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Higgs boson measurements began in 2012

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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Higgs boson physics in 2020 with CMS

Since the Higgs discovery, CMS performed measurements of its properties and interactions with SM particles

e

e Mass (mn), spin-parity JCP, constraints on width (')

Higgs boson properties

 Most precise measurement of myp = 125.38 + 0.14 GeV

CMS
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Higgs boson physics in 2020 with CMS

Since the Higgs discovery, CMS performed measurements of its properties and interactions with SM particles

/ \ * Higgs interactions with bosons (W, Z) and

3rd generation of fermions (i, b, and 1)

Higgs boson properties

* Found to be consistent with SM expectation

e Mass (mn), spin-parity JCP, constraints on width (')

35.9-137 b (13 TeV)

 Most precise measurement of myp = 125.38 + 0.14 GeV
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Next frontier — second fermion generation

* Probe the Yukawa interactions between the Higgs boson
and 2nd generation fermions

H _
Ly = (1 + j)mffoR

2
o Small expected branching ratio since My
Higgs couplings to fermions is proportional

o Small expected S/B ratio in LHC collisions

o H- cc offers the largest rate but very challenging at
LHC due to large background contamination
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Next frontier — second fermion generation

* Probe the Yukawa interactions between the Higgs boson
and 2nd generation fermions

35.9 fb' (13 TeV)
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o Small expected branching ratio since C oot . 20 2
Higgs couplings to fermions is proportional 12 = : <
o Small expected S/B ratio in LHC collisions u:“j

o H- cc offers the largest rate but very challenging at
LHC due to large background contamination
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The CMS detector

Transverse slice of the CMS detector « CMS was designed to efficiently trigger, reconstruct,
and identify muons produced in pp collisions
Key: Qc?ﬁ"td o « The muon pr is precisely measured thanks to the high
n)))!i]] t.‘.t.":;utt?al Hadron (e.g.Neutron) magnetic field (4T), and excellent tracking

performances from inner tracker and muon chambers
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The CMS detector

Transverse slice of the CMS detector  CMS was designed to efficiently trigger, reconstruct,
and identify muons produced in pp collisions
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The CMS detector

Transverse slice of the CMS detector  CMS was designed to efficiently trigger, reconstruct,
and identify muons produced in pp collisions
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Hunting H — yu decays

 Basic characteristics of H—pup analysis:

o0 The kinematics of the Higgs is fully accessible in H— 1 decays

o Look for a narrow mass peak at the Higgs mass (mn ~ 125 GeV)

However, it is challenging to
observe this peak @125 GeV

21/10/20 Raffaele Gerosa
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Hunting H — yu decays

 Basic characteristics of H—pup analysis:

o0 The kinematics of the Higgs is fully accessible in H—u decays However, it is challenging to
o Look for a narrow mass peak at the Higgs mass (mn ~ 125 GeV) observe this peak @125 GeV

Why ?222?

Small expected signal rate Inclusively small S/B M
Signal
o Iar}[c1llés_||}éev I—Ilsl’gsgg plgoductlon Cross section o Main bkg. from DY production _} . rell-Yan
P o Effective cross section in the =
o BR(H—py) is about 2.1 x 104 H=uu region of about 15 pb if
o Cross section x decay ~ 0.01 pb +
+ We expect order of a million
background events in H—up My
Given the Run2 integrated preselected sample
luminosity of 137 fb-1 H- uu is a bump hunt

we expect to produce ~ 1500
H—- uu events
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Higgs boson production modes

In order to maximise the sensitivity, the H— uu search combines exclusive analyses
targeting the main Higgs boson production modes at the LHC

Purity S/(S+B)

“* Rule of thumb: richer final state topology — better purity

m
Cross Section (pb)
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Higgs boson production modes

In order to maximise the sensitivity, the H— uu search combines exclusive analyses
targeting the main Higgs boson production modes at the LHC

Gluon fusion mode (ggH)

e 87% of the H cross section

Purity S/(S+B)

 Low purity due to large DY

" Rule of thumb: richer final state topology — better purity

Cross Section (pb)
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Higgs boson production modes

In order to maximise the sensitivity, the H— uu search combines exclusive analyses
targeting the main Higgs boson production modes at the LHC

VBF mode
e 7% of the H cross section fl_:
e Good signal purity thanks %
Gluon fusion mode (ggH) to VBF-jets — large m; -
. and Anj £
* 87% of the H cross section 3
 Low purity due to large DY
WQ0Q00Q00Q0QQQ,
g t
t 1
g t
‘0000000000

" Rule of thumb: richer final state topology — better purity

Cross Section (pb)
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Higgs boson production modes

In order to maximise the sensitivity, the H— uu search combines exclusive analyses
targeting the main Higgs boson production modes at the LHC

