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Higgs boson: preparing the discovery! w

Brout-Englert-Higgs mechanism developed in the 60s WARWICK
- new field at the origin of the EWK symmetry breaking THE UNIVERSITY OF WARWICK

Very predictive theory:
- existence of a new scalar boson (the Higgs), whose coupling with SM
particles are completely specified by the theory (for given value of mn)
- only un-known is the Higgs boson mass itself

6 July 2011 - mu;nit ==161 GeV
| (5) _
Higgs mass between 114 and 200 GeV from 5 - 1‘3—?%?5&0.00033 -
LEP, Tevatron and EW global fit : 21 0.02749:0.00010
4 * incl. low Q° data —
—> when LHC started, window to explore at - 3
the LHC was relatively small 3 i
2_ —]
Still not obvious that the simplest model was 1__ ]
the correct theory! (and it still isn’t!) |
0 Excluded o
30 100 300
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The Large Hadron Collider (LHC)

Just re-started data taking this month! WARWICK

THE UNIVERSITY OF WARWICK

SUISSE

SFRANCE
- ".- .ﬁ'

LHC 27 %
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Higgs discovery- 4th of July 2012

e ~5/fb of 7TeV + ~5/fb of 8TeV data

e > 50 excess from both ATLAS and CMS
- CMS: YY, WW, 7z, bb, ZZ—>4leptons

- ATLAS: YY and ZZ—>4leptons

CMS \(s=7TeV,L=51fb"Vs=8TeV,L=5.3fb"
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Higgs decay modes
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LHC HIGGS XS WG 2013

| D

N
N

Decay channel

Branching ratio [ %]

H — bb
H-WW
H — gg

N

}

O
O

—_—
=i
N

Higgs BR + Total Uncert
=)
|

H-1t
H — cc
H—2ZZ
H — vyy
H— Zvy

|11||||i|1||||| H—)/-‘/-‘

\

—_
i
W

Q

™\

57.5+1.9
21.6 £0.9
8.56 + 0.86
6.30 + 0.36
2.90 + 0.35
2.67 +£0.11
0.228 +0.011
0.155+£0.014
0.022 + 0.001

1080 100 1200 140 160 180 200
M, [GeV]

Total width I'ror not experimentally accessible: ~4 MeV in S.M.!
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Higgs production modes directly searched for w

Q
L
%3
+
T
)
(@R
2
o
Main production mechanism
large higher order corrections (x2 NLO)
50 P - - - LHC @ 13TeV
! ) ® LO = NLO m NNLO = NNNLO ooﬁm'fulvooﬂ'u-’or
40: 7_‘_;“_““-——\,___; M 1250
o
8 30F
)
20:. -
10 OTS ; 2
pimg
27.05.2016
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Higgs production modes directly searched for w

Distinct kinematics that help separating it from background:
- two high pT jets with large rapidity gap
- no color flow between them

—> suppressed hadronic activity in central region

27.05.2016 E. Pianori, Universita di Bologna
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Higgs production modes directly searched for w

10°

\'s= 8 TeV

10

o(pp — H+X) [pb]

—i
Q
N
III|

| | | | |
80 100 200 300 400

Best production mode for H—> bb decay
Leptons from W/Z decays are powerful handles
against background

27.05.2016 E. Pianori, Universita di Bologna
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Higgs production modes directly searched for W

10°

\'s= 8 TeV

LHC HIGGS XS WG 2012

10

o(pp — H+X) [pb]

—i
Q
N
III|

| | | | | L
80 100 200 300 400 1000

t—> Wb 100% of the time
Final states with at least two jets
originating from b-quark

Depending on W and H decay
mode, variable number of jets
and leptons

Include ~ all Higgs decay modes
E. Pianori, Universita di Bologna 11



Higgs production modes directly searched for w

10°

\'s= 8 TeV

LHC HIGGS XS WG 2012

10

o(pp — H+X) [pb]
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Other production modes

8% NNLO corrections for o(ZH)
harder pT(H) spectrum

—> enhanced in the most sensitive
region of H—>bb search

Production Cross section [pb] Order of

process Vs=T7TeV s =8TeV calculation
ggF 150+ 1.6 19.2+2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 +0.03 1.58 +0.04  NLO(QCD+EW)+~NNLO(QCD)
WH 0.577+£0.016 0.703 £0.018 NNLO(QCD)+NLO(EW)
ZH 0.334 +£0.013 0.414 £0.016 NNLO(QCD)+NLO(EW)
[geZH| 0.023 £0.007 0.032 +0.010 NLO(QCD)

bbH

Total

0.156 + 0.021

0.086 + 0.009
0.012 + 0.001
17.4 £ 1.6

0.203 £ 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)

0.018 + 0.001
223+20

T

bbH: 1% of o(ggF) experimentally indistinguishable from ggF

tH:

very small cross section, mostly due to destructive interference
For opposite sign W/t Higgs couplings, o(tHgb) increases by factor 13 and o(WtH) by factor 6

27.05.2016
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Since 2012.. \ A 4

Final Run 1 dataset x2.5 what used for Higgs discovery w&gw&%lé
« ATLAS: 4.5/fb@7TeV and 20.3/fb@8TeV
« CMS: 5.1/fb@7TeV and 19.8/fb@TeV

—> X 2.7 Higgs bosons available with full dataset!

Various measurements to explore its properties, all consistent with S.M.

1)Higgs mass measured with < 0.2% precision arXiv: 1503.07589
« combination of ATLAS and CMS high mass resolution YY and ZZ*—>4leptons channels

My = 125.09 £ 0.24 GeV [ £0.21 (stat.) £0.11(syst.) ]

2)Test for Spin/Parity quantum numbers all consistent with spin-0, CP-even
* spin-2 models tested are all ruled out at 99.9% C.L.

