15 20 30 45 60 80 120 200 350 1000
four lepton transverse momentum 7 ,, [GeV]

PR Y

50 100 150 200 250 300 350
di-photon transverse momentump.’ [GeV]

Ratio to default MC + XH

Differential cross-section becoming more and more precise with increasing statistics.
Data well described by recent SM predictions.




Associated Higgs top quark pair production
Higgs production:

Gluon-gluon fusion (ggF) Associated ttH production (ttH)

Yukawa coupling:
y~vl(m2)=1

Large top mass — Higgs coupling is strong.
Top Yukawa y, coupling is in loop for ggF

(might contain BSM contribution).
but ttH production gives direct constraint on y,
o(ttH)~ 1% o(H)

Branching fraction: Evidence in December 2017 (36 fb™):

H - bb 58% Channel Significance
X Observed Expected
H-WW 21% !
Multilepton 1.10 2.80

H - 11 6% . , Phys.Rev. D 97 (2018) 072003
H — bb 140 1.6o Phys. Rev. D 97 (2018) 072016

H-ZZ  2.6% s m 0.00 | - aXivi180204146

H - vy 0.2% H — 4

(.60

For H-WW and H-2ZZ Combined 4. 3.80
only leptonic decays




Direct observation of top Higgs coupling
Confirmation of Yukawa coupling to fermions

Analysis Integrated Expected Observed arXiv:1806.00425
luminosity [fb™!']  significance significance '

H — ~~ 70.8 3.7 o 1.1 o -3

H — multilepton 36.1 28 0 4.1 o 1

H — bb 36.1 1.6 o 14 o o

H—Z7Z" = 44 79.8 1.2 o

Combined (13 TeV) 36.1-79.8 49 o

Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8

BB Theory (NLO QCD + NLO EW)

Combined data

Stat. only

Data ATLAS

Continuum Background Ys = 13 TeV,

- === Total Background m,, = 125.09 GeV

~_Signal + Background All categories
In(1+S/B) weighted sum
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Di-photon mass m,, [GeV]



Associated VH production and H-> bb decay!

H-> bb highest branching ratio BR= 58 %
VH alone: 4.96 (4.30) obs (exp) (13 TeV)

Combined (7,8,13 TeV) VBF, ttH, VH:
5.4 (5.50) obs (exp)

ATLAS Preliminary —o— Data

{s =13 TeV, 79.8 fo! Bl VH —> Vbb (1=1.06)
i i Diboson
0+1+2 leptons ] Uncertainty

2+3 jets, 2 b-tags
Weighted by Higgs S/B Dijet mass analysis

ATLAS Prm » Vbb (11=1.06)
{s =13 TeV. »m Diboson
tt

- 1lepton, 2 jets, 2 b-tags Single top
Multijet

Events / 10 GeV

] Uncertainty
Pre-fit background
w—— SM VH — Vbb x 1

SO SN N e,

e
®)
>
9p]
—
(@)
N
O
©
®)
o
O
'}
o
2
=
>
O
Q)
o
¥
S~
[72]
e
C
o
>
L

| I L | [ | | L | [ I
TS
‘ +| .++1+ +.++l+ 40 60 80 100 120 140 160 180 200
© 40 e0 80 100 120 140 160 + 180 200 m,, [GeV]

Di-b-jet mass m,, [GeV]
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Mass of the b-jet pair is
combined with other kinematic
variables that show distinct
differences between the signal
and the various backgrounds,

- -o- Data
ATLAS Preliminary B VH — Vbb (u=1.16)
\s=13TeV, 79.8 fb™ \giboson
0+1+2 Ieptons = Single top
2+3 jets, 2 b-tags Multijet
Z
mw

Events / 0.25

This combination of multiple
variables is performed using
the technique of boosted
decision trees (BDTs).

0 05
log_ (S/B)




Higgs coupling depends
on the particle mass

ATLAS Preliminary

Ys=13TeV, 36.1 - 79.8 fb™’
m,, = 125.09 GeV, |y, | < 2.5

SM Higgs boson

ATLAS-CONF-2018-031
New VH( - bb) not included

10 10°

Particle mass [GeV]
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Higgs production modes

Associated WH or ZH production (VH) Vector-boson fusion (VBF) Associated ttH production (ttH)

‘/\\\\\\\\r///'///’ )
\.” (/"

e

TI’YTrT]1~.Y YYTT 7771-71-1‘(17 IT‘I

ATLAS Preliminary o Total S BB Syst B sm Gluon-gluon fusion (ggF) observed since 2012
Vs=13TeV, 36.1 - : and used for precision measurements (~10%).

H

Total Stat. Syst

ogF (TS S 4 = -

VH 5.36 (4.80) obs (exp) |ATLAS-CONF-2018-036
VBF 6.56 (5.30) obs (exp) |ATLAS-CONF-2018-031
ttH 6.30 (5.10) obs (exp) | arXiv:1806.00425

WH

ZH } i 0.74% o4 (% o3 .

ttH + tH oL Bt € e e

-Lll-kk)l-klil; AA'}.L

15 2 25 ; Observed all major Higgs production modes !
Cross-section normalized to SM value Consistent with SM.




ATLAS Preliminawm Total Stet. B Syst B SM

Vs =13 TeV, 36.1 -

my = 125.00 GeV, |y, | < 2.5 ATLAS-CONF-2018-031
Total Stat. Syst.

ggF

ZH

ttH + tH

s e
-

1 1.5 2 2.5 3 4
Cross-section normalized to SM value




ATLAS —otstat) .« Total uncertainty

_ - c"(theory
my, = 125.36 GeV (theory)

Combined |
1= 118)'1 o

\s=7TeV, 4547 fb’ 1
\s=8TeV,20.3 b’ Signal strength (u)




Eur. Phys. J. C (2016) 76.6

ATLAS Preliminary

Syst.
Vs =13 TeV, 36.1 b Stat. L Sy

Total  Stat. Syst.
LHC Run 1 125.09 = 0.24 (£ 0.21+ 0.11) GeV

H—ZZ"—4l  p——fe——— 124.88 = 0.37 (+ 0.37 = 0.05) GeV

H—yy H————1125.11+ 0.42 ( = 0.21 + 0.36) GeV

Combined 124.98 = 0.28 ( = 0.19 = 0.21) GeV