VH de
VBF mode mo

_ e 4% of the H cross section
e 7% of the H cross section

 Leptonic decays of W or

_ * Good signal purity thanks || Z bosons offer topologies
Gluon fusion mode (ggH) to VBF-jets — large m; with high purity

and Anj;

e 87% of the H cross section

 Low purity due to large DY

" Rule of thumb: richer final state topology — better purity

Cross Section (pb)
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Higgs boson production modes

targeting the main Higgs boson production modes at the LHC

In order to maximise the sensitivity, the H— uu search combines exclusive analyses

itH mode

VH de
VBF mode mo

_ e 4% of the H cross section
e 7% of the H cross section

 Leptonic decays of W or

_ * Good signal purity thanks || Z bosons offer topologies
Gluon fusion mode (ggH) to VBF-jets — large m; with high purity

and Anj;

e 87% of the H cross section

 Low purity due to large DY

* 1% of the H cross section

* Additional jets, b-Jets, and
leptons from top decays
offer topologies with high
signal purity
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" Rule of thumb: richer final state topology — better purity

Cross Section (pb)

Purity S/(S+B)




H—uM candidate selection

Baseline selection

* Events are collected via single-muon triggers
* Require two opposite-sign muons with pr > 20 GeV, Inl <2.4
 One muon with pt > 26 (29) GeV in 2016, 2018 (2017) data

o Ensure consistency with online trigger thresholds

o Trigger efficiency is ~93% per muon

 Muons required to be identified and isolated — ~95% efficiency

Signal events characterised by sharp peak at 125 GeV
my, resolution plays a crucial role in the final sensitivity

 Recovery of final state photon radiation — 3% gain in my,
resolution

 Improvements in mass resolution ~5% by constraining the
muon tracks to pass from the position of the interaction point
(in jargon called beam spot)
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H—uM candidate selection

Baseline selection Higgs signal peak in MC
* Events are collected via single-muon triggers . 0 .(.1|3. .T?Y.)_
> B i
_ ) _ _ © . CMS Simulation E

* Require two opposite-sign muons with pt > 20 GeV, Inl <2.4 009
0.08f— Category: Category: _
* One muon with pr > 26 (29) GeV in 2016, 2018 (2017) data b 9gHl-cat o oore E
o Ensure consistency with online trigger thresholds 0_065_ ¢ Signal simulation ¢ Signal simulation
5 Tngger eff|C|ency |S ~930/o per muon 0.05; — Parametric Model —— Parametric Model E
- HWHM = 2.12 GeV HWHM = 1.47 GeV

* Muons required to be identified and isolated — ~95% efficiency 0.04¢ E
0.03} -

0.02F

Signal events characterised by sharp peak at 125 GeV :
my, resolution plays a crucial role in the final sensitivity 0.01

o,
-y
) )
- PPV~ o
AA-—Q---” —-0""—.’='O'

g T | L L | et sECSSScooces
) - - 0 116 118 120 122 124 126 128 130 132 134
 Recovery of final state photon radiation — 3% gain in my, M. (GeV)

resolution

\
Q

N) QR

NQ S

PSS S T T o rew - —

 Improvements in mass resolution ~5% by constraining the
muon tracks to pass from the position of the interaction point
(in jargon called beam spot)

my, resolution (o/my,) ranges from 1-2%,
depending on muon n and pr
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H—uM production categories

From the baseline selection, events divided in 6 exclusive production categories

/
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H—uM production categories

From the baseline selection, events divided in 6 exclusive production categories

/

Presence of b-tagged
jets with pr > 25 GeV

YES *

ttH category

v

Additional leptons (u or e)
with pr > 20 GeV

YES / \ NO

ttH leptonic ttH hadronic
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H—uM production categories

From the baseline selection, events divided in 6 exclusive production categories

/

Presence of b-tagged NO )
jets with pr>25GeV | =™ B-vetoed events

YES * v

Additional leptons (u or e)
ttH category with pr > 20 GeV
* YES i
Add’m{;fé iefggzg“/"f ) VH leptonic category
YES / \ NO / \
One extra Additional lepton

ttH leptonic ttH hadronic lepton (u or e) pair e*e- or utu-

' '

WH category  ZH category
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H—uM production categories

From the baseline selection, events divided in 6 exclusive production categories

/

Presence of b-tagged NO _
jets with pr>25GeV | =™ B-vetoed events

VES * * NO Two VBF-like jets
Additional leptons (u or e) j1 /25 25 GeV
ttH category with pr > 20 GeV pr >3 GeV by > 23 €
m;; > 400 GeV | Ang;i| > 2.5
} ves |
Additional leptons (u or e) VH leptonic cateqor
with pr > 20 GeV P goy YES

o)\ 7 \ i

VBF category| |ggH category

_ One extra Additional lepton
ttH leptonic ttH hadronic lepton (u or e) pair e+e- or Ut