3)Higgs discovered in boson final state, confirm couplings to fermions
* indirect evidences from ggH production mode, direct evidence from H—>tau tau decay

4) Measure Higgs yields for all accessible Production x Decay modes

27.05.2016 E. Pianori, Universita di Bologna 14


http://arxiv.org/pdf/1503.07589.pdf
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Inputs: ATLAS/CMS channels A%S?&S)mdrw

Searched performed in final state associated with one decay mode
- consider (~) all production mechanisms

Channel Signal significance [o]
o gg —> H —> bb:
(expected significance) not experimentally accessible
ATLAS CMS due to overwhelming background
H - yy 5.0 5.6 ¥ b
qq —=> Hqq —=> Dbqq
(4.6) (6.1) being searched for, not included
H—ZZ - 4t 6.6 7.0 in the combination
(5.5) (6.8)
H— WW 6.8 4.8 Decay\Production | ggH | VBF | VH | ttH
5.8 5.6
=D GO H—>bb
H->1T1 4.4 34
(3.3) 3.7) H—>WW
H — bb 1.7 2.0 H—>77
2.7) 2.5)
o H—>//
— pp L
sensitivity too low
H—>yy
tt H production 2.7 3.6 H—>pp

(1.6) (1.3)

too small cross sections

27.05.2016 E. Pianori, Universita di Bologna 16


https://cds.cern.ch/record/2052552/files/ATLAS-CONF-2015-044.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-002/index.html

Event Categorisation

For each decay mode, events classified based on

kinematic characteristics and detailed properties
- improve overall sensitivity, thanks to better bkg rejection
- allow separation of different production modes

I_

27.05.2016

E weights / GeV

E weights - fitted bkg

160

DA ON A~ OO

¥, untagged (mostly ggF)

| L L
[Ldt=45f" Vs=7TeV
[Ldt=20.3f0" Vs=8TeV

S/B weighted sum

untagged categories

' |
ATLAS

—+— Data

— Signal+background
===+ Background

— Signal

m,, = 125.4 GeV

S
‘e
D

E weights / GeV

?ﬂ*'iL"'I"'I"'I"'I"'I':

E weights - fitted bkg

18

16

14

12

10

OHANOND OO

ATLAS+CMS combination includes ~ 600 exclusive categories

v
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THE UNIVERSITY OF WARWICK

.

H—>yy, VBF

[Ldt=45fb" Vs=7TeV
[Ldt=20.3fb", Vs=8TeV
S/B weighted sum

VBF categories

T T T
ATLAS

—+—Data

— Signal+background
===+ Background

— Signal
m,, = 125.4 GeV

E. Pianori, Universita di Bologna
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Signal Strength W

 historically, first property to be measured
e characterise the Higgs boson yields

For specific production and decay mode i —> H —> f
ratio between the measured Higgs boson yield and the SM expectation

_ g; - BR/ = pf assume narrow
i f = Hi width approximation
(0:)sm - (BRY )gm

Can’t access separately o and Branching Ratio without assumptions

(T:)sm (BR )gm
signal strength for production u; signal strength for decay ur
assume SM BR assume SM production

27.05.2016 E. Pianori, Universita di Bologna 18



Signal models W

WARWICK

Sigﬂ@.' erIdS IN category K: THE UNIVERSITY OF WARWICK

production and decay signal strength

Mggnar(k) = L) X ) Z{a§M x Al (k) x &/ (k) x BR,,}
P 7

L (k) :integrated luminosity

| . o . . SM
. sSum over production process i with inclusive cross section o;

i

Z . sum over decay modes f with branching fraction BRJ;M‘
f

27.05.2016 E. Pianori, Universita di Bologna 19



Signal

models W

WARWICK

Signal ylelds IN category K: THE UNIVERSITY OF WARWICK

L(k)

2

i

2.

f

27.05.2016

. Integrated luminosity

. sum over production (

production and decay signal strength

() = L0 x ), Zﬂ M (Al (k) x ] (k) k BRE,,

Acceptance and efﬂmency for process
| —> H —> f from MC simulation

Assume SM Higgs boson for acceptance & efficiency

Production | Event generator
process ATLAS CMS

ggF * PowHEG [30-34] POWHEG
VBF POWHEG POWHEG
WH PyTHiAS8 [35] PyTH1A6.4 [36]

. sum over decay modq zH (gq — ZH or gg — ZH) PyTHIAS PyTHIAG.4

geZH (gg —» ZH) POWHEG See text
ttH PowHEL [44] PyTH1A6.4

tHq (gb — tHq) MADGRrAPH [46] AMC@NLO [29]
tHW (gb — tHW) AMC@NLO AMC@NLO
bbH PyTHIAS PyTHiA6, AMC@NLO

(*) Higgs p distribution of ggF production reweighted to match
HiRes 2. 1calculation (includes NNLO and NNLL QCD corrections)

E. Pianori, Universita di Bologna 20



Background measurements from control regionsvv

Background processes described by MC simulation or with data-driven model
- either constrained in control region or predicted relying on o(theory)

80'; TT ™7 ™Y Ty T ™ T | -

= % cus * o )26
~ 70: (3w BTeV, L= 13915 !:;ﬂ Q:'o E
2 - S»M.::)m“ iy B £
5 ek T wsss E“"!"‘” .
~ T IwWe Ll aco N
: Woudosy +oe MO wmcen et PRD 89 (2014) 012003
S0 e
= : - s
0= W+b(b) enriched S 10 cms ® s -
30f : i = fs= 8Tev.L=189 1" Bom M L] Single top
- ContrOI reg|0n g’l 10° Z(\»)H(bb) E:::b I eco
20F = & —_E Highp (V) B Weudscg 5""“‘3“9’
: 0 Czevb e
105 - 3 C_JZeb ~ WH(bb) 125 GeV
C . 10 e MIC uncert, (stat.)
OF :
= ot =09 [T W uncent jstat) E
212- 1 2
< 5_ 10 P S—
_g 1:—+§‘——+‘=‘=‘+‘=§—L§_‘-ﬁ+' :
Qs - + 3
41 08 06 04 02 0 02 04 06 08 1 10 = B
BOT output
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2 700 2Nl e P = =
£ " 24bb onriched s [0 Single top - g } PP PP T P .
w0 ;l:o::-co E:cc?mm.uu)s o 2 'l dof =0.49 MCM(.M: +syst) [ MC uncert. (stat)
E = _
E 2
® 1 —a —
; ich Sos 5
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Dl region BOT output
o :
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Profile likelihood formalism for (systematic) uncertain“

