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Higgs Hunters’ Guide The Standard Model

The Standard Model

@ A working model based on Quantum Field Theory

@ Describes elementary particles and their interactions
Gravity not included

@ 12 fermions - 6 quarks, 6 leptons
@ v, W*, Z, g - gauge bosons mediate interactions
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Higgs Hunters’ Guide The Standard Model

The Standard Model

@ A working model based on Quantum Field Theory

@ Describes elementary particles and their interactions
Gravity not included

@ 12 fermions - 6 quarks, 6 leptons

@ v, W, Z, g - gauge bosons mediate interactions

@ Higgs (complex scalar) field generates mass of all particles

o HO (JP = 0*) - one Higgs doublet and one physical Higgs boson
@ except Higgs - all SM particles were discovered before LHC started
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Higgs Hunters’ Guide Higgs Before LHC

Higgs © 2012

@ Electroweak precision data from LEP, SLC, Tevatron, ...
established SM as a valid model

@ Prediction: my < 152 GeV at 95% CL; CERN-PH-EP-2010-095 (2010)
@ LEP exclusion: my < 114.4 GeV at 95% CL; PLB 565 (2003) 61
@ Tevatron exclusion: 162 > my < 166 GeV at 95% CL;

PRL 104 (2010) 061802
@ CMS exclusion: 127 > my < 600 GeV at 95% CL; phys. Lett. 8 710 (2012) 26

@ ATLAS exclusion: 111.4 - 116.4, 119.4 - 122.1, and 129.2 - 541
GeV at 95% CL. Phys. Lett. B 716 (2012) 1
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Higgs Hunters’ Guide Higgs Before LHC

Higgs © 2012

@ Electroweak precision data from LEP, SLC, Tevatron, ...
established SM as a valid model

@ Prediction: my < 152 GeV at 95% CL; CERN-PH-EP-2010-095 (2010)
@ LEP exclusion: my < 114.4 GeV at 95% CL; PLB 565 (2003) 61
@ Tevatron exclusion: 162 > my < 166 GeV at 95% CL;

PRL 104 (2010) 061802

@ CMS exclusion: 127 > my < 600 GeV at 95% CL; phys. Lett. 8 710 (2012) 26

@ ATLAS exclusion: 111.4 - 116.4, 119.4 - 122.1, and 129.2 - 541
GeV at 95% CL. Phys. Lett. B 716 (2012) 1

2012 - Very little space to hide for Higgs!
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Higgs Hunters’ Guide Higgs Production & Decay at LHC

SM Higgs Production: Leading Order Diagrams

TTTTTE

pp — H (NNLO+NNLL QCD + NLO EW)

LHC HIGGS XS WG 2013

pp — q@H (NNLO QCD + NLO EW)

PR — WH (NNLO QCD + NLO EW)

PP — ZH (NNLO QCD + NLO EW)

’

pp — tfH (NLO QCD)

Ns=8TeV

1072\\\I\\I\ T R
120 122 124 126 128 130

! v o M, [GeV]
99 — H (99F), qq — qqH (VBF), qq — VH, gg — ZH,
qq, gg — ttH, bbH
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Higgs Hunters’ Guide Higgs Production & Decay at LHC

SM Higgs Decay: Leading Order Diagrams

T

LHC HIGGS XS WG 2013

=8
=
[

Higgs BR + Total Uncert
o
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V. ol
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Decay modes of H:
vy, WrW~=,2Z,qq, (¢~
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Higgs Hunters’ Guide Higgs Production & Decay at LHC

Standard Model Higgs: Xsection & Decay BR

Production Cross section [pb] Order of

process Vs=7TeV  /s=8TeV calculation
ggF 15.0 +1.6 192 £2.0 NNLO(QCD) + NLO(EW)
VBF 122 £0.03 158 £0.04 NLO(QCD+EW) + APPROX. NNLO(QCD)
WH 0.577 £0.016 0.703 £+0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 £0.013 0414 +0.016 NNLO(QCD) + NLO(EW)
[¢gZH] 0.023 £0.007 0.032 +0.010 NLO(QCD)
ttH 0.086 £0.009 0.129 +0.014 NLO(QCD)
tH 0.012 +£0.001 0.018 £ 0.001 NLO(QCD)
bbH 0.156 +0.021 0.203 +0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
Total 174 +£1.6 223 £20

