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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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HIggs boson: mass measurement



HIggs boson mass measurement: strategy

w Combined Measurement of the Higgs Boson Mass in pp Collisions at Vs=7 and 8 TeV with the ATLAS and CMS

Experiments

Why it's important:

O With mn known, all properties of the SM Higgs boson, such as its production cross section and partial decay widths, can be

predicted;

O Increasingly precise measurements have established that all observed properties of the new particle, including its spin, parity,
and coupling strengths 1o SM particles are consistent within the uncertainties with those expected for the SM Higgs boson.

o —yy
Strategy:
O CMS uses the same analysis procedure for the
measurement of the Higgs boson mass and couplings
O ATLAS implements separate analyses for the couplings and
for the mass:
O classifies events in a manner that reduces the expected
systematic uncertainties in.me.

\ 4
O narrow resonant signal peak with several hundred events per
experiment above a large confinuum background;

O different categories depending on the signal purity and mass
resolution fo iImprove sensitivity.
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H— Z/7% — 4]

Strategy:
- 0 CMS uses a three-dimensional fit, utilising the four-lepton mass

distribution, a kinematic discriminant, and the estimated
event-by-event uncertainty in the four-lepton mass;

. O ATLAS employs a two-dimensional (2D) fit to the distribution of

the four-lepton mass and a kinematic discriminant
infroduced to reject the main background.

\ 4

° O only a few tens of signal events per experiment, but very little

background;

O events are analysed separately depending on the flavour of the

lepton pairs.
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https://arxiv.org/abs/1503.07589
https://arxiv.org/abs/1503.07589
https://arxiv.org/abs/1407.0558
https://arxiv.org/abs/1408.7084
https://arxiv.org/abs/1406.3827

HIggs boson mass measurement: statistical analysis

NBI!!

O only minor differences in the parameterisations used for the present combination compared o those used for the combination
of the two channels by the individual experiments;

O almost no effect on the results. . o = parameters of interest

. 0 = nuisance parameters NPs (those corresponding to systematic
L(a 9(@)) uncertainties, the fitted parameters of the background models, and any

w Maximisation of the profile-likelihood ratios: A(a) — - unconstrained signal model parameters not relevant to the particular
L( & 9) . hypothesis under test)
. K ? - @, 0 = unconditional maximum likelihood estimates of the best-fit values for
. . the parameters
. © 0 = conditional maximum likelihood estimate for given parameter values a.
v ;
constructed using signal and background probability density functions (PDFs) that depend on the discriminating variables:
H — yy : H— Z7% — 4]
diphoton invariant mass : four-lepton invariant mass
O signal PDFs: derived from MC samples; . O signal PDFs: derived from MC samples;

O background PDFs: obtained directly from the fit to the data. . © background PDFs: combination of MC and data control regions.

Important to perform a mass measurement that is as independent as possible of SM assumptions
O three signal-strength scale factors: reducing the dependence of the results on assumptions about the Higgs boson couplings
and about the variation of the oxBR with the mass;
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HIggs boson mass measurement: results
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O Profile-likelihood fits to the data are performed as a function of my and the signal-strengths Wgw

O statistical uncertainty defermined by fixing all nuisance parameters to their best-fit values, except for the three signal-strength

oF+ttH

scale factors and the H — yy background function parameters, which are profiled;

M

Yy
VBF+VH

e

O systematic uncertainty determined by subtracting in quadrature the statistical uncertainty from the total uncertainty.

1 1 1 | I 1 | | | | | | | | I | 1 1 | I 1 | | | | | | | | I | 1 1 | I 1 1
ATLAS and CMS —e— Total Stat. [ SYSt.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy | = |  126.02 =+ 0.51 (= 0.43 + 0.27) GeV
CMS H—yy ——— 124.70 + 0.34 ( £ 0.31+ 0.15) GeV
ATLAS H—2ZZ -4l [ o | 124.51+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—ZZ —4l ——— 125.59 + 0.45 (= 0.42 = 0.17) GeV
ATLAS+CMS vy I-—EI—-l 125.07 = 0.29 (= 0.25 = 0.14) GeV
ATLAS+CMS 4] I_lE—I 125.15 + 0.40 ( = 0.37 = 0.15) GeV
ATLAS+CMS yy+41 I—?—I 125.09 = 0.24 ( = 0.21 = 0.11) GeV
| 1 | | I | | | | I | | 1 | | | 1 | | I | | | | I | | 1 | | | 1 | | I 1 1
123 124 125 126 127 128 129
m,, [GeV
o............. ........ .. .....................................................................................................
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HIggs boson mass measurement: results

Results interpretation

O Compatibility of the signal sirengths from ATLAS and CMS is evaluated through:

yy CMS A expt

ATLAS
;texpt — ATLAS / CMS }yexpt — 7 / : —
H H F H HooF +tiH 4 H

coF+ttH

41 ATLAS / U 41 CMS

O each ratio individually taken to be the parameter of interest, with all other NPs

profiled, including the remaining two ratios for the first two ftests.

O Correlation between the signal strength and the measured mass is
explored with 2D likelihood scans as functions of gy and ms.

O The three signal strengths are assumed 1o be the same:

YY — 77 — 9 —
H ogoF+ttH AvBr+vE — H #

O the ratios of the ¢, X BR are constrained to the SM predictions.

O Assuming that the negative log-likelihood ratio —2 In A(u, myy) is

distributed as 0)(2 variable with two degrees of freedom, the 68%
confidence level (CL) confidence regions are shown.
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HIggs boson mass measurement: systematic uncertainties

Treatment and understanding of systematic uncertainties is an important aspect of the individual measurements and their

combination:

O ~ 300 NPs: ~100 fitted parameters describing the shapes and normalisations of the background models in the H — yy channel;
O remaining ~ almost 200 NPs, most correspond 1o experimental or theoretical systematic uncertainties.

ATLAS and CMS
LHC Run 1

HOW"‘O‘I'req‘I"I'hem: oooooooooooo.oo' ooooooo Loooolololool ooooo loooololololooooloolooloollolololoo
. . . ATLAS ECAL non-linearity / |
O impact of groups of NPs is evaluated starting CMS photon non-linearity
from the contribution of each individual NP to Material in front of ECAL | I
the total uncertqinty: ECAL longitudinal response | ]
O defined as the mass shift dmu observed ECAL lateral shower shape | , ,
When re_evgluqﬂng The proﬂle_“ke“hOOd oooooooooooooo A KRR R IR N B IR N AR o ¢ 6o 6060606060600 0 o b
. .. : . : Photon energy resolution [] ] ]
ratio after fixing the NP in question to its ATLAS H .
) . — yy vertex & conversion —]
best-fit value increased or decreased by 1 reconstruction
standard deviation (o) in its distribution; Z — ee calibration I l I
» CMS electron energy scale & resolution — ]
O impaqt Of.q group of NPs is eSﬂqueq by Muon momentum scale & resolution |_] | 1
Sum.mlr)g. 1N quOdrgfure the contributions from o A‘ﬁ_,&s:[:[ ;.y;, BaoCkogroana r},(;d(;";,g oooooooooooooooooooooooooooooo ._I. ............
the Individual parameters.
Integrated luminosity
. Additional imental ATLAS CMS Combined
The largest systematic effects are related to the systematic ﬁﬁ%ﬁﬂg}ﬁgél oneomved | | obeorved | | tslng
determination of the energy scale of the photons, Theory uncertainties | [Expected | | OExpected | | Expected
followed by those associated with the determination of R S e el b 1o
Y 0 005 01 0O 005 01 0 0.020.040.06
the eleciron and muon momentum scales.
om, [GeV]
....................................................................................................................... .o
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Uncertainty in ATLAS

Uncertainty in CMS

Uncertainty in LHC

combined result

combined result

combined result




Overview of ATLAS and CMS
analyses about HIggs



H|ggs boson story af the LHC

pp —H Production modes
Decay modes

A
©  ggF, VBF HH VH
vy, ZZ, WW T bb
. A A A
10fb! : 25fb1 36 fb-1 80 fb1 140 fb- e

- N . T E— > LR

Precision measurements of the properties of the Higgs

boson are an important test of the SM

O Yukawa coupling strengths are free parameters in the
SM and do not explain the observed pattern of fermion

Rare produc’rions
and decays?

