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Lecture 1: Fundamentals, The beauty and overwhelming success

of the Standard Model

Lecture 2: Experimental profile of the Higgs boson, current

challenges



Higgs Physics - Lecture 2
Experimental Profile of the Higgs boson

1.- Aone slide panoramal!
2.- Going further with « bread and butter » channels
3.- Going further with the discovery channels

4.- Intermezzo on Sources of Systematic Uncertainties
(Experimental and Modelling)

5.- Direct probes of the couplings the Higgs boson to
fermions: Highly anticipated Run 2 Analyses

6.- Combined Measurement of properties: Based on Run 1



Higgs physics Landscape Redefined

Flurry of new ideas !

Prec151on Rare decays
Mass and width 7y, yv*

Coupling properties Muons uu
Quantum numbers (Spin, CP) - LFV ur, et
Differential cross sections J/Wy, ZY, WD etc...
Off Shell couplings and width

- Interferometry O

Is the SM minimal? Tool for discovery
2 HDM h - Portal to DM (invisible Higgs)
MSSM ;eNa\\Sr;:MessearCheS - Portal to hidden sectors
Doubl’ charged Higgs bosons - Portal to BSM physics with HO
—L & i— in the final state (ZHO, WH?, HOHO)

" —

...and More!
FCNC top decays
Di-Higgs production
Trilinear couplings prospects
Etc...
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Higgs Physics - Lecture 2
Experimental Profile of the Higgs boson

1.- Aone slide panoramal!

2.- Going further with « bread and butter » channels



Further with « Bread and Butter » channels

Simple channels which are mostly dominated by statistics

Decav channel Mass resolution
H — vy 1-2%
H—ZZ — 0t 0v0— 1-2%
H— WTW= — tty,0'~ o, 20%
H — bb 10%

H— 777~ 15%




Differential, Fiducial and Unfolded cross section

or jet multiplicities : Important to measure it.
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Direct tests of the production (sensitive e.g. to hew physics)

Higgs results in general rely on the prediction of Higgs transverse momentum
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Compatibility probability ~few permil level (mostly due to the overall normalisation)
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Y weights / GeV

Y weights - fitted bkg

Run 2 ATLAS results

—

IH|\IH|\L

- Signal + Background
- Signal

T T T T T T T T | T T T T | T T T
Data ATLAS Preliminary
Background Vs=13TeV, 36.1 fb"
my = 125.11 GeV

In(1+ s/b) weighted sum

Let’s take a simple example with
two categories:

- C1: s=12 and b=60

- C2:s=18 and b=40

Inclusively significance of 3

~
.
N
-

I\||\I\|\II\|\II\|\IH|\I\I|\I

I S | TTTT | TTTT | RER | RER

o~ N Separating in two categories:
! E -C1 2.850
: -C2 1.550
i —— T ——— o Combined significance: 3.24

Exercise: demonstrate this formula! \/212 -+ 222

Important: does not work for observed!!



Events / GeV/

Events / GeV

Events - fitted bkg

Events - fitted bkg
.
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tH had 4j2b
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VH lep HIGH

VH lep LOW

VH MET HIGH
VH MET LOW
jet BSM

VH had tight

VH had loose
VBF tight, high p¥
VBF loose, high pt
VBF tight, low p{¥
VBF loose, low p'l
ggH 2J BSM

ggH 2J HIGH
ggH 2J MED

ggH 2J LOW
ggH 1J BSM
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ggH 1J MED
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ggH 0J FWD
ggH 0J CEN

0O 01 02 03 04 05 06 07 08 09 1
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Old School
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Run 2 ATLAS 4l result
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Simplified Template Cross Sections

Reconstructed event categories

Production bins

Reduced
Stage 0
9 Stage 1
= 0-jet o
ggF-0j
H <60 GeV
B = ° ggF-1j-p," Low
= 1-jet 60 < p," <120 GeV : B -
agF ggF-1j-p," Medium -
p,H > 120 GeV
ggF-1j-p;" High
= 2-jets :
ggF-2j
p, < 200 GeV
VBF-p Low
LER p, > 200 GeV :
VBF-p, High
Hadronic V decay
VH-Had
VH
Leptonic V deca
e 4 VH-Lep
ttH ttH

ATLAS

Preliminary :

