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Course outline

O Theory reminder

O Higgs boson production and decay modes

O Higgs boson discovery by ATLAS and CMS

O Higgs boson mass measurement by ATLAS and CMS
O Overview of ATLAS and CMS analyses about Higgs

O Signal/background discrimination techniques
O boosted regimes
O tagging, large-radius jets substructure, re-clustering
O multivariate analysis and deep neural network

O Signal extraction technigues
O likelihood and test statistic
O CLs method

O ttH analysis: an example
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Theory remmder



Reminder: Standard Model
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Reminder: Standard Model
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Remmder Standard Model
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O Group associated to
the strong
INnferaction between
gluons and quarks in
hadrons

O C = color charge

O mediators: 8
massless gluons,
iInteracting with

quarks according o
the QCD.

O Group associated to the
electroweak (EW)
INnferaction

O L = left-handed weak-
Isospin Iz doublets

O Y = weak hypercharge
Q=13+ 1/2Y)

O mediators: W%, Z, v

O they arise from a linear
combination of a
representation of these
groups.
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Reminder: why do we need a Higgs bosone

The Standard Model Lagrangian

1 1
g —_ ZWW/ ‘ Wﬂy — ZB/WBIM

[ : W | > Y
Ly*(id, — g T Wa—s —B)L+ Ry*io, — g EBﬂ)R
+ something 1s missing herﬂ@;{%ﬁ‘*’%

22 6 8%
W™ ey -s% %‘ st
£ ?&ﬁ L

M Glossary
W, = isotriplet vector Bu = single vector 1 = Pauli matrices
field coupled to the field coupled to the
weak Isospin current weak hypercharge L = left-handed fermion doublet
with coupling (Y) current with | o
factor g coupling factor g’/2 R = right-handed fermion singlet
24.01.2020
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Reminder: why do we need a Higgs bosone

O kinetic energy and self-coupling of W,
fields and kinefic energy of B, field;

g =:— ZWI‘V . Wﬂy — ZB/U/B//W: ............................. =
_lY ) Y O Wt, 7, y arise from a linear combination
Ly*(id, — g 21‘ -W,—g EB”)L Ry*(i0, — g EB”)R of Wy and By fields.

+ something is missing herew 3 %;'
T

ﬁﬁgﬁ*»"‘-

M Glossary
Wp = iSOTripleT vector Bp — Single vector T = Pauli matrices
field coupled to the field coupled to the
weak Isospin current weak hypercharge L = left-handed fermion doublet
with coupling (Y) current with | o
factor g coupling factor g’/2 R = right-handed fermion singlet
24012020
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Reminder: why do we need a Higgs bosone

O kinetic energy and self-coupling of W,
fields and kinefic energy of B, field;

—— — . WH _— _ Bl e et i eeeoococsossocsscscsssas
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JE e S 7 O W#, Z, y arise from a linear combination
Lyﬂ(ia’u g 21-. Wp —g EB”)L R;/”(za — g EB”)R , of W, and B, fields.
"+ something is missing .ﬁéfe%%;w s\ .
- £ “g”fg}% T . . ¢

-, O -
‘ ﬁﬁ gﬂ 4 kinetic energy of leptons and quarks (l()ﬂ),

1
O interactions with W+ (—g—7-W, )andZ
9) H

Y
and y (— g— )

M Glossary
Wp = iSOTripleT vector Bp — Single vector T = Pauli matrices
field coupled to the field coupled to the
weak Isospin current weak hypercharge L = left-handed fermion doublet
with coupling (Y) current with | o
factor g coupling factor g’/2 R = right-handed fermion singlet
24012020
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Reminder: why do we need a Higgs bosone

The Glashow-Weinberg-Salam model

In ‘60s, Glashow-Weinberg-Salam model allows to unify the electromagnetic and weak forces;

v
electroweak interaction with two couplings and four mediating bosons

B!:JT

v
O mass of mediators of the weak field should be zero for a gauge field theory and with an infinite
Inferaction range;

O in contrast with experimental observations that mediators do have a mass and, conseqguently,
a short range for the weak interactions.

O According to GWS model, the symmetry between electromagnetic and weak interactions
would be manifest at very large momentum transters (g2 >> 104 GeV?), while at low energies it
would be a spontaneous symmetry breaking, that provides a mass to the bosons without
spoiling the renormalisability of the theory.
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Reminder: the HIggs mechanism

O In 1964 by Higgs, Englert and Brout postulated the existence of
a scalar field responsible for this spontaneous symmeiry
breaking.

O Consider a system described by a Lagrangian and its
symmetries:
O in each system, the lowest level of energy is the ground
state (or vacuum); .
O if it Is non-degenerate it will possess the same
symmetries of L;
O if its is degenerate, there will not be only one eigenstate
for the representation of the lowest energy level:
O any of the degenerate states of the fundamental
level might not possess the symmetries of the L
anymore;
O the realisation of an asymmetric state is known as
spontaneous symmetry breaking.