MASsSES; | | W Properties:
O notf understood why the Higgs boson mass is near the O MAss
electroweak scale, since it is not protected in the SM O spin and parity W Measurements:
from large quantum corrections; | O couplings O inclusive cross-section
O development of many beyond the SM (BSM) theories O width O differential cross-section
that can alter the properties of the Higgs boson. O lifetime O Simplified Template X-Section
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HIggs boson mass measurement: new results
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PLB 784 (2018) 345 ATLAS 25 fb-1+34 fb-1 . 35.9 fb- CMS JHEP 11 (2017) 047
H— Z7*% - 4] H — yy . H— Z7*% - 4]
Strategy H — 7Z — 4I: Strategy H — yy: Strategy: | |
O similar to H—4l analysis: © more complex wrt H—yy analysis: : © m§r1e1§o<mplei< ;’gg ge;//pus H—4l analysis:
0 110 < my < 135 GeV: © 105 < my, < 160 GeV: : mai eV, . .
O 4 ccﬂegories: 4e, 2e2, o 31 ccﬂegories spli’r INn terms of : © evecr;’r CT(.ZITegOI'IijOTIC.)ﬂ to enhance the signal purity based on
2u2e and 4p jets, production modes, etfc : o grgqtic;;?ir;?je ezsézu and 4u
~ L A S R S B S B S I A CMS 35.9 fb' (13 TeV) S
O maximisation of the & '*F ATLAS T ombined - = ST '1 O maximisation of the
orofile-likelihood ratio; 1o [ H—ZZ*+H - yy Combination —Run 2 1.9 70 ' ) o.roﬂ.le—hkellhood ratio;
O Likelihood based on © Run1: 5= 7-8 TeV, 25 b cSEe g s | | O Likelihood based on
_“ggs Mass: b Rl‘m 2:Vs=13TeV, 36.1fb q - 6:_ 1 HIggs and 7/ mqgsl |
O combination with Run 1 i . 5:_ - eptons pr and invariant
data (7-8 TeV, 25 fb1) 8 g ! ] mass.
61— . - 4 .
i : 3__ — 2e2u ]
:._ ° - —— 4e ]
4: ¢ 2:_ —— Combined ]
- . [ -eeee Combined (stat. only) _
2r . . | N =
* generated from the likelihood I "":‘ : ) ] * generated from the likelihood
distribution A with NPs fixed at the best : o oL Lo Lo b1 | 1 distribution A with NPs fixed at the best
fit value obtained on data and the 124 . 120 121 122 123 124 125 126 127 fit value obtained on data and the
POI fixed to SM hypothesis my, (GeV) POI fixed to SM hypothesis
O ....................................................................................................................... .o
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https://www.sciencedirect.com/science/article/pii/S0370269318305884
https://link.springer.com/article/10.1007/JHEP11(2017)047

HIggs boson cross-section measurement: Inclusive

PRD 101 (2020) 012002

Strategy

ATLAS
up to 79.8 fb-!

H — yy, ZZ*, WW*, tz, bb, uu

O each analysis performed independently with many event categories:
O more than 60 categories per experiment;

O likelihood function defined as the product of the likelihoods of each input analysis;

O simultaneous fit to data, with xsec of each processes as PO,

O measurement of the signal strength of the Higgs production process.

ATLAS

Systematic uncertainties freatment

O systematic uncertainties affecting
multiple analyses are modelled with
common NPs;

O experimental uncertainties freated as
uncorrelated;

O theory uncertainties in the signal (QCD
corrections and PFD choice) affect the
exp. signal yields of each production
and decay process

O modelled by a common set of NPs;

O background modelling uncertainties

treated as uncorrelated.

—e— Total Stat. @ Syst. | SMm
Vs=13TeV,24.5-79.8fb"
m, =125.09 GeV, ly | <25
Py = 76% Total Stat. Syst.
| +0.07
ggF FH=—H 1.04 +0.09(+0.07, _506)
0.24 0.18 0.16
VBF + — e — 1.21 J_ro.22 (fo_w, f0_13)
. : 040 ,+028 +0.29
WH i C . 1.30 “gag (1057 —007)
ZH = | 105 ooe (£0.24, 017
{TH+tH HE=— — 121 F00 (£047, To%)
l|lllIllllIllllll|lll||ll|lll|lll|lll|lll
0.6 0.8 1 1.2 14 16 1.8 2 22 24 206
Cross section normalized to SM value
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CMS EPJC 79 (2019) 421
35.9 fb-1
_ Oobserved
Iu —
OsMm
35917 (13 TeV)
CMS ® Observed
== +1G (stat @ syst)
B — 120 (stat @ syst)
w +1G (SYSt)
Hyer _—""—
gy [
Hitn _"°—_
1 .
IlIIIIIlIiIIIIllIIIIIIIIIIIIIIIIIIIIIII
0O 0.5 1 15 2 25 3 35 4
Parameter value
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1140/epjc/s10052-019-6909-y

HIggs boson cross-section measurement: Inclusive
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PRD 101 (2020) 012002 ATLAS H — vy, 77% WW*_ tt, bb, i CMS EPJC 79 (2019) 421
up fo 79.8 fb-1 35.9 tb-1
ATLAS +—Total | Stat. == Syst. "' SM grz\dc;’ds ?ftf:rossfsloec:t:c;:s CmddBRi. 4 35.9 fb™' (13 TeV)
s=13TeV,24.5-79.8fb escription of bo e production an
m,, = 125.09 GeV, |y | < 2.5 P : pro . CMS ;?b?et“’edl
P =71% H decay mechanisms of the Higgs boson is | o interva
Total Stat. Syst obtained by considering the products - g :
so1a (011, *5%) o...1 X BR of the cross section in oy WW | >
e (014 , £006) pI’Od . @) T ——
08 018 (011 . 2o01s) production process i and branching bb [ R
=09 3% (s3 . ow) fraction to final state f. HH —
___________________________________________________ £009 (£007 , og¢ ) n Y| —e+-
‘o35 (030 » ‘ote) 2| ——
4 (8 ) o= T BR; QD ww| -
‘o35 (loz7 . zo2t1) if — T | —
9 (1982 |08 oM BRYM L —
______________________ ‘ver_ (1157 .+ ose) T YY [ : .
“oz2_ (1017 s ona) . -— i
“““““““““““““““““““““““““““ s Toss “lozsy| O Not all the processes are considered < WZV$ i ; .
‘oza (lo77 . loar (VH—TT for both, VBF—=bb for CMS), due to bb [ —
=119 MO (107 s fows) TTATI YY | —
______________ 115 o2 (2016, Toi) low sensitivity; T ZZ| o—
NE N N ww :
oz (e 2 tow)l O CMS restricts to non-negative values some bb -
om0 o) signal strengths YL T
______________________ ‘3% (202 , 0s2) S S S 77 —
02 (Lor7 , 1020 O background contamination is T Ww| -
T — sufficiently low so that a negative = 1T —°:“_
—2 0 2 4 6 8 signal strength can result in an overall bl .\
: : -4 -2 0 2 4 6 8 10
negative event yield. uf
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1140/epjc/s10052-019-6909-y

Higgs boson couplings: combined measurement
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PRD 101 (2020) 012002 ATLAS H — yy, ZZ*, WW*, 7, bb, i CMS EPJC 79 (2019) 421
up to 79.8 fb-1 35.9 tb-1

K- framework model to study Higgs couplings

O assumed that there are no BSM contributions to the total Higgs boson width;
O coupling modifiers are introduced in order to test for deviations in the couplings of the Higgs boson to other particles;

O for a given production process or decay mode j, a coupling modifier k; is defined such that sz — Gj/UjSM or sz — Fj/FjSM

O Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the different parficles, are introduced.

> crrr ! L ! o ErTr ! L ! -1
E]; [ ATLAS - S——— L A N\ AL/
= = (s=13TeV,245-79.8fb" T §‘> 15_CMS .
O - m,=12509GeV, |y, |<25,p,,=78% & = 1 . E :
3 O SM Higgs bouon W - Results in terms of reduced :
M E = o
- - coupling-strength scale factors 'c‘? 101}
L — LL . .
- Lot -] > L
1072 E_ '!7% —E o mV ¥LL o i
- —68%CL y — K7 —— ~“F 3
- - \% \% :
102 —95%CL  — \ T 4 SM Higgs boson
S _ = for weak bosons with a mass my —— (M, ) fit
- m,(m,,) used for quarks - 1 0—3 ;
104 | = m = T
- = | , | | = o o F + 26
£ 1.4 3 Yr = Kg . =
o . : :
g 2p { } .. E for fermions with a mass me. p
| | aahdd GEELELTTTTITETIEELTEEE] EXY CELELLLLLELLIELELELTELRLEE LPEL L — +—
0.8F E 2
e T e T . © 0 TR s s 1 aasel T |
107" : 10 102 ot 10" : 10 102
Particle mass [GeV] * v =246 GeV Particle mass [GeV]
o R T 0O
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1140/epjc/s10052-019-6909-y

Higgs boson couplings: combined measurement

ATLAS
up to 79.8 fb-!

PRD 101 (2020) 012002

(@ JOI I A I I I I I I R I R A I I

H — yy, 27*%, WW*, 17, bb, Uy

Probing the universal coupling-sirength scale factors

O Kky =Ky =Kz and kg =K, =K, = K, = K,

CMS
35.9 fb-!

