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Overview

Searches of the Higgs boson in fermionic decays
H—rT1

H — bb .
Combined LHC results - tests of the Higgs boson
properties

HIGGS BOSON

0000000000000
LIGHT HEAVY

HIGGS BOSON

EPARTICLEZ(0

“The HIGGS BOSON is
the theoretical particle of
the Higgs mechanism,
which physicists believe
will reveal how all
matter in the
universe gets its
mass. On July 4,
2012, the CMS and
Atlas collaborations
RN announced a
vel of
certainly that the
Higgs Boson had
been detected

with a mass of
around 125 GeV,

derylic felt, fleece wwith gravel
Sfill for mazimum mass.
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Searching for the Higgs boson in fermionic decays

The Higgs boson interacts with all
the massive elementary particles of
the SM, including massive fermions:
leptons and quarks.

For a Higgs mass of 125 GeV the SM
predicts that the most common decay
is into a bottomantibottom quark
pair, which happens 57.8% of the
time.

The second most common fermion
decay at that mass is a tau-antitau
pair, which happens only about 6.4%
of the time.

yy 0.2%

bb 57.8%

7z 2'70/20 9%

WW 21.6%

9 8.6%



Higgs discovery and measurements of its properties rely predominantly on studies of the
bosonic decay modes: H — vy, H - ZZ* and H — WW*.

To establish the mass generation mechanism for fermions as implemented in the SM, it is of
prime importance to demonstrate the direct coupling of the Higgs boson to fermions and the
proportionality of its strength to mass.

The most promising candidate decay modes are the decays into tau leptons, H — 77, and
bottom quarks (b-quarks), H — bb.

Due to the high background, the search for decays to bb is restricted to Higgs bosons produced
in modes which have a more distinct signature but a lower cross-section, such as Higgs

production with an associated vector boson.

The smaller rate of these processes in the presence of still large background makes their
detection challenging.

More favorable signal-to-background conditions are expected for H — 77 decays.
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Production modes - reminder
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Diagrams of the main production mechanisms in pp collisions at LHC: a) gluon-gluon fusion
(ggH), b) vector boson fusion (VBF), c) vector boson association (VH), d) #t association (ttH)



H— 71

Branching ratios of the dominant T decays
Three distinct final states based on

the decay mode of the tau leptons:

3 charged hadrons
> lepton-lepton: both taus decay e

leptonically (BR=10.3%)

» lepton-hadron: one leptonic and
one hadronic decay (BR=42.2%)

» hadron-hadron: both taus decay
hadronically (BR=45.5%)

1 charged hadron
5 7%
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Figure 1: Top: decay of a QCD jet. Bottom:
hadronic tau decay.

Identification of hadronic taus:

» visible decay products of hadronic decay
are collimated in a narrow cone

» Exploit tracking and energy shower
discriminant variables to distinguish taus
from jets and electrons

» Use sophisticated machine learning
techniques to select real taus and reject
fake taus

Reconstruction of hadronic taus:
» hadronic jets with cone AR = 0.4

> 1 or 3 charged tracks in inner cone
AR < 0.2 ("prongs”)
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Figure 3: Leptonic and hadronic decay of a tau-pair

Figure 2: Vector boson fusion channel (VBF).
stemming from the Higgs decay.

Topological signature of the "VBF category”:
» forward-backward jet pair, each jet moves in opposite pseudorapidity detector hemishperes

— large An gap spanned by the edge jets

mjj:\/m%+m§+2(E(TI)EQ(?)coshy—p(Tl)~p§?)) with y~n for p>m (1)

» due to quark color conservation (t-channel), little jet activity is expected i nthe central
region
> ET' in the event .



MMC

THW pair di-tau mass
recoils against jets: close to
smaller angle 125 GeV

two neutrinos:

one neutring: | //_\ 'y smaller visible py
large visible p; . E;" hetween

T and p

T and @
between jets in n

No other jets =
in between % _let

Large n separation,
large invariant mass
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H The "boosted category” contains events where
ik the reconstructed Higgs boson candidate has a
large transverse momentum.
g 000 L000100 <
. “%@b It is dominated by events produced via gluon
% g fusion with additional jets from gluon radiation.

Figure 4: Gluon-gluon fusion channel (ggH).