' '

WH category  ZH category
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H—uM production categories

Fraction of H— uu expected signal events with m(uu) in the 110-150 GeV range

99™ calegory 93.4% in ggH
VBF category 5% Iin VBF
VH leptonic category 0.4% in VH
ttH category 1.2% In ttH
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H—puM search in a nutshell

The divide-n-fit is a common strateqy used in bump hunis to increase the sensitivity

MVA training

Train a MVA classifier to separate
signal from SM backgrounds

Exploit full kinematics of the event
apart from the myy

Input features uncorrelated with my,,

Signal events weighted by 1/{(om/m) in
the training to assign to high
resolution events a higher score
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H—puM search in a nutshell

The divide-n-fit is a common strateqy used in bump hunis to increase the sensitivity

MVA training

Event categories
e Train a MVA classifier to separate .
categories based on the %

* Exploit full kinematics of the event classifier output by S

apart from the myy —> maximising the significance 0
* |Input features uncorrelated with my, * Purity increases as a
» Signal events weighted by 1/{(0m/m) in function of the MVA output

the training to assign to high -

resolution events a higher score MVA-score
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H—puM search in a nutshell

The divide-n-fit is a common strateqy used in bump hunis to increase the sensitivity

MVA training

Event categories
e Train a MVA classifier to separate .
sinal from SM backgrounds + Divide events into exclusive Background Signal
categories based on the %
* Exploit full kinematics of the event classifier output by S
apart from the myy —> maximising the significance 0

* |nput features uncorrelated with my,, * Purity increases as a
function of the MVA output

» Signal events weighted by 1/(0m/m) in

the training to assign to high ’ 5 -
resolution events a higher score J / MVA-score
Signal extraction

» Signal extracted by fitting my,
distributions in each subcategories

Events

» Signal and background modelled via
parametric functions

Events

e Data-driven background prediction
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ttH-leptonic event candidate

How does a ttH-leptonic event look like?
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ttH-leptonic event candidate

How does a ttH-leptonic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

—
— -

N9D 95
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ttH-leptonic event candidate

How does a ttH-leptonic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

At least one b-tagged jet in
the event with pr > 25 GeV
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ttH-leptonic event candidate

How does a ttH-leptonic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

At least one b-tagged jet in
the event with pr > 25 GeV

v

One or two additional
leptons with pt > 20 GeV

v

Significant missing
transverse momentum

ttH leptonic
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ttH-hadronic event candidate

How does a ttH-hadronic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV
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ttH-hadronic event candidate

How does a ttH-hadronic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

At least one b-tagged jet in
the event with pr > 25 GeV
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ttH-hadronic event candidate

How does a ttH-hadronic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

At least one b-tagged jet in
the event with pr > 25 GeV

v

No additional leptons with
pt > 20 GeV

v

Hadronic activity
» At least 3-jets with pt > 25 GeV -
* Leading jet pt > 50 GeV ttH hadrOnlC

* At least one jet triplet with
100 < m;j; < 300 GeV /
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tt H t t T 137 o' (13 TeV)
event categories |z iR
L 10° [IDY I itZ N

I tW(W)  [JOther bkg. 3

— tiH —tH -
— Other sig. .

* Divide-n-fit strategy employed in the signal extraction 10°f

=

0O |« Higgs candidate: pr, rapidity, decay angles (¢cs, cos(0)cs)

T, * Niets, HT, HT™Ss, and Exmiss

CE, * pt and n of the three leading jets 5

§ * Top candidate: RHTT, top pt. pt balance (pu,top) .. z

< |« RHTT is a BDT trained to identify top quarks decaying {tH hadronic BDT output

E to three resolved jets o ...|...|...|..1.3|7.fb.':.“.?|T."’.‘.’_)

Ié - Higgs candidate: pr, rapidity, decay angles (¢pcs, COs(8)cs) 2 —onerse. :

