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Nuovo rivelatore a pixel (2017
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Fase-2 upgrade tracuatore di CMS
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Produzione e decadimento

gluon fusion (ggF)

INFN Pisa - 10 Nov 2020

7% - 4%

vector boson fusion (VBF) Higgs-strahlung (VH)

H—72Z, WW H—ff

P.Azzurri - Higgs to muons

top quark fusion (ttH)

b7, u

Higgs BR




Decadimenti in fermioni

LETTERS

PUBLISHED ONLINE: 22 JUNE 2014 | DOI: 10,1038/NPHYS3005

Evidence for the direct decay of the 125 GeV Higgs

boson to fermions

The CMS Collaboration®

The discovery of a new boson with a mass of approximately
125 GeV in 2012 at the Large Hadron Collider' has heralded
a new era in understanding the nature of electroweak
symmetry breaking and possibly completing the standard
model of particle physics*®. Since the first observation in
decays to yy, WW and ZZ boson pairs, an extensive set
of measurements of the mass™®" and couplings to W and
Z bosons™™®, as well as multiple tests of the spin-parity
quantum numbers'®™*, have revealed that the properties of
the new boson are consistent with those of the long-sought
agent responsible for electroweak symmetry breaking. An
important open question is whether the new particle also
couples to fermions, and in particular to down-type fermions,
as the current measurements mainly constrain the couplings
to the up-type top quark. Determination of the couplings

the heaviest elementary particle known to date, is implied by an
overall agreement of the gluon-gluon fusion production channel
cross-section with the standard model prediction. However, the
masses of down-type fermions may come about through different
mechanisms in theories beyond the standard model". Therefore,
it is imperative to observe the direct decay of this new particle to
down-type fermions to firmly its nature. As a
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Evidence for the Higgs boson decay to a bottom quark-antiquark pair

The CMS Collaboration *

CERN, Switzerland
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ARTICLE INFO

ABSTRACT

of the Yukawa interaction discussed above, the most abundant
fermionic Higgs boson decays will be to third-generation quarks
and leptons, namely the bottom quark and the 7 lepton, as the
decay of a Higgs boson with a mass around 125GeV to top
quarks is kinematically not allowed. Therefore, the most promising
experimental avenue to explore the direct coupling of the standard
model Higgs boson to fermions is in the study of the decay to bottom
quark-antiquark pairs (denoted as bb) as well as to tau lepton-
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A search for the standard model (SM) Higgs boson (H) decaying to bb when produ 0
with an electroweak vector boson is reported for the following processes: Z(vv)H,

ZippH, alld L(ee)H The search is performed in data samples corresponding to an int

of 359Mm! /s =13 TeV recorded by the CMS experiment at the LHC during |
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production is 2.8. The signal strength corresponding to this excess, relative to that of t
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significance 1s 3.8 standard deviations with 3.8 expected. The corresponding signal strength, |el.mve to
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to down-type fermions requires direct measurement of the antilepton pairs (denoted as 77). Keywords
corresponding Higgs boson decays, as recently reported by Recently, the CMS Collaboration reported on a search for the ~ CMS N ] .
the Compact Muon Solenoid (CMS) experiment in the study decays of the new boson to b quark pairs'® as well as to 77 lepton  physics
of Higgs decays to bottom quarks® and < leptons'®. Here, we  pairs'* based on data collected in 2011 and 2012. In this Letter, we o0 W"""l
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ABSTRACT

Article history
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Available online 7 February 2018

Editor: M. Doser

A measurement of the H — r7 signal strength is performed using events recorded in proton-proton
collisions by the CMS experiment at the LHC in 2016 at a center-of-mass energy of 13 TeV. The
data set corresponds to an integrated luminosity of 359 fb~'. The H — rr signal is established
with a significance of 49 standard deviations, to be compared to an expected significance of 4.7
standard deviations. The best fit of the product of the observed H — 7 signal production cross section
and branching fraction is 109 521 times the standard model expectation. The combination with the
with data collected by the CMS experiment at center-of-mass

Keywords:

(N{S energies of 7 and 8 TeV leads to an observed significance of 5.9 standard deviations, equal to the expected
Physics This is the first of Higgs boson decays to  leptons by a single experiment.