T
The "VH category” exploits events
with a H — 77 and V' — ¢ decays.
It has the smallest production
cross-section but quite a distinct
signature.

T

Figure 5: Associated production (VH) with V =W or Z.



ATLAS search at /s =7, 8 TeV:

A EXPERIMENT

Run 190872 ,Event 51447267
Time 2011-10-12, 12:09 CEST

P:(T..s) = 43 GeV
p:(n) = 52 GeV
E,™*= 53 GeV

m; = 390 GeV
MMC m_, = 123 GeV

Event display of a H — 77 — 7, Thad + 2 forward jets in a VBF event candidate.
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p 2 EXPERIMENT

¥, Run 190878 ,Event 2721965
X Time 2011-10-12, 12:09 CEST

“~
N # 1-prong T
N\

Pr(Ta o) = 72 GeV
P(Thag 7°") = 45 GeV
E,"™ = 28 GeV
p-(jet) = 107 GeV

Coll. mass = 121 GeV

Event display of a H — 77 — ThadThad + 1 high-pr jet.




JATLAS

A EXPERIMENT

Run Number: 209381, Event Number: 72873013
Date: 2012-08-28 04:17:16 CEST

Display of an event selected by the H — 77 — 7p74 (£ = e, u) analysis in the VBF category,
where one 7 decays to an electron and the other to a muon.

The electron is indicated by a green track and the muon indicated by a red track. The dashed

line represents the direction of the E?iss vector, and there are two VBF jets marked with

turquoise cones. The muon pr is 20 GeV, the electron pr is 17 GeV, EFss = 43 GeV,

mj; = 1610 GeV and m,, = 126 GeV. 13 /47



K\ AT LA S Run Number: 204265, Event Number: 178165311

—}i EXP E RIME NT Date: 2012-06-02 19:53:30 CEST

Display of an event selected
by the H — 77 — TyThad

(¢ = e, ) analysis in the
VBF category, where one
decays to a muon.

The hadronically decaying 7 lepton (1 prong decay) is indicated by a green track and the muon
is indicated by a red track. The dashed line represents the direction of the E7miss vector, and
there are two VBF jets marked with turquoise cones. The muon pr is 63 GeV, the Thaq
candidate pT is 96 GeV, Ermiss = 119 GeV, mj; = 625 GeV and m,, = 129 GeV.



Run Number: 209109, Event Number: 86250372 iﬁ\( A I LA ;

Date: 2012-08-24 07:59:04 UTC EXPERIMENT

Display of an event selected by the H — 77 — ThadThad analysis in the VBF category. The 7,4
candidates are indicated by green tracks. The dashed line represents the direction of the
FErmiss vector, and there are two VBF jets marked with turquoise cones. The transverse
momenta of ther,,y candidates are 56 GeV and 49 GeV, Ermiss = 26 GeV, m;; = 408 GeV
GeV and m,, = 131 GeV.
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https://doi.org/10.1007/JHEP04(2015)117
https://doi.org/10.1007/JHEP04(2015)117

The best-fit value for the signal
strength © = o ogpm in the individual
channels and their combination for
the full ATLAS datasets at

Vs =7TeV and /s = 8 TeV.

The signal strength obtained from the
combined H — 77 analysis is ~ 1.4.

ATLAS
m, = 125.36 GeV

— o(statistical)
—o(syst. excl. theory)

[—o(theory)

Total uncertainty|
+iconp

H- 1t

03
03
03
0z

Boosted

H- Tiepliep M =209

Boosted

VBF w=177%

H- TiopThaa M = 1.0°02
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VBF p=1.0

H = Tt u=207%%

u=367%¢

Boosted

VBF p=1479

Vs=7TeV, 451"
Vs =8TeV,20.3fb"

Signal strength (u)
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Event yields as a function of
log,,(S/B), where S (signal yield)
and B (background yield) are taken
from the BDT output bin of each
event, assuming a signal strength
=0 osm = 1.4 (best fit).

Events in all categories are included.

The predicted background is obtained
from the global fit.

Clear excess of H — 77 events is
seen.

Events / bin

—
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To visualise the compatibility of this
excess of events above background
predictions with the SM Higgs boson
at my = 125 GeV, a weighted
distribution of events as a function of
the m.,, is shown.