(3 * Njets, HT, Ht™ss, and Eqmiss

g o Highest pr additional lepton (£7): pr and flavour _> 5

"g. o AD(UY, £7), m(Z,b-tagged jet), mr(Ermiss,Z ) -

E * Other variables .... . R
o e 9T ot
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ttH event categories  |:.p R
g §10 CMS ¢ Data Bl Top quark 3
T 108 [1DY I ttZ 4
[ ttW(W) [ ]Other bkg. 3
10° — ttH - —tH E
« Divide-n-fit strategy employed in the signal extraction 10° oneree '
- Dol
8 * Higgs candidate: pr, rapidity, decay angles ($cs, cos(8)cs)
O o Njets, HT, HTmiss, and Egmiss
g * pt and n of the three leading jets 3
- S
g * Top candidate: RHTT, top prt, pt balance (uu,top) .. 5
< |« RHTT is a BDT trained to identify top quarks decaying | ~ {iH hadronic BDT output
..:I-:- to three resolved jets ey —
= IR N R R R R R R R AR R
S - CMS —+- Data B ttZ :
B Eo,
E %1025— EﬁH —w —
o - - . = 1 © — Other sig. . E
m Higgs candidate: pr, rapidity, decay angles ($cs, cOS(0)cs) S ol e b
'3 o Njets, HT, HTmiss, and ETmiss - |1
& | « Highest pradditional lepton (£7): pr and flavour - -
S : : : :
T |« Ad(up, £g), m(£y,b-tagged jet), mr(Ermiss, £ ) Dominant backgrouna and tt+jets
— |  Other variables .... S T T T T
i & 5
. § ; ﬂ, b %& L 4*‘{:}'*
S T i eptonic BOT outpur
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ttH category results

* Divide-n-fit strategy — three subcategories in ttH-hadronic and two subcategories in ttH-leptonic

» Signal & my, distributions parametrised via Double Crystal-Ball function

 Background — my, distributions modelled via empirical functions chosen to provide a negligible bias in the S+B fit

137 b1 (13 TeV)

10

| | | | |||||||| | | | | | | | |
- CMS ¢ Data -
ttHhad-cat3 —— S+B fit
- my=12538GeV. ... Bkg. component
N I IIII:t1(J I i
- ] ] +20 _
| ]

> 18
o i
8 O 16}
"y 7)) i
~ £ 14}
S| (2 .
e
®
Q
=
=
~
>
Q N
N~ i
8 i
S . 10
ol |2
"y m
| |g O
ég -5
10

—|%||||||—

:

110 115 120 125 130 135 140 145 150
m,, (GeV)

Events / GeV

Data-Bkg.

-
o

o O

0

110 115 120 125 130 135 140 145 150

137 b1 (13 TeV)

o N

ttH category results

L | L | |||||||| | L | L | L | L
=~ CMS ¢ Data -
- ttHlep-cat2 —— S+B fit :
- my=12538GeV. ... Bkg. component

- é

] +20 E
o o o [ o

L dl e ioaltitite Nl ididia gl idl digier it igig

:—| L | IILEL | ILELER | L | L | 1T | L | 1T |—:

:_l | | | I I | | I I | | I I | | I I | I I | | | I I | | . |_:

* Expected significance of 0.50

» Observed significance of 1.20

2+2.27

. Signal strength ¢ = 2.32775

m,, (GeV)
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WH event candidate

How does a WH-leptonic event look like?
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WH event candidate

How does a WH-leptonic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV
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WH event candidate

How does a WH-leptonic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

No b-tagged jets in the event
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WH event candidate

How does a WH-leptonic event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

No b-tagged jets in the event

v

One additional lepton
with pt > 20 GeV

v

Significant missing
transverse
momentum

WH leptonic
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ZH event candidate

How does a ZH leptonic event look like?
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ZH event candidate

How does a ZH leptonic event look like?

Higgs candidate pT(ut) =201 GeV
Dimuon pair with my, in [110,150] GeV
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ZH event candidate

How does a ZH leptonic event look like?

Higgs candidate pT(ut) =201 GeV
Dimuon pair with my, in [110,150] GeV

v

No b-tagged jets in the event
with pt > 25 GeV
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ZH event candidate

How does a ZH leptonic event look like?

Higgs candidate pT(ut) =201 GeV
Dimuon pair with my, in [110,150] GeV

v

No b-tagged jets in the event
with pt > 25 GeV

v

Additional ete- or u*u- pair
81 <mu. < 101 GeV & >
71 <mMee <111 GeV

ZH leptonic
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137 fb' (13 TeV)

VH event categories |z P
g 104%— -;/I'\;)Hp quark E;):Iher bkg. —
* Divide-n-fit strategy employed in the signal extraction 5 —Omerse

* Higgs candidate: pr, rapidity, decay angles (¢cs, cos(0)cs)
e Hymiss gnd Etmiss

. Additional lepton in the event (£'yy): pr and flavour

o AP(UILL W), AN(HK,E W), AP(Lyy,HTMiss), etc ...
. mT(fW,HTmiSS)

Data/Pred.

f_| """ R T T T YD YT |||T|_f
-06 -04 -02 0 0.2 0.4 0.6 0.8

WH BDT output

137 o' (13 TeV)
g I | T 1 | T 1 | T 1 | T 1 | I I;
- CMS + Data qq — ZZ

10°E 3
= gg — ZZ Other bkg. .
10°E —aqq —>ZH —gg — ZH E

Events / 0.13 units

* Higgs candidate: pr, rapidity, decay angles (¢pcs, cos(0)cs)