Tau © 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
Higgs (http:/jcreativecommons.org/licenses/by/4.0/). Funded by SCOAP?.
Observation
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ors' Suggestion Featured in Physics

Observation of Higgs Boson Decay to Bottom Quarks

A. M. Sirunyan et al.”
(CMS Collaboration)

®  (Received 24 August 2018; published 17 September 2018)

The observation of the standard model (SM) Higgs boson decay to a pair of bottom quarks is presented.
The main contribution to this result is from processes in which Higgs bosons are produced in association
witha W or Z boson (VH), and are searched for in final states including 0, 1, or 2 charged leptons and two
identified bottom quark jets. The results from the measurement of these processes in a data sample recorded
by the CMS experiment in 2017, comprising 41.3 fb~! of proton-proton collisions at /s = 13 TeV, are
described. When combined with previous VH measurements using data collected at /s = 7, 8, and
13 TeV, an excess of events is observed at my = 125 GeV with a significance of 4.8 standard deviations,
where the expectation for the SM Higgs boson is 4.9. The corresponding measured signal strength is
1.01 4 0.22. The combination of this result with searches by the CMS experiment for H — bb in other
production processes yields an observed (expected) significance of 5.6 (5.5) standard deviations and a
signal strength of 1.04 + 0.20.
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Proprieta misurate

Most recent CMS Higgs boson results combination pp@13TeV 2016 (36/fb)

Combined measurements of Higgs boson couplings Eur. Phys. J. C 79 (2019) 421

35.9fb" (13 TeV)
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High-hanging couplings

E

Leptons

H—cc:

- Not extremely rare decay
- Huge bkg from

QCD cc productions

Couples to
2" fermion generation ?

H—uu :
- Extremely rare decay
- Large but not huge bkg from

DY/EW ppu productions



H—uu : gli stati finali da cercare
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Panoramica dell’analisi CMS

analysis divided into four exclusive channels

lay
[T
T
I,

I,
T,

VBF channel  imum
([]T]

Phase-space defined to be: : M_(_: template analyfis
1 medium or 2 loose b-tagged jets . Mjj > 400 GeV, An(jj) > 2.5
Targets leptonic and Veto VH events

: ® Veto ttH events
hadronic decay of top quark

ggH channel
VH channel ® Collects all events not selected by other
channels
® Targets leptonic decays of gauge bosons (ttH, VH(lep), and VBF)

WH: 2u+ppore
ZH: 2p + 2p or 2e
® Veto ttH

® Phase space dominated by 0 and 1-jet
events with no extra leptons
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Strategi

a generale

[VBF channel J

—— Data-Driven MC-based
Train signal v/s bkg. Train signal v/s bkg. multivariate
multivariate classifier classifier

VH channel o . . : .
e Exploit information of the e Exploit full information of the
3 event wih input variables that event including m,,
are not correlated with m,
packground Define Signal and Control Regions

No. of events

Signal

NS

MVA output score

Divide events into categories
based on the classifier output
e Several subcategories with
varying signal purity

Fit the m,, distribution in each
subcategory to extract the
signal

e Signal and background models
_are parametric functions

125 GeV

L

125 GeV 125 Ge

"o Data-driven background
predictions

® 115 <my, <135 GeV
* m,, [110, 115] or [135, 150]

Fit the MVA output distribution in
both regions to extract the signal
e Signal and background modeled

with Monte Carlo
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Eventi inclusivi (ggH) H— pu

CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-30 16:00:48.744704 GMT
Run/Event/LS: 323755 / 1382838897 / 755

m,,, =125.46 +1.13 GeV. No additional jets with pT> 25 GeV or leptons (electrons or
muons) with pT> 20 GeV are present in this event.




Analisi degli eventi inclusivi

Signal characterized by a sharp dimuon mass peak at 125 GeV muy

resolution plays a defining role in determining analysis sensitivity

Single muon trigger pt> 24 (27) GeV 3
in 2016,2018 (2017) data

Offline selection

* one muon with p> 26 (29) GeV

* opposite sigh muon p> 20

All muons |n| < 2.4 : py resolution
 1-2%in barrel region (|n| < 0.9)
 2-3.5% inendcaps(|n| >1.2)

FSR photon identification & recovery:

* 3% increase in signal acceptance
* 2% improvement in mass resolution
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Categorizzazione eventi inclusivi

137 b (13 TeV)

BDT classifier g FTTTT |+D|t||DDY||
inputs related to dimuon system : > 108 CcMS B Top quark [ Zj-EW
g 10 [ Diboson [_]Other bkg.
* pr(pup) & n(up), decay angles: dcs, cosBcs S —
n(w), pr(w)/mpup 5 10° "ICAT> CAT3
inputs related to add jets activity o AT
g g 10*
* pg, nofthe leading jet o ;
With one jet : An(H, j) , Ad(H, j) o2 :
With two or more jets : 10 . ;
9 . . . .o .o 0e 1 . ! —
min-an(H, j), min-A¢(H, ), mij , Anjj, Adjj ' T e