The events are weighted by a factor
of In(1 + S/B), which enhances the
events compatible with the signal
hypothesis.

The excess of events in this mass
distribution is consistent with the
expectation for a Standard Model
Higgs boson with my = 125 GeV
with significance 4.50 (observed) and
3.30 (expected) — evidence!

In(1+S/B) w. Events / 10 GeV

Weighted (Data-Bkg.)

- ATLAS

C —¢— Data ]
80— H— 1t VBF+Boosted —— H(125) (u=1.4) —

L 1 [ PR ]

r Vs=7TeV,45fb — N ]
60— Vs=8TeV,20.3 " + B Fakes -

- 244 Uncert. 4
40— -
1

o ]

20F T T 3

[ — H(125) (u=1.4) f

o H{(110) (u=1.6)
10_ ---- H{150) (u=6.2)

50
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CMS analysis at /s =7 8 TeV:

» Cut-based analysis targeting VBF and ggH production modes

» Define search regions based on jet multiplicity:
> 0-jet: targets Higgs boson events produced via gluon fusion
> 1-jet: targets Higgs boson events produced via VBF
> 2-jet: contains all the events that do not enter one of the previous categories

» The invariant mass of the visible tau decays, m,;s, and using the Epmiss information,

m,,, are the main discriminants

» The m,, distributions are combined for the 7Thad, ThadThad and 7.7, channels



The normalization of the predicted background
distributions corresponds to the result of the
global fit.

The signal distribution, on the other hand, is
normalized to the SM prediction (1 = 1).

The distributions obtained in each category of
each channel are weighted by the ratio between
the expected signal and signal-plus-background
yields in the category, obtained in the central
m., interval containing 68% of the signal
events.

The inset shows the corresponding difference
between the observed data and expected
background distributions, together with the
signal distribution for a SM Higgs boson at
mpg = 125 GeV.
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Ref.: J. High Energy Phys. 05 (2014) 104, CMS collaboration.
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http://dx.doi.org/10.1007/JHEP05(2014)104

CMS,4.9fb"at 7 TeV, 19.7 fb" at 8 TeV

'ee
0.05+1.60
s
-0.54+1.38
el
0.80+1.03
ThTh
1.3120.63
e,
0.3120.55
3
HT,
1.0120.41
MLl 4 I+ L1,
-0.33:1.02

m,,= 125 GeV

CMS, 4.9 tb" at 7 TeV, 19.7 fb' at 8 TeV

T
my = 125 GeV 0-jet
0.3421.09

1-jet
1.0720.46

2-jet (VBF tag)
0.94=0.41

H+LL' & l+L7,
-0.3321.02

. H—1t

0.7810.27
L

R ) 2
Best fit u

H-t
0.7820.27

2 4
Best fit

Best-fit signal strength values, for independent channels (left) and categories (right), for

myg = 125 GeV.

The combined value in both plots corresponds to i = 0.78 £ 0.27, obtained in the global fit

combining all categories of all channels. The dashed line corresponds to the best-fit p value.
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Combined observed and predicted distributions

. . . MS, 4.9 1b™ at 7 TeV, 19.7 b at 8 TeV
of the decimal logarithm log(S/(S + B)) in o 10° gu 191 at7TeV 1971 at8Te ;
H o . - . 22 SM H(125 GeV) st
each bin of the final reconstructed di-tau mass § 1o fer EASMHO G e e 3
or discriminator distributions obtained in all a ~+ Observed L]
R R 10° Wojet [ bls, Z%/ -

event categories and decay channels, with it WL éé% 1 1

W VEF tag 2 ’/ -—]—-

S/(S + B) denoting the ratio of the predicted 108
signal and signal-plus-background event yields
in each bin.

b
log(S/(S+B))

10° E

The normalization of the predicted background 102 4
distributions corresponds to the result of the 10 -
global fit.
L T

The signal distribution, on the other hand, is 107 ]
normalized to the SM prediction (1 = 1). ° 2 -1Iog(S/(S+g))

The inset shows the corresponding difference between the observed data and expected
background distributions, together with the signal distribution for a SM Higgs boson at
my = 125 GeV — evidence for the coupling between the 7 lepton and the 125 GeV Higgs
boson!
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CMS H—1t, 4.9 fb™ at 7 TeV, 19.7 fb" at 8 TeV
T T T T T T T T