* n of muons from the Higgs candidate 10‘ ﬂqﬁﬁﬂbﬁ -

* Z boson candidate: pt rapidity, invariant mass, flavour

o Ad(up from H), AR(ZC from Z), Ad(uu from H, £¢ from Z)

ZH leptonic BDT WH leptonic BDT

Data/Pred
o -

<

'l e

08 06 04 02 0 02 04 06
ZH BDT output
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137 fb' (13 TeV)

VH event categories |z P
g 104%— -;/I'\;)Hp quark E;):Iher bkg. —
* Divide-n-fit strategy employed in the signal extraction s e

* Higgs candidate: pr, rapidity, decay angles (¢cs, cos(0)cs)
e Hymiss gnd Etmiss

. Additional lepton in the event (£'yy): pr and flavour

o AP(UILL W), AN(HK,E W), AP(Lyy,HTMiss), etc ...
. mT(fW,HTmiSS)

O5f_| """ R T T T YD YT |||T|_f
-06 -04 -02 0 0.2 0.4 0.6 0.8

WH BDT output

137 o' (13 TeV)
g I | T 1 | T 1 | T 1 | T 1 | I I;
- CMS + Data qq — ZZ :

gg — ZZ Other bkg.

/ 0.13 units
2,
I

—aq —>Z7H —qag — ZH -

S
Y
D
\V]
I

c

* Higgs candidate: pr, rapidity, decay angles (¢pcs, cos(0)cs)

.ﬁq@inant background is ZZ({M )
e n of muons from the Higgs candidate qu:%-ﬁiaﬂ —

- Z boson candidate: pr, rapidity, invariant mass, flavour 111 e
« Ad(pp from H), AR(CZ from 2Z), Agp(up from H, £Z from Z) il ’ :

—_
<
\V]

Data/Pred
o -

<

'l e

ZH leptonic BDT WH leptonic BDT

08 06 04 02 0 02 04 06
ZH BDT output
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VH category results

* Divide-n-fit strategy — three subcategories in WH-leptonic and two subcategories in ZH-leptonic
e Signal - my, distributions parametrised via Double Crystal-Ball function
 Background — my, distributions modelled via empirical functions chosen to provide a negligible bias in the S+B fit

137 fb' (13 TeV) 137 fb' (13 TeV)
% 12 __| T 1 1 | 1T T 1 | |||||||| | T T 1 | T T 1 | T T 1 | T 1 |—_ % 10 E L | L | |||||||| | L | L | L | L
o + CMS ¢ Data o o CMS ¢ Data E
2] ~ | _ =~ C )
2 2 oL WH-cat3 — S+B fit b @ gp ZH-cat2 — S+B fit E
S § - m,=12538GeV 1 ... Bkg. component - § F m,=12538Gev ... Bkg. component  :
Q| W G e B | L =10 5
L T o ; oF o VH category results
8 6 :‘ [ ] _ 5;_ _
,.E\ [ 4k - T
= :  Expected significance of 0.40
=] 3F E
Q ® | ’ 2 : (X ) o0 ® —E I tfi
= i LI : » Observed significance of 2.00
Q : : i 1F LT
% 0 | L1y |“I ,..,“, |“,“I L LT Y .!n""mnnm 0 lh“ e e T “'“"“ [l B P S i el 7 7 P AP AR PP AP P AP S S' I h 5 4 8 _|_3 10
i g} 55_I T | L | 1T | | I;I | | L | 1T | L | T I—i g g_%:| 1l | T T | 11 | L | 1T | L | T I;l 1 |:; o Igna Strengt //t — ° _2.83
S RTIETMEIES L s O N j
S -5¢ E S 2F E
- I | | L 11 1 | | | L1 11 | L1 1 | L1 11 | L 1 1 1 | 1 1 1 1 - _4 :_I 1 1 1 | I | | I I | | I | | I | | I | | I | | 1 1 1 I_:
110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150
m,, (GeV) m,, (GeV)
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ggH event candidate

How does a ggH event look like?
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ggH event candidate