0j

1j p,*-Low
1j p;*-Medium

1j p;*-High

VBF-enriched p,-Low

VBF-enriched p,/-High |«

VH-Had enriched*

VH-Lep enriched

ttH-enriched

t: VH-Had enriched is divided into p,* > 150 GeV and
p;* < 150 GeV sub-categories for tensor structure

measurment

jet —

p;* <60 GeV

60 < p,* <120 GeV

P> 120 GeV

p,j <200 GeV
] m,>120GeV

p, > 200 GeV

m, <120 GeV

N =2

jets

ttH-Like

118 <m, < 129 GeV




Stage-0 Results

ATLAS Preliminary | # Exectedsu

H— Z27" — 4] B  Observed: Stat + Sys

13 TeV, 36.1 o™
Stage O - |yH| <25

SM Prediction
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6-BR < 0.20 [pb] . 3 +2.6
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6-BR < 0.12 [pDb] _ _ +1.1
tH 05% o) (0BR)_ = 15.47 ] [fb]
| | | | | ] | | | | | | | ] |
10 15 20
¢-BR/(c-BR)
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Stage-1 Results

ATLAS Preliminary

H—-ZZ" - 4]
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ggF-1J-p:‘ Medium
ggF-1J-p$ High
ggF-2J

VBF-pjT Low
VBF-pjT High
VH-Had

VH-Lep

ttH

Reduced Stage 1 - |yH| <25

+ Sys
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Beyond « Bread and Butter » channel

But still a discovery channel

Decay channel Mass resolution

H — ~v 1-2%

H— ZZ — {00+~ 1-2%

H—WTW™ — 0Tt~y 20%
"H—=bb 1%

H — 777~ 15%




A discovery channel of a different kind...

W H W+
Ve e Ve ~ p,+
«—, > «—¢ —
momentum direction —

Intricate analysis

Moderate s/b ratio starting
from approximately 1.5 and
reaching more than 10

Poor mass resolution
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LI L

(b) Background-subtracted |

+ Obs - Bkg
— Bkg
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Background systematic uncertainties
The WW channel

Impact on fi

Systematic source Pre-fit Ay Post-fit Ay Plot of post-fit £ A
+ — + —

WW, generator modeling —0.07 40.07 —0.05 +0.05 —

ggF H, QCD scale on total cross section —0.04 +0.05 —0.04 +0.05 ——

Misia. of p, OC uncorrelated corr. factor Qmisid, 2012 —0.03 +0.04 —0.02 +0.03 _

Misid. of e, OC uncorrelated corr. factor aisia, 2012 —0.03 +0.03 —0.02 +0.03 w——
Integrated luminosity, 2012 —0.02 +0.03 —0.02 +0.03 e
ggF H, PDF variations on cross section +0.02 —0.03 40.02 —0.03 ——
ggF H, QCD scale on n; > 2 cross section +0.02 —0.03 +0.01 —0.03 w—
Muon isolation efficiency —0.02 40.02 —0.02 +0.02 Sy
VBF H, UE/PS —0.02 +0.02 —0.02 +0.02 ——
ggF H, PDF variations on acceptance —0.02 40.02 —0.02 +0.02 e
Jet energy scale, 7 intercalibration —0.02 +0.02 —0.02 +0.02 b
V'V, QCD scale on acceptance —0.01 +0.02 —0.01 +0.02 e
ggF H, UE/PS - —0.02 - -0.02 -
Light jets, tagging efficiency +0.01 —0.02 +0.01 —0.02 e
Misid. jj, correction on @misia +0.01 —0.02 +0.01 —0.02 —
Electron isolation efficiency —0.01 40.02 —0.01 +0.02 —p
Misid. of p, closure on @misia, 2011 —0.01 +0.02 —0.01 +0.01 -t
Electron identification eff. on pf? > 20 GeV, 2012 —0.01 +0.02 —0.01 +0.02 =
ggF H, QCD scale on €, —0.01 +0.02 —0.01 +0.02 e

-0.1-0.05 0 0.05 0.1

NNLO fiducial was available but not used yet!



Analysis done at Run 2 by CMS

Partial 2016 dataset

CMS Preliminary L =15.2/fb (13 TeV)
B B T | I I -
S 200 R —
— 5 u —4— data - backgrounds 3
8 a 1 50 ;— E:j Bkg uncertainty —;
O 2 - .
S S 100F =
~ 0 C o
Q 8 Oi ;f?‘ Z
a2 F )
g 9 _50__ ,,,,,, —*:
() - g
) = C ]
m —1 00'_ | | 1 I 1 l 1 1 1 I | —

(7) 20 40 60 80 100
m, [GeV]