WARWICK

THE UNIVERSITY OF WARWICK

e Build likelihood function for each signal, control region of the data
[2H=>f  Background

L(]Vlﬁi,ﬁf,é)= 1_[ Poisson Nklz ui-uf-S{k(é)+EBm(5))
if m

k=0,nbins

Inclusive SM cross-section

MS \sA7TeV,L-51"  1s<8TeL 197"’
™~ | | | | | | | la

Acceptance (from MC) Y |
Efficiency (from MC)
Higgs BR / ¢
Luminosity ¢ 2
A 4 v w

L(k) x {$™ x Al (k) x ] (k) x BRL,

80 100 120 140 160 180
m,, (GeV)

27.05.2016 E. Pianori, Universita di Bologna 23




240

Il—r

L [ ] ] > ]
Systematic uncertainties S o Tt VB ATLAS :
. o opoF 's=8TeV, 203 fb” —¢— Data E
N C Wijets — 50 x H(125) -
0 1 80;_Control Region M Z— =
GCJ 160F Bl (t+single-top
> = Il Others E
H 1:85 Fake t
. . . - 7 U ) -]
Signal and background predictions are 100k 7 Hneert
affected by systematic uncertainties 80
60
400 s
20F
F | |_| | |_!_| | . | | | .
0 100 200 300
Most expected distributions described by MC simulation: my"' [GeV]

- simulation of high energy process: uncertainty due to order in perturbation theory
and choice of Parton Distribution Function

- simulation of soft physics:underlying event, parton shower model
- detector simulation: energy scale, selection efficiencies

Also, predict number of background events relying on control region
- extrapolation from control-region to signal region

control region: region of phase space with similar
kinematics w.r.t signal region, but orthogonal to it

27.05.2016 E. Pianori, Universita di Bologna 24



Systematic uncertainties W

WARWICK
THE UNIVERSITY OF WARWICK
Likelihood can describe discriminating distribution under a wide
range of parameters for which the true values are unknown
(energy scales, QCD scale etc..)
( \

L(]Vlﬁ,.,,[if,é)= 1_[ Poisson Nklz ui-uf-S,{kEBm
. . ~ /

0: nuisance parameter

Correlated parameters as needed between channels and experiments
only full correlation or no correlation considered in current combination

Uncertainties are included in the likelihood in two parts:
auxiliary constraint on the nuisance parameter that represents the uncertainty

parametrisation of how the signal/background predictions respond to changes in the
nuisance parameter

27.05.2016 E. Pianori, Universita di Bologna 25



Nuisance parameters in combined fit w

Likelihood fit includes 4200 nuisance parameters WARWICK

THE UNIVERSITY OF WARWICK

- Detector systematic uncertainties: generally correlated within experiment, not
between experiments

- Signal theory uncertainties (QCD scale, PDF, UEPS) on inclusive cross sections:
correlated between experiments, uncorrelated between processes

- Signal theory uncertainties on acceptance and selection efficiency:
uncorrelated between experiments (usually small, and different method to estimate them)

- PDF uncertainties on signal cross sections: correlated for a given process
across experiments, but uncorrelated between different processes (except WH/ZH/VBF)

- No correlation assumed between Higgs BRs (except WW/Z2Z)
Effect of ignoring correlation shown to be generally small, expect for few specific measurements

- Background theory uncertainties: usually not correlated, treated differently by the
two experiments. When modelled completely by MC, fully correlate production cross sections
(f.e. ZZ continuum)

27.05.2016 E. Pianori, Universita di Bologna 26



Statistical treatment W

From likelihood L(ATLAS+CMS) construct WARWICK
the profile likelihood test statistic

maximised likelihood for a given value

L — , 0 —

POI and nuisance parameters

that maximise likelihood

= parameter(s) of interest (POI) (such as y, 0*Br etc..)
arXiv: 1503.07589

- 7 T T T T T T T . . . .
EI % ATLAS anld CMS Ze;zé é Negative log-likelihood estimator -2In(A)
- — H—->ZZ—4l ] : . . .

E 6 1 HC Run 1 AR assumed to follow a chi-squared distribution
Y R P Stat. only uncert.
! 5 - ' ]

4 o\ —| 95% Confidence Limit

3 =

2 =

L\ Y G —  68% Confidence Limit

O —_I- | | | | | | | | i | | | | | | -I__

124 124.5 125 125.5 126

m,, [GeV]
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ATLAS + CMS combination: signal strength ' '
' WARWICK

THE UNIVERSITY OF WARWICK

Best-fit u Uncertainty
Total Stat Expt Thbgd Thsig

+0.11 +0.07\ +0.04 +0.03 +0.07
ATLAS and CMS (meas)  1.09 011 +H0.04 4003

+0.11 +0.07 +0.04 +0.03 +0.06
ATLAS and CMS (exp.) - ~0.10 -0.07 -0.04 -003  —-0.06
+0.15  +0.10 +0.06  +0.04  +0.08
ATLAS (meas.) 1.20 —0.14 -0.10 -0.06 -0.04 ~0.07
+0.14  +0.10 +0.06  +0.04  +0.08
CMS (meas.) 0.98 2013 -0.09 -005 -004  —0.07

test global compatibility with the SM

Most precise result at the expense of the largest assumptions

Signal theoretical uncertainties same size as statistical uncertainty
- dominated by uncertainty on the ggF cross sections