How does a ggH event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v \

No b-tagged jets in the event
with pt > 25 GeV

v

No additional leptons (e, u) in the
event with pr > 20 GeV

v

VBF veto

In events with two or more jets pr > 25 GeV
mjj < 400 GeV or |Anjl < 2.5 or p1(j1) <35 GeV
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137 fb' (13 TeV)

ggH event categories O AL AAEAAALIAMA MMM AAM R
8108; -Tgpquark I Zjj-EW ?
o E [ ] Diboson [ ]Other bkg. 3
~107F — ggH — VBF :
* Divide-n-fit strategy employed in the signal extraction < 100k — Othersig. .
* BDT classifier trained to separate at best signal from background events 12: :
103; ?
10 | :
10
* Higgs candidate: pr, rapidity, decay angles (¢p¢s, cos(8)cs) if : B
E * 1 and pt/my, of the muons from Higgs candidate / e —————
M |+ N, prand n of the leading jet
Zlé . Events with one jet: An(up,j) and Ad(u,j) S 0EeR i o es be of o
» Events with = 2 jets: m;, Anjj, Adj, Zeppenfeld, min-An(Hp,j),
min-Ad(KL,))
Event HWHM
category (GeV)
myu resolution eoH-catl 319
* Signal events weighted by 1/(om/m) during training ) ggH-cat2 1.75
* Events with high my, resolution promoted to high score ggH-cat3 1.60
geH-catd 1.47
goH-cath 1.50
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ggH event categories

* Divide-n-fit strategy employed in the signal extraction

 BDT classifier trained to separate at best signal from background events

* Higgs candidate: pr, rapidity, decay angles (¢cs, cos(0)cs)
* N and pt/myu of the muons from Higgs candidate

Niets, pPT and n of the leading jet

 Events with one jet. An(uy,)) and AP(Uu,))

ggH BDT

 Events with = 2 jets: mj, Anj, Adj, Zeppenfeld, min-An(My,j),
MiN-AQ (L))

/

myu resolution

» Signal events weighted by 1/(om/m) during training
* Events with high my, resolution promoted to high score

21/10/20 Raffaele Gerosa

-.(L) E | T 1 | [ | 1T 1 | T 1 | [ | I I | 11 | E
510°: CMS —¢- Data 7 DY ]
D 8k [ Top quark [ Zjj-EW E
o [ Diboson [ JOther bkg.  :
~ 10" F — ggH — VBF <
2 — Other sig ]
S 10° . - .
T N
W 10° .

—h

(@)
™

—h

back rourfwdiis :

137 fb™' (13 TeV)

1 1

Data/Bkg.

‘IOE _I_I_,_l

10_1:—.|1...|...|

| _

1.4¢

L B i i R

0L [

06 . |1 """""" | """""" fll """""""""""" f|l """"""

|
-08 -06 -04 -02 O 02 04 06 08

ggH BDT output

Event HWHM
category (GeV)
ggH-catl 2.12
ggH-cat2 1.75
ggH-cat3 1.60
ggH-catd 1.47
ggH-catd 1.50




ggH category: background estimate

 The “classical approach” is to fit the my, distribution in each subcategory independently

* The fit in one subcategory is not influenced by background parameters in other subcategories

CMS 35.9 b (13 TeV

o
=
wn

35.9 b (13 TeV)

> ] > 18000 —_I ||||||||||||||||||||||||||||||||||||| |_—
©  gof-H—yy = o) - H—yy :
O f.=125.4 GeV, i=1.1g  UnaggedO - O Je000- My=125.4 GeV, fi=1.18  n1299ed3 =
o 70 ¢ Data E o c ¢ Data .
S — S+B fit E S 140000 —— S+B fit E
o M e B component 3 7] 12000 N e B component 3

ol B =10 E 10000 - B <10 =

40 2o E 8000 F- £

30F- = 6000 - =

20 — 4000 =

10F = 2000 =

Y P TN SIS N . A B P s 0

v ' " B component subtracted 3 zoo;; %

20 ® _i 138 57 %

10 { } } =

£ Examples from H — yy and :

b0 160 170 180

from earlier H—’uJ_ ana|ySiS m,, (GeV)

-1
CcMS ST e 35910 (13 TeV)

10 H—>yy

[ ,=125.4 GeV, i=1.18  VBFO
- ¢ Data .
i —— S+B fit ]

Untagged 2 —f

¢ Data
- —SBfit 3 @ B component
5000 %, e B component

.

L e

Events / GeV
3
8
Events / GeV

)
S
S
=)

| | | | |

0
8
6
41
2:
0
2
4
1

~200F | | | | | | | ) 100 110 120 130 140 150 160 _ 170 _ 180
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ggH category: background estimate

 The “classical approach” is to fit the my, distribution in each subcategory independently

* The fit in one subcategory is not influenced by background parameters in other subcategories

CMS 35.9 b (13 TeV

> L I L I LU I L I L I LU I L I L I)— CMS 35.9 fb-1 (13 TeV) B k i i
, W_ oows 39 (13TeV) ackaround combosition

¢ sop-H—y ~ Untagged 0 o F Heyy E g
2 m=125.4 GeV, u=1.18 magge O 16000 - =125.4 GeV, fi=1.18 Un_tagged 3
a 10 ¢ Data * . ¢ Data
c —— S+B fit '€ 14000 — S+B fit
o 60 o)
o M e B component gj12000% e B component