Events with better Am,, go to high BDT output A———
1/0(my,) weight applied for signal training R

|||||||||||||||||||||||||||||||||||

-08 -06 -04 -02 0 02 04 06 08
ggH BDT output

Data/Bkg
S
E} T
L
L
1
b

Event Total ggH VBF Other HWHM Bkg. Data  S/(S+B)(%) S/VB

category signal (%) (%) (%) (GeV) @HWHM @HWHM @HWHM @HWHM

ggH-catl 268 937 29 34 2.12 86 360 86632 0.20 0.60 A . .
ggH-cat2 312 93,5 34 3.1 1.75 46 350 46 393 0.46 0.98 DIVIde In 5 Categorles
ggH-cat3 131 932 40 28  1.60 12660 12738 0.70 0.80 and fit m.... distributions
ggH-cat4 126 915 55 3.0 147 8260 8377 1.03 0.96 HH

ggH-catb 53.8 835 143 2.2 1.50 1680 1711 2.16 0.91
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Analisi degli eventi inclusivi

Fit of dimuon mass distribution with core PDF shape x transfer functions

N

o

o
T

discrete profiling of 3 core functions x 2nd/3rd order polynomial arXiv:1506.01010
(arXiv:1408.6865)
10° 137 fb™! (13 TeV) ]
S A ARALARAR AR ARRA RN AR RARA 137 fo' (13 TeV)
(\518—CMS iData' — 10 [0) L B L L L LA UL IR IR BRI
B e e 8 | oMS Supplementary # Dt ;
@ N o ] @[ ggH categories —— S+B (u=1.19) |
1'15 Ex20 ] §600} S/(S+B) weighted ... Bkg. component -
s ] =125.38 GeV ]
%500: my e -i16
] r
S 400
o r
Esoo:
m
+
<
%)

100

_101010 11|5 120 125 130 135 140 145 150 d
mu"l(GeV) O:IIII|lIIIIlIII|IIII|IIII|IIII|IIII|IIll:
S 4 lllllllIIlllllllllIIIIIIIIIIIIIIIIIIIII
. .pe < 2 $
Obs (exp) significance : 1.0 (1.6)c & O
. © -2
Slgnal Strength D _4 L 11 1 | 111 | 111 | 1111 | 1111 | | | | L1 11 | L 111
110 115 120 125 130 135 140 145 150
W= o/og =0.63+0.65-0.64 m,, (GeV)
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Eventi ttH (—™bb ggev ppn)

CMS Experiment at the LHC, CERN
Data recorded: 2018-Jul-14 22:42:55.530432 GMT

A
S —. Y

m,,, =125.30 £1.22 GeV. One of the two top quarks produces an electron ( green line),
and a neutrino that yields missing transverse energy (pink arrow). The other top quark
candidate decays into jets (orange cones).



Analisi dei candidati ttH

9)rg Observable ttH hadronic ttH leptonic
. Number of b quark jets >0 medium or >1 loose b-tagged jets
. ) Number of leptons (N(¢ = 1, e)) =2 =3 or4
# Lepton charge (7(¢)) Y.q(¢) =0 N(¢) =3 (4) - Y q(¢) ==+1(0)
- Jet multiplicity (pt > 25GeV, || < 4.7) >3 >2
Leading jet pt >50 GeV >35 GeV
t u* Z boson veto — \myp — mz| > 10GeV
l Low-mass resonance veto — myy > 12GeV
b v Jet triplet mass 100 < my; < 300 GeV —
. . . 137 b (13 TeV)
Two dedicated BDT discriminant used to separate major bkgs - o
i . & of CMS Supplementary % Data E
ttZ for leptonic channels = 2 categories % s ttH categories — B =119 ]
. . . . $ [ S/S+B)weighted ... ]
dileptonic tt for hadronic channel = 3 categories § T mmissaer e oo
137 b (13 TeV) \ 137 o™ (13 TeV) E 6;’ [ ]+t20 E
80 oms | wbua mTopqak 1 EF oms | wowa | mz 2% ]
@ 105k () iz ] - 1%L [ Top quark  [I ttW(W) 4 = 4f
0 !:%LV(W) EtOcher bkg. E Egg Etol_:her bkg. § a s u
- CAT1 — Other sig. :;:102? CAT1 —oOthersig. . CATZ_ @t 2
” CAT2 ¢ caT3 : .
102 B9 . g
0
10 S 2
é 1
o 0
107 T -1 ]
102 O Bl b b L L
5 1. 5 110 115 120 125 130 135 140 145 150
é %‘f m,, (GeV)
g0'5I\II|III\\\\I\|IIII\\\\|III\II\ g (; Tf.ﬁb—;_‘l \’_h ]