= 1.05 2 0.26

Difficult channel, requires thorough study of systematic uncertainties



Higgs Physics - Lecture 2
Experimental Profile of the Higgs boson

1.- A one slide panorama!
2.- Going further with « bread and butter » channels

3.- Going further with the discovery channels



JPC

« The observed rates in the diboson channels already a lot of
information:

— Observation in the diphoton channel J != 1

— Observation in WW and ZZ channels disfavor the CP-Odd hypothesis (can occur
through loops)

« Spin hypothesis tests (difficult model spin 2) - Combination of ZZ, WW and vyy

Coupling to energy-
L=~ Y wvxeve, ke XHYT, Dot =)
2= A Vv momentum tensor
\'’4
pT [125,300] GeV
120 CMS (preliminary) 19.7 fo" (8 TeV) + 5.1 fb' (7 TeV) l
;; 8- CMSdata - - - Median expected IR 20'5: - ATLAS Preliminary
100f Mo =10 NS S S e % ¢ data
% gofl 020 MSi20 A £ oal- — SM Higgs s =8 TeV, 20.3 fb™
=IE  0°:30 | JF’ + 30 . s — :g::g Kq—gg
e P I @ — Kq=
; 60 ; ' 03— —sp|n21c:=21<g
' 40 l C
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A=l _—e ' ; |
-20¢ I I I I I I l 012 — 1
40} r 4 4|
-60 L C
- *<\|° o *nf N B ;\;c" N of ’df’ o W § *:\}? *N“=’ N or I I I L | I | I I L |
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CP Mixing

Using effect model of general spin 0 couplings, Run 1 style analysis using specific
optimal observables

LY = {CaKSM [%gHZZZpZ# +gHWWW;W_”]
_%% [CaKHZZZ,uvZ”V + SaKAZZZyVZ#V]

11 - 77—
N [CaKHWWw;vW Y+ SaKAWWw;VW ”V]} Xo

(Use e.g. optimal observables in 4l channel)
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CP Mixing at Run 2

Fitting categories from the nominal ZZ ATLAS analysis

LY = {CaKSM [%8szZyZ” +8HWWW,“IW_”]
_41_1% [CaKHZZZ,uVZ”V + saKAZZZvauV]

11 - Vi
—3A [CQKHWWw;VW Y+ SaKAWWw;;VW ,uv]} Xo

gzs_l\\l\l\.\ll\l\\l 2 —\\l\\I‘\Il'l\.\l‘\l\l\l\‘l\\‘|| 2 _|T|I|T|‘|TI‘||T]||T|T|T|T||IT||
- ATLAS Preliminary ~ [ ATLAS Preliminary ~ 2oL ATLAS Preliminary
£t . — Observed £ 30k — Observed £330 — Observed
N FHoZZ >4 NCEH o 225 > 4l N [H—oZz >4
20|—13TeV, 361 fb” ---- SM expected [ 13TeV, 36.1fb" ---- SM expected ; 25;13Tev, 36.1 fo! ---- SM expected

25—

F Kugg =T, Kgy =1 [ Kugg =15 Koy = 1 [ Khgg =T Kom =1

- Observed: [y, | = 0.43

[ Observed: k,,,, = 2.9
15 Expected: K, = 0.00

I Expected: k,,, = 0.0

20 Observed: [k,,,| = 2.9

20 L N
| Expected: k,,, = 0.0

con b b b b b s

I 151 15[
101~ - C
i 10F 101
51 E -
L 5 S
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Off Shell Higgs
Study the Higgs boson as a propagator

ATLAS Simulation \s=8TeV

g9 > ZZ — 2e2u
gg— H* - ZZ (S)

'1, e gg— ZZ (B)
— - gg— (H*>) ZZ

‘LI;-' - - g (H=) 22 (uoff»shell=10)

i,

1 IIIIIII|

[)
’___L
_
0
N
Lol

| il

800
m,, [GeV]

| I | | I | | | |
200 400 600

1000

q Z

—VVVVV

q Z

AVAVAVAVAV

Constrain the width through the
assumption that the running of the
gluon and the Z couplings of the
Higgs are those of the Standard
Model:

Hof f shell = (’i%’{f%/)off shell

(Kf%/{'%/)on shell
T /T

Hon shell =

(K?R%/)on shell — (/{'%K'%/)Off shell

hell
FH:luOffse XFIS_}M
Hon shell

| —

——



Off Shell Higgs
Study the Higgs boson as a propagator

Results obtained at Run 1 are already impressive (experimental limits at 30 MeV per
experiment level on total width of the Higgs boson), challenges:

Importance of gg to VV at NLO
Importance of the qq to VV background and EW corrections
How to best estimate/parametrise error on interference