Decay mode Branching fraction [%]

H — bb 57.5 £1.9
H— WW 21.6 +0.9
H—gg 8.56 +0.86
H— 1t 630 £0.36
H—cc 290 £0.35
H— 272 267 £0.11
H— 7y 0.228 +0.011
H— Zy 0.155 +0.014
H — pp 0.022 +0.001

arXiv:1307.1347
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The Dirty Picture

@ Multiple production processes for Higgs.
@ Multiple decay processes for Higgs.
@ Multiple final states for decay products W*, Z, 7, b, ....

@ High luminosity for large data set -> Pile Up
Multiple interactions in same BC, small interval between BC

@ Limited detector aeecptance, resolution, efficiency -
poor in the forward region
o particle identification, 4-momenta measurement
reconstruction of Higgs, mass measurement
overall efficiency of Higgs identification
classification of events
distributions (pr, 1), ...reconstruction of Higgs properties
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The Dirty Picture

proton - (anti)proton cross sections

e Signal size (o x BR) is very | [ I IR F
small compared to the possible W Tevawon  LHC] 1%
background processes. 0 = |

@ Many searches have multiple | ¥ o A
final states for the signal. Re-| .t 1 5
ducible and irreducible) back- | o} cuE">em et
ground processes for each fi- | € «w| G — i Jw:
nal state, have to be under-| ©« -GIJE;E-HOOGSB >< -w"”§
stood and their contribution es- g ool

. 10° | T J102 2
timated. of o /// 1. g

@ Multivariate Analysis (MVA) w b N P
techniques are being used for 10° -Mu=1ZSGBV{°w~ : qoE e
better exploitation of the data - | ©'F .
needs caution/understanding o T T

\s (TeV)
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The Detective Work The Tools For Detection

The Detectors

The particles produced in a collision pass through the detector -
energy loss is converted into digital signals

Key:

Muon

Electron

Hadron (e.g. Pion)
'''' Photon

Electromagnetic
)“" Calorimeter

Hadron

Superconducting
Calorimeter Solenaid

Iron return yoke interspersed
Transverse slice ‘with Muon chambers
through CMs

A r — ¢ slice of the CMS detector in the central region.
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The Detective Work The Tools For Detection

The Detectors

charged
hadron
hadronic y muon
cluster \1
electromagnetic '
cluster /'\

hadronic jets transverse
(=quark or gluon) missing
momentum

' (=neutrino)
‘ * ; possible

photon  interpretation :
W —pv + 3 “jets”

neutral
hadron

O(10,000,000) pieces of information: energy deposits, positions
— few objects: v, e, u, 7, J, jp, E1, track, vertex
— higher level objects J/¢, T, Bs, W, Z, H, t, ...
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The Detective Work The Tools For Detection

Standard (Model independent) Declarations

Unless specifically mentioned
@ for any process the charge conjugate process is also implied

@ 74, denotes the visible/reconstructed part of a 7 lepton that has de-
cayed into hadron(s) and a v,

@ / represents either of e, i

@ j and j, represent an ordinary jet (quark or gluon) and a b-tagged
jet respectively

@ V represents either of Z and W
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The Detective Work The Tools For Detection

The Detectors

Mis-identification and mis-measurement are serious problems:
Object Source of fake

e J bremstrahlung in the tracker
v J conversion in the tracker

T e, i, J missing vs

Jb J purity, efficiency

Er mismeasurement of jets  E resolution

QCD events are background to almost all analyses due to
mis-identification.

Various techniques to estimate background using data -
reduce MC dependence -
control systematic error
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The Detective Work The Tools For Detection

High Luminosity - Pile UP

Pile Up observed by ATLAS in 2012, 8TeV data.

[ T T T T T T T T T
140/ ATLAS Online 2012, (s=8 Tev  [Ldt=21.7 b

 <u>=20.7

Recorded Luminosity [pb "/0.1]

(2] S NEEE RN RN R R RN

5 10 15 20 25 30 35 40 45
Mean Number of Interactions per Crossing

0
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The Detective Work The Tools For Detection

Detector Performance

ATLAS electron detection efficiency.