0 02 04 06 08 1
tiH leptonic BDT output

0 05 1 15 2 25 3 35
ttH hadronic BDT output
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Obs (exp) significance : 1.2 (0.5)oc
Signal Strength 2.32+2.27-1.95
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Eventi VH (ZH— ee pp)

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-05 11:38:36.759040 GMT
Run / Event / LS: 278240 / 2307764905 / 1215

m,,, =125.69 +1.55 GeV. The Z boson candidate decays into a pair of electrons indicated
by the solid green lines. No additional leptons (electrons or muons) with pT > 20 GeV or
jets with pT > 25 GeV are present in the event.



Analisi dei candidati VH

Higgs decays to muons, + at least one charged lepton

)
oy WH leptonic : ZH leptonic :
additional lepton (e or ) additional ete™ u*tu~

uue case UUU case

[uee case WU case

137 o™ (13 TeV)

S R R I I I LR R

. 45E CMS Supplementary ¢ Data E

BDT used to separate (VZ) bkgs and categorize T categories B et19) ]
WH > 3 categories  ZH -> 2 categories S o Ee

137 b (13 TeV) 137 fb"(13TeV? 3‘ [+20 -

S/(S+B) Weighted Events / GeV

(2] ] | T T | TT1T TTT [ 1T ‘ 1T | L | T 1T | T 13
..‘Q Frrrrrrrr [ rr [ [ rrr o "é’ F
< 10°F cms - Data mwz 5 0 CMS +Data  [ag—>2zz
2 qotk gz Eo 210 [ag - zz [ ]other bk E
p 10*E [ Topquark [ ]Otherbkg. 3 S F 99 = ther bkg. ]
g 3: — WH —ZH 9102k —aqq—>ZH —gg—>ZH E
g 10° — Other sig. E % E CAT]. E
§ | CATL . CAT2 ; g CAT2 |

110 115 120 125 130 135 140 145 150

S 5" . (GeV)
&’ 1.5 t D\‘;
g e +““f+ § oo et Obs (exp) significance : 2.0 (0.4)o
e 06 04 02 0 02 04 06 08 08 08 04 02 0 02 o4
WH BDT output ZHBDT ot Signal Strength p = o0/0,,=5.48+3.10-2.83
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Eventl VBF

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run/ Event / LS: 323940 / 44997009 / 65

m,,, =125.01 £1.83 GeV. The VBF-jet candidates are depicted by the orange cones whose
invariant mass (mjj) is 2.19 TeV. No additional leptons (electrons or muons) with pT > 20
GeV are present in the event.
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Un salto indietro nel tempo

VBF Z—= uu

di-Muon mass=90.2 GeV
di-Jet mass = 1393 GeV

CMS Experiment at LHC, CERN

Data recorded: Sat Apr 30 19:57:22 2011 CEST
Run/Event: 163759 / 41507939

Lumi section: 63

[Muon 2, pt: 87.6 GeV Orbit/Crossing: 16475899 / 109

-~ - I -
r W = \“" :' -
= s [Jet1, eta=28, pt=49.9 GeV/
e -
e >
Jetz.ela=-3.6pt:4542$g\{ 2 Py : l } et Sy =
3 b
(2 = e | ‘ = .. K
- = = - ‘% —
S

'Muon 1, pt: 33.9 GeV

m,, = 90.2 GeV. The VBF-jet candidates
are depicted by the green cones, whose
invariant mass (mjj) is 1.39 TeV.
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J. High Enerqgy Phys. 10 (2013) 062

The first measurement of the electroweak production cross section of a Z boson with two jets
(Zjj) in pp collisions at sqrt(s) = 7 TeV is presented, based on a data sample recorded by the CMS
experiment at the LHC with an integrated luminosity of 5 inverse femtobarns ...

These results establish an important foundation for the more general study of vector boson
fusion processes, of relevance for Higgs boson searches and for measurements of electroweak
gauge couplings and vector boson scattering.

35.9fb" (13 TeV,

2 Fows " Dimuon 1 Summary of VBF/VBS results

S 10 :3:‘3 August 2020 . ‘ . CMS Preliminary
.."2 1 05 Ml Topquark CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ot
C Z+ ie?_s 3 Theory 8 TeV CMS measurement (stat,stat+sys) e
q>) 1 04 ! Ex i” E 13 TeV CMS measurement (stat,stat+sys) — .t
TR MG st e, ] P 0.84+0.08+0.18 19.3 b
10 E e 0.91 % !