ATLAS 's=8TeV: [Ldt=20.3 b
® Data
H—oZZ >4 %444 SM (stat @ syst)
== Total (., =10)
gg+VBF—(H*>) 2Z
- Background qq— ZZ
Background Z+jets, tt

—
o
o

o)
o
SN\

Events / 30 GeV
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Off Shell Higgs
Study the Higgs boson as a propagator

Run 1 combining the ZZ and WW 27 — 4L, 202v
channels WW — evuv

'y <26 MeV (Obs. 95% C'L) L te CMSPomney _eowiusten
i 14?*105 GeV <m,< 1600 GeV ]
Ty < 66 MeV (Exp. 95% CL) Yol e -
10[- -
o ]
First Run 2 results from CMS 5F E
with 12.9 fb-1 ) e A ]
2:_ % CL ]
'y <41 MeV N TR
0 0.010.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

I', [GeV]
Expected at around 30 MeV

| —

Preliminary HL-LHC results show that a reasonable L +1.5
sensitivity can be obtained with 3 ab-1: 'y =4.2 2.1 MeV




Off Shell Higgs
Study the Higgs boson as a propagator

RN S o

aE? + (b+c)mE —aF? 4+ (d— ¢)mE —(b+d)ymE

From J. Campbell

Understanding the negative interference to cancel the high energy
behaviour of the gg to ZZ process.



On Shell width measurement

Done both in the diphoton and the 4 leptons channels, intricate in particular to
describe very accurately the mass line shape

Parameter my, range Expected Observed
'y (GeV)  [105,140]  0.001975[0.00,1.60]  0.00105} [0.00,1.10]
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Constraints from the Higgs Lifetime

Events / 40 um
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Mass shift from interference in yy events

Martin,

> 5000 > 3000
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Higgs Physics - Lecture 2
Experimental Profile of the Higgs boson

1.- A one slide panorama!
2.- Going further with « bread and butter » channels
3.- Going further with the discovery channels

4.- Intermezzo on Sources of Systematic Uncertainties
(Experimental and Modelling)



Reconstruction Performance

Electrons and photons

- Likelihood (cut) based ID for electrons (y) and MVA-based
calibration

- In-situ calibration using Z, W and J/Psi

Muons

- Excellent performance (with few sporadic muon chamber
failures)

- In-situ calibration of energy and ID efficiency with Z (and J/
Psi)
Jets

- Anti-kT algorithm from 0.4 to 0.7 used with detector noise
cleaning cuts and track based variable to mitigate PU effect.

- JES in situ uncertainty reach ~1% level already (central and
intermediate pT range) - using Z, y and multi-jets.

MET

- Reconstruction use all calibrated objects and a track-based
soft term

Taus

- BDT based identification (70% eff. and ~50 rej.)
- In-situ calibration based on Z events

B-jets
- MVA based algorithm (77% eff., ~250 l-rej. and ~8 c-rej.)

- Improvement w.r.t Run 1 pT dependent but typically ~4 in rej.

- In-situ calibration of b-tag efficiency (using top events)
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Reconstruction performance
so far robust to PU



Jet Energy Scale

/Response
Data MC

Response

0.95

0.85

0.8~

C anti-k, R=0.4, EM+JES
— Data 2015

O 11 T T T T 1] T T T T T T
o B nt| k R=0.4, EM+JES ATLAS Prellmlnary i
z " In|<O. 8 \s=13TeV, 3.2 1" (2015)
8 1.051 _8TeV, 203" (2012) —
O — -
as Zh ]

S [—

a e ———— _
® B ———
wn | -
S B _/ i
§ 0.95 - — Total uncertainty 2015 -
T - == Statistical component 2015 -

" 'ATLAS Preliminary 7
\s =13 TeV, 32fb‘
i|<0.8

= Total uncertainty 2012
— Statistical component 2012

s et 1 10°  2x10° 10°  2x10°
i — jet
et ] p’ [GeV]

— Total uncertainty

. Statistical component
1 1 1 1 I

20 30

10°

103 2><1o3
p' [GeV]

2><1o2




Online typical Performance

HLT algorithms are typically asclose as possible to reconstruction level algorithms.
Trigger menus are extremely complex including support items the ATLAS Run 2 menu

has ~2000 items.