Silvia Biondi - Corso di Doftorato - AA 2019/2020 11 24.01.2020



Reminder: HIggs mechanism

o oooooooooooooooooooooooooooooooooooooooooooooooooooooooooo Iess generic Cqse' jUS-I- -l-o sll-qul-

O Consider a scalar field ¢ that interacts with itself

1 2
L =047~ V(@)

. : , O u = scalar particle mass
O where V is invariant under L symmetry operation (¢ — — ¢)

O A = dimensionless positive

1 1 .
_ 2 12 4
V(¢) = —U ¢ + _,1¢ cons’rqn’r representing the
2 4 coupling of the 4-boson vertex

O the minimum value of V occurs at ¢ = ¢ ., corresponding to dV/dgp = 0:  p(u* + 1dp*) = 0

min’
uw >0 A>0 uw<0,A>0 3 4
e e ' o —u?
= = potential has minimaat¢ . = +4/—— ==xv
¥ ground state on the A
originat¢, .. =0
™ applying perturbative calculations around the
™ scalar field with mass p minimum (chosen without loss of generality),
v . scalar field with mass m = \/21v* = \/ —2u*
¢ ¢
o ....................................................................................................................... .o
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Reminder: Higgs mechanism

.......................................................... more generic case

O The mechanism to generate a mass for the gauge bosons can be generalised to a complex scalar field
1 .
¢ = —(¢y +1¢)
V2
O described by the Lagrangian, invariant under the U(1) global gauge symmetry ¢ — €%

1 1
L = (0,4)*(0"9) — V(¢) = (0,0)*(0"p) — Eﬂ2¢*¢ - Z/I(ﬁb*éb)z

™ circle of radius v of degenerate minima of the

potential in ¢1¢p2 plane, such that gblz + 4522 = VZ,

with v2 = — u?/A

™ as before, expanding the field around a minimum

energy position, scalar field with mass m = \/ —2/,t2
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Reminder: HIggs mechanism

o oooooooooooooooooooooooooooooooooooooooooooooooooooooooooo -I-he mosll- generic case

+ 1 + 1
O Consider a complex doublet scalar field ¢ = (¢ ) —\/ 5 (Zl i?)
3T 194

O described by the Lagrangian, invariant under the SU(2) global gauge symmetry ¢p — ei“TTa¢

T T Voagig  Lopipe e
L =(0,4)(0"¢)— V(¢) = (0,0) (0" ¢)—Eﬂ ¢ Cb—Z/l(Qb ¢) B

. Ta
DM = 6ﬂ + lg?W;l

O Applying perturbative calculations and keeping the L invariant also under the local SU(2) symmetry:

1 . 1 1, . 1 . 1 y
L=(,¢+ lgzr- W,p)' ("¢ + zgzr- WEQ) — E,M Q' — Z/I(gb h)” — ZW’W . WH < "

M if u2>0 : L describes a system of 4 scalar particles, each of mass y, interacting with 3 massless gauge bosons (W/j‘)

™ if u2<0 : the potential has its minimum at :

//t2 without loss of generality, we can choose . ¢1 — ¢2 — ¥4 — 0 o

1
¢T¢:5(¢12+¢22+¢32+¢3): .................................. > - 5

2/
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Reminder: HIggs mechanism

1 /0
O The expansion about this particular vacuum state ¢y = ) <V> can be described as
1 0
¢(X) — — K ° .
2 \v +h(X) .......... p the Higgs field h(x) is the only one

remaining out of four fields

O substituting ¢ in the Lagrangian and keeping only the relevant term, we can determine the 3 gauge bosons!
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Reminder: the HIggs mechanism

O kinetic energy and self-coupling of W,

1 field d kinetic energy of B, field;
P = _WW.WW_ZBWB//‘”. ............................. p elasandkiner Jy O by field,
3--:---~~~~~~i°"°""““i'/““°""""""““Y““": O W=, Z, y arise from a linear combination
: _|_L7,M(i()ﬂ ng. Wﬂ — 2 ﬂ)L+Ry”(18 —g zBu)R ‘ of Wy and By, fields.
F1G0, — g—7- W, — g~ B P - V
( H g2 H g2 ”)qb‘ 2 .'AO kinefic energy of leptons and quarks (i()ﬂ);

—(G,L$R + G,L¢-R + hermitian conjugate)

1
O interactions with W+ (—g—7-W, )andZ
9) H

Y
and y (— g— )

M Glossary
W, = isofriplet vector By = single vector = Pauli matrices G1.2 = matrices of Yukawa coupling
field coupled to the field coupled to the
weak Isospin current weak hypercharge L = left-handed fermion doublet ¢ = 4 real scalar fields
with coupling (Y) current with
factor g coupling factor g'/2 R = right-handed fermion singleft V(wp) = Higgs potential
................................................................. AU
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Reminder: the HIggs mechanism

The Standard Model Lagrangian
o] w Lo
= =W W ——B,B
J 1 ’ D1/ (7 ¥
+Ly"(i0, —g—7v- W, —g—B )L+ Ry*(id, — g EB”)R
SEERE S AR | P 2 ....... ’ . | -
© ] (l()ﬂ —o—1- Wﬂ — g EBﬂ)¢‘ — V() e p © Higgs mechanism: W*and Z become
.......................................................................... S massive, while y remains massless.
—(G,L$R + G,L¢-R + hermitian conjugate) -
...... [N O lepton and quark coupling to the Higgs
field to generate their masses.
~ 8ttH
v
2
M Glossary
W, = isofriplet vector Bu = single vector r = Pauli matrices G1.2 = matrices of Yukawa coupling
field coupled to the field coupled to the
weak Isospin current weak hypercharge L = left-handed fermion doublet ¢ = 4 real scalar fields
with coupling (Y) current with
factor g coupling factor g’/2 R = right-handed fermion singleft V(wp) = Higgs potential
....................................................................................................................... .o
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HIgQs boson: production ana decays