E ——ofh— 93+0.14+032 5.0fb"
102 E o 0.84+0.07+0.19 >
E e +0.04+0.10
10 E < 1.74+0.00T0 .7 fo!
] E 1.77+0.67+056 19.7fb"
- 3 B 1.20+0.16+0.21 3591b"
O O4ETTT T T T sSWW e 0.69+0.38+0.18 19.4 b
S 02 M kg ocdep/down - 1.20+0.11+0.08 137 fo"
= 09 s i = 1.48+0.65+0.48 19.7 fb"
R ] Sttt R I IVVIVIVEN IAVEVININ B o\ A o 0.64+0.20+0.12 35.91fb"
o 0 0.5 1 1.5 2 25 3 e 1.46+0.31+0.11 137"
BDT' e 1.19+0.38+0.13 137 fb"
1 1 1 Il 1 1

Eur. Phys. J. C 78 (2018) 589 wiieuia,, Production Cross Section Ralio: Gy, / Gype,

~10% precision on VBF Z 91 GeV - 125 GeV

Let’s go for VBF H—=>pp !
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VBF H—= uu

* Highest achievable signal purity but with low event statistics (~10)
* Good simulation precision in modelling the relevant backgrounds
=» signal extraction method fully based on Monte Carlo

=> 20% improvement wrt data-driven fit

Observable VBF-SB VBF-SR

Number of loose (medium) b-tagged jets <1(0)

Number of selected muons =2

Number of selected electrons =0 M VA C I a SS|f| er | n CI u d esm |

Jet multiplicity (pr > 25GeV, || < 4.7) >2 KU

Leading jet pr >35GeV

Dijet mass (m;) >400 GeV

Pseudorapidity separation (|Ay;|) >25 . .

Dimuon invariant mass Wi 110 < My < 115 GeV 115 < My < 135 GeV ° ﬁggl;;)t,if;z(yy)m , Am(pp) - the dimuon mass and the relative and absolute mass

or 135 < 1y, < 150 GeV

o m(jj), logm(jj) - the dijet mass and its logarithm
* R(pr)

® Zx

Variables used and/or studied _ @ A5(jj) - the pseudorapidity difference between the 2 selected jets
in the VBF Z measurements 7 e Nt # soft jet with py > 5 GeV

o min; Ay (pp, j) - the minimum pseudorapidity difference between a jet and the dimuon
system

Some peCU“ar inpUtS : o pr(up),log pr(up), n(pp) - dimuon 4-vector components

: PRSP o * pr(j), pr(j2), (1), 12), 9(j1), @ (j2) - jets” 4-vectors components
* (SOft) traCk_J et ac.t|V|.ty in the ra pld ity gap e q¢1(j1), 981(jo) - the the quark-gluon likelihood discriminators for the selected jets.
* quark-gluon jet likelihood




VBF H— nu

137 o' (13 TeV)
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>
W10° s postit [Joy Bl Top quark 107
10°L VBF-SB Run2 [ Diboson 10°
, m, = 125.38 GeV 10°
10
10°
102
10
1
107
. 2;[ T ‘ T T ‘ T T | T T | T T T | T T T I IE 25
2 15 } ]
@ 15 —— & . T -]
F = = (o S S E
R osh Bk =
N | l ! ! ! N ’
oF 0E 11
0 2 4 6 8 10 12 0
VBF DNN bin
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CMS ¢ Data
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m,=12538Gev ~ — VBF

WH-uu
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[l Top quark [ Diboson
—ggH
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12

10

2 4 6 8
VBF DNN bin
115<my, <135 GeV

DNN bin Total signal VBF (%) ggH (%) Bkg. = AB Data S/(5+B) (%) S/ VB

1-3 19.5 30 70 8890 + 67 8815 0.22 0.21
4-6 11.6 57 43 394 + 8 388 2.86 0.58
7-9 8.43 73 27 103 + 4 121 7.56 0.83
10 2.30 85 15 1514+14 18 13.2 0.59
11 2.15 88 12 9.1+12 10 19.1 0.71
12 2.10 87 13 58+ 1.1 6 26.6 0.87
13 1.87 94 6 26+ 09 7 41.8 1.16
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137 fo' (13 TeV)