27.05.2016 E. Pianori, Universita di Bologna 29



Recent progress on theory: highlights

vy

WARWICK

C. Anastasiou et al., PRL 114 (2015) 212001
50 - .

THE UNIVERSITY OF WARWICK

—_ ==no=mosnno el ggH N3LO calculation
403 \\\\\\\\ m,.:ﬂ’m\qi +0 . 32%
1 0(gg —> H) N30 = 1947_2 99%
o | I M =mn/2]
s o ]
{ - QCD scale uncertainty reduced from 8% to 2%
20’- ‘
, Gluon-Gluon, luminosity
10 ' ' 1.3 R :
0.5 i ! 2 - nnpdf3.0nnlo '
.25 ....... mmhtnnlo
| = &% t14nnl
PDFALHCII: hitp://arxiv.org/abs/1510.03865 12 T e T 00603 GeV
1.15} $
Major updates for RE:
_ o F m
all PDFs fits §05 . 3
1 :: ;::u';;;”?trn.’.’.'::::::;:::::.’:tttr"“-‘“ °°°°°°°°°°°°°°°°°° 3
improved agreement for gluon luminosity 0957 g
PDF uncertainty on gg—>H from 7% to 2% 0 95_ §
0.85F
0.8: L N A A : b gl
3
10° M, [GeV] 10
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.114.212001
http://arxiv.org/abs/1510.03865

Signal strength for production and decay W

ATLAS and CMS Preliminary - ATLAS ATLAS and CMS Preliminary - ATLAS
LHC Run 1 ~ CMS LHC Run 1
-o- ATLAS+CMS - CMS
B a —=zlo - -e- ATLAS+CMS
u . —+ 20 1
ggF J , !y == =10
Myer (0:)sm y o= 7
. T W7 = (BR )gy.
Mon[— - — i
w . ——
ZH . — :
B : TR _._I_ .
" — aam
——— bb ® ——
IIII|IIIIlIIII|IIII|IIII|IIII|IIII|IIII lllllllltlllllllllllllllllllllllllllll
0O 0.5 1 15 2 25 3 35 4 0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value Parameter value
Assumptions: Assumptions:
SM Branching ratios . SM production cross sections
Same signal strength modifier at 7 and 8 TeV BRs do no depend on center of mass energy

bbH scales as ggF, tH as ttH,
ggZH as quark-initiated ZH

27.05.2016 E. Pianori, Universita di Bologna 31



Why combining CMS and ATLAS \ A 4

Combination correspond ~ to summing ATLAS and CMS integrated luminosity
—> improve sensitivity by ~ V2

Production process Measured siiniﬁcance (o) Expected significance (o)

VBF 4.7
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 44 2.0

Decay channel

H- Tt @ 5.0

H — bb 2.6 3.7

Evidence for VH production

Observation of VBF production and H—>tau tau decay!
—> direct observation of Higgs coupling to fermions!

27.05.2016 E. Pianori, Universita di Bologna 32



Boson versus Fermion-mediated production W

4

VBF+VH

f

W
)

1

-2

_I 1 | T | T | T | T | T T T T 11 I_
- ATLAS and CMS i
- LHC Run 1 N
" Preliminary _
e - s
i_ U H— vy _i
i H—-2zZ -
B H—-WW _
-~ *SM  —68% CL H— o _
-+ Best fit H — bb ]
| 111 | I 111 | | 111 | | 111 | I 111 | | 111 | | 111 | | 111 | | 111 | I 111
-1-050 05 1 15 2 25 3 35 4
f
MggF+ttH

WARWICK

THE UNIVERSITY OF WARWICK

ggF and ttH: fermion mediated

VBF/VH: vector-boson mediated

because BRs cancel in the ratio:

14

combine decay modes w/o
additional assumption:

' ) 0.35
Py /U = 1-061:0.27

assume u'v and u'rare the same @7 TeV and @8 TeV

27.05.2016
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k-framework: beyond signal strength W

Introduce a set of x to parametrise potential deviation from the SM couplings

Assume:

- one single resonance at mass 125.09 GeV
- narrow width approximation

- tensor structure of a CP even scalar (only modifications to coupling strength)

=G'i('?) el (17)]
CTw )
/ / fl'otal width not accessible \

o; - BR/

SM modifiers Total width experimentally
production decay Need assumptions on I'y
ki = oM Ki = oM Ky = M Assume only SM decay, adjust for
i i e

Kre—scaling of K

K correspond to LO degree of freedom

higher-order accuracy in calculation of o and BR in SM is not necessarily preserved if Kj # 1
assume that higher-order QCD corrections factorise from any rescaling of K
—> remain valid over the whole range of Kj values considered
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k-framework: beyond signal strength W
WARWICK

THE UNIVERSITY OF WARWICK

Consider o( ggF —> H —> WW/Z2Z): o(ggF) * I'ww/I'ror

Oper = (1.06 KZ + 0.01K,2 -0.07kf6) Opo(SM)  Tpyz= K2y T ASM)

in case new physics in the loop, that does not couple with SM particle, use
kg as effective coupling modifier (same thing is possible for xy)

27.05.2016 E. Pianori, Universita di Bologna 36



k-framework - SM modifiers

Factors depend on:

Calculations of o,I

Assumed value mH,

Kinematic selections

Production Multiplicative factor

o(ggF) ko~  1.06- K7 4 0.01- K7 — 0.07 - Kyrp
o(VBF) ~ 0.74- k%, +0.26 - K%

o(WH) ~ K

o(qq/q9 — ZH) ~ Ky

o(gg — ZH) ~  227-Kk% +0.37 ki —1.64- Kkzky
o(ttH) ~ K2

o(gb — WtH) ~ 1.84- k%4 1.57- k%, — 2.41 - kykw
o(gb — tHq) ~ 3.4-Kk7+356-rKk% —5.96- Kk
o(bbH) ~  Ki