Higgs boson: production modes

w Study of the Higgs production is very important because it can provide fundamental measurements for the
determination of the parameters of the SM Lagrangian

1 1
QCZ —_ ZWW/ . WIW — ZB/WBIM

- 1 Y _ Y

+Ly"(i0, — g > - W,—g EB”)L + Ry*(i0, — g EB”)R

, 1 Y ) ,

+(id, — 857 Wu=8=-8)9 = V(@) e

—(G,L¢R + G,L¢ R + hermitian conjugate)
ggF and #H help the : VBF and VH help the
determination of the Yukawa . defermination of the
couplings (leptons and quarks) . vector boson couplings

with the Higgs boson v with the Higgs boson

g "OOO000 g . ! !

I\ . _H e H ->--H

g 000000 g > , q q

O ....................................................................................................................... .o
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~7%

~47s

~1%

ggF - gluon-gluon fusion
O mediated by the exchange of a virtual top quark;

VBF - vector boson fusion
O mediated by the exchange of a W or Z boson (via quark scattering)
O Higgs boson radiated off the weak-boson propagator
O scattered quarks give rise to two hard jets in the forward and
backward regions of detector
O clean signature not only for Higgs searches but also for the Higgs
couplings at LHC

VH - associated production with a vector boson (Higgs-Strahlung)
O Higgs boson irradiated through an off-shell W/Z boson
O relatively clean environment for studying the decay H->bb

ttH - associated production with a top quark pair

O fundamental o directly probe the Yukawa coupling between the
quark-top and the Higgs

O Due to its large mass, the top quark Yukawa coupling is expected to
be near one (2 0.99), differently by the other quarks that have @
coupling of 2 102,

Silvia Biondi - Corso di Dottorato - AA 2019/2020
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ttH 0.09 0.13 0.50
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

ggF - gluon-gluon fusion
~88% 0 mediated by the exchange of a virfual top quark;

VBF - vector boson fusion
O mediated by the exchange of a W or Z boson (via quark scattering)
~77% o Higgs boson radiated off the weak-boson propagator
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A - —
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~ [elel
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ttH - associated production with a top quark pair VBF 1.2 1.6 3.7
1% O fundamental o directly probe the Yukawa coupling between the WH 05 0.7 1 4
° quark-top and the Higgs o1 0.3 0.4 0.9
O Due to its large mass, the top quark Yukawa coupling is expected to ' ' '
be near one (2 0.99), differently by the other quarks that have @ ttH 0.09 0.13 0.50
coupling of 2 102,
....................................................................................................................... .o
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° o ° —1N2 — — — — — — — o
HIgQs boson: production modes A R
o TR < W
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~88% 0 mediated by the exchange of a virtual top quark; o 105 =
@) E . a (NNLO Qcbh + NLO EW) ‘E
VBF - vector boson fusion 1 W
O mediated by the exchange of a W or Z boson (via quark scattering) fy
~77% o Higgs boson radiated off the weak-boson propagator - = ZH (NNLO QCD + NLO EW -
O scattered quarks give rise to two hard jets in the forward and - -
backward regions of detector 10" o ir (N0 0% _
O clean signature not only for Higgs searches but also for the Higgs - | R | . Ieference -
couplings at LHC 7 8 9 10 11 12 1% 14
s [TeV]
VH - ass 3-Strahlung) expected cross section (pb)
~4% O Higgs ( _ 9
O relativ —>— >bb channel 7 TeV 8 TeV 13 TeV
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> — - H
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1% O funda etween the WH 0.5 0.7 1.4
S Quok o I ZH 0.3 0.4 0.9
o Duetc U4 FIN |y e q IS expected to ' ' '
be near one (2 0.99), differently by the other quarks that have a ttH 0.09 0.13 0.50
coupling of 2 102,
....................................................................................................................... .o
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HIgQgs boson: production modes
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ggF - gluon-gluon fusion
O mediated by the exchange of a virtual top quark;

VBF - vector boson fusion
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ttH - associated production with a top quark pair

O fundamental o directly probe the Yukawa coupling between the
quark-top and the Higgs

O Due to its large mass, the top quark Yukawa coupling is expected to
be near one (2 0.99), differently by the other quarks that have @
coupling of 2 102,
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HIggs boson production cross section
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Standard Model Total Production Cross Section Measurements staiws: August 2016

reference
Q' 10" e ATLAS  Preliminary Theory

N § Run1,2 +s=7,8,13 TeV LHC pp ¥5=7 TeV
10° F Bl Data 45-49f0! 3

Challenge of the Higgs boson o LHC pp V5 = 8 TeV
O low production processes 10° ¢ g Bl Daia 20310 E
- C 81 pb1 .
propgblll’ry wrf ’rhe fotal pp ] et LHC pp V5 =13 TeV :
collision production at LHC 10* & Bl 0o 005 13300
O precision measurements on Its : :
properties difficult if low staftisfics 10° L - i

: ; S -
Total pp production o o o
0~]O”pb Ao S = 5 B i :
r ..
] [ ’[o’[aln . n N gl = ]
Higgs production cross section 10° ¢ 20 5o E
O ~50 pb . B ver :
1 E i VH I 8 -
A
10_1 I ttH A
PP W Z tt o ww H Wt Wz ZZ t tIW tiZ
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Higgs boson: decay modes