S e
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CMS ¢ Data W H-uu
Post-fit Bzew Coy ]
VBF category [ Top quark [ Diboson

m, = 125.38 GeV — VBF —ggH
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C |
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Obs (exp) significance : 2.4 (1.8)c

Signal Strength
U=o0/o5,=1.36 +0.69 -0.61
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Local p-value

Risultati combinati : p-value vs my,

137 o' (13 TeV

1072

10

~

" Expected — Combined — VBF-cat. ]
I m,=125.38GeV —ggH-cat. tiH-cat.
L — VH-cat. 1

e b b b b b B b B e

_120 121 122 123 124 125 126 127 128 129 130

my (GeV)

Local p-value

CMS 137 fo' (13 TeV)

AR RRAR RARRE RARRERARAN RERE g

I 110
107" 3

i S N e (P LY CEEE L EE 126
10‘25— 3
ol e %

E — Combjined — VBF-cat. ]

[ Observed — ggH-cat. ttH-cat. 1

L ~VHcét il
10 ““I.u.uluulnuluu.n.xlu..l....l....l..u

120 121 122 123 124 125 126 127 128 129 130
my (GeV)

125.38

Production category

Observed (expected) signif.

Observed (expected) UL on p

VBF 2.40 (1.77) 257 (1.22)
ggH 0.99 (1.56) 1.77 (1.28)
ttH 1.20 (0.54) 6.48 (4.20)
VH 2.02 (0.42) 10.8 (5.13)
Combined /s = 13 TeV 2.95 (2.46) 1.94 (0.82)
Combined /s = 7, 8, 13TeV 2.98 (2.48) 1.93 (0.81)
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491" (7 TeV) + 19.7 b (8 TeV) +137 fo (13 TeV)
g 1§ """" |""\""1""|‘"'\""|""|""\""§
o r
>
z C
< B T R | LTIt R 1c
g 10" 3
- 3
R SR AREEE b el b L e LRV CE R 126
0% E
- CMS 3
- Supplementary J
N Rt SRR 3o
107 3 —— Combined 7+8+13 TeV  —— VBF-cat. 13 TeV 3
- Observed  — ggpicar 13 Tev tiH-cat. 13Tev
L —— VH-cat. 13 TéV —— Hup 7+8 TeV
10050121 2 128 T2 'izs" 26 27 qes i a0
m, (GeV)
Obs. (Exp.) Significance
3.00 (2.50) at 125.38 GeV
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Risultati combinati

1971 (137 35.9-137 fb” (13 TeV)
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B i w107 ¢ .7 =
fiH-cat, | w=23277 e |> = p-value = 44% I =
L | L L IR N
VH-cat. | n=54820° = ¥ I b .*° ’ i
[ | 102 Te-" E
e ey : :
Best-fit u - ," i

5 P ¢ Vector bosons

1077 ¢ L : : =
1976 (13TeV) L ¢ 3" generation fermions 3
i— : 'x"‘ \"\\ # Bost it I9 = e E Muons ]
1> I'.' A res:/o cL P | . |
N oo » j04L - SM Higgs boson |
:: \ | E| | | | | 1 1 1111 | | | 1 1 1111 | 1 | 1 1 1111 | | E
20 : (% 1 .5 :| T T T T T TTTT | T T T TTTT I T T T T TTTT | T :
o - % $ ]
15 — O S . .
------ i 1: % % 'ﬁ -
— | .
&U 0.5 _I 1 | | 1 1 1111 | | | 1 1 1111 | 1 | I | | | 7

| 10~ 1 10 10°
o Particle mass (GeV)

l.ngH,tfH

INFN Pisa - 10 Nov 2020 P.Azzurri - Higgs to muons 31



Dove si sono prodotti i risultati

INFN Pisa - 10 Nov 2020

1 »
Y

il Tier-2 CMS a Pisa ha avuto un ruolo essenziale in
guesta e in tante altre analisi dei dati CMS

Le parti dell’analisi H— uu svolte a Pisa sono state
interamente realizzate sulle risorse di calcolo locali

P.Azzurri - Higgs to muons
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Evidenza del decac

imento del

bosone di Higgs |

N muoni |

* Prima prova dell’'accoppiamento ai fermioni piu leggeri
della seconda generazione : un altra conferma delle

predizioni del Modello Standard.

e Analisi CMS condotta da Pisa e UCSD, MIT, Caltech,

Hamburg, UFlorida, Purdue

* Miglioramento molto sostanziale delle prestazioni
dell’analisi rispetto a risultati e proiezioni precedenti

 Questa misura, e tante altre analisi di LHC, sono
chiaramente limitate dalla statistica

* | dati del Run3 (e HL) miglioreranno queste misure, e ne
porteranno a galla altre. Sia grazie alla luminosita che
all’'evoluzione delle prestazioni delle analisi.