> ——
@ ——T T T g L ﬁﬁ"?
> RMS: 0.056% —ee inv. mass 2 L -~ ]
g éo.aj ..‘ 5
v g |, ]
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4 —— o . ]
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| S . —pp ]
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"

CMS vertex detection efficiency.
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The Detective Work The Tools For Detection

Detector Performance

Lepton identification efficiency using a tag-and-probe technique
Z and J/v dilepton events.

CMS \s=7TeV L=5.1fb" CMS \s=8TeV L=53fb"
o e . e - —— — .
g - g - —~
[T —e] == 1 (o Y ==t = 3
o r 1 o : E
{0,951 e £ 0.951- -
] r = ] w o 3
2 oof = S oof E
[0 F ] = F : ]
0.851 + barrel E 0.850 : barrel =
0.8~ --Data = 0.8}~ -s-Data =
0.75F Simulation = 0.75- Simulation E
0.7k L ] 0.7k ) ]
5 6 78910 20 30 40 50 60 100 5 6 78910 20 30 40 50 60 100
ps (GeV) Py (GeV)

Electron (7 TeV, left) and muon (8 TeV, right)
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The Detective Work The Tools For Detection

Monte Carlo Simulation

@ Generation of signal and background events -
understand event characteristics - kinematic distributions

@ Fast detector simulation - parametric smearing of four-momenta,
tracks
fast generation of simulated events

@ Complete detector simulation - Geant based - detailed simulation of
detector response, detector noise, electronic noise and digitization
understanding detector response, data

Important for estimating feasibility of an analysis, expected
result, fine-tuning analysis strategy, selection cuts, ...
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Analysis Strategy

@ Branching ratios
@ Irreducible background processes
@ the detectors’ capabilities

Three classes of SM Higgs analyses
@ High sensitivity, good my resolution
H =y, ZZ*(H e, e fry))
@ High sensitivity, poor my resolution
H— WtWw-
® Low sensitivity, poor my resolution
H — bb, T;Th_

Detector Resolution

Manas Maity (Visva-Bharati) A Standard and Model Higgs
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The Detective Work Analysis Strategy

Analysis Strategy

@ reduce the background (b) as much as possible

@ model/estimate b: MC, Data Driven Method

@ get the data, estimate errors - statistical, systematic (theory, exper-
iment)

@ Compare the data with background/model predictions

For a specific production process and a decay mode, i - H — f, we
define the signal strengths:

production i = o

Bf

decay 1= B

combined for production & decay ! = pj.u’ =
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The Detective Work Analysis Strategy

Analysis Strategy

Expected significance is computed for the hypothesis
background + SM signal with ;. = 1.

L(obs | b,by)
L(obs | fi.s+ b, H)
b, s - expectations for background, signal - SM

1 - signal strength compared to the SM: 1 = 0 means no signal
0 - represents the nuisance paramaters (syatematic uncertainties)

Q=-21In

Po - local p-value - probability to obtain a value qy at least as large as
the one observed in data, g3, under b-only hypothesis:

Po = P(CIO > qg% | b)

Manas Maity (Visva-Bharati) A Standard and Model Higgs 05/12/2017, 2017 20/42



Results Observation of Higgs

H — vy

Identified as the best channel in early studies/TDR for low my

@ Branching Ratio/Signal size is very small
@ photon reconstruction/identification challenging

e photon conversion before the ECAL
e isolation - high PU

@ Huge background - ISR/FSR, misidentification of jets
@ excellent mass reconstruction: o(m,.,) ~ O(GeV)