Lepton and quark pair decay channels

reference
2 3G 2 E 1__I | | | | | I | | | | | | I | Lﬁﬁ;ﬁur_lhh;___l__zg
Gym m 3 a o -
FH - 11N = 2 Imy 8 TH - qQ) = ——myf1 +>—A2€P) S ¢ =D i
427 427 4 7 = | at
E-IU-‘I_ TT ‘ ZZ __%
+ ) IS | -
e B=(1— dmiimd)” c  —t ]2 - :
ot i
O Among the quark decay channels, the bb has the highest BR, but it is not N0 =
measurable in all the production mechanisms; L -
O in the ggF production, for example, it would be totally overwhelmed by I - .
background processes, such as Z—gqg and gg—bb, whose cross sections 3
are many orders of magnitude larger 1075 -
WW 99 b - -
W, Z and y decay channels % R -l /
’ Y y | /3% '4 l | |
\/EG -—:f,o 10°gg 100 120 140 160 180 200
L(H - VV¥) = &y “md(1 - 4x + 12x%)p | My [GeV]
32 Other
1%
*x=mi/mi  p=1-40"  5,=2(1) forv=w (I
....................................................................................................................... .o
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The discovery of the Higgs boson S
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R

O As a confirmation of the prediction, the discovery of a new boson
was announced by ATLAS and CMS experiments on 4th of July
2012 at CERN.

%ATLAS

EXPERIMENT
http://atlas.ch

-
[

‘ .

Run: 204769
Event: 71902630

Francois Englert and Peter Higgs during the celebration of the Higgs boson I | e v Date: 2012-06-10 _
discovery, at CERN. .. - 4 : 13:24:

O cccrcrcncnccccecececoscoscoscoccscocococoscoscossoscscscscoscsssossossoscscscscsssssossosscscsccscscossosscsscscscsccsccscscscsccscsccscccscscsscsd)
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https://www.nobelprize.org/prizes/physics/2013/summary/

The discovery of the Higgs boson: decay modes

w Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC
w Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC

ATLAS : CMS
H — 77% — 4 f H — 7Z* — 4l
SR A A
H — WW* — evuv H = WW* = evpw 2.Isef\|;:+75T.§\;b-1
H — bb

H — bb H— 77
7/ TeV H—- 1ttt .
L H — 7Z* — 4l

H = yy
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https://arxiv.org/abs/1207.7214
https://arxiv.org/abs/1207.7235

The discovery of the Higgs boson: decay modes

w Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC
w Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC

ATLAS CMS

' H— 275 - 4l C THS e S an
Chme L H=r L How

H—- WW* - evuv H— WW* = evuv zal.zef\é:ZsT.es\;b-l

H — bb
H — bb H— 17t~

7 TeV H— 71"
O g L alp

L H=gr &
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The discovery of the Higgs boson: H — 4/

ATLAS CMS

Main backgrounds
continuum ZZ* (irreducible), Z + jets and tt production (reducible)

O low-mass range (110-160 GeV);
O wide mass range (110-600 GeV);

O selecting two pairs of isolated leptons with same flavour
and opposite charge (AR = \/(An)2 (Ag)? > 0.3/0.4)

O selecting two pairs of isolated leptons with same flavour
and opposite charge (AR = \/(Ar/)2 + (Ag)? > 0.1 if

the same flavour, AR > 0.2 otherwise)

. Selection and categorisation of events:
: O pair with invariant mass closest to the Z boson mass is
required to have a mass in the range 40-120 GeV;

O the other pairis required to have a mass in the range
12-120 GeV,;

O 3 sub-channels: 4e, 2e2u and 4u, arranged by the
flavour of the leading lepton pair;

O kinematic discriminant is constructed based on the
probabillity ratio of the signal and background
hypotheses (five angles and the invariant masses of
the two lepton pairs): Ko = Psig/(Psig*Pbkg) > 0.5 .

Selection and categorisation of events:

O combination of the lepton quadruplet in the event,
categorised in ferms of pr and invariant mass (the
closest to the Z mass);

O all possible selected lepton pairs must satisty my > 5
GeV (toreject J/w mesons backgrounds)

O 4 sub-channels: 4e, 2e2u, 2u2e and 4u, arranged by
the flavour of the leading lepton pairr.
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The discovery of the Higgs boson: H — 4]
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ATLAS CMS

e e GG R ordised T nommlisation faciors
. MC smylohon : . normalisation . . tothe theoreticalcross - :fitted in control regions:
: normOllsed. -I-O .:. [ ] : [ ] : .: fOCTorS fi-l--l-ed in : : :. e 6 ¢ o6 o o o .S‘e.q-l-i.o.rl ® 6 6 6 o o o o .: :. e 6 o o tr.om .d.o.-l-g. e 6 o o :
. the TheoreTICOl ©o. . control regions : : Channel WV AR 4e 4p 2e2u 4¢
. crosssection . v v-... from data - °  ZZbackground  _.° " 27+03 57406 72408 156+ 14
Signal ZZW Z + jets, tt Observed : £+ X A 12503 0.9 23414 44137
5 JEL, °  All backgrounds (110 <ms <160 GeV) 40+ 10  66+09 97 + 18 20 + 3
4 2.094+0.30 1.12 +£0.05 0.13+£0.04 6 . Observed (110 < m4¢ < 160 GeV) 6 6 9 21
2e2/L/2ju2e 2.23:0.33 0.50 0.0 1.27£0.13 > . Signal (my = 125 GeV) 136 + 022 274 +032 344 +044 754 + 0.78
4e 0.90+0.14 0.44 +0.04 1.09+0.20 2 .
. All backgrounds (signal region) 0.7 £ 0.2 1.3 £ 0.1 1.9+ 03 38 £ 05
: Observed (signal region) 1 3 5 9
———————————— . CMS Vs=7TeV,L=51fb" Vs=8TeV,L=53f"
- - | I 1 1 I I 1 1 | | 1 1 | 1 I | 1 I | I_
> ® Data ATLAS _ o > - S T ] _