Photons
Single photon threshold 140 GeV 20 Hz

Two photon thresholds at 25 and 35 12 Hz
GeV

Electrons
Single electron threshold 25 GeV 140 Hz
Two electrons at 12 GeV 20 Hz
Muons

Single muon trigger threshold 24-25

GeV (2 muons 6-6 GeV) 130 Hz
Two muons 10 GeV 20 Hz
Jets
- Single jet trigger threshold 380 GeV 20 Hz

MET 60 Hz
- MET trigger threshold 90-110 GeV

Taus
BDT based identification (70% eff.
and ~50 rej.) similar to
reconstruction level.
Single tau 80 GeV

40 Hz

B-jets
- HLT only, but allows to lower the
trigger thresholds.
MVA based algorithm similar to
reconstruction level. 35 Hz
Tracking is not precisely the same
(take into account updates of
conditions, in particular the
alignment.
One loose b threshold 225 GeV

Typical HLT unique rates



Physics Modelling

A14 Minbias tune (for PU)
Pythia 6 and 8 (using 7 TeV ATLAS data only)

Z pr “dressed” muons
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Additional samples
(main backgrounds and signals)

e.g. Pythia 8, Sherpa LO, MG5_aMC®@NLO
PDFs: CT10, CTEQ6L1, NNPDF3.0

Higher order cross sections used where calculations
available

Very fruitful and very efficient
interactions with theory Community




Higgs Physics - Lecture 2
Experimental Profile of the Higgs boson

1.- A one slide panorama!
2.- Going further with « bread and butter » channels
3.- Going further with the discovery channels

4.- Intermezzo on Sources of Systematic Uncertainties
(Experimental and Modelling)

5.- Direct probes of the couplings the Higgs boson to
fermions: Highly anticipated Run 2 Analyses



Z(l)H — bb candidate

@AT LAS

EXPERIMENT
http://atlas.ch

Run: 209787
Event: 144100666
Date: 2012-29-05
Time: 03:57:49 UTC




Events /0.13

Data/Pred.

VH(bb)

Analysis strategy done in three channels OL, 1L, 2L done in two jet categories (2
and 3 jets), important aspects:

- Relies on high pT (boost) without “boosted” techniques to reduce background V-jets
(and top for the 1L channel).
- Use MVA analysis with m,, and AR(b,,b,) most discriminating variables

- Slightly simplified analysis w.r.t. Run 1 at the price of some sensitivity.

- VZ(bb) production is an important standard candle, but does note that it does not
have precisely he same pT sensitivity pattern as VH(bb)

- Critical aspect: Modelling of the V-jets process
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VZ(bb) Observation
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VH(bb) Evidence
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Run 1 and Run 2 Combination
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Cuts Based Cross Check
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Z+jets m. shape
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CMS Results

CMS-PAS-HIG-16-044
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Events / 5 GeV

Data-fit

Jet Substructure
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Nominal boson tagging algorithm

Large R-jet algorithms used for hadronic decays of particles: W, Z, Higgs and the top.
Algorithms use substructure of jets.

Pileup subtraction very important, and a large number algorithms have been developed.
Overall performance is very impressive!



Inclusive H(bb)

CMS-PAS-HIG-17-010
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Completing the b-Yukawa Picture

ATLAS-CONF-2016-063

5 o ATAS Py g A N i
S T \s-13TeV, 126" mmrayiace nalysis strategy New analysis
\E Z + vy (EWK) - . . .

PR e ~eress | strategy with many interesting
g 5°?+ + 1 advantages:

Photon useful for triggering.
Useful for distinguishing from
gluon induced background

processes.
Most importantly: reduces QCD
: background greatly due to No significant excess
osp Ty L 2 negative interference.
VH ttH VBF ggH
ATLAS Run 1 | 0.52 + 0.32 (stat) + 0.24 (syst) | 1.4 + 0.6 (stat) + 0.8 (syst)
CMS Run 1 1.0+ 0.5 0.7+1.9 2.8+1.4
ATLAS Run 2 | 1.20 + 0.24 (stat) + 0.28 (syst) | 2.1 + 0.5 (stat) + 0.9 (syst) -3.9+2.8
CMS Run 2 1.2+0.4 1.19 + 0.5 (stat) £ 0.7 (syst) -3.7£2.7 2.3+1.7

LHCb-CONF-2016-006 performed a search for VH(bb) and (cc) with limits at 50 and 7900 times
the SM prediction respectively.




ttH Channels

ttH (ML) candidate

OATLAS

EXPERIMENT

Run: 300571
Event: 905997537
2016-05-31 12:01:03 CEST




Cornering (directly) the top Yukawa coupling

In addition to the diphoton and 4l channel there are two main channels H(bb) and
H(WW, ZZ and ).

tt H M L Very complex final state that requires a thorough
( ) control of the background (as well)

Uses decays of W(lvlv), Z(llvv, llqq) and taus



ttH Multilepton Channel

Versatile signature: 2SS, 3 and 4 leptons, 25SL-1-tau, 2L0OS-1tau, 1L-2taus, 3L-1tau
and typically 3 or more jets, and at least 1 b-tagged jet, inclusively accessing WW,
Z7Z and TauTau decays.