E T T3
i ‘\\\\ E16
I ,}1 20 An excess of events over the background-only
\ / hypothesis is observed with a local significance
3 T 3 in excess of 3 standard deviations for Higgs
E T 3 boson mass hypotheses between my = 115
?40 and 130 GeV, and equal to 3.2 standard
r —e— Observed p-value 1 deviations at my = 125 GeV, to be compared
r ________ Expected for SM H(m ) 1 to an expected significance of 3.7 standard
d 350 deviations.
E T
i L | " 1 | L L L 1 3
100 120 140
m,, [GeV]

Local p-value and significance in number of standard deviations as a function of the SM Higgs
boson mass hypothesis for the combination of all decay channels.
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CMS H—1t, 491b"at 7 TeV, 19.7 fb™" at 8 TeV
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A likelihood scan in the
two-dimensional (ky, kf) parameter
space for my = 125 GeV.

The Ky and Ky parameters quantify
the ratio between the measured and
the SM value for the coupling of the
Higgs boson to vector bosons and
fermions, respectively.

The observed likelihood contour is

consistent with the SM expectation of
Ry = 1, /ﬂf =1.
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CMS search at /s = 13 TeV:

35.9fb™" (13 TeV)

2 107 ; LB I L I LI B I | I LI B I | I LI I I I LI ;
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E -h* 3 expectation is clearly visible in the
10°E | = most sensitive bins of the analysis.
E 4 Observed %% e ]
10 [+, [ 3 Ref.: Phys. Lett. B 779 (2018) 283,
s — Hootr (ue1.09) 3 CMS Collaboration
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http://dx.doi.org/10.1016/j.physletb.2018.02.004
http://dx.doi.org/10.1016/j.physletb.2018.02.004
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> Combined observed and predicted m.,,
distributions. > Every mass distribution for a
constant range of the second dimension of the
signal distributions has been summed with a
weight of S/(S + B) to increase the

contribution of the most sensitive distributions.

359 (13 TeV)
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> The excess in data is quantified by
calculating the corresponding local p-value
using a profile likelihood ratio test statistic.
>The observed significance for a SM Higgs
boson with mg = 125.09 GeV is 4.90, for an
expected significance of 4.70.
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35917 (13 TeV)
T

35917 (13 TeV)
T

CMS
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ue114 7004
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The combination of the measurements at /s =7, 8

2
Best fit = c/'csS

3

M

2
Best fit p = G/GS

3

M

Best fit signal strength per
category (left) and channel
(right), for

myg = 125.09 GeV.

and 13 TeV with the CMS detector

leads to the first observation by a single experiment of decays of the Higgs boson to pairs of 7
leptons, with a significance of 5.90!
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o Best fit
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The observed likelihood contour is

consistent with the SM expectation of

ky and k¢ equal to unity.
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H — bb

The decay of the SM Higgs boson into pairs of b-quarks w/z \S\H/\/
is expected to have a branching ratio of 58% for o
w/z*
my = 125 GeV, the largest among all decay modes. V\P‘\‘\‘
NNANNNNNN
Accessing H — bb decays is crucial for constraining the b N H b
overall Higgs boson decay width. ~

At the LHC, the very large backgrounds arising from multi-jet production make an inclusive
search extremely challenging.

The most sensitive production modes for probing H — bb decays are those where the Higgs
boson is produced in association with a W or Z boson; their leptonic decay modes lead to clean
signatures, while rejecting most of the multi-jet backgrounds.



B-tagging using unique features of b-jets:

» Hadrons containing bottom quarks have sufficient

e L . —3  tracks b jet

lifetime that they travel some distance before

decaying inside the detector. . b hadron \
» The bottom quark is much more massive (bare mass ~ ______ impact

~ 4.2 GeV) than anything it decays into: its decay parameter

products tend to have higher transverse momentum

(momentum perpendicular to the original direction 28 secondary

of the bottom quark, and therefore of the b-jet). vertex

» This causes b-jets to be wider, have higher
multiplicities (numbers of constituent particles) and «7 _ Primary vertex
invariant masses, and also to contain low-energy \ \
leptons with momentum perpendicular to the jet.