° ° ° 5 B * - ® [0 __ + Data Q 6 F 7 ° ° ° .
Systematic uncertainties: | 25| Ml Bectoronazz” R R R o T Gl : gyisr:r’reem?;!rce:;?ucn(:irrt\glsri"rh?s.
O integrated luminosity; & [ Bl Backsround Zujets, 1 - 2 w0z zz G4 = J v
O lepton reco, ID and i po [ [] Signal (m =125 GeV) - . - m=125 GeV € gf ] O leptonreco, ID and

' - i . 12F : : = P
resolution; - 7 systune I _ (@ 2} . lresc;luhon, |
i : : o '_ 1t _ eprton ener SCdaie,
O lepton energy scale; (5 =7TeV:[Ldt= 4.8 1o 1 - 10F of ] - °P JY
. or ' 1 . - N 1 O jet energy scale and
O Jef energy scale and - (5= 8TeV:[Ldt=5.8 b ’ 1 8- ¢ T ETmiss:
ETmiss; - i ‘ - ] ,
o ’rheory, Uncertaintios 10|~ | o 61~ - O limited statistical
’ | _ ° : 9| ' o o .
affecting mainly the B LI I ar ¢ precibion i fhe
: | dict 5 : g * | . reducible background
SIgNal preaicrions : : 2 [ ‘ o_ control regions.
i . 0 P
0 .
100 - 200 g 80 100 120 140 160 180
m,, [GeV] m,, (GeV)

O cccrcrcncsccccecececoscoscoscoccscecoscoscoscoscossoscscscoscossossossoscscscscscsssssossosscscscscsccssosscscscsccsccsccscscscscscscsccscccoccsscsd)
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The discovery of the Higgs boson: H — vy

CMS

Main backgrounds
QCD production of two photons (irreducible), reconstructed photon candidates from jet fragments misidentification (reducible)

O mass range: 100-160 GeV;

O myy evaluated using the photon energies measured in the
calorimeter, the azimuthal angle ¢ between the photons in
calo and the values of n calculated from the position of the
identified primary vertex and the impact points of the
photons in the calorimeter.

Selection and categorisation of events:

O Photon candidates requirements: |n|<2.37, (excluding the
calorimeter barrel/end-cap transition region 1.37<|n|<1.52),
Er>40 GeV (30 GeV) for leading (sub-leading);

O 10 mutually exclusive categories with different mass
resolutions and S/B ratios:

O 1 exclusive category with 2 jets (improves the sensitivity to
VBF);

O 9 categories defined by the presence or not of converted
ohotons, n of the selected photons and pr*

y y Y _ m
* the component of the diphoton pr, orthogonal to the axis _ |(p7 +p7) X (P7 — PP

defined by the difference between the two photon momenta Pt — P?

Silvia Biondi - Corso di Dottorato - AA 2019/2020

- © mass range: 100-150 GeV;

O Boosted Decision Tree (BDT) trained to enhance the signal-like

events:

O photon quality, expected mass resolution, per-event
estimate of the probability of locating the diphoton vertex
within 10 mm of its frue location along the beam
direction, kinematic characteristics of the photons and
the diphoton system.

Selection and categorisation of events:
- O Photon candidates requirements: |n|<2.5, (excluding the

calorimeter barrel/end-cap fransition region 1.44<|n|<1.57 ),
pr>myy/3 (myy/4) for leading (sub-leading) v;

O 6 mutually exclusive categories with ditferent S/B ratios and

jefts:
O 4 categories based on BDT output and no jefs;
O 2 categories with 2 jets (tight: mj>500 GeV and pr>30
GeV).

24.01.2020



The discovery of the Higgs boson: H — vy
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ATLAS CMS

Background estimation:

Background estimation:

> I B e e e e E e T B e s s m e s e s e o onne °
0 in each category, from §3SOO: ATLAS ¢ Daa - O1ineach cq’regory, from data by fitting the diphoton mass
data by fitting the 3 3000F- —— SigiBkg Fit (m=1265GeV) 3« fpectrum IN an ex’repded mMass range (100?1 30 GeV)
diphoton mass Sas00f Ny o @norderpomoma) - 2. © independent analysis performed using a different approach
spectrum with free 20008 : to ’rh.e background modellmg.. | | |
oarameters of shape 1500~ (527 Tev, [Lat=4 810 . O fit to the output of an additional BDT taking as input the
and normalisation 1000F- (55 Tev, [Lat-s 91" : diphoton invariant mass and the diphoton BDT output;
o different models for the o T : O background model derived from the sidebands of the
different categories to 2 : . invariant mass @s’mbuhom o
imit a potential bias o : fit used fo obtain the background normalisafion.
and keep gOOd () . CMS Vs=7TeV,L=51fb"Vs=8TeV,L=53fb’
statistical power > ' 1 . -
O 100_ 4  Data S/B Weighted N : - = o IU' h't Id |
< PE —— Sig+Bkg Fit (m=1265GeV) | , = - O nweighte . T
svstematic uncertainfies: 2 F SN Skg (4th order nonomia) 1 o+ O : 21500 Sy.stemahc unce.r’raujhes.
Oy. ’r !r ;I . I"rl° ' g OF 1 - 2 100w 5 O integrated luminosity;
- mheg?ro e umJlrnos!r.y, X - 4 ° 3 : 2 00l O photon reconstruction
photon reconstruction b El § I | and identification
Gﬂpl .|den’r|f|cc1’r|on - J oo Worooo - M e 13;(03-\-/ : efficiency:;
o eflfluency,d ng: 205_ ERR % : (8 )_ O pile-up modelling;
. Olhe—TUp mol ? Ing, g 8§: ............................. : g o 1 © photon isolation:
photon loianon, PR D= 500 s 7 © theory uncertainties,
o r}feor}r{ uncerfollntrlke]s, g, _4%"'(:) & . B oo _ affecting mainly the
A ecllng g?o;.ny © q BE © D B2 ] signal predictions
>Ighal predictions ’ YT, 120 130 140 150
m,, (GeV)
o R T T T T P e e e eesssscccceesssss s s e e e O
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The discovery of the Higgs boson: results
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ATLAS = Oobserved CMS

OsM
Statistical procedure:
O full likelihood fit to the data, including all the parameters that describe the systematic uncertainties and their correlations

O A SM Higgs boson with a certain mass my is considered excluded at 95% confidence level (CL) when p = 1 is excluded at that mass:
O The significance of an excess in the data is first quantified with the local po, the probability that the background can produce a
fluctuation greater than or equal to the excess observed in data.
O The equivalent formulation in ferms of number of standard deviations, Z,, is referred to as the local significance.
O the “look elsewhere” effect used to calculate the ratio global/local probabilities for the most significant excess to be observed

anywhere.
1 CMS \s=7TeV,L=5.1fb' {s=8TeV,L=5.31b"

o IIIIIIIIIIIIIIlllllllllllllllIIIIIIII : S StemqtiCireqtment: Q) I o L | v 7 v T rp Ty 1
o ATLAS 2011 - 2012 o Y 5 %o
O ; — Obs. O uncorrelafted g 7 =7~ <26
S (s=7TeV: |Ldt=4.6-4.8 b o= EXp. ; fes back q & 10°F —

= {s=8TeV: |Ldt=5.8-5.91fb" +16 Systematic. backgroun — — 90

.................................................................. normalisations or S

| B g2 00 S 107 [, 4o

LN —— R o background model e A -

e N ] . parameters, the MC - ‘ \,/ .

10 simulation statistical — —°
10‘5 ----------------------- £ 46 _l_ . _I_° d _l_h - -
s uncertainties an e 108k e —

T S 56 theoretical uncertainties "_"5"3;3'5“”” """"" .. 60
107 affecting the q0 || —Ho2z N, _
10‘9 ...................................... e e 6 10 — | —H - WW \‘ -
1010 © background processes [ —Ho X -

10-11 AT U I U TN A T M T M N T T M U M o :~~I~‘l v v by 0 0 COrrelgTed SYSTemOTiC: 10-12 — 1Hl_)?bl N S A S S S S S S S S S - x\?-i I —— — — - ¢—70-

110 115 120 125 130 135 140 145 15 all the others 1o 115 120 125 130 135 140 145
m,, [GeV] my, (GeV)

O ....................................................................................................................... .o
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The discovery of the Higgs boson: results

Excluded mass regions:

O Three mass regions are excluded at 99% CL, 113-114, 117-

121 and 132-527 GeV.
Observation of an excess of events:

O Clear evidence for the production of a neutral boson with @

measured mass of 126.0X0.4 (stat)x0.4 (sys) GeV

O local significance of 6.00 (4.90 expected), at a mass near

125 GeV

3.60 (2.70)

4.50 (2.50)|°
, Vs=7TeV: /Ldt=4.81b"
e Vs=8TeV: JLdt=591b"

‘H—zZ" = 4

* \s=7TeV: |Ldt=4.8fb"
e -1
‘Vs=8TeV: JLdt=581b

ATLAS 2011 -2012

W,ZH — bb

l |
: m, =126.0 GeV

Vs=7TeV: |Ldt=4.7 "
H— 1t

Vs =7TeV: | Ldt = 46471

H—)WW()—>|V|V

Vs=7TeV: |Ldt=4.7 b
Vs=8TeV: [Ldt=5.81b"

R EEEEEEEEEEY E

Combined
Ys=7TeV: [Ldt=46-481"
Ys=8TeV: |Ldt=58-591b"

...................................................................................
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decay modes with the

CMS

. Excluded mass regions:

. O Mass regions excluded at 99% CL: 110-121.5 and 128-600

. GeV.