Dominant systematic uncertainty: fake-rate measurements and non-prompt
background estimates from top pair production
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ATLAS Preliminary (=13 Tev, 132157
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ttH Multilepton Channel

Full 2016 data update from CMS
and partial update from ATLAS
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Challenging ttH(bb) Channel

Analysis strategy: Events according to number of leptons, jets, b-jets

Dilepton

ATLAS Simulation Preliminary Dﬁ +light |:|tf+ >1c .tf +51b
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Then combine kinematic variables in BDT

0
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Cross section [pb]

MC / SherpaOL

Challenging ttH(bb) Channel
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Crucial systematic uncertainty tt+HF background modelling
(using state-of-the-art MC).



Challenging ttH(bb) Channel

CMS-PAS-HIG-16-038

11.4-12.9b" (13 TeV)

CMS Preliminary

bl st syst ttH Most recent update from CMS in the
Dilepton 1 008 9% 1% ttH(bb) channel.

In ttH channels (as expected) sensitivity surpassed

. +1.02 +0.51 +0.88
Leplon+jets | == L 043 o, s e the Run 1 analyses.
Combined w019 9% 0 06

A B S R B I
-2 0 2 4 6

Best fit u = o/c_ at m, =125 GeV
SM

Overview of channels Run 1 and Run 2

VY bb ML 77
ATLASRun 1| 1.2+2.6 | 1.4 + 0.6 (stat) + 0.8 (syst) 2.1+ 1.1 (stat) £ 0.9 (syst)
CMS Run 1 2.7 +2.6 0.7+1.9 3.3+1.4

ATLAS Run 2 | 0.5+0.6 | 2.1+ 0.5 (stat) + 0.9 (syst) | 2.5+ 0.7 (stat) + 1.1 (syst) | <7.5 (95% CL)

CMSRun2 | 1.9+5,, -0.19 £+ 0.8 1.10 £ 0.35 0.0+1.2




VBF and ggF H(tt)

VBF H — Tt candidate
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other -

0

S/(S+B) weighted events / GeV

03 04

VBF and ggH H(tt) cys.pastic-2016.043

Channel using all combinations of subsequent decays
of taus (94% of all possible tau decays)

Using 3 main channels:

VBF analysis: using reconstructed/fitted mass and categories
in dijet mass.

Boosted analysis: aiming mostly at ggF (in the low mjj) with

B(r7) boost, uses fitted mass and categorised in pT of the taus.
- 0-jet: aiming at the ggF production - least sensitive.
35.9fb" (13 TeV) 35.9fb™ (13 TeV)
[ ICIMIISI UL lll T . ] k T i % :IICMISI L I L T lI T lll lll III l Il T T I:
C 40F N F a4 1]
= Preliminary 30 Fome-ce g'_ -] (\D 35: Preliminary $ 3.5} }-0ve.-bka ]
C — Hom ] ) C 3 —How .
|- —¢- Observed P — T  30[ -+ Observed 2.5k i 4
L — Horr (u=1.06) 20 DBkg ..... § E — Hostt (u=1.06) of DBkg. we. 1 1
- [z 0 -4 0 p 0w 1.5 =
C [l w+iets | —— . 8 E I wajets 1t
] aco mutijet - = r []aco muttijet 0.5F | |
C [Jothers -10F . =) 20__Dothers | + ]
:_DBKQ' e 050 100 150 200 250 300 2 - He e 050 700 150 200 250 300 3
:_ O-jet: T, M. (GeV) _: C_?_ g
F VBF: 7,7, 1 @ 10
r Boosted: et,, uT, ew, T T, ] (7) E
] 5k =
1 i 11 I 111 1 I 11 1 1 I 1 1 1 1 -I : 1 1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1
0 50 150 200 250 300 0 50 100 150 200 250 300

m,. (GeV) m.. (GeV)




Main VBF Categories
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Main ggF Categories

35.9 b (13 TeV)
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359 (13 TeV)
—=P (0

Observation of H(tr)

3597 (13 TeV)
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Run 2 (full 2016) analysis
significances:
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Run 1 an Run 2 combined:

5.90 (0bs.)
5.90 (exp.)