50 1o

 Background composition in the ggH subcategories well
known from simulation

] i; o E 10000
2 O 1

 Background shape similar across subcategories driven by

- % } l Bcomponentsubtracted_é 100; | % : the tail Of the Z-bOson peak in DY+jetS events
1 1 Examples from H — yyand| * Minor variations across subcategories are due to
from earlier H—puu analysis m, (GeV) difference in muon kinematics and mass resolution
CMS ST TETT = e 359 .fPf.(J 3TeV)
3 7000_:"';\'(\'( IIIIII A IIIIIIII ljnlta;g;gleldlzl IIIIIIIII E § 1OZ_H,_:>1Y2Y5.4 Gev, =118 VBFO -
(4\-; 6000_ neiER AL igatBaf.t z % 8___ igfgfit _: mZ
|.|>.| zzz;: ;?fsmponent % 8| 6; i;‘; P _; .
‘ : g = Bump hunt on the
s | e | D tail of the Z-peak
, £ ult
_Zo?ofo 110 120 130 140 150 160 170 180 0O 060 mY;7(OG|eV1_)80

m,, (GeV)
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Background model
In a subcategory

21/10/20

ggH: background estimate

Given the similarities in the background m,, shape
across ggH subcategories

X

Core function

Common shape
across categories

Parameters are
constrained by data
in all categories

Discrete likelihood
profile of functions
(inspired by theory or
empirical) able to model
the DY spectrum
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ggH: background estimate

Given the similarities in the background m,, shape
across ggH subcategories

Background model

X Per-category X
In a subcategory

shape modifier

Core function

. Common shape * 2nd or 3rd order

across categories Chebyshev polynomial
* Parameters are » Parameters are
constrained by data uncorrelated across
* Discrete likelihood
profile of functions * Accountior shape
(inspired by theory or varlathns aCross
empirical) able to model categories

the DY spectrum
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ggH: background estimate

Given the similarities in the background m,, shape
across ggH subcategories

Background model

Per-category :
in a subcategory X X  Background yield

shape modifier

Core function

* 2nd or 3rd order » Per-category total

« Common shape :

ACTOSS categorﬁ)es Chebyshev polynomial background rate
* Parameters are » Parameters are

constrained by data uncorrelated across
* Discrete likelihood

profile of functions * Accountior shape

(inspired by theory or variations across

empirical) able to model categories

the DY spectrum
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ggH: background estimate

Given the similarities in the background m,, shape
across ggH subcategories

{o
ters
ame h
Background model : fewerl roaC”__ :
: — e .~ aPP . ground yield
in a subcategory core functllo ||ows to urst c|asslcal eepmg y
de d wW-!I- — ..y whi
ound MT° ckgroy” asitivity
. backgr .ne the ba z . ~ the S€ tractlo * Per-category total
ThiS descrlb ' merlt in= . nal ext  orynomial background rate
e = improVes in the 9
for @ 1 /o . iple b|s * Parameters are
||()\Ns a neg“g 7 Idlc uncorrelated across
It 3 =alCgories categories
* Discrete likelihood
profile of functions * Accountfor shape
(inspired by theory or variations across
empirical) able to model categories

the DY spectrum
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ggH category results

* Divide-n-fit strategy — five subcategories
e Signal & my, distributions parametrised via Double Crystal-Ball function
 Background — my, mass distributions modelled via the method described before

10? 137 o™ (13 TeV) 108 137 fo™' (13 TeV)
% B | I I| IIIIIIII |IIII|IIII|IIII|IIII_ % 2:—I L | L I| IIIIIIII |IIII|IIII|IIII|IIII—:
& O 1oL CMS ¢ Data i G 18 CMS ¢ Data _:
qt) E: . ggH-cat4 — S+B fit - E’ 1_6:— ggH-cat5 — S+B fit g
QO § g Mh=12038GeV Bkg. component § 145_ my=12538GeV ... Bkg. component | H f
D [D ) Bl o 4 Bl 5 ggH category resuits
.I§ 6-— +20 1'2: 20 —:
T ' 'F  Expected significance of 1.60
o) L 0.8
g ; 0.6F * Observed significance of 1.00
N . -
I~ oL 0.4F : : _ +0.65
3 - ook ; . Signal strength ;1 = 0.637 7
.Icz O-I o v v P P P b P I- O:I 111 | L 111 | L 111 | I | I | I | L 111 | 1 11 |:
m .200'_'lll||lll|llll|lIII|IIII|IIII|IIII|IIII_' _100|||||||||||||||||||||||||||||||||||||||
L 2 % o)
S| |2 . : 5
| |z | T 50
D_200-|||||||||||||||||||||||||||||||||||||||__ D_-]OO...il.|||||||||||||||||||||||||||||||||
110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150
m,, (GeV) m,, (GeV)
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VBF event candidate

How does a VBF event look like?
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VBF event candidate

How does a VBF event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

No b-tagged jets in the event
with pt > 25 GeV

v

Lepton veto: no additional e or u
with pt > 20 GeV
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VBF event candidate

How does a VBF event look like?