. Observation of an excess of events:

. O Clear evidence for the production of a neutral boson with a

. measured mass of 125.3 £ 0.4(stat.) £ 0.5(syst.) GeV

. O local significance of 5.00 (5.80 expected), at a mass near
125 GeV

\s=7TeV,L=5.1fb" ys=8TeV,L=5.3fb"
m, = 125.5 GeV

CMS

4.10 (2.80)

- : 3.20 (3.80)
most significant .o

excess in the two

best mass resolution,
YY and 11

| | l | | | | I | |
2 3
Best fit O'/GSM
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The discovery of the Higgs boson: H — 4

ATLAS CMS

CMS \s=7 TeV, L=5.1 fb' \s=8 TeV, L=5.3 fb’

background expectation

. —

100 110 120 130 140 150 160 170 180
(horizontal error bars indicate m,, (GeV)
the estimated mass resolution) 1 CMS (5=7 TeV. L=5.1 fb" \5=8 TeV, L=5.3 fb"

Q
k:0.9

0.8

0.7

0.6

event density expected 05
from a SM Higgs boson 0.4
0.3
0.2
0.1

0
100 110 120 130 140 150 160 170 180
m,, (GeV)
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The discovery of the Higgs boson: H — vy
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ATLAS

s 7 TeV 8 TeV o
o x B(H— yy) [fb] 39 50 FWHM .
Category Np Ns Np Ns [GeV] .
Unconv. central, low prt¢ 2054 10.5 2945 14.2 3.4 o
Unconv. central, high pr¢ 97 1.5 173 2.5 32 . .I\.l Lt e
= events in dat * .
Unconv. rest, low pt¢ 7129 21.6 12136 30.9 3.7 ° [i events data *
Unconv. rest, high pr 444 28 785 52 36 . Ns=expectedevents - |
Conv. central, low pry 1493 6.7 2015 89 39 *FWHM = mass resolution- -
Conv. central, high pry 77 1.0 113 16 35 """ttt e
Conv. rest, low pr¢ 8313 21.1 11099 26.9 4.5 :
Conv. rest, high pt 501 2.7 706 4.5 3.9 ) .
Conv. transition 3591 95 5140 128 6.1 (1% stafuncertainty)
2-jet 89 2.2 139 3.0 3.7 °
All categories (inclusive) 23788 79.6 35251 110.5 3.9 °
Event SM Higgs boson expected signal (my = 125 GeV) Background
categories Events ggH VBF VH ttH Oett FWHM|2.35 Myy =125 GeV
(GeV) (GeV) (events/GeV)
7 TeV, 5.1 fb~1 BDT O 3.2 61% 17% 19% 3% 1.21 1.14 33104
BDT 1 16.3 88% 6% 6% - 1.26 1.08 375+ 13
BDT 2 21.5 92% 4% 4% - 1.59 1.32 748 £ 1.9
BDT 3 32.8 92% 4% 47% - 247 2.07 193.6 &+ 3.0
Dijet tag 2.9 27% 712% 1% - 1.73 1.37 1.7 £ 0.2
8 TeV, 5.3 fb~! BDT O 6.1 68% 12% 16% 4% 1.38 1.23 74 £+ 0.6
BDT 1 21.0 87% 6% 6% 1% 1.53 1.31 54.7 £ 1.5
BDT 2 30.2 92% 4% 4% - 1.94 1.55 115.24+ 2.3
BDT 3 40.0 92% 4% 4% - 2.86 2.35 2565 + 34
Dijet tight 2.6 23% 77% - - 2.06 1.57 1.3 £ 0.2
Dijet loose 3.0 53% 45% 2% - 1.95 1.48 3.7+ 04

CMS
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The discovery of the Higgs boson: H - WW
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ATLAS

The expected numbers of signal (my = 125 GeV) and background events after all
selections, including a cut on the transverse mass of 0.75my <mt <my for my =
125 GeV. The observed numbers of events in data are also displayed. The ex and
pe channels are combined. The uncertainties shown are the combination of the
statistical and all systematic uncertainties, taking into account the constraints from
control samples. For the 2-jet analysis, backgrounds with fewer than 0.01 expected

events are marked with ‘-'.

0-jet 1-jet 2-jet
Signal 20+4 542 0.34 +0.07
ww 101 +£13 125 0.10+0.14
WzZ®/zZ/Wy® 1243 1.9+ 1.1 0.10+0.10
tt 8+2 62 0.15+£0.10
tW /tb/tgb 34+15 3.7+1.6 -
Z/y* + jets 1.9+1.3 0.10£0.10 -
W 4 jets 15+7 2+1 -
Total background 142 +£ 16 26+6 0.35+0.18
Observed 185 38 0
%) 140 1 1 1 1 I 1 I 1 I I 1 1 I 1 I 1 I I I I I 1 I
—- Data % SM (sys @ stat)
6 ATLAS g
= 120 Vs=8TeV,|Ldt=581f" [ [ SingleTop
~ *) B Z+jets [ ] W+iets
fé) 100 H->WW —evuv/uvev + 0/1 jets (] H[125 GeV]
)
: :
80

60

40

20

hashed area indicates the total uncertainty on the background prediction.
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=

III|III|III|IIIIIII|III|ll|

|
250

300

my [GeV]

Fig. 6. Distribution of the transverse mass, mr, in the O-jet and 1-jet analyses with
both ex and we channels combined, for events satisfying all selection criteria. The :
expected signal for my = 125 GeV is shown stacked on top of the background ,
prediction. The W + jets background is estimated from data, and WW and top .
background MC predictions are normalised to the data using control regions. The
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40

Observed number of events, background estimates, and signal predictions for my = 125 GeV in each category of the
WW analysis of the 8 TeV data set. All the selection requirements have been applied. The combined experimental and
theoretical, systematic and statistical uncertainties are shown. The Zy process includes the dimuon, dielectron, and

TT — ££ final states.