Backup
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Selezione degli eventi

Observable VBE-SB VBF-SR

Number of loose (medium) b-tagged jets <1(0)

Number of selected muons =2

Number of selected electrons =0

Jet multiplicity (pt > 25GeV, |y| < 4.7) >2

Leading jet pr >35GeV

Dijet mass (1) >400 GeV

Pseudorapidity separation (|Az;|) >2.5

Dimuon invariant mass 110 <my, <115GeV 115 < my, < 135GeV
or 135 < my,;, < 150 GeV

Observable Selection

Number of loose (medium) b-tagged jets <1(0)

Number of selected muons =2

Number of selected electrons =0

VBF selection veto if Njets > 2

mj < 400 GeV or |An;| < 2.5 or pr(ji) < 35GeV

Observable WH leptonic ZH leptonic
ppp  ppe 4y 2ue

Number of loose (medium) b-tagged jets <1(0) <1(0) <1(0) <1(0

Number of selected muons =3 =2 =4 =2
Number of selected electrons =0 =1 =0 =2
Lepton charge (4(¢)) Y.q(0) =+1 >q(f)=0
Low-mass resonance veto myy > 12 GeV

N(u"u~) pairs with 110 < m,, <150GeV ~ >1 =1 >1 =1
N(pu"u~) pairs with |my,, —mz| <10GeV =0 =0 =1 =0
N(eTe™) pairs with | — mz| < 20GeV =0 =0 =1 =1

INFN Pisa - 10 Nov 2020 P.Azzurri - Higgs to muons
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Selezione degli eventi

Event Total WH qqZH ggZH ttH+tH HWHM Bkg. fit Bkg. Data S/(S+B) (%)  S/VB
category signal (%) (%) (%) (%) (GeV) function @HWHM @HWHM @HWHM @HWHM
WH-catl 082 76.2 9.6 1.6 12.6 2.00 BWZy 32.0 34 1.54 0.09
WH-cat2 172 801 9.1 1.5 9.3 1.80 BWZ 23.1 27 450 0.23
WH-cat3 1.14 85.7 6.7 1.8 4.8 1.90 BWZ 5.48 4 12.6 0.35
ZH-catl 0.11 — 82.8 17.2 — 2.07 BWZ 2.05 4 3.29 0.05
ZH-cat2  0.31 — 79.6 20.4 — 1.80 BWZ 2.19 4 8.98 0.14
Event Total ttH ggH VH Other HWHM Bkg. fit Bkg. Data S/(5+B) (%) S/VB
category signal (%) (%) (%) (%) (GeV)  function @HWHM @HWHM @HWHM @HWHM
ttHhad-catl 6.87 323 403 172 10.2 1.85 Bern(2) 4298 4251 1.07 0.07
ttHhad-cat2 1.62 843 3.8 56 6.2 1.81 Bern(2) 82.0 89 1.32 0.12
ttHhad-cat3 1.33 940 03 1.3 44 1.80 S-Exp 12.3 12 6.87 0.26
ttHlep-catl 1.06 8.8 — 47 9.5 1.92 Exp 9.00 13 7.09 0.22
ttHlep-cat2 099 947 — 1.0 43 1.75 Exp 2.08 4 245 047
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ggH-cat1

ggH-cat2

ggH-cat3

ggH-cat4

ggH-cat5

VBF DNN-bin 1-5
VBF DNN-bin 6-9
VBF DNN-bin 10-11
VBF DNN-bin 12-13
WH-cat1

WH-cat2

WH-cat3

ZH-cat1

ZH-cat2
ttHhad-cat1
ttHhad-cat2
ttHhad-cat3
ttHlep-cat1
ttHlep-cat2

Composizione
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CMS Supplementary

Purezza, significanza
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er anno
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VBF Sideband vs Signal
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Simulazioni