Partial decay width

FZZ ~ I{QZ

FWW ~ /{%/V

I k%~  1.59- K3, +0.07 - k7 — 0.66 - Ky K
| R - ~ KE_

be _ ~ /“3%

['#r - ~ /-{Z

Total width for BRggy = 0

'y

0.57 - Kj +0.22 - K3, +0.09 - K5+

~ ki~ + 0.06- k% +0.03- k3 + 0.03 - K2+
+ 0.0023 - k% + 0.0016 - K%+
+ 0.0001 - x% + 0.00022 - x>

process with interference allow to measure relative sign of couplings!
assume Kt > 0 without loss of generality
27.05.2016 E. Pianori, Universita di Bologna
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Boson and Fermion couplings W

test difference between boson couplings (related to EWK symmetry breaking)
and Yukawa couplings to fermions «; = kw = ky and kK, = K, = Kp = Kp

w LL | [ | [ [ [ [ | [ [ [ [ I I [ | [ [ [
V- - ]

2 f‘J (’SARSU r‘ﬂd CMS 1 P arasaons LT
| | - LHC Run1 = === SM expected =
1.5 Preliminary - 0 Preimnay E
O RS AV
- [H-2zz DN = 250 | =
- H—-WW S - 201 =
0.5 H — bb i 15 E
B ] 10 =
o= H— 7 5E -
— Combined u e e e e e e e \w/ ....... =
B ] 2 -15 -1 -05 O 0.5 1 1.5 2
_0'5:_ — B opposite signed for kv and kF F

1: @ / - strongly disfavoured

-1 .5:— . M \ tighter constraint on ki and kV from HWW

—2 + Best fit --- ¥ %
[ | | | | | | | | | | | | | | | | | .
0 / 1 15 o Assumptlonts_..I .
Likelihood contour for negative KF solution different for f NO NEW particies in 100p

channels with interference contributions Ky no invisible (BMS) decay38



Constraint on tree level couplings W

WARWICK

THE UNIVERSITY OF WARWICK

assume no new particles in loops
no invisible (BSM) decay

E>‘> _IIII| I IIIIII| I T T TTTI I IIIIII|
fit for tree-level couplings FaER] ATLAS and CMS t 4
KZ, KW, Kt, Ktau, Kb, Kmu g - LHC Run 1 Preliminary E! .
O ] R ]
> 10 _ Observed AW _
express these parameters as 10 SM Higgs boson E
reduced coupling modifiers ¥ - .
—> qualitative consistency of 102 I =
the measurements with the SM - % .
I b i
: 1070 u E
gw. Z, H o M W,Z H and gF & mF - .
1074 E E
:IIIIN l l IIIIII| l IIIIII| l IIIIII| =

107" 1 10 10°

Particle mass [GeV]
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Limits on BMS contributions W
WARWICK

THE UNIVERSITY OF WARWICK
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New particles in the loops W

BSM scenarios with new heavy particles that contributes only to loop processes

Fix all non-loop xito SM value

new particles do not contribute to I'(H)
—> only xg and xy may be affected by new particles

Y Y Y Y
~— ) N N
H ) g | N S H N
ORI T ALY
SM M ¢
) Kp K Sy |
T, LY y v 1, 1,

(a)

represent loop process with effective parameters instead of SM content
—> kg and ky only free parameters in the fit

27.05.2016 E. Pianori, Universita di Bologna 41



New particles in the loops

w

BSM scenarios with new heavy particles that contributes only to loop processes

Fix all non-loop xito SM value

new particles do not contribute to I'(H)
—> only xg and xy may be affected by new particles

s 2
1.8
1.6
1.4
1.2

1

0.8

0.6

0.4

27 .(

kg=1 and kykl
lies within the 68% C.L. region

p-value of compatibility
with the S.M.: 82%

_I|III|III|III|III|III|III|III|III_
- ATLAS and CMS DQIALSAS E
5 LHC_ Bun 1 ATLAS+CMS -
~ Preliminary ]
. xSM  —68% CL i
_ + Best fit ---95% CL .
_I|III|III|III|III|III|III|III|III_
04 06 08 1 1.2 14 1.6 1.8

2
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Contribution to the Total width from BSM W

Set limits on BR to invisible and undetectable Higgs decay modes, BRgsm
- if such decay exists, total width larger than in the SM

K%, . F?IM if BResm >0 then all observed cross
H= sections are lowered by common factor
1 — BRggm
o.-BR/ = (k) - I’ (&)
ATLAS and CMS Preliminary : - ®
LHC Run 1
KZ - K, < 1 __‘ A§ 81
|+ BRgg,=0 2 [ ATLAS and CMS

—= 1o ————
— =+ 20

7ELHC Run 1 Preliminary

—— Observed
----- SM expected

5-|BResm < 0.34 at 95% CL| /

° in case kv < 1, set ‘e /
. |least model-dependent

_ —e—_ |Upper limit on BResm

(=)
|
[ ]
-2 Aln A(BR
»
I

B I:{BSM

] ] ] ] |
O 02 04 06 08 1

: | | I I — | I I I— IIII|IIII|
SNSRI NE 0O 0.1 0.2 0.3 0.4 0.5

12 Il.4 16 1.8 2 BR
. _ BSM
Kg and Ky effective coupling modifiers Kt: dominated by ttH, ggF and Hyy loops no longer contribute 43




Direct search for invisible decay JHEP11(2015)206

H—>invisible is associated with high Missing Transverse Energy

Use topology of the production mode to tag Higgs events
- search in VBF production set most stringent limit
- also Z(—>I)H and V(—>jj)H explored
BR(H—>ZZ—>4v): 0.1%