PJC 79 (2019) 421

O presence of any BSM particles is not expected to significantly change the corresponding kinematic properties of the

processes
O no invisible or undetected Higgs boson decays, i.e. Binv = Bundet =0 ;
O only the relative sign between kv and kr is physical. N
EL N L LN BNLLL BN L LN IR LRI RN LU
° :_ATI;I:?TS V,24.5-79.8 fo # Bestit
. VS = ev, o Iy . —
1.8 T m, =125.09 GeV, v, |<25 —68% CL N
~p =41% ----95% CL -
1.6 — M » SM —
1.4 —
w 1.2 —
15 —
0.8 —
06 f_ — Combined — H—yy “—‘:E
0.4 - —H-ZZ H—WW ]
E ~ H—bb — H-171 E
0-2__111Illlllll|lllIlllIlIlIlllIIllIlllIlllll__
O 02 04 06 08 1 12 14 16 18 2
K
74

Silvia Biondi - Corso di Dottorato - AA 2019/2020

0.5

35.9 b (13 TeV)
AL AL LLELAS L

1.5

" CMS

1o region

........... 20 region
4 Bestfit
% SMexpected T

:H—>bb H—1t
H—-ZZ H-oyy
H->WW | |Combined
[ | [
0.5 1 1.5 2
Ky
29.01.2020


https://link.springer.com/article/10.1140/epjc/s10052-019-6909-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002

HIggs boson cross-section measurement: differential
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ATLAS
H — yy, ZZ*

ATLAS-CONF-2019-032

O xsec measured as a function of interesting observables, different bins defined;

139 fb-!

35.9 fb-!

CMS

PLB 792 (2019) 369

H — yy, ZZ*, bb

Differential Higgs boson production cross sections are sensitive probes for physics beyond the SM!
O it may manifest itself through deviations from the distributions predicted by the SM;

O fiducial phase spaces defined at parficle level that resemble the detector acceptance and analysis selections;
O the measured cross sections are model independent and are compared with predictions of various QCD calculations

— 10 g e - . -1
> 0; ATLAS Prellmlnar¥ | | 3 . 109MS 35.9fb (13 TeV)
% - A13 fev. 1591 1. % - Ao(p > 600) / 250
. 2 1?1'53-"" ﬂ"A*tj':A,,m q - C\5 1;—&}% iy Ao(p! > 200) /120
O Experimental and Tk R g 1 .9 --ﬁ---?--g---- Ao(p > 600) / 250
fheoretical S 10 4 Combined data i E AL S s e T T O H—bb included only in the
. g . = - ¢ - mbination . . .
uncertainties affecting 8 5 Hopy Lol 1 .o o 3 combination of the Higgs
B " ; 7 - < -2 Syst. unc. i3
both channels are 102 - D HoZZodl DI IR 107E o o1 spectra;
correlated (common - NRLOPS f= 1.1, 20 B I B H%
NPs); 10° o al: H%Z ......................... O experimental syst
O uncertainties in - E_M_; 0B aMc@nLo, NNLOPS I uncertainties from the input
acceptance and ot [ Oauffom CYRM-2017-002 } analyses are incorporated
COrreCTlon fOCTOrS (due 1 4_LI I | L | L | L | L | L | L | L | L | L ¢ S 10 S;I S | In The COmbanTlon OS NPS
fo parfon shower > 12f } { } 4. 35 & in the extended likelihood
variations) are JJE S Y (Y M R R N S - +4 . £ o2 ¥ fit and are profiled;
correlated; = af I s S . .
6 all the ofhér are 3 0.8F * 1. g 0 a l O theory uncertainties subject
© 06wl b bvv b b b b b b ° e S O T PR o 1N _hi i
incorelated. O 00 %0 30 45 60 80 120 200 3501000 - 01530 45 80 120 200 350 600 fo bin-tfo-bin correlations.
p.. . [GeV] pH (GeV)
T,H T
o R T 0O
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http://cdsweb.cern.ch/record/2682844/files/ATLAS-CONF-2019-032.pdf
https://www.sciencedirect.com/science/article/pii/S037026931930228X?via=ihub

Higgs boson cross-section measurement: differential

ATLAS-CONF-2019-032 ATLAS 139 fb-1  35.9 fb-1 CMS PLB 792 (2019) 349
H — yy, ZZ7 H — yy, ZZ% bt~

Total cross-section measurement
O H—yy and H—ZZ only for both the experiments;

O both the results are in good agreement with SM prediction (a%g/IT =55.6x2.5pb).

Oy, = 56. 7464 pb CMS 35.9 fb" (13 TeV)
5 v —0 . — | G,y from CYRM-2017-002
= 00| ATLAS Preliminary — Oppon My =125.09GeV - c O =64.0£9.6pb £ 5 Stat uncertaint
T 0L , QCD scale uncertai - _ +5.6 1 H—yy : y
1 AH-yy ©H-ZZ*—4l scale uncertainty OH_77 = 54 .4 pb - Combination
& i : Bl Total uncertainty (scale ® PDF+a,) ] — -54 ° < -
o - ¢ Combined data - g AN L H-—>ZZ
80~ © Systematic uncertainty - : OH_77 = 58 2+9 8 pb ' 4 H — vy
: ] : | 0, = 61.1 £6.0 (stat) £3.7 (syst) pb
60F RTZ O F:ombino’rion . 3L
l 1 IMmproves Lhe O combination _
40r g p;%?s\f/)rr’: ’rhye improves the precision 5[
i _ ° by 27% wrt the H—yy i
20 (s=7TeV, 45fb" - H—yy channel n Lindividuall -
: 58TV, 203 fb- - ndividugl channel individually A W |
I /s =13 TeV, 139 fb” ] ndiviauatly -
O =73 "9 10 11 12 13 : L S
(s [TeV] : 0""30 40 50 60 70 80
Ot (PD)
Vo I T P O
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HIggs boson width measurement: constraints

PLB 786 (2018) 223-244 ATLAS 34 fb-1 - 24.8 fb-1+80.2 fb-1 CMS JHEP 11 (2017) 047
H— 77*% - 41/22y H — ZZ — 41/212v : H — 7Z7% — 4] H— 77 — 4]

Combination of on-shell and off-shell analyses:
O non negligible interference effects between the production processes;

O measurement of the relative off-shell and on-shell event yields provides direct information about Iy

6gg—>H*—>ZZ
__ “oft—shell . k2 . k2
Hoff—shell = ~ . Tpx 77— "“g off—shell * “Z, off—shell
Ooff— shell, SM

—>H—>7Z7% 2 2 o
Ggg—shell kg, on—shell - kZ, on—shell : > Hoff—shell - 1—1H
/“ton—shell — — gocecccooco o oo
H—-Z/* SM . SM
Ggg—_)sheﬁ, SM I'p/Ty : Hon—shell [

kg and kz are the off(on)-shell coupling relative to the SM
predictions associated to gg — H* production and H* — 7/ decay
they are assumed to be the same in the off- and on-shell process
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HIggs boson width measurement: constraints
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Strategy of 4l
O follows closely the H—4l
analysis

-2In(A)

PLB 786 (2018

14

12

10

3-244

ATLAS
H— Z7*% - 41/22v

O on-shell: my4 [118,129] GeV
O off-shell: m4 [220,2000] GeV
O 3 categories: 4e, 2e2u

36 fb-

H— 77 — 4l/2[2v

Strategy of 212v
O follows closely the search for

[1—2|2v

and 4u

L I UL I L L | L I L
i A TL A S ----- Expected-Stat. only -~
s - Expected |
i H* > ZZ — 4|,2|2V ----- Observed-Stat. only ]|
13 TeV, 36.1 b ki o
: KgN. on-shell — KgN. off-shell :

Illl[lllllll]llll

-
....
~
-~

I I | I | I I S |

0 1 2 3 4 5

O off-shell: my4 [250,2000] GeV
O mrZ to discriminate S from B
and to enhance sensitivity

O ratio I'y, /T3 in plot

* generated from the likelihood
distribution A with NPs fixed at the best
fit value obtained on data and the
POl fixed to SM hypothesis

O osssvoeecconns e e e o s e e e e s s e eeeseecessececeseecesssccesseeeens
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24.8 fb-1+80.2 fb-1
H— Z/% — 4]

Strategy

reconsfruction
O on-shel
O off-shel

:my > 220 GeV

O Run 1 + Run 2 combination

-2 A InL

CMS

: My [105,140] GeV

10

JHEP 11 (2017) 047

H— 77 — 4]

O follows closely the general H—4l selection and

O 3 categories: 4e, 2e2u and 4u

5.1fb" (7 TeV) + 19.7 b (8 TeV) + 77.5fb ™" (13 TeV)

—

p—

. CMS i

I UL l LI I UL I L | I UL I LI B | I LI |

— Observed
--- Expected
— Observed, 2016+2017
--- Expected, 2016+2017

4
95% CL -.-" -
s,
o’

b

B

Py 68% CL
* generated from the likelihood 1 -,--r" | l |
distribution A with NPs fixed at the best S
: : 6 8 10 12 14
fit value obtained on data and the
POI fixed to SM hypothesis Iy, (MeV)
.. .......................................................... O
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Search for H — yy decay mode
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ATLAS-CONF-2019-028 ATLAS 139 fb-1 . 35.9 fb-1 CMS PRL 1 19) 021

Study of particular importance, because it extends the invesﬁgaﬁc;n to its couplings to fermions of the second generation

O expected BR to Higgs fo muons is 2.17x10-4;

S 1, is several orders of magnitude smaller than the O(GeV) experimental di-muon mass resolution;

O signal would appear as a narrow resonance over a smoothly falling mass spectrum from the SM background processes, primarily
Drell-Yan (DY), > 90%, and leptonic tt decays.