Observation of H(tr)

35.9 fb' (13 TeV)
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Higgs Physics - Lecture 2
Experimental Profile of the Higgs boson

1.- A one slide panorama!
2.- Going further with « bread and butter » channels
3.- Going further with the discovery channels

4.- Intermezzo on Sources of Systematic Uncertainties
(Experimental and Modelling)

5.- Direct probes of the couplings the Higgs boson to
fermions: Highly anticipated Run 2 Analyses

6.- Combined Measurement of properties: Based on Run 1



Panorama of Main Higgs Analyses
Already impressive harvest of results

ggF VBF VH ttH
Channel ] ‘ y g Y T
categories g:3> — - A q \/g: q y gm;
Y v v v v
77 (W) v v v v
WW (lvlv) v v v v
T v v v v
bb v v v
Zy and yy* v v
uw and ee v v
Invisible v (monojet) v v

v Run 1 results




Panorama of Main Higgs Analyses
Already impressive harvest of results

ggF VBF VH ttH
Channel ] ‘ y g Y T
categories g:3> — - A q \E: q y gm;
Y v v v v
ZZ (Ul v v v v
WW (lvlv) v v v v
T v v v v
bb v v v
Zy and yy* v v
uw and ee v v
Invisible v (monojet) v v

v Run 1 results v Run 2 results




Combination Master Formula

Parameterise the signal yields as a function of these parameters
(assuming narrow width approximation)

nS=py > posy x A x e x y Brl x L
v f



Back to the K framework

Various possible approaches, e.g.:

K K

RIP el W
Y
Couplings to gluons and photons taken as effective and fitted
2
ILI”L - g f /{%{
Parametrise the loop
9 1.653, — 0.Tkikw + 0.1kK7
Wi = Ry Hf = 2
R

Many more possible!



Y

Y4

WW

T

bb

Run 1 Status of the Higgs Couplings
Measurements

(Simplified or combined*) panorama of higgs channels used (many more
categories are used in each case and two experiments)

ATLAS and CMS —e— Observed +16
LHC Run 1 Th. uncert.
- SO - — o
s —fe— to— e | —e—
e O 3 _
: s . i

-05 0 05 1

ggF

1.5

JHEP 08 (2016) 045

-05 0 05 1

VBF

1.5

ZH ttH
6 - B norm. to SM prediction

*Combination assumes narrow width approximatio



Cross Sections and Branching Ratios

Combined Measurements
assuming SM branchings
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Combined Measurements
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Cross Sections and Branching Ratios

Summary Table

Production process Measured significance (c) Expected significance (¢)

VBF 5.4 4.6
WH 2.4 2.7
ZH 2.3 29
VH 3.5 4.2
ttH 44 2.0
Decay channel

H— 11 55 5.0

H — bb 2.6 3.7




Channel by channel - Production comparison

. ATLAS and CMS H - vy

T
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"B_> _LHC Run 1 H— 77 |
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2r Hobb

1 _
| —68% CL + Bestfit x SM expected 1
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Run 1 Status of the Higgs Couplings Measurements
pn=1.09 =0.11

(£0.07 (Stat)
+0.04 (Exp)
+0.03 (T'h. bkg)

Signal strength illustrates the
agreement of measurements with the
SM and the importance of the TH

i :
\?e‘?&' Elustratlve, but not transparent on the

+0.07 (Th. sig) )

ATLAS and CMS
LHC Run 1

Ax/x ~ 11% Koz

AMA = 23% Dy

AMA ~ 30% A ——

tg =

ANMN ~ 11% Mz =

ANMN ~ 12% I)”yzl —e— ATLAS+CMS

— —%— ATLAS

AMA ~ 16% | =M

o . "
- cu Ierval

— 1o interval
AN~ 34% I

PP IR RS SRE R

3 -2 -
*k and A framework parametrizations do
not take into account the higher order.

1 2 3
Parameter value

underlying assumptions and relies on the TH input
at a given time.