@ Multivariate Analysis (MVA) achieves better sensitivity than simple
criteria based analysis.
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H — vy
CMS \s=7TeV,L=511fb"\s=8TeV,L=5.3fb" CMS \s=7TeV,L=5.11b" \s=8TeV,L=531b"
> 7.,,,,.,,”,> I 1 CMS 15 =7TeV. L=51 b7 15=8ToV. L=531
L ' ‘ J A\ : g
O L 8 Unweighted @ 4 -\/ E 410
0 L 01500 12107 \; LB
1500 = fernzs 220
2 | IRl E
5 I 1000} _3 E 136
= r 1 10°%F E
'-51000— =% E
3 my @eV) | 4ol 4
S f F v j4o
o I ¢ Dat S -
; 500 ,_ - SfBaFn 10 E —— H-yy obs. E
— [ eeeee B Fit Component r - == Exp. for SI;A H ]
@ [ 16 R [ s-7Tev |3
g 07.?f2‘6.‘l(‘.‘I‘.(‘I‘A‘xl‘-i 10,7"."|‘..‘|.‘..\.".\‘."f'u"‘fs.:‘?.T‘er.H?SG
2 110 120 130 140 150 110 115 120 125 130 135 140 145 150
m,, (GeV) m, (GeV)

Observed (Expected) significance at 125GeV is 3.20(4.20)
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H— ZZ* — 4]

@ e, p are clean and well measured

@ small background (B)- ZZ, ZZbb, tt, WZ, Z + nj

@ Reco/ID problems - bremstrahlung in the tracker, high PU
@ Reco/ID problems - final states with

@ o(my) ~ O(1%) for £+ ¢~¢¢~, small signal (S)
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Higgs Mass: CMS : H — ZZ — 4/: 35.9fb~ ' at 13 TeV

CMS 35.9 fb' (13 TeV)
% 70 F T T T T [
O} r + Data 1
N o [7] H(125) ]
2] o [ q9-2z,zy* ]
c L 22, 2y* ]
S 500 — A
wr .
40 =
30 =
201 -
10

0
70 80 90 100 110 120 130 140 150 160 170
m, (GeV)

my = 125.26 + 0.20(stat) £+ 0.08(syst) GeV
= 1.05512(stat) 0 sa(syst) = 1.057313 (my = 125.09 GeV)

JHEP 11 (2017) 047
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H— WW

@ large signal size
@ measurement of HWW coupling
@ clean signal - opposite sign dilepton, large £+ H — WW* —

e vp
@ invariant mass reconstrucion is not possible - instead use

) 5 o B 1/2
mr = [(Ef;f FED) B Er R

@ no narrow mass peak - wide signal shape
@ irreducible background pp — WW, ZZ, 1+i—, tt
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ATLAS - H — WW

20.3fb~ ' data at 8 TeV.

3 4005 3 300- el 3
3 " EaTLAs S oo 3 ATLAS P El 3
© 15-6TeV, 2031 Eybwarn 2 2 sTev, 203" [, E e

2 HoWW-sevpy, Ojets 10 3 HoWW ey, 1ot [3Wost El 3 3

H St 2 S 3 2 3

& g 2 E & ]

& El & E|

1 i J

1 E E|
g 2 eof . . e omae E o
@ H Pyt 2 Singemesn a
i Lo H 4+ = i
g g g
8 8 8

G Ee T 00 TR0 200 250

m; [GeV]

JHEPO08 (2016) 104
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H — ff

@ Investigating the properties of the scalar - couplings to the fermions

@ BR(H — bb) = 0.58 is large, BUT
e overwhelming background: bb, V + jets, tt, single-top, VV, QCD
o fake b-tag
e not so good resolution for my,j,
@ BR(H — 777 ) = 0.064 not too small, BUT
huge background: W + jets, Z + jets, VV, tt and even H — WW
7 reconstruction-identification efficiency is moderate
fakes: huge QCD jet background contribute
poor resolution: m_ .-

You can not argue with your Nature.
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WH, ZH — bb

P e s m s e M hsd B R RO pe - ‘ |35-9 fb'1‘(13 TeV‘)
o 127 atLas e Data B
2 [ Vs=13TeV,36.11" I VH — Vbb (1=1.30)4 2 r CMS [} Data ]
. [ oute2 Diboson 1 € [ I VH(bb) (n=1.2) |
5 10 ”’_ leptons £ Uncertainty ] O 200+ _ []vz(bb) ]
£ F 2¢3'[ets,2b-lags - . ] - [ pp - VH,H —bb = _ 1
g gl Weighted by /8 Dijet mass analysis % L [ZZIMC uncertainty |
5 — S50 1 :
Pe 4 ? L !
g A ] 3; 100 7
E 2" F ® so- 1
S o ; ]
z of ]
j2} L 4
5 25 = r o 1
> 40 60 80 100 120 140 160 180 200 Y0 ) N RN BRI S S
w 0 50 100 150 200 250
My, [GeV] M, [GeV]