ATLAS Preliminary, /s =13 TeV, 139 Ifb—l, H — up

1.0- : Z __ .
—— B(x107%) ° . 35.9 b (13 TeV)
Strqfegy: 0.01 | T~ | — S/B(x10) . Strategy: . ; :—CMS 4 Dat -= qgH
O events containing | | | — svB -+ O évents containing . v veE
fwo opposite- 0.0001 i i . tWo opposite- 10° ttest  -- VH
charge muon c 10 . charge muon i W - tH
candidaftes; 2 0.75 . candidates; M -
. S . O 15 categories o' b
O 12 categories 5 05 . divided% “’“ﬂﬁiL
divided by jet B 0.25 : Y . 210 L
. re s S . expected dimuon z F e
multiplicity and BDTs @ ¢ : . 102 D |l
e 1.0 . . : mass resolution and 1
score indicafing 5 ; | . -
- =075 : : ’ BDTs score frained L) S LT P RLCRELR pomnees -
probability of a g ; ; Top . : I
specific Hiaas £ 05- ; g Diboson ~ * with uncorrelated s
P e 99 do o0E | ; Z/y . variables with my; R EXIIEIEOL
PIOGUETION MOUS, 5 — - . 0110 <my, <150 GeV. 10!
OT10<mu<160GeV.  ®27.7c 57 e s g e & 5 ¢ 3 :
I 3 L = 8 = = 8 = = 8 = . O 01 02 03 04 05 06 07 08 09 1
-~ i A S <) o Transformed BDT
= & - S °
o ....................................................................................................................... .o
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.021801
http://cdsweb.cern.ch/record/2682155/files/ATLAS-CONF-2019-028.pdf

Search for H — yy decay mode

(@ JOI I R I I R A I I I R R A e I I

35.9 fb-1

ATLAS-CONF-2019-028 ATLAS 139 fb-1

Systematic uncertainties treatment

O S/B~0.2% in my,=120-130 GeV — background determination is of paramount importance;
O analytical function to describe with high accuracy the main background;
O signal and background modelling are included in the uncertainties: accounting for possible mismodeling in the signal/lbkg shape or rate;
O experimental systematic uncertainties dominated in each category by jet energy scale and resolution and muon momentum resolution.

Results:

O improvement of about 50% in expected sensitivity compared
with the previous ATLAS result;

O half of this improvement comes from the increased integrated
luminosity and half from refinements in the analysis techniques.

Results:
O improvement of about 50% in expected sensitivity compared
with the previous CMS result;
O combination with Run 1 datasets helps the improvement.

CMS

PRL 1

019) 021801

O mn s AN  AREEEE AR x10° 35.9 fb” (13 TeV)
o - ATLAS Prellmlnary - Data - .
O - _ - CMS All categories
s 250 I‘E —1>3u-:,-LeV 139 fb : g?gtﬁlalljlg)l:l):F — % 10 H-up S/(S+B) weighted
7 v : 7] 1=0.7 for m =125 GeV ¢ Data
e 200 log(1+S/B) weighted ....Bkg. PDF E g o H e
L - - 8 5 i B component + 1o (20)
B 0 o . £ SM x10
= - - ©

— - e

50— - . 2 2

— V| R

e 1020
_ . B t subtracted
mi ° Q 200 { component subtracte
® 0 . 8 { by 8
®© LD ] LT ;
Q —o00f {4 2! ¢
110 115 120 125 130 135 140 145 150 15?3 \1/60: 110 115 120 105 130 135 140 145 150
o e e 0 ro'
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.021801
http://cdsweb.cern.ch/record/2682155/files/ATLAS-CONF-2019-028.pdf

HIggs self-coupling constraints ATLAS only  A1L-pys-pus-2019-009

o .......................................................... H N }/}/, ZZ*, WW*, TT, bB, //t//t

Properties of the Higgs scalar potential (i.e. Higgs self-coupling), still largely unconstrained

O Higgs ftrilinear self-coupling contributions Auun Need 1o be taken into account for the
calculation of the next-to-leading (NLO) EW corrections;

O an indirect constraint on AsnH by comparing precise measurements of single Higgs
production yields and the SM predictions corrected for the Auni-dependent NLO EW effects.

up to 79.8 fb-!

Strategy:
O overall 61 event categories among the analyses;

O differential xsec measurements in VBF and VH
processes, just one bin in ttH;

O varied Higgs trilinear coupling, changes in k;
affect not only the inclusive rates of Higgs boson
production and decay processes, but also their

kinematics;
O accounting for effect due to the variation of the

trilinear coupling Aunu: both production cross
section and BRs. K

22 29.01.2020
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/

HIggs self-coupling constraints
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Strategy:
O likelihood fit is performed to constrain the value of the Higgs boson self-coupling K;;

O leaving untouched all other Higgs boson couplings (ky = kg = 1);
O global fit o k; = Aypp/Anm in the range —20 < k; < 20;

O only two coupling modifiers k- and k;, are considered.

-21n (A)

Results:
O differential information currently provided by the STXS
regions in the VBF, WH and 7H production modes does

not help to improve the sensitivity to k; significantly;

O a dedicated optimisation of the kinematic binning,
iINncluding the most sensitive ggF and 1tH production
modes, still needs to be fully theoretically and
experimentally explored and might improve the
sensitivity in the future.
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ATLAS only ArL-PHYS-PUB-2019-009
H = yy, ZZ*, WW*, 1z, bb, uu

up to 79.8 fb-!

* generated from the likelihood
distribution A with NPs fixed at the best
fit value obtained on data and the

POI fixed to SM hypothesis

o I L l L ] L I I I |

ATLAS Preliminary

- (s=13TeV, 36.1-79.8 b -
= m,,=125.09 GeV E
:_ - - - Stat. only —:
- —— Stat. + Exp. Sys. -
C — Stat. + Exp. Sys. + Sig. Th. Sys. E
- —— Total = Stat. + Exp. Sys. + Sig. Th. Sys. + Bkg. Th. Sys. .
= 12¢
- 1o
: | | | | | I | | | | I | :
S 10 15
K
29.01.2020


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/

ATLAS only ArL.-PHYS-PUB-2019-009

H — yy, ZZ*, WW* 1z, bb, uu

Two additional fit configurations are considered in this note, in which a simultaneous fit is performed to K

HIggs self-coupling constraints
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up to 79.8 fb-!

and Kg, or fo k) and Ky

O remaining coupling modifier that is not included in the fit, kv in the first case and kr in the second case, is kept

fixed to the SM prediction;

O target BSM scenarios where new physics could affect only the Yukawa type terms (kv = 1) of the SM or only
the couplings to vector bosons (kr = 1), in addition o the Higgs boson self-coupling (ka).

Resu"s° ¥LL 1.5_] L | L | L | I I L I L L L l_ 1.5_! T I L | T I L | L | L I L I_

o A ) ted. includi dditi 1 d ¢ - ATLAS Preliminary - - ATLAS Preliminary -

> S*PECIed, Including additional degrees o 145 V{s=13TeV,36.1-79.8 fb B 1.4 Vs=13TeV, 36.1-79.8 fb E

freedom to the fit reduces the constraining - - - -

~ m,=125.09 GeV, k, = 1 - " m,=125.09 GeV, k. = 1 :

power of the measurement; 1.3 - 1.3 —

O sensitivity to Ky Is not much degraded when - - -

determining kr at the same time, while it is tee e B .20 S

degraded by 50% (on the expected lower B - - :

. .. . 1.1 . — 1.1 -

95% C.L. exclusion limit) when determining - : \ - - ’

simultaneously kv and K. 1E : - 1E -

0.9F * sm R 0.9 * sMm -

~ <4 BestFit ] ~ <4 BestFit ~

0.8:— —68%CL 0 TTseaaa-T _: 0.8:— — 68% CL _:

- -=-=95% CL - - -=-=95% CL .