—> Upper limit on BR(H—>inv): 0.25 at 95% C.L. well below sensitivity
< 10 | I L L L l | L l L L I L L l | ll LI I
c | ATLAS /]
Can include direct searches in Q! al \s=7TeV, 4.5-4.7 fb” :
: : . p .
global coupling fit | 's=8TeV,2031b i
- Obs.: .
Decay channels | «; assumption | Upper limit on BR;y, 6 — Vis. &inv. decay channels /; ~

Obs. Exp. . Inv. decay channels

Invisible decays kwzg =1 |0.25 0.27 -~ Vis. decay channels -
Visible decays kwz < 1 0.49 0.48 i ]
Inv. & vis. decays None 0.23 0.24 i .
Inv. & vis. decays kwz <1 | 0.23 0.23 ol |
11% tighter limit in combination ! , i
.'f'f.l"l.‘l.’!’.l 1 l i-4-4-4 I r-r-1-4 ! i-4-- l'l‘

0 S ~ .
-02 -01 0 01 02 03 04 0.5
BR

nv
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ATLAS only fit. CMS has similar results


http://arxiv.org/abs/1509.00672

Generic parametrisation W

All previous results rely on a number of assumptions WARWICK

THE UNIVERSITY OF WARWICK

Present final Runl results with minimal assumptions and minimal
dependencies from theoretical uncertainties

Most generic model based on ratio of cross sections and BR

T} y BR/
geF BRZZ ,

no total width assumption, only narrow width approximation

a'i-Bszo'(gg—>H—>ZZ)x(U

large theory uncertainties on signal production sec and BRs can be ignored
—> results will stay valid also when newer calculations will be available

SM assumption enters only in acceptances and selection efficiencies:
- kinematics described via SM Higgs simulations

27.05.2016 E. Pianori, Universita di Bologna 45



Generic parametrisation

o(gg—
H—>ZZ)

/o

Over OggF

Owr! OggF

/o

Oz OgqF

O/ OggF
BR"Y/BR*
BR''/BR*
BR"/BR““
BR°°/BR%

WARWICK

-1

27.05.2016

THE UNIVERSITY OF WARWICK
ATLAS and CMS Preliminary = ATLAS o(gg—>H —>27) chosen
| LHC Run' +AT1LAS+C|V|S because of small uncertainties,
: -_—t |0
i — =20 mostly stats (sys: 4%)
- Th. uncert.
B Parameter | sm prediction Best-fit Uncertainty
__d_i
: value Stat Syst
— P ————
| ATLAS+CMS
. : o(gg — 0.513£0.057 | 058701 =0l -0.03
. H - ZZ) (pb) Coio) Coo) (o)
——o——I::> excess due to CMS H—>ZZ7 2 jet cat.
: . . > 2.40 excess over SM ttH prediction
B 5 ‘ due to multi-lepton categories
B —~ 10T ]
o b - ATLAS and CMS E
— , ol 95 LHC Run1t = === SM expected =
——t— = 8 Preliminary — Observed E
- e 7E =
B BRbb/BRzz: £ o E
= 2.50 discrepancy g  GE E
—*I— . . I N = =
| ! anti-correlated with T4 E
e ttH and ZH excess 8 3b =
- N I E
L1 1 1 | I I [ 11 1 | L 11 1 | L1 1 1 | I | [ 11 1 é 25 ......... E
0 4 5 ~ G :
Parameter value norm. to SM prediction 0 B
’ . bb 2z . .
E. Pianori, Universita di Bolo: BR™/BR™ norm. to SM prediction



Summary of Runl experience w

Discovery of a new scalar massive boson on July 2012 was a major discovery
- prompted a lot of measurements to test its compatibility with the Higgs boson of the S.M

Comb|n|ng ATLAS and CMS Higgs boson improves precision

sensitivity on signal strength improved by almost V2
- observation of H —> tautau decay and VBF production
- signal strength measured with O(10)% precision
- Many parameterisations have been studied

All results are consistent with the S.M. predictions within uncertainties
p-value compatibility with the S.M. in range 10%-88%

With increasing size of data sample, move towards more model independent
measurements
- reduce the number of assumptions

- reduce dependence on theory uncertainties

—> measure as many fiducial and differential cross sections as possible

27.05.2016 E. Pianori, Universita di Bologna 47
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Fiducial and differential cross sections

The cross section, oi, in a given fiducial region is given by:

bk
Nidata . Nz g

7T (@) Lt

Simulation of ‘soft physics’
physics progess. .

-2 o. | t
e 3 ev en
SAying 0
\)ndﬁ"‘\j gnowe’ ™
0 o

n ae\

C; —

vw

WARWICK

THE UNIVERSITY OF WARWICK

JNreco reconstructed event yield
7

Simulation of detector

B

Simulation of high-energy
physics process

particle level

2 e q
QEL-2 " certal

F Un w ’ > |

[ v 3

518 -

reconstructed events ‘»

100 150 200

27.05.2016

— IR v
s cata ATLAS

@ 25 . Racegound 27

"_‘ ! -n.a:-an nd Zojeta i

2.0 | Sgnd(m =125 Gevl
L e

TTeV Lt 48 m

[setToviot.sem

fid
Ni event yield at particle level

already performed
in Run 1 for ZZ/yy

HAZZ -4l

Analysis Event selection

Reconstruction
of the data

250
m, [GeV]