Process Generator (Perturbative order) Parton shower Cross section Additional corrections
ggH MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA N3LO QCD,NLOEW  pr(H) from NNLOPS
VBF POWHEG (NLO QCD) PYTHIA dipole shower NNLO QCD, NLO EW —
qq — VH POWHEG (NLO QCD) PYTHIA NNLO QCD, NLO EW —
gg — ZH POWHEG (LO) PYTHIA NNLO QCD, NLO EW —
ttH POWHEG (NLO QCD) PYTHIA NLO QCD, NLO EW —
bbH POWHEG (NLO QCD) PYTHIA NLO QCD —
tHq MADGRAPH5_aMC@NLO (LO) PYTHIA NLO QCD —
tHW MADGRAPH5_aMC@NLO (LO) PYTHIA NLO QCD —
Drell-Yan MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NNLO QCD, NLO EW —
Zjj-EW MADGRAPH5_aMC@NLO (LO) HERWIG++/HERWIG 7 LO —
tt POWHEG (NLO QCD) PYTHIA NNLO QCD —
Single top quark POWHEG/MADGRAPH5_.aMC@NLO (NLO QCD) PYTHIA NLO QCD —
Diboson (VV) POWHEG/MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NLO QCD NNLO/NLO K factors
gg — ZZ MCFM (LO) PYTHIA LO NNLO/LO K factors
ttV, ttVV MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NLO QCD —
Triboson (VVV) MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NLO QCD —
INFN Pisa - 10 Nov 2020 P.Azzurri - Higgs to muons 41



Sistematiche

Source of uncertainty Categories and processes Type Correlation vs cat. Correlation vs year
Experimental uncertainties
Integrated luminosity Sig. in all cat., bkg. in VBF ~ Rate Correlated Partial
Muon efficiency Sig. in all cat., bkg. in VBF  Rate Correlated Correlated
Electron efficiency Sig. in ttH and VH Rate Correlated Correlated
Muon trigger Sig. in all cat., bkg. in VBF  Rate Correlated Correlated
Muon pr scale Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Correlated
Nonprompt leptons Sig. in ttH and VH Rate Correlated Correlated
Pileup model Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Uncorrelated
L1 inefficiency Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Uncorrelated
B-tagging efficiency Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Correlated
Jet energy scale Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Partial
Jet energy resolution Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Uncorrelated
Theoretical uncertainties
ur and ug for ggH ggH in all cat. Rate Correlated Correlated
ur and pg for VBF VBF in all cat. Rate Correlated Correlated
ur and pg for ttH ttH in all cat. Rate Correlated Correlated
ur and pg for VH VH in all cat. Rate Correlated Correlated
PDF for ggH ggH in all cat. Rate Correlated Correlated
PDF for VBF VBEF in all cat. Rate Correlated Correlated
PDF for ttH ttH in all cat. Rate Correlated Correlated
PDF for VH VH in all cat. Rate Correlated Correlated
ggH accept. vs (pr(H) Njm;) ggH in all cat. Shape in VBF, rate in others  Correlated Correlated
VBF accept. vs (pr(H),Nj,m;)  VBF in all cat. Shape in VBF, rate in others  Correlated Correlated
ttH accept. from pr and pr ttH in all cat. Rate Correlated Correlated
VH accept. from pr and pr VH in all cat. Rate Correlated Correlated
ttH accept. from PDF ttH in all cat. Rate Correlated Correlated
VH accept. from PDF VH in all cat. Rate Correlated Correlated
PYTHIA ISR and FSR Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Correlated
PYTHIA vs HERWIG) VBF and Zjj-EW in VBF cat. Shape Correlated Correlated
ur and pg for Drell-Yan VBF cat. Shape Correlated Correlated
ur and pg for Zjj-EW VBF cat. Shape Correlated Correlated
ur and pg for top bkgs. VBF cat. Shape Correlated Correlated
ur and pg for diboson VBF cat. Shape Correlated Correlated
PDF for Drell-Yan VBF cat. Shape Correlated Correlated
PDF for Zjj-EW VBF cat. Shape Correlated Correlated
PDF for top bkgs. VBE cat. Shape Correlated Correlated
PDF for dibosons VBF cat. Shape Correlated Correlated
Size of simulated samples VBEF cat. Bin-by-bin — Uncorrelated
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Sistematiche

VBF-H parton shower

ggH QCD scale

Zjji-EW parton shower
JES: absolute

Signal shape o, ggH-cat1
Rate DY soft+PU jets 2017
Integrated luminsoity

Rate DY soft+PU jets 2016
Rate DY soft+PU jets 2018
CMS_scale_j_relativeBal
Signal shape o, ggH-cat2
ggH PDF and o

Parton shower on other proc.
ggH in VBF region

Zjji-EW QCD scale

Uncertainty source Au

Post-fit uncertainty +0.44 —0.42
Statistical uncertainty +0.41 —-0.40
Systematic uncertainty +0.17 —-0.16
Experimental uncertainty +0.12 —0.11
Theoretical uncertainty +0.10 —-0.11
Size of simulated samples +0.07 —0.06
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