0 7_1 | | | L1 11 I | I I I | | | | | | I L1 1 1 | L1 1 l— 0 7_1 L1 1 | | | I L1 1 1 | L1 1 1 | L1 11 | | I I I 11 l—

-20 -15 10 -5 0 5 20 -20 -15 .10 -5 0 5 10 15 20

K, K

....................................................................................................................... O
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LHC / HL-LHC plan
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High
Luminosity
LHC

LHC / HL-LHC Plan

LHC
I i
Run 1 Run 2 Run 3
EYETS 14 TeV
13-14 TeV —_— energy
splice consolidation injector upgrade - o107 X
7 TeV 8 TeV g:atton collimators l¢:ryo Po?gt 4 icnrtyec:grgtliton HL-LHC installation pominal
R2E project Civil Eng. P1-P5 regions I L

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

&

radiation
damage

2 x nominal luminosity
experiment upgrade | 1 experiment upgrade

phase 1 phase 2

integrated
luminosity

experiment
beam pipes

75%
nominal
luminosity I

" om

1

nominal luminosity
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HIggs boson mass measurement: new results
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PLB 784 (2018) 345 ATLAS 34 fb-1. 35.9 fb-1 CMS HEP 11 (2017) 047
H— Z7*% - 4] H — yy H— Z7*% - 4]
Strategy:

O more complex wrt previous H—4l analysis:

O 7 categories based on jet multiplicity, leptons, kinematics
discriminants (sensitive to differente production modes and jets
production), etc

O definitions of the categories were chosen to achieve high signal
purity whilst maintaining high efficiency for each of the main
Higgs boson production mechanisms.

*no Run 1 combination for this result, the full combination is shown in the main body

1 1 I I 1 | | | | 1 1 1 I I | 1 | | 1 1 1 | I I | | | I 1 1 1 L
ATLAS = Total Stat. Only ° CMS ‘ ' ' _ 359 fio” (13 TeV)
Run 1 Vs = 7-8 TeV, 25 fb™, Run 2: Vs = 13 TeV, 36.1 fb’ Total  (Stat. only) : - B ogH
i . Untagged [EIONAEDEECEEENIE B VBF
Run1H—4/ . : 124.51+ 0.52 ( + 0.52) GeV
: | B WH, WX
Run1H—yy : . ¢ 126.02 +0.51 ( +0.43) GeV : VBF-1jet g expected events B WH, W—slv
Run 2 H—4/ — I ' 124.79 + 0.37 ( + 0.36) GeV ° tagged ZH, Z-X
: VBF-2jet B ZH, Z-21

Run2 H - 124.93 + 0.40 ( £ 0.21) GeV . 4.24 expected events - <
A S, I 24.93£0.40 (+0.21) Ge . tagged Pe ttH, ti—>00+X
Run 1+2 H—4/ ——— 124.71+0.30 ( + 0.30) GeV : VH-hadronic > 08 exoected evente ] tIH’ t'E—)1l+X
Run 142 H—yy —_—— 125.32 + 0.35 ( + 0.19) GeV . tagged : = Bl ttH, tt—2/+X
Run 1 Combined — 125.38 + 0.41 ( + 0.37) GeV o - i

un 1Combine " + ( ) Ge : VI-: Ieptodnlc 0.38 expected events
Run 2 Combined v——-T- 124.86 + 0.27 ( + 0.18) GeV . agge

--------------------------------------------------------------------------- ° miss
Run 1+2 Combined == 124.97 +0.24 ( +0.16) GeV . MRS (.11 expected eve
----------------------------------------------------------------------------------- . tagged
ATLAS + CMS Run 1 —e— 125.09 + 0.24 ( +0.21) GeV . 99 )
| | I 1 1 | | | | | | | I 1 | | | I | | | | I | 1 | | I | | | : tiH tagged 0'51 expeCt
123 124 125 126 127 128 . 0 01 02 03 04 05 06 07 08 09 1
m,, [GeV] signal fraction
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HIggs boson mass measurement: new results
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PLB 784 (2018) 345 ATLAS 34 fb-1. 35.9 fb-1 CMS JHEP 11 (2017) 047

H— Z7*% - 4] H — yy H— Z7*% - 4]

Main systematic uncertainties:

O lepton energy scale

O 4]l mass resolution (20%)

O lepton identification and reconstruction efficiency (from
2.5 10 9%)

O integrated luminosity (2.5%)

*no Run 1 combination for this result, the full combination is shown in the main body

Table 1

Main sources of systematic uncertainty in the Higgs boson mass my measured with
the 4¢ and yy final states using Run 1 and Run 2 data. The sum in quadrature
of the individual contributions is not expected to reproduce the total systematic
uncertainty due to the different methodologies employed to derive them.

Source Systematic uncertainty in my [MeV]
EM calorimeter response linearity 60
Non-ID material 55
EM calorimeter layer intercalibration 55
Z — ee calibration 45
ID material 45
Lateral shower shape 40
Muon momentum scale 20
Conversion reconstruction 20
H — yy background modelling 20
H — yy vertex reconstruction 15
e/y energy resolution 15
All other systematic uncertainties 10
0 ....................................................................................................................... .o

Silvia Biondi - Corso di Dottorato - AA 2019/2020 28


https://www.sciencedirect.com/science/article/pii/S0370269318305884
https://link.springer.com/article/10.1007/JHEP11(2017)047

Higgs boson cross-section measurement: Inclusive
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PRD 101 (2020) 012002

ATLAS

H—yy

H— 727"

H - WW*

H—-T11

H — bb

ttH leptonic (3 categories)
ttH hadronic (4 categories)

ttH multilepton 1 € + 2 Tpaq

tt H multilepton 2 opposite-sign € + 1 Thaq
ttH multilepton 2 same-sign ¢ (categories for 0 or 1 T,,4)

ttH 1 £, boosted
ttH 1 ¢, resolved (11 categories)
ttH 2 ¢ (7 categories)

ttH ttH multilepton 3 ¢ (categories for 0 or 1 T,q)
ttH multilepton 4 £ (except H— ZZ*— 4¢f)
ttH leptonic, H— ZZ* — 4¢
tt H hadronic, H— ZZ*— 4¢
VH2¢ | VH leptonic 2¢,75 < py < 150 GeV, Njets = 2
VH1Epy " > 150 GeV 2£,75 < p¥ < 150 GeV, Niets > 3
VH 16, po 5T <150 Gev 2£,pY > 150 GeV, Njgys =2
VH | vy Emiss, EIiss > 150 GeV 0-jet, p*¢ > 100 GeV 2¢, p3 > 150 GeV, Niets 2 3
VH Eg"SS,E;r""ss <150 GeV 1£pY > 150 GeV, Njess = 2
VH+VBEF p). > 200 GeV 16%2 150 GeV, Niets = 3
VH hadronic (2 categories) 2-jet, mjj < 120 GeV 0¢, p$ > 150 GeV, Njets =2
0¢, pY > 150 GeV, Niets = 3
VBF, p?// > 25 GeV (2 categories) | 2-jet VBF, p} > 200 GeV | 2-jet VBF VBF pI7 > 140 GeV VBF, two central jets
VBE | VBE. p}77 <25 GeV (2 categories) | 2-jet VBE, p)' <200 GeV (Thad Thad only) VBF, four central jets
VBF high-m;; VBF+y
VBF low-m;;
2-jet, p)Y > 200 GeV 1-jet, p¢ > 120 GeV 1-jet, mgp < 30 GeV, pi? <20GeV | Boosted, pI* > 140 GeV
2-jet, 120 GeV< p?l?'<200 GeV 1-jet, 60 GeV< p%£<120 GeV | l-jet, mgp < 30 GeV, pf > 20 GeV | Boosted, p1" < 140 GeV
2-jet, 60 GeV< p) <120 GeV 1-et, pJ < 60 GeV 1-jet, mgp > 30 GeV, pf <20 GeV
ogF 2-jet, pk' < 60 GeV O-jet, pf < 100 GeV 1-jet, mgp > 30 GeV, pf > 20 GeV
1-jet, p¥'> 200 GeV O-jet, mgg < 30 GeV, pf <20 GeV

1-jet, 120 GeV< p)”'<200 GeV
L-jet, 60 GeV< p¥Y'<120 GeV
1-jet, pY < 60 GeV

0-jet (2 categories)

O-jet, mgg < 30 GeV, p}T > 20 GeV
0-jet, mgp > 30 GeV, pi2 < 20 GeV

O-jet, mep = 30 GeV, pgz > 20 GeV

O cccrcrcncsccccccecoscoscoscoscoccscecoscoscoscoscossoscscscscscsssossosscscscscscsssscssoscscscscscscsscscsccsccsccsccsccsccscccsccscsccscccscsd)
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CMS