E. Pianori, Universita di Bologna
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v

Fiducial and differential cross sections

WARWICK

THE UNIVERSITY OF WARWICK

Allows for direct comparison with theoretical predictions:

| | | LI III| | | | L | | | L II|
Diphoton baseline ATLAS -—o— JHEPOA2014)112
. H-—yy, ls=8TeV *
_ -1
Ny = 1 JLdt=2031 = . Fiducial Volume (baseline):
—e— data syst. unc. * ]
N an i 2 isolated photons, |n| < 2.37
jets = | patiiny o _ pT/myy > 0.35 (0.25)
N =3 v — >1 jet: pT > 30 GeV, |y| < 4.4.
i Bl XH = VBF + VH + ttH |
W LHC-XS + XH
VBF-enhanced H—e— Bl HRes 2.2 + XH
- # STWZ + XH
Nleptons =1 I I o JetVHeto + XH
n * BLPTW + XH
miss - MiNLO HJ+PY8 + X H
Er™ >80 GeV — | M MINLO HJJ+PY8 + X H
| | | 1 1 III| | | | 1 1 1 II| | | | 1 1 1 II|
107 2x10™ 1 2 345 10 2030 10°
O5q [TO]
Theoretical uncertainties have limited impact on differential cross section:
uncertainty on O fiducial [%0] Baseline Njets >=3 VBF-enhanced
Signal extraction (stat) +22 +33 +34
Jet energy scale/resolution +15, -13 +12, -11
Theoretical modelling +3.3,-1.0 +6.3, -4.9 +2.2,-3.2
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http://link.springer.com/article/10.1007/JHEP09(2014)112

Fiducial and differential cross sections W

Measure the cross section in bin of a differential distribution: WARWICK

- number of jets associated with Higgs productions THE UNIVERSITY OF WARWICK
JHEP09(2014)112
E 35_ [ I _] Dlg | . '_ |
= - ATLAS —¢- data syst. unc. 2 I ATLAS Bl Luminosity ]
T 302_ 77 ag—H (MINLO HUsPYE) + XH R . H—yy, [s=8TeV @ Cf)rrection fac.tor syst. |
g : 7 . e 4_ @ — 203 D ® Signal extraction syst.
- wor i 1 S B @ Statistics _
o5 - ==+ XH = VBF + VH + ttH 4 £ 05— —
404 H—yy, [s=8TeV § - -
200 [Ldt=2031" 1 @ o ]
00 P > 30 GeV 1 § OB =
15— / 1 < — 7]
n ¢ 1 © - _
n > B |
10—_ 2 //// 2 i E — —
E N L _g 05_ ]
SF + =R B i
N ez I c
- ' _______________________ S - ]
e - - m---- | e e e = == == === — - —
C O [ [ [ g -1— —
i) ' O - |
."(;)' 4_ "("(% | | |
o 2_— * L ! . . . . jets
= Tt s s E— — with full 8 TeV luminosity dominated by
T 0! ' ' ' ' statistical uncertainties!
© 0 1 2 =3
N

with fiducial cross sections (total or differential) can test BSM scenarios

- signal kinematics distribution for BSM model are different w.r.t. SM, hence
also signal selection efficiencies
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http://link.springer.com/article/10.1007/JHEP09(2014)112

RunZ2 measurements

| ATLAS

Diphoton baseline
| H—yy, ls=8TeV *
_ -1
N, =1| JLd=2031 o
| —e— data syst. unc. *
Njet = 2 v —  o—
*
Njets =3 L — B
Bl XH = VBF + VH + ttH |
W LHC-XS + XH
VBF-enhanced N—e— B HRes 2.2 + XH
% STWZ + XH
Nleptons =1 I I o JetVHeto + XH
*x BLPTW + XH
miss | & MiNLO HJ+PY8 + XH
ET* >80 GeV ! M MiNLO HJJ+PY8 + X H
C 111 | 1 | 1 | ]

10" 2x10™" 1 2 345 10 2030 102

Measurement

Ogq 0]

minimal theory-dependence

Need well established signal to perform measurement

ATLAS and CMS Preliminary -— ATLAS
LHC Run 1 ~CMS
L _ - ATLAS+CMS
: — =+ 10
K, e
’
K —
——
— e
Ky,
——
K= :
| | | | l | | | |

0O 020406 08 1 12 14 16 1.8 2
Parameter value

Interpretation

theory-dependent

—> Will take a lot of integrated luminosity to measure fiducial cross sections
for all productions/decay modes. Global analyses desirable in the meantime.

27.05.2016
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Simplified (template) Cross Section W
ratios of Ty Tzz Tww Ty Trr  (Tzy Top) WA RW'C'(

i, K THE UNIVERSITY OF WARWICK

[lowpre ]
. Bhighpre ]
¢ [[VBFoose (MVA)] >
" [BFight(WvA) | L,
T [ VA leptonic L, i
[iepione ] Experimental analyses
SEXE ' | 9k as in Runl, for each decay channel,
sy split events in category
>
= SO | [| EFT
% _ coeffs
x CEEIBIVEE ous] p— Interpretation stage:
& | [ == o[ =0jet separate step
'? [_LMVA low pr(V) | E »| high p¥ = = | | specific
Nt > >1
{ e | | | [ | e S
H—rr o [o(tH) | o(bbH) | | o(tH)

Measurement: mu per production mode, split into mutually exclusive kinematic bins for
each of the main production modes

0—jet >1—jet >2—jet+VBF

eg | Hag—H old | =P

Goal: balance between optimisation for sensitivity while reducing dominant
theory dependence in the measurement
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Run-2 so far: 3.2/fb of 13 TeV data

H —> yy (ATLAS-CONF-2015-060)

fitted number of candidate events:
113 £ 74 (stat) +43/-25 (syst)

Sensitivity to SM Higgs:

expected 1.90/ observed 1.50

> 16 RN RAR ARES REREN RRREE LARLN
S 4l ATLAS Prellmlnaryégi;;s m = 125GeV) ]
o - H— ZZ* - 4 .
Al i B Z+jets, tt
B 12"_13Tev.3.2fb‘ tt+V, VWV
red - 74 Uncertainty
c i
gJ .
w 10

8-

I L]

6

4f

2f

ok

80 90 100110120 130 140 150 160 170

m, [GeV]