» These two features can be measured, and jets that
have them are more likely to be b-jets.

b-quark lifetime: ~ x107'2 s which can travel d = yer ~ 10 x 3 x 10" 22 x 1072 s = 3 mm
assuming v = E/Mhadron == 50 GeV /5 GeV = 10

47



ATLAS search at /s =7, 8, 13 TeV:

» Three main signatures are explored, ZH — vbb, WH — fvbb and ZH — 00bb.

The respective analysis categories that target these decay modes are referred to as the 0-,
1- and 2-lepton channels, based on the number of selected charged leptons (e or ).

A b-tagging algorithm is used to identify the jets consistent with originating from a

H — bb decay.

In order to maximize the sensitivity to the Higgs boson signal, a set of observables
encoding information about event kinematics and topology is combined into a multivariate
discriminant.

A binned maximum-likelihood fit, referred to as the global likelihood fit, is applied to data
simultaneously across the 3 channels in multiple analysis regions.

The likelihood fit uses the multivariate discriminant as the main fit observable, in order to
extract the signal yield and normalizations of the main backgrounds.

Multivariate discriminants making use of boosted decision trees (BDTs) are constructed,
trained and evaluated in each lepton channel and analysis region separately.

o



ATLAS

EXPERIMENT
http://atlas.ch

Run: 209787
Event: 144100666
Date: 2012-09-05
Time: 03:57:49 UTC

Display of a Higgs boson candidate event with two selected leptons. The two identified b-jets
have transverse momenta of 70 GeV and 65 GeV, respectively, with an invariant mass of 122
GeV. The identified have transverse momenta of 63 GeV and 54 GeV, respectively,
resulting in a transverse momentum of the Z boson candidate of 115 GeV.



ATLAS 2011-08-12 20:16:51 CEST source: [iveXML_187219_19058020 run: 187219 Atlantis

20 0 Z tm 20

Another HZ — pubb event candidate. Ref.: HIGG-2012-08.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-08/index.html
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The fitted values of the Higgs boson signal
strength parameter u for my = 125 GeV for
the W H and ZH processes and their
combination at /s = 13 TeV. Ref.: JHEP 12
(2017) 024, ATLAS Collaboration

35 /47


https://doi.org/10.1007/JHEP12(2017)024
https://doi.org/10.1007/JHEP12(2017)024

(s=13TeV, 36.11b"

Events / 0.25

mm VH — Vbb (u=1.2

i Diboson
tt

m Single top
Multijet

B W+(bb,bc,cc,bl)
Wiel

W+l
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 Z+cl
Z+ll

Jlll‘Ill1‘1111‘1111‘1111_‘4_‘”.‘

Pull (stat.)

-1 05 0 05
Iogm(S/B)

Event yields as a function of log(S/B) for
data, background and a Higgs boson signal
with mg = 125 GeV.

Final-discriminant bins in all regions are
combined into bins of log(S/B), with the fitted
signal being S and the fitted background B.

The Higgs boson signal contribution is shown
after rescaling the SM cross-section according
to the value of the signal strength parameter
extracted from data (u = 1.2).
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Weighted by S8 Dijet mass analysis The distribution of my, in data after

subtraction of all backgrounds except for the
W Z and ZZ diboson processes.

The expected contribution of the associated
W H and ZH production of a SM Higgs boson
with mpg = 125 GeV is shown scaled by the
measured combined signal strength (= 1.3).
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The observed excess has a significance of 3.5 standard deviations, in comparison to an
expectation of 2.8 standard deviations.
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Combination of all analyses:
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Event yields as a function of log(S/B) for data,
background and Higgs boson signal with
mpy = 125 GeV.

The fitted values of the Higgs boson signal
strength parameter p.



The measured signal strength with respect to the SM expectation is found to be p ~ 0.9.

An excess over the expected Standard Model background is observed, with a significance of 3.6
standard deviations compared to an expectation of 4.0.

Assuming the Standard Model production strength, the result is consistent with the value of
the Yukawa coupling to bottom quarks in the Standard Model.

Evidence for a Standard Model Higgs boson decaying into a bb pair and produced in association
with a W or Z boson.



Combined ATLAS & CMS searches at /s =7, 8 TeV

Best fit results for the production signal
strengths for the combination of ATLAS and
CMS data.