EPJC 79 (2019) 421

Decay tags Production tags Number of Expected signal fractions Mass
categories resolution
H — yy, Sect. 3.1
vy Untagged B 74-91% ggH ~1-2%
VBF 3 51-80% VBF
VH hadronic 1 25% WH, 15% ZH
WH leptonic 2 64-83% WH
ZH leptonic 1 98% ZH
VH p** 1 59% VH
ttH 2 80-89% ttH, ~8% tH
H — ZZ™ — 4¢, Sect. 3.2
4, 22 /2ue, de Untagged 3 ~95% ggH ~1-2%
VBF 1, 2-jet 6 ~211-47% VBF
VH hadronic 3 ~13% WH, ~10% ZH
VH leptonic 3 ~46% WH
VH p** 3 ~56% ZH
ttH 3 ~T1% ttH
H— WW'™ = guéy, Sect. 3.3
e/ e ggH 0, 1, 2-jet 17 ~255-92% ggH,upto ~15% H — 1 ~20%
VBF 2-jet 2 ~47% VBF,upto 225% H — 11
ee+ L geH 0, 1-jet 6 ~:84-94% ggH
e+ VH 2-jet 1 22% VH,21% H — 11
3£ WH leptonic 2 ~80% WH,upto 19% H — 11
4f ZH leptonic 2 85-90% ZH,upto 14% H — 11
H — rr,Sect. 34
e, eTy, [ATh, ThTh 0-jet 4 ~70-98% ggH, 29% H - WW ineu ~10-20%
VBF 4 ~:35-60% VBF,42% H — WW ineu
Boosted B ~48-83% ggH, 43% H — WW ineu
VH production with H — bb, Sect. 3.5
Z(vv)H(bb) ZH leptonic 1 ~100% VH, 85% ZH ~10%
W(£v)H(bb) WH leptonic 2 ~100% VH, ~97% WH
Z(£€)H(bb) Low-p1(V) ZH leptonic 2 ~2100% ZH, of which ~20% ggZH
High-p1(V) ZH leptonic 2 ~100% ZH, of which ~36% ggZH
Boosted H Production with H — bb, Sect. 3.6
bb pr(H) bins 6 ~72-79% ggH ~10%
ttH production with H — leptons, Sect. 3.7.1
2€ss ttH 10 WW/rr &~ 4.5, ~5% tH
3¢ 4 WW:rr:ZZ~15:4:1,~5%tH
4f 1 WW:irr:ZZ~6:1:1,~3%tH
1€421, 1 96% ttH with H — tr, ~6% tH
2€ss+11, 2 tr: WW=5:4 ~5%tH
3i+1n, 1 tt . WW:ZZ~11:7:1,=3%tH
ttH production with H — bb, Sect. 3.7.2
bb tt — jets 6 ~:83-97% ttH with H — bb



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://link.springer.com/article/10.1140/epjc/s10052-019-6909-y

Higgs boson cross-section measurement: Inclusive

OPRD1Q1(2_Q2_Q)_Ol2_O_Q2AT|_AS CMS £p1C 79 (2019 421

The number of signal events in each analysis category k is expressed as E Decay tags Production tags CNa‘:;ngl;‘:ire‘;f Expected signal fractions r:;fution
nfgnal = L Z Z(a' X B)if(A X €)if.k (1) ° (f — 1e+jets 18 ~65-95% ttH with H — bb, up to 20%
i f . H—> WW
) . tt — 2€+ets 3 ~84-96% ttH with H — bb
where the sum runs over pr_oduction modes i (i = ggF, VBF, WH,ZH,ttH,...) and decay final states : Search for H — pu, Sect. 3.8
f(f=yy, ZZ*, WW*, 17, bb, uu), Ly is the integrated luminosity of the dataset used in category k, and . «u S/B bins 15 56-96% ggH, 1-42% VBF ~1-2%
(A X €)if,x is the acceptance times efficiency factor in category k for production mode i and final state * Search for invisible H decays, Sect. 3.9
f. The cross section times branching fraction (o~ X B);s for each relevant pair (i, f) are the parameters « Invisible VBE : >2% VBE, 48% geH
of interest of the model. The measurements presented in this paper are obtained from fits in which these ° ggH +2 1 )= 1 80% geH, 5% VBF
o VH hadronic 1 54% VH, 39% ggH
‘ ZH leptonic 1 ~100% ZH, of which 21% ggZH
Uncertainty source Apf p [%] :
Statistical uncertainty 4.4 :
Systematic uncertainties 6.2 :
Theory uncertainties 4.8 o
Signal 4.2 :
Background 2.6 :
Experimental uncertainties (excl. MC stat.) 4.1 :
Luminosity 2.0 :
Background modeling 1.6 e
Jets, Emiss 1.4 :
Flavor tagging 1.1 :
Electrons, photons 2.2 :
Muons 0.2 :
T-lepton 04 :
Other 1.6 .
MC statistical uncertainty 1.7 :
Total uncertainty 7.6 ’
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HIggs boson cross-section measurement: Inclusive
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020) 01200 ATLAS

PRD 101
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20 ATLAS — H— vy

- V/s=13 TeV, 24.5 - 79.8 fb ™' —Ho 77

| my = 125.09 GeV, |yu| < 2.5

| pou = 50% H— WW
15 B —_—H—- 7T

- — Combined

I

10

O ver [pDb]

| L L
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T T T ]
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I
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UggF [pb]

FIG. 4. Observed likelihood contours in the plane of oygp
versus oy.r from individual channels and the combined fit.
Contours for 68% CL, defined in the asymptotic approximation
by —21In A = 2.28, are shown as solid lines. The 95% CL contour
for the combined fit, corresponding to —2In A = 5.99, is also
shown as a dashed line. The crosses indicate the best-fit values,
and the solid ellipse the SM prediction. Higgs boson branching
fractions are fixed to their SM values within theory uncertainties.
The probability of compatibility between the combined meas-
urement and the SM prediction, estimated using the procedure
outlined in the text with two d.o.f., corresponds to a p-value of
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CMS EPJC 79 (2019) 421

359 b (13 TeV)

CMS ® Observed
== 1+ 10 (stat @ syst)
B — 120 (stat @ syst)
. == +1G (SYyst)
uYY __.__
27 :
U ——
LIWW !
uTT .E
ubb E.
T e
IIIIIIIIIIIIIIiIIIllIIIIIII
—2 -1 0 1 2 3

Parameter value
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Higgs boson couplings: combined measurement

ATLAS

Production Loops Interference Effective Resolved modifier
modifier
o (ggF) v t-b Kg 1.04 k2 + 0.002 K127 —0.04 k; kp
o (VBF) - - - 0.73 k3, + 0.27 k2
o(qq/qg — ZH) - - - K2,
o(gg — ZH) v -7 KggzH) 2.46 K% + 0.46 Kt2 —1.90 k7 k;
o(WH) : - - Key
o(ttH) - - - K2
a(tHW) - t-W - 2.91 k7 +2.31 &5, — 4.22 kekw
o(tHq) - t-W - 2.63 Kf‘ +3.58 K‘ZV —5.21 Kk kw
o (bbH) - - - Ki
Partial decay width
rbb - - - Ki
rww - - - K%V
Iss v t—b Kg 1.11 &7 + 0.01 &5 — 0.12 kK
ree : i e
2z ) ) ) K%
ree - - - Kg (= K,z)
Iy v t-W K.% 1.59 K%V +0.07 Kf —0.67 kwk;
| 24 v t-W K(zzy) 1.12 k3, — 0.12 kw K
s . 3 - K (= Kﬁ)
['HH - - - Kz
Total idth (Biny = Bundet = 0)
0.58 Kg +0.22 K%V

+0.08 Kg +0.06 2
Tu v - K5 +0.03 k2 + 0.03 «2

+0.0023 &5 +0.0015 7,

+0.0004 «2 + 0.00022 Kﬁ

(@ JOI I A I I I I I I R I R A I I

PRD 101 (2020) 012002

CMS

An additional fit is performed using a phenomenological parametrization relating the
masses of the fermions and vector bosons to the corresponding x modifiers using two
parameters, denoted M and € [113, 114]. In such a model one can relate the coupling
modifiers to M and € as kp = v m¢/M '*¢ for fermions and «y = v m2¢/ M '+2¢ for vector
bosons. Here, v = 246.22 GeV, is the SM Higgs boson vacuum expectation value [115].

The SM expectation, x; = 1, is recovered when (M, €) = (v, 0).