27.05.2016

>
1800

N 1600
21400
S 1200
1000
800
600
400
200

2100
o
~100 E

data -

e data
— S + b fit
- - - background, b

pp—H-yy
\s=13TeV,3.2fb"

m,, = 125.09 GeV

"
e

b
-

l lll[ll" lllllllll[lll

110 115 120 125 130 135 140 145 150 155 160

m,, [GeV

H —>ZZ (ATLAS-CONF-2015-059)

expected signal events in [120,130] GeV: 4
fitted number of candidate events:
1.0 +2.3/-1.5

Sensitivity to SM Higgs:
expected 2.80 / observed 0.70c

E. Pianori, Universita di Bologna
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http://cds.cern.ch/record/2114826/files/ATLAS-CONF-2015-060.pdf
http://cds.cern.ch/record/2114825/files/ATLAS-CONF-2015-059.pdf

Measurement of the Higgs cross section

WARWICK

v

From Fiducial to Total Inclusive Higgs production cross section reunversity oF warwick

L B
ATLAS Preliminary
A H—yy 0 H—>ZZ*—4l

¢ comb. data syst. unc.

1 I 1 1 1 1 l 1 1 1 1 l 1 1 1

T I T T T T I T T T T
— O m, =125.09 GeV

pp—H

I T T T T

QCD scale uncertainty

Bl Tot. uncert. (scale ® PDF+a.)

Vs=7TeV, 451b"
Vs=8TeV, 20.3 fb™
Vs=13 TeV, 32fb1

1 l 1 1 1 1

-

\

Illllllllllllll

lllllllllllllllllllllllllllll

T 90¢

13 TeV '—I' 80 :_

Acceptance factor 1 -

- 57 - 8§ 70F

H — ~~ 0.570 £ 0.006 o -

H— ZZ* — 4t 0.427 £ 0.006 60E
Fiducial cross section [fb] 505
H — vy 52757 5

H— ZZ* — Al 065575 40E
Total cross section [pb] 3 OE
H = 4 40758 -

H— Z7Z* — Al 12490 20F
Combination 24720 (stat.) T7 (syst.) 10E
LHC-XS 50.975 -

oF

~10~

Combined observed significance:

7 8 9

Expected: 3.40
Observed: 1.40

Compatibility with SM: 1.30
27.05.2016 E. Pianori, Universita di Bologna
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Outline W
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Conclusion

B H — ZZ* — 4l I:I Signal(mH=125GeVu=1.51) 7]

[ Vs=7Tev det =45f" - Background ZZ* —

- Background Z+jets, tt |
%//% Systematic uncertainty ]

L Vs=8Tev f Ldt=2031"

The first run of the LHC was a major success
a new particle has been discovered!

Events / 2.5 GeV
w
o

Since then, a wealth of measurements confirmed
its compatibility with the predictions from the S.M.

80 90 100 110120130 140 150 160 170

But the devil hides in the details! m,, [GeV]
current precision in coupling measurement is far from the few % level
needed to exclude and constrains new physics not already excluded by lack
of direct observation!

Eagerly waiting for more data from the LHC!!
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Outlook

LHC
Run 1 Run 2 | Run 3
LS1 EYETS 14 TeV 14 TeV
i3 7ey P 13.5-14 TeV —
s et N I
7Tey B8TeV button collimators DS collimation yarackion HL-LHC
R2E project P2-PT(11 T dip.) "BQIONS installation r

| e inrosry [l N el K ~ | upgrade phase 2
0w o 00 =
Run2: x5 (£ Run3: x10 (L
Vs =8 TeV —> 13 TeV
o(ggF) x2.3
o(VBF) x2.4
o(ttH) x3.9

A lot more Higgs events coming! as well as:
- large increase in <number of collision/bunch crossing>

- harder to trigger and reconstruct them

It may become harder to identify Higgs events in the future, so not so fast
progress on precision measurements! projections do not scale with V1!
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Prospect

ATLAS Simulation Preliminary

's =14 TeV: [Ldt=300 fb™" ; [Ldt=3000 fb

(VBF-like
(WH-like
(ZH-like
(ttH-like
(comb.
(VH-like
(ttH-like
(VBF-like
(ggF-like
H—WW (comb.
(Oj

(1j

(VBF-like
H—/y (incl.
L (comb.

H= bb (WH-like
(ZH-like

H—tt (VBF-like
H—uu (comb.
(incl.

(ttH-like

H—ZZ

v

WARWICK
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ATL-PHYS-PUB-2014-016/

27.05.2016

Au/u
E. Pianori, Universita di Bologna

Aulu 300 b~ 3000 fb~"
All unc. | No theory unc. | All unc. | No theory unc.
gg — H 0.12 0.06 0.11 0.04
VBF | 0.18 0.15 0.15 0.09
WH | 041 0.41 0.18 0.18
gqZH | 0.80 0.79 0.28 0.27
ggZH | 3.71 3.62 1.47 1.38
titH @ 0.32 0.30 0.16 0.10
ATLAS+CMS combination
Production process ATLAS+CMS
+0.17
/"ggF 1 '03—0. 15
0.25
HVBF 1 -18ﬁ0.23
0.40
Hw H 0.88f0.33
+0.39
HzH 0.80_¢.36
+0.7
HitH 2.3 206
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016/

Event Categorisation w

WARWICK

Each category: THE UNIVERSITY OF WARWICK
- dominated by one decay mode, very little contaminations from others
- not very pure in case of production modes
—> large cross-contaminations in most channels

- WogF TVBF BWH [ZzH TH bbH tH —
—  ATLAS Simulation H—yy Vs =8TeV

ttH leptonic

ttH hadronic
VH dilepton

VH one lepton
VH EmiSS

T
VH hadronic
VBF tight

VBF loose
Forward - high P

Forward - low Py
Central - high P,

Central - low P,

O 01 02 03 04 05 06 0.7 08 09 1
Fraction of each signal process per category
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