The error bars indicate the 1o (thick lines) and
20 (thin lines) intervals.

The measurements of the global signal strength
w are also shown.

Ref.: JHEP08(2016)045, ATLAS/CMS
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Negative log-likelihood contours at 68% CL in
the signal strength plane (u/ = ny ) of the
BRZ,,

VBF and ggH processes, for the combination of
ATLAS and CMS.

The result is obtained from a fit of the five
decay channels H - ZZ, H - WW,
H — ~vy, H— 77, and H — bb.

The best fit values obtained for each of the five
decay channels are also shown, together with
the SM expectation.

Without any additional assumptions about the
Higgs boson branching fractions the fit yields:
wy/pr = 1.09'_"8:32, in nice agreement with
the SM!

I kT - - - 1 - - - 1 - T
7 | ATLAS and CMS [(JH-w
.3 3[LHC Run1l [JHozz
= | [CJH > ww

: |:|H—>1:1

2r Hobb ]

of U ]

-1+ -

[ —68%CL + Bestfit * SM expected

[ s | s | s | | ! s s s | s
0 1 2

f 3
uggFﬂtH

41 /47



Coupling modifiers - testing the Higgs couplings in the SM:

Coupling modifiers are introduced to interpret the LHC data by introducing specific
modifications of the Higgs boson couplings related to Beyond SM physics.

The production and decay of the Higgs boson can be factorized, such that the cross section
times branching fraction of an individual channel o(¢ — H — f) contributing to a measured
signal yield can be parameterized as:

o(k) x T (k)

= @

ag; XBRf:

where
» ['y: total width of the Higgs boson
» T'/: partial width for Higgs boson decay to the final state f.



A set of coupling modifiers, k, is introduced to parameterize possible deviations from the SM
predictions of the Higgs boson couplings to SM bosons and fermions.

For a given production process or decay mode, denoted j, a coupling modifier x; is defined
such that:

) J
2 _ 0y 2 r
=T o K=o 3)
J SM

All SM cross sections and branching fractions include the best available higher-order QCD and
EW corrections.

> In SM, all k; values equal unity.

For example, the coupling modifiers x4 and x- describe the loop processes for ggH production
and H — ~~ decay.

Also, the Higgs boson production cross sections and partial decay widths are only sensitive to
products of coupling modifiers and not to their absolute sign.



Best fit values as a function of particle mass for
the combination of ATLAS and CMS data in
the case of the k parameterization, with
parameters defined as

> yr x I for the fermions

> /Ey x = for the weak vector bosons

where v = 246 GeV is the vacuum expectation
value of the Higgs field.

The dashed blue line indicates the predicted
dependence on the particle mass in the case of
the SM Higgs boson.

The solid red line indicates the best fit result to
a phenomenological model with the
corresponding 68% and 95% CL bands.
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Results of the scan for the global coupling modifiers as well as those obtained separately for each experiment:
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Negative log-likelihood contours at 68% and 95% CL in
the (kp, kv ) plane for the combination of ATLAS and
CMS and for the global fit of all channels. Also shown
are the contours obtained for each experiment
separately.
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Negative log-likelihood contours at 68% CL in the

(n{,, H(/) plane for the combination of ATLAS and
CMS and for the individual decay channels as well as for
their global combination (kg, k) assuming that all

coupling modifiers are positive.
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Synopsis

The observation of the Higgs boson in fermionic decays is fundamental to establish that the
observed resonance at 125 GeV is the SM Higgs boson.

Plethora of stringent tests of the Higgs boson production and decay rates, as well as
constraints on its couplings to vector bosons and fermions have been performed and combined
by the LHC experiments at /s =7 and 8 TeV.

All results are in agreement with the SM prediction!

The combined signal yield relative to the Standard Model prediction is measured to be
w=1.09+0.11.
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Appendix

By choosing the z-axis to be the beam direction, then the energy and momentum of a particle

can be written as

E= mr COShy7 DPzs Py Pz =mTr Sinhy

where mp, conventionally called "transverse mass” of the particle, is given by

mi =m® + p} + p,

Rapidity y is defined by

1. E E i
y=zln Ll In P _ tanh ! (ZL)
2 E-p. my

(4)
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