EPJC 79 (2019) 421

Effective Loops Interference Scaling factor Resolved scaling factor
Production
o (ggH) v g-t kg 1.04x2 + 0.002«2 — 0.038kk,
® 2 2
. o (VBF) — — 0.73ky + 0.27k;
. o (WH) - — K,
: 0(qq/qg - ZH) ~ — — k7
. o(gg — ZH) v Z-t 2.46i2 + 0.47k2 — 1.94kzK,
° o (ttH) — — K2
[ J
. o (gb - WtH) — W-t 291k + 2.31kg, — 4.22kcw
° o (gb — tHq) — W-t 2.63k2 + 3.58k%, — 5.21kkew
[ J
. o (bbH) — — Kt
¢ Partial decay width
[ J
2
° re T _ Kz
° FWW . . KV2V
: rvv v W-t % 1.59k%, + 0.07x2 — 0.67kwk
° ) aka _ . Kr2
[ J bb 2
° F — — Kb
Y [HH - . KlZL
: Total width for Bggm = 0
o 0.58k¢ -+ 0223, + 0.08x2
[ J
. I'y v - Kh +0.062 + 0.026x2 + 0.029«2
o +0.0023k; + 0.0015k7,,
. +0.00025k2 +0.00022«

32
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HIggs lboson couplings: combined measurement

PRD 101 (2020) 012002 ATLAS H — yy, ZZ*, WW*, tr, bl_a, U CMS ERJC 79 (2019) 421
up to 79.8 fb- 35.9 fb-1

FH’ ot is affected both by modifications of the K; Parameter Best fit value
and contributions from two additional classes of

Parameter Result Higgs boson decays

Ky 110 + 0.08 o |nV|.5|b.Ie decays, which are identified through an W 1.10 1:8:13
Ermiss signatures; 10.11
Kw 1.05 +0.08 O undetected decays, to which none of the Co.10)

K 1.06 + 0-19 analyses included in this combination are Kz 0.99 i8;i;
o - 018 sensitive; (t0-11y

K: 1.02 +9-10 O BR for decays into invisible final states is ~ 0.1%, ol

. % Kt 1.11 _ .

from the H—Z7*—4v process 0.10

Kt 1.07 £0.15 S +0.11
O BSM contributions to these BRs are denoted Co12)

Ku < 1.53 at 95% CL by Binv aNd Bunget. Kb —1.10 1—833
(F022)

Ky 1.01 20
(Fo0.15)

Kp 0.79 07
CroD
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HIggs boson cross-section measurement: differential

ATLAS-CONF-2019-032 ATLAS
H — yy, ZZ*
Pt H Bin do/ dPT,H (pb/GeV)
0-10 GeV 0.73 +0.15
10-20 GeV 1.16 = 0.21
20-30 GeV 0.80+0.15
30-45 GeV 0.58 = 0.10
45-60 GeV 0.278 & 0.075
60-80 GeV 0.215 £+ 0.054
80-120 GeV 0.142 + 0.023
120-200 GeV 0.044 + 0.007
200-350 GeV 0.007 4+ 0.001
350-1000 GeV | 0.0002 £8 x 10~
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PLB 792 (2019) 369
139 fb-1 . 35.9 fb-1 CMS _
: H — yy, ZZ*%,bb
Channel  p¥ binning (GeV)
H—yy [0,15) [1530) [30,45) [45,80) [80, 120) [120,200) [200,350) [350, 600)  [600, cc)
H->2zzZ [0,15) [15,30) [30, 80) (80, 200) [200, 00)
H—>bb  None [350, 600)  [600, co)
Channel Njets binning
H— yy 0 1 2 3 >4
H— ZZ 0 1 2 >3
Channel |yu| binning
Ho yy [0.0, 0.15) [0.15, 0.30) [0.30, 0.60) [0.60, 0.90) [0.90, 1.20) [1.20, 2.50]
H— 7Z [0.0, 0.15) [0.15, 0.30) [0.30, 0.60) [0.60, 0.90) [0.90, 1.20) [1.20, 2.50]
Channel p’f ¢ binning (GeV)
H— yy [0, 30) [30, 55) [55, 95) [95, 120) [120, 200) [200, o0)
H— ZZ [0, 30) [30, 55) [55, 95) [95, 00)
Ne
L(AC|0) = ]‘[ Lm(Ac|6) pdf(d)
m=1


http://cdsweb.cern.ch/record/2682844/files/ATLAS-CONF-2019-032.pdf
https://www.sciencedirect.com/science/article/pii/S037026931930228X?via=ihub

Higgs boson cross-section measurement: differential

35.9 fb-1 CMS PLB 79 19) 349

-1 n -
CMS 35.9 b (13 TeV) CMS 35.9 fb™' (13 TeV) CMS 35.9 fb' (13 TeV)
~~ —
QO 10°F ¢  Combination 3 C ¢ Combination > " ¢ Combination
8 Syst. unc. & Syst. unc. 8 Syst. unc.
7 S -
- s 4 Hoyy I 4 H-vyy B 10 b H-yy
CD
D > @)
Z 402k f Hozz > t Ho2zz o t Ho2zz
- <] —
% - §§§ aMC@NLO, NNLOPS B aMC@NLO, NNLOPS *0-5 — aMC@NLO, NNLOPS
<] i O, from CYRM-2017-002 <] 10° =) Og, from CYRM-2017-002 —% 1E— O, from CYRM-2017-002 Overflow norm.
- - jet
105— %\fi : H I { B . f Ao([:T > 95) /40
] W S T g et
- I' r [ [ / 10 1.-_ } i
s . B ! E Y  beeibedepzopzpeceesefeccccnccccccccnccce..
Ay I | 1
10 ! 1t
a -
] APEPEPE NI EPEPEPEPE IR Pl PP 102l 1.1..“1..,,.11..,1....1...‘11..,.ah1.1l...
c [ c c 4F
S 4F S HF s F I
5 3f A 5 2 | I S | T}
g 2 % 8 s } 8 2 '
R T e A o o B 5 RAMINNE S % g L s ¥ = S T
g Of [ 2 3 { % s OF l
g = 8 o S IFEPEEPE AT R 8 | T R TP Y PR P S N
0 1 2 3 >4 0.0 0.15 0.3 0.6 0.9 1.2 2.5 30 55 95 120 200 o
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Higgs boson width measurement: constraints

(@ JOI I R I I I I I I R I R R A I I

PLB 7 1 3-244

ATLAS

H— 7Z7*% — 4[/212v

36 fb-

H— 77 — 41/2[2v

2
m# = \/ [\/mg + (pp)” + \/ mZ + (EFs)? | — | i+ ETiss|?
2 L B s LA L B H S  p  p 2 _llllllllllllllIllllllIIEIFI)elCtIe;IStIatI(I)IIyII_
= - ATI A 000 e Expected-Stat. only ] = - ATIAS T X -olat. only 4
é 14 __ATLAS —— Expected -] N? 14 __ATLAS —— Expected ]
' - H* > ZZ - 41,212v - Observed-Stat. only B H* - Z2Z — 41,212y - Observed-Stat. only
12113 TeV, 36.1 fb” —— Observed o 12|13 TeV, 36.11b" — Observed -
10 : g?f::e'"—)ZZ u:)/:zhl';;r>22=1 : K'V, on-shell = K'V, off-shell’ r/ I‘SM=‘|
(c) Ryg
Expected
Median +1 o0 +2 o
I off-shell ZZ — 4¢ analysis 45 43 [3.3, 5.4] [2.7,7.1]
ZZ — 2{£2v analysis 5.3 44 [3.4,5.5] [2.8,7.0]
Combined 3.8 34 [2.7,4.2] [2.3,5.3]
Ty/TM Combined 3.5 3.7 (2.9, 4.8] [2.4,6.5]
Rgg Combined 43 41 [3.3, 5.6] [2.7,8.2]
O
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24.8 fb-1+80.2 fb-!

H— Z/% — 4]

CMS

JHEP 11 (2017) 047

H— 77 — 4]

Parameter

'y, MeV)

Observed

3.2133 [0.08, 9.16]

Expected
4.1+27 10.0, 13.7]

— 1,2 2
Rgg o kg,off—shelll k

g,on—shell


https://reader.elsevier.com/reader/sd/pii/S0370269318307494?token=DA9F0E5326252694021399BBFA04BCA2EB13CC6D3058CA9D3501FF86FE4E65E9D0E30084423E1DFCAC35A6B3084AD2CB
https://link.springer.com/article/10.1007/JHEP11(2017)047

Higgs boson width measurement: constraints
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PLB 786 (201 3-244 ATLAS 34 fb-1 . 24 8 fb-1+80 2 fb-1 CMS HEP 11 (2017) 047
H—->Z7Z/* > 4l/212v H - Z7Z — 4l1/2[2v : H— Z7% — 4] H—- 77 - 4]
Systematic uncertainty 95% CL upper limit on [ ff-shell :
ZZ — 4¢ ZZ — 202v Combined °
QCD scaleqq— ZZ 4.2 3.9 3.2 °
QCD scale gg — (H* ->)ZZ 4.2 3.6 3.1 :
Luminosity 41 3.5 3.1 o
Remaining systematic uncertainties 41 3.5 3.0 :
All systematic uncertainties 43 4.4 34 :
No systematic uncertainties 4.0 34 3.0 :
o ............................................................. ® e 6 0 0600600606000 00000000000000000000000000000000000000000c00000 .o
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Search for H — yy decay mode