CMS

Category: 0-jet eu 0-jet £¢ 1-jet e 1-jet €4 2-jet el 2-jet L4
WW 876 £ 9.5 604 £ 6.7 19.5 &+ 3.7 97 £ 19 04 £ 01 0.3 £ 0.1
WZ+Z2Z2+Zy 2.2 + 0.2 377 £ 125 24 £ 0.3 8.7 £49 01 £0.0 31 £ 18
Top 93 £ 2.7 19 & 0.5 223 £ 2.0 95 £+ 11 34+ 19 20 £ 1.2
W + jets 191 £ 7.2 10.8 £ 4.3 11.7 £ 4.6 39 + 1.7 03 +£03 0.0 £ 0.0
Wy(*) 6.0 £ 23 46 + 2.5 59 £ 3.2 13 £ 12 0.0 £0.0 0.0 £ 0.0
All backgrounds 1242 £ 124 1155 £ 15.0 61.7 £ 70 331 £ 5.7 41 £ 19 54+ 22
Signal (my = 125 GeV) 239 £ 5.2 149 + 3.3 10.3 £+ 3.0 44 + 1.3 1.5 4+ 0.2 0.8 £ 0.1
Data 158 123 54 43 6 7
CMS s=8TeV,L=5.1fb"
| | | | | | | | | | | I | | | |
%, 40 B ¢ data N
O n [ my=125GeV -
‘0 i WW ]
~~ — -
2 - o w -
= 30 to B
- I Y i
c :
LLJ - B Z+tjets .
I  WH+jets |
20 - —
10 ﬁT. + —
ol i weteeet e e b
0 50 150 200
m,, (GeV)

Fig. 7. Distribution of my, for the zero-jet eu category in the H - WW search at
8 TeV. The signal expected from a Higgs boson with a mass my = 125 GeV is shown
added to the background.
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The discovery of the Higgs boson: results
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CMS

%‘ 1 ATLAS 2011 -2012 (a) H—2zz" > al 2‘ 10 = ATLAS 2011 - 2012 - 1o E o~ L — F??Tle\.”%f‘:’f fo Vs=8TeV,L=53f
O » R o u N k%) 1 —=— Observed
3 . E - \s=7TeV: JLdt =4.6-4.8 b Ei)s:erved - _GC) E == Expected (68%)
............................. i Vs=8TeV: J Ldt = 5.8-5.9 fb Bkg. Expected o 10 ------- Expected (95%) 959,
- ---- Bkg. o - o
O E
3 R e —————— E 2k / 99%
S 1 10
Lo 0
...... o f®)
-..---------..----.----..----.3,-...---:.‘.---..--::::I:::: _9) 10‘3 99.9%
10% \s=7Tev: JLdt=48f" . 4o ;
(s=8TeV: [Ldt=58f" . e = 10"
O
. 5 107°
3 O
: -
o
-
10-7 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1
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(s=7TeV: |Ldt= 4.8 b

4
.....

10 s=8TeV: |Ldt=5.91fb" N S
---------------------------------------------------------- o 60
10-7 = { T
o° 10} = 2 Decay mode/combination Expected (o) Observed (o)
T 1k = 15F
S 1o s F YY 2.8 4.1
I R S B S 77 3.8 3.2
-3 2 [
10.4 5 0.5F E 7T + bb 2.4 0.5
10, . Srenzeeeee M 3O e — : yy +7Z 4.7 5.0
10 F ---- 2011 Exp. ---- 20112012Bxp. ., . o5k E Yy +Z2+WW 5.2 5.1
ol Wit Obs. T 2011201200s. Maggmmeeeenes : — Observed : Yy +ZZ+WW + 7T +bb 5.8 5.0
10,8 - 2012Exp. V5=7TeV: |Ldt=4.7fb" 5 c -1 = (c) -2 In A (u)<1 E
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The discovery of the Higgs boson: results
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ATLAS CMS

. CMS \s=7TeV,L=51fb" \s=8TeV,L=5.3fb"
: (% 6_| L L Y B B B ll+1 lClorlnt;irl]eldl  —— l_
/5‘ _I | | I | | I | | I I I | I I | | I I | I I I I |— Py b : H % YY + H % ZZ + H % (unta ed):
— [ ATLAS 2011 - 2012 - . DS - vy (untagged)r
< 5__ 1 | = . 5 + H- vy (VBFtag) L
& O Vs=7TeV: |Ldt=4.7-4.81b " Bestit - : I + Ho 77 -
(()) 5 — . — - -1 - %o N ° B |
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Fig. 11. Confidence intervals in the (u,my) plane for the H > ZZ™ — 4¢, H — :
yy, and H — WW(*) — Evﬁlf chann.els,. including all systAemAatic }Jncertainties. : Fig. 17. The 68% CL contours for the signal strength o /oy versus the boson mass
The markers indicate the maximum likelihood estimates (i,my) in the corre- . my for the untagged yy, yy with VBF-like dijet, 4¢, and their combination. The
sponding channels (the maximum likelihood estimates for H - ZZ® — 4¢ and : symbol o /osy denotes the production cross section times the relevant branching
H—> WW® - gygy coincide). o fractions, relative to the SM expectation. In this combination, the relative signal
: strengths for the three decay modes are constrained by the expectations for the SM

Higgs boson.
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