ATLAS arXiv:1708.03299 CMS arXiv:1709.07497

36.1fb~ 1,13 TeV 35.9/b~ 1,13 TeV
Signal significance 3.50 3.30

Signal strength n 0.9 £ 0.18(stat) 54(syst) 1.2+0.4
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CMS: H— 7t~

35.9fb™ (13 TeV)
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Definitions
production
decay
combined for production & decay
coupling modifier
coupling modifier

o(VBF)

Manas Maity (Visva-Bharati)

A Standard and Model Higgs

_ gj
Hi = (&) sm
Bf
)
H = B sm
. Rf
ul = pppl = 22
! (01)sm-(B")sm
42 i T
i = o = o

0.74.r%, + 0.26K%

05/12/2017, 2017 30/42



Definitions

The signal yield in a category Kk,

Nsignal(k) = L(K).X,%; (a,-.Af’SM(k).e,f(k).Bf)

= L(k)EEjpp (oM ALM(K) €l (k). By )

L(k) : integrated luminosity used for category k

Af’SM(k) : detector acceptance for SM Higgs production and decay
¢l (k) : overall selection efficiency for the signal category k
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Higgs Mass

Combined CMS and ATLAS results:
5fb~1 at /7 TeV, 20fb~" at /s = 8 TeV

e s s e e o e e e e e S s s s
ATLAS and CMS ——iTotal Stat. =3 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy FH——e——1 126.02+0.51 (+0.43+0.27) GeV
CMS H—yy i | 124.70 £0.34 (£ 0.31£ 0.15) GeV
ATLAS H—ZZ -4 e 124.51+0.52 ( + 0.52 + 0.04) GeV
CMS H—ZZ—4l == 125.59 £ 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy == 125.07 £0.29 (£ 0.25 + 0.14) GeV
ATLAS+CMS 4/ F—I.E—| 125.15 £ 0.40 (+ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l ===/ 125.00 +0.24 ( +0.21 + 0.11) GeV
PR U AT S S NN S S SRS NN ST SO S SN ISR T S S NN SN SR S S T SN SR SR SRR
123 124 125 126 127 128 129
my, [GeV]

A lot of interest generated by the difference in masses in the early
measurements!

PRL 114 (2015) 191803
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Definitions

o and B ratio parameterisation

Coupling modifier ratio parameterisation

o(gg—H— 2Z)
OVBE/ OggF
OwH/ OgeF
OzH/ OggF
O1tH/ Oggr
BWW/BZZ
BYY /B%Z
BTT/BZZ
Bbh/BZZ

Kez = Ko " Kz/KH

/\Zg = Kz/Kg
)\tg = K[»/Kg
Awz = Kw/Kz
Ayz =Ky / %z
Az = K¢ /K7
Apz = Ky /%7
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Results: Production & Decay

ATLAS and CMS -e-Observed +1o
LHC Run 1 Th. uncert.
1Y >
" I
5fb~1 at /7 TeV, 20fb~" at = )
\/S =8 TeV | b
. Y To—
Combined ATLAS and CMS Bz e
measurement of = ww| +
(]'BR - YY{ e
WW -
; ’E‘E: ——
bb ——
R —e
T oww| —
for different processes nor- ool -
malized to their SM values wa, —
f = -
(1])- I
bol

-6 4 -2 0 2 4 6 8

10

G - B norm. to SM prediction
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Results: Production & Decay