(@ JOI I R I I R A I I I R R A e I I

PLB 784 (2018) 345 ATLAS 139 fb-1 * 35.9 fb- CMS JHEP 11 (2017) 047
Category 0-jet 1-jet VBF 2-jet .
Ovgp < 0.60 ¢
High 0% pr 2 0.75 O, 2 0.78 Ovsr > 0.89 O, 2048 X
Medium 0.35<0) <075 038<0,,<078 0.77<Ovpr<089 022<0;,<048 .
Low OggF < 0.35 O; oF < 0.38 0.60 < Ovygr < 0.77 ogF < 0.22 . BDTresponse Maximum ggH VBE WH ZH fiH Signal Bkg/GeV FWHM  Bkg fit S/v/B @
o quantile (%) muon |7| (%) () (D) (B) (%) @125 GeV (GeV) function FWHM
° 0-8 | < 2.4 49 13 33 63 32 212 313x10° 42  Dygw Baga  0.12
. 8-39 19< g <24 56 17 39 35 13 223 134x10° 72  Dypw Bagsa  0.16
. 839 0.9 < |yl <1.9 10 28 65 64 52 411 224x103 41  Dygw Baga 029
. 839 7] < 0.9 32 08 19 21 35 127 7.83x 102 29  Dypw Bagsa  0.18
. 39-61 1.9 24 29 17 27 27 03 118 437x10 70  Dyvew Bue 0.14
Category Data Sgpy \) B S/ ‘/E S/B [%] . 39-61 00 < {ZI S10 72 33 61 52 13 292  970x10° 40  Dupw Baws 03I
o 39-61 7] < 0.9 36 1.1 26 22 09 145 481x10? 2.8 Dyew 0.26
. o 61-76 19<7/<24 12 15 18 17 02 52 148x10? 76  Dyew Bue 0.11
VBEF ngh 40 45 23 34 0.39 6.6 ° 61-76 0.9 < |Z| <19 48 36 45 44 07 203 5.12x10? 4.2 Dﬁz Bjezj 0.29
VBF Medium 109 55 2.8 100 0.28 2.8 ° 61-76 7] < 0.9 32 16 23 21 06 131 322x10? 3.0 Dyew 0.28
) ) ) ) ° 76-91 19<y/ <24 12 31 22 21 02 58 1.04x10? 7.1 Dypw Baeg4 0.14
VBF Low 450 06 49 420 0.24 1.2 ° 7691 09<|g<19 44 87 62 60 1.1 203 3.60x102 42  Dypw Buega 0.35
° 76-91 7] < 0.9 31 40 38 36 09 137 236 x 10 3.2 Dyew 0.34
2-jet High 3400 38 19 344() 0.33 0.6 . 91-95 m <24 17 64 25 26 05 86 96.0 4.0 Dvsw 0.28
- . . 95-100 7| < 2.4 20 19 15 14 07 137 83.4 4.1 Dyew 0.48
21 et Medium 13938 70 35 13910 0.30 0.3 ° Total | <24 59 61 51 52 49 253 1.30 x 10* 3.9
2-jet Low 407477 75 38 40860 0.19 0.1 .
1-jet High 2885 32 16 2830 0.31 06 -
1-jet Medium 24919 107 54 24890 0.35 0.2 0
1-jet Low 77482 134 68 77670 0.24 0.1 0
0-jet High 24777 85 43 24740 027 02 -
O-jet Medium 85281 155 79 85000  0.27 0.1 X
0-jet Low 180478 144 73 180000 0.17 <0.1 .
o ....................................................................................................................... .o
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HIgQs self-coupling constraints ATLAS only  AIL-PHYs-puB.2019-009

o...o..oo.ooo.o.o.oo..oo...o...o...o..oo.ooo.o.o.oo...o...o H—)}/}/,ZZ*,WW*,TT,bE,ﬂ//t

Analysis Integrated luminosity (fb~!)
H — vy (including ttH, H — yy) 79.8
H— ZZ*— 4¢ (including ttH, H— ZZ*— 4¢) 79.8 } f -1
H— WW*— evuy 36.1 Up O 79.8 b
H— 1t 36.1
VH,H — bb 79.8
ttH, H — bb and ¢t H multilepton 36.1 Ao yy Ho 27 T W T H — bb
ttH leptonic (3 categories) tt H multilepton 1 € + 2 744 ttH 1 €, boosted
ttH hadronic (4 categories) tt H multilepton 2 opposite-sign £ + 1 Tp,q ttH 1 ¢, resolved (11 categories)
1t H multilepton 2 same-sign ¢ (categories for 0 or 1 ,,4) ttH 2 ¢ (7 categories)
ttH tt H multilepton 3 £ (categories for 0 or 1 7j,4)
tt H multilepton 4 £ (except H— ZZ* — 4¢f)
ttH leptonic, H— ZZ* — 4¢
tt H hadronic, H— ZZ*—4¢
VH2 ¢ V H leptonic 2¢£,75 < pr < 150 GeV, Njers = 2
VH 1¢, p$.+ET > 150 GeV 26,75 < pY. < 150 GeV, Njegs > 3
Ly | VH1E T <150Gev 26, pY > 150 GeV, Njess = 2
VH EP'S, EP'SS > 150 GeV O-jet, p1* > 100 GeV 2 ¢, pJ > 150 GeV, Njets = 3
VH Emlss E{niss <150 GeV 1¢ pT > 150 GeV, Njers =2
VH+VBFp’ > 200 GeV 1 €pY > 150 GeV, Njeis =3
T jets
VH hadronic (2 categories) 2-jet, mj; < 120 GeV 04, pr. =2 150GeV, Njers = 2
0¢, p{ > 150 GeV, Njers = 3
VBF, pX. Y1) 5> 25 GeV (2 categories) | 2-jet VBF, p’T > 200 GeV 2-jet VBF VBF pI™ > 140 GeV
VBE | VBE,p W” <25 GeV (2 categories) | 2-jet VBF, p’T <200 GeV (Thad Thad only)
VBF hlgh-ij
VBF low-mjj
2-jet, Y’ = 200 GeV I-jet, p3¢ > 120 GeV 1-et, mee < 30 GeV, pi? <20 GeV | Boosted, pI* > 140 GeV
2-jet, 120 GeV< p?'<200 GeV 1-jet, 60 GeV < pr- M <120 GeV | 1-jet, mgp < 30 GeV, p.; > 20 GeV | Boosted, p" < 140 GeV
2-jet, 60 GeV'< p}”' <120 GeV I-jet, p3* < 60 GeV 1-jet, mee = 30 GeV, p}. 2<20 GeV
ogF 2-jet, p¥’ < 60 GeV 0-jet, p‘“’ < 100 GeV 1-jet, mgg > 30 GeV, p}. > 20 GeV
1-jet, p > 200 GeV O-jet, mge < 30 GeV, pI < 20 GeV
1-jet, 120 GeV< pX <200 GeV 0-jet, mgg < 30 GeV, p}r > 20 GeV
1-jet, 60 GeV < pi”'<120 GeV 0-jet, mgp = 30 GeV, p}. < 20 GeV
1-jet, pY” < 60 GeV 0-jet, meg = 30 GeV, p7? > 20 GeV
0-jet (2 categories)

O cccccrcrcsccccececoscoscoscoscosccscecoscocoscoscossoscscscoscoscoscossoscscscscscsssossossoscscsccscoscssosscsscscsccsccsccscscscscscscsccscccsscsscsd)

Silvia Biondi - Corso di Dottorato - AA 2019/2020 39


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/

nggs Se‘f-COUpHﬂg constraints ATLAS only AIL-PHYS-PUB-2019-009
e S U H = yy, ZZ*, WW*, 75, bb. ua

BSM - ” (k- 1CE
. o : Ka -1
_ _ 7BSM 2 1 up to 79.8 fb
: o : Kiw
accounting for effect due to the variation of the frilinear coupling Axuh:
. both production cross section and BRs.
: BRBSM . K2+ (k- 1)
p(kaKp) = = = ——— 1
: ) BR?M : Y BRSM [ K2 + (ky — 1)Cj ] Figure 2: Variation of the cross-sections (a) and branching fractions (b) as a function of the trilinear coupling modifier
. J J J 1 ky. The plots represent the equations (2) and (4) using the numerical values shown in Tables 3 and 4, all obtained
E 1.2_I L | Tl | T | L | L | [ | Tl T I_
(& : SM SM : — 10_lll][lll|IIII|lllllllllllllll][llllll_
m 115 —BR,/BRy, BR:./ BR; = = of ATLAS Preliminary :
~ X SM SM - c C oo _ : -
E 1 1: — BR,,. / BR>. BRbB /B . - ~ 85 f.- 13Zetv, 3:3.(1 7152.8fb1 :
Re A SM ~ ! — Asimov dataset (x,= —
0 - BRyw-/ BRyy- - - m, = 125.09 GeV -
m . — [ =
1.05 = - —ggF — VH .
i : 6 —vBF ttH E
1:_ ....................................................................................................................................... _: 53_ _i
0.955 = 4r D
: : 3F .
0.9_ ] n
N . 2
1 o ] -
ZBM (k) = —— with 6Zy =-1536x107 085 : NN
1—(Kﬂ,—1)6ZH 08: | I I I I | | : O:llllllllllllll : . lllllllll
220 15 -10 -5 0 5 10 15 20 —20 -5 -1 -~ 0 5 10 15 20
K
Ky A
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