. Direct coupling to the Z

Direct coupling to the top*
(through ttH production channels)

<« Custodial Symmetry

Direct copling to
(through VBF production)

Direct coupling to b quarks*®
(Through mainly VH channels)

JHEP 08 (2016) 045



A few comments on the next steps in
precision

See Run 2: typically x2 in cross section (x4

p=109 =£0.11 for ttH) and much much more data (and

(:I:OO7 (Sta/t) / more PU).
4+0.04 (E:Up)  Most Exp. Uncertainties are estimated from

the data, and should also reduced with

+0.03 (Th' bl?g) more statistics (of course real life case will
+0.07 (Th. sig) ) be more complicated - again e.g. PU).
| See next slides.
Breakthrough! Important convergence
g | ATLAS 1s-58TeV, 20310 ‘)’(”:H’ +’";=125'4?:\é+01 - 1.3, Ty —r—rr
R B Rt B PR, e 5 5 Uncertainty on
> a5 QCD scale uncertainty : 7 ....... CT14 ~ L. (o} . ll .
M Total uncertainty (scale ® PDF+a,) 1 15§_ \S = 1.30e+04 GeV " OCS Wi reqU]re
o ¢ f = .
BT e I : attention:
S TN N SO A, 5.05 ¢ probably
I I . ; underestimated
25} — ' ver 00Qa agreement Nnow, § .
x = ’ espyegiall(:/ irrgwportant ;ow that cu rrently
201 - 0.85¢ ggF known to NNNLO
: NNLO+NNLL N°L .: el et ~ y
15_ Data ‘ L:C-XS I ADDFGCI)-ILM i 102 M.. [GeV1 103 1 ’ 5/)




A parameter of fundamental importance o,

Baikov l—;—o——i 'T'
Davier |—r0—| %
Pich |—|0—| N
Boito l—o—q | \2
SM review I-——,—l A
HPQCD (wilson loops) |..;.|

HPQCD (c-c correlators) |...|.|

Maltmann wilson loops) }—lo—i o
JLQCD (Adler functions) |'—’—| 2.."
PACS-CS (vac. pol. fctns.) ‘:: é.

ETM (ghost-gluon vertex) :
BBGPSV (static energy) |-@=: [
. |

ABM l—o—;l
BBG l—o—ll

5
3 c
JR ——s——1 0 A
—
NNPDF g o c
MMHT —e—i— 2
ALEPH (jets&shapes) ; i { $
OPAL j&s) I —0- i M
JADE(gs) | * f { n',
Dissertori (3j) I—Io-—| S
JADE j) e 3,
DW m |—o|——| =
Abbate (1 e— I g )
Gehrm.m—o—:l g
oo NN || S |
GFitter L amipk electroweak
. | Tl precision fits
CMS | hadron
(tt cross section) ! | ,_collider |
0.11 0.115 0.12 0.125 0.13
oL (M?)
S A

Tension between lattice and
(event shape) experimental
measurement

Event shape measurements are
very difficult due to interplay
between non-perturbative
effects and the strong coupling
constant.s

Overall uncertainty
underestimated?

Lattice QCD increasingly
confident in giving the correct
value. Could it then be used for
PDFs, etc...?
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Kz

Kt

Kp

Comments on the Absolute Measurement of Couplings

ATLAS Preliminary

Vs=7TeV,45-471" Vs =8TeV,20.3f0™
68% CL: —ile—
95% CL:
Ky<1 Kon = Koff BR;u.=0
EREEEREE ||||l||||||||| T
-
N
—'*—
i
—— — —*—
- :
e
4*'7
—
h——
#7
' My = 125.36 GeV
o e b b P b
-2 -1 0 1 2 3

Parameter value

Absolute couplings measurements
under specific conditions:

: Constrain the width to SM
field content only.

- Blue: Unitarity inspired constraint ky
<1

: Use measurement from Off-
Shell coupling®

*Requires constraint of equal OffShell and OnShell Higgs couplin
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Fermions vs. Vector boson couplings

T T ‘ [ | I
- ATLAS and CMS ‘\
2FLHC Run 1 ;
[ —— 68%CL
I -
L s 95% CL
: + Best fit
L Y% SM expected ]
0 - ;

_1: @&/
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o[ Hszz [JHoww | 7 tf ]
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Channels and experiments yield very consistent picture



1.6

1.2

0.8

- =—68% CL e 95% CL + Bestfit x SM expected
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1.2

New Physics in the Loops?

1.4

N I A B L AL L
" ATLAS and CMS
. LHC Run 1

[CJATLAS+CMS

[JATLAS

[ Jcms

06 08 1

1.4 1.6

Ky

Two experiments
consistent and precision
at 10% level
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E> 1 ATLAS and CMS
2 = LHC Run 1
B
e > 107"¢ E
L
“
10‘25— E
¢ ATLAS+CMS _
N SM Higgs boson |
— [M, €] fit
[ 168%CL
95% CL
107 o o E
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Particle mass [GeV]

Higgs boson very Standard Model like