ATLAS and CMS -8~ ATLAS+CMS
LHC Run 1 -+ ATLAS
— - CMS ATLAS and CMS -8~ ATLAS+CMS
—zio LHC Run 1 = ATLAS
——p— — +2
LLQSJF ———— ° L -+ CMs
—_— — o
— HYY ——— —+20
B —— =
VBF o — =
— nzz — ———
e
n ———— B e
WH L
“WW e
—_
u —————
I — L
ZH —
ki3 e ——
w .
— —,— [
ttH
bb ————
n ——
—
o T I P 1 [ P T
I i -1 -05 0 05 1 15 2 25 3 35 4
Parameter value
N RS PR FEEES FETT FRETE FRUN FERS SUTT A

-1-05 0 05 1
Parameter value

Global signal strength

=1.097510 = 1.09137(stat) *3-93 (expt) 553 (thbgd) 3-3L (expt)
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Results: Ratios

ATLAS and CMS S ATLASHOMS
| LHC Run 1 o oMs
g —tic
o(gg—~H-Z2) | e _ 125
.
[ Th. uncert.
GVEF/GQQF é’:_*
cSWH/GggF: ————
GZH/GggF
GuH/ GggF ———
BWW/BZZ E;
B"/BZ :—-0-__-:
T/ 27 =
B"/B ———
B*/B# =
I NS NS NS R S N

-1 0 1 2 3 4 5 6
Parameter value norm. to SM prediction
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Results

ATLAS and CMS
LHC Run 1
=
XZQ *:"—;*
Best fit values of ratios of =
. . . A, —— ————
Higgs boson coupling modi- 0|
fiers, for the combination of Mz = >
the ATLAS and CMS mea- ol -
vZ —o— ATLAS+CMS <l
Surements l— —w— ATLAS
p\’ | —4— CMS o
1z — 1o interval .
— —— 20 interval
p"bzl 4"_*_.?
sl b b b bya g | IR
-3 -2 -1 0 1 2 3

Parameter value
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Higgs Couplings
> [T T T Tt
EP> 1-"ATLAS and cus W
< LHC Run 1
S 10'F 1
£l>
z“' b
102 4 E
. . ¢ ATLAS+CMS
Higgs couplings are very [ 2 .. SM Higgs boson
| 10°%F 0 — M, g] fit 4
standard! o 65 CL
[ 195%CL
1074% , . e
% ?5 T T T
i) 1 ¥ 3
O 05F * E
E 1 PR | PR | PR |
o 107" 1 10 102

Particle mass [GeV]
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Results Properties of Higgs

Results: Compatibility

Compatibility of different measurements

T T T o T T T T T
ATLAS and CMS [JH-w ® 16LATLAS and CMS [JAaTLAS+CMs
3[LHC Run 1 [MHozz ] “l'LHC Run 1 [JatLas
[JH->ww [CJems
OH-w 1.4

H — bb

f
VBF+VH

u

n
T
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Results: New Physics?

Fit results
allowing BSM loop couplings Bgsy > 0, |ry| < 1 (Left)
without BSM loop couplings Bggy = 0 (Right)
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Higgs Couplings

@ A large number of measurements have been made in the Higgs
sector

@ Detailed study of Higgs properties from all possible angles

@ It is a very Standard and Model Higgs. Very little clue for New
Physics

@ High luminosity : measurements will be more challenging
@ High luminosity may bring out discripancies within the SM

We do not know yet if SUSY is the New Physics.

Fall of the Standard Model and
the advent of New Physics are equally inevitable.
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Effective Coupling Modifiers

Effective Resolved

Production Loops Interference scaling factor scaling factor

c(ggF) v t-b Ky 1.06 - k2 4+ 0.01 - 2 — 0.07 - K1
o(VBF) - - 0.74 - k%, + 0.26 - %
c(WH) - - K2
o(qq/q8 — ZH) - - 1
o(gg — ZH) v -7 2.27 %% +0.37 - k2 — 1.64 - k7K
o(ttH) - - K2
o(gb — tHW) - =W 1.84 - x? + 1.57 - k3, — 2.41 - kykw
o(qq/qb — tHg) - =W 3.40 - k2 +3.56 - k%, — 5.96 - KK

o(bbH) - - K2
Partial decay width
rzz _ _ K2
ww _ _ K2,
| v =W 2 1.59 - &%, + 0.07 - k2 — 0.66 - KyK¢
e - - ©2
oy - - K2
N _ _ 2
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