Higgs candidate
Dimuon pair with my, in [110,150] GeV

v

No b-tagged jets in the event
with pt > 25 GeV

v

Lepton veto: no additional e or u
with pt > 20 GeV

v

VBF selection

» At least two jets with pr > 25 GeV A
* Leading jet pt > 35 GeV
 m; > 400 GeV

e [An;l > 2.5
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VBF analysis strategy

* Pros of divide-n-fit strategy — fully data-driven background estimate

o Useful when the background cannot be reliably modelled via simulation

o Useful when an alternative analysis based on MC predictions is systematically limited

» Cons of divide-n-fit strategy — add categories at high signal purity does not improve the performance

o At high signal purity, the small number of observed events in sideband may limit the sensitivity

cat-1 cat-2 cat-3
MVA-score
Background : : :
| Moving from low to high MVA score, progressively smaller
Signal constraint power from the observed data in the mass sidebands
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VBF analysis strategy

* In the VBF analysis, it is possible to reach 30-40% purity at high mj;, Anj
o In this regime, few events in the mass sidebands (SB) to constrain the bkg. with a parametric fit

o This translates in a 30-50% uncertainty on the predicted background yield under the Higgs peak

21/10/20 Raffaele Gerosa
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801

VBF analysis strategy

* In the VBF analysis, it is possible to reach 30-40% purity at high mj;, Anj
o In this regime, few events in the mass sidebands (SB) to constrain the bkg. with a parametric fit

o This translates in a 30-50% uncertainty on the predicted background yield under the Higgs peak

N\

e Include my, in the MVA classifier

Different approach
simulation based e Extract the signal via a fit to the MVA output

 Background estimation from simulation

** Analysis strategy inspired from the one used in the
H(bb) observation reported in PRL 121 (2018) 121801
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VBF analysis strategy

* In the VBF analysis, it is possible to reach 30-40% purity at high mj;, Anj

o In this regime, few events in the mass sidebands (SB) to constrain the bkg. with a parametric fit

o This translates in a 30-50% uncertainty on the predicted background yield under the Higgs peak

N\

e Include my, in the MVA classifier

Different approach
simulation based e Extract the signal via a fit to the MVA output

 Background estimation from simulation

"

DY and Zjj-EW simulations can well reproduce the observation
in data as demonstrated in EPJC 78 (2018) 589

« Simulation provides a background prediction with better
precision, including systematics, than a parametric fit

** Analysis strategy inspired from the one used in the

H(bb) observation reported in PRL 121 (2018) 121801 Motivations

e About 20% improvement in expected significance w.r.t.
divide-n-fit strategy
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VBF DNN classifier

 DNN classifier — trained to maximise the separation between VBF Higgs and background events
o Higgs candidate: my,, pr, rapidity, and decay angles (¢cs, cos Oc¢s)

o VBF jets: pt(j1), pt(j2), n(j1), n(2), ®(1), P(j2), Ang, my, Adj, Zeppenfeld, pr balance (up,jj)
o Additional activity: soft track-jets reconstructed from tracks associated to PV with pt > 5 GeV

Binned template fit 137 b (13 TeV) 137 fb! (13 TeV)
[ I L L L L L R Q@ EFTTTTTTTTTITT T T T T
. . S'7F cms ¢ Data  [ZiEW S10°F CMS ¢Data WH-wn 3
* Fit performed simultaneously D 10°F postfit ov  MTopquak 4 | |D107F postit Wziew [ov
across data-taking periods and 1L VBF-SB Run2 Diboson _ 10°F VBF-SR Run2 [ Top quark [JDiboson
Ta signa[ and sideband regions 1045_ m,, = 125.38 GeV _ 10°F m, = 12538 GeV — VBF —ggH ]
VBF-SB 10°E
« VBF-SR: 115 <myu < 135 GeV 10° VBF-SR| -
102 E
C 10 :
« VBF-SB: 110 <myu< 115 GeV or 10§ 1
135 < mp,p < 150 GeV 1 10"
 Mass-decorrelated DNN used S _“;f;_._____, _____ S S
in the VBF-SB — defined by Z I A i i 1 | |2 2 fitted H~pp-signal-—e s
. . = et—@—— O i —— — B S O E :
fixing muyu to be 125 GeV Sosi T ISR = B I - B s RS i
% 2| zlt "els "s|3"I1|o 1|2' 0 2| 4|1 Iflil i|3 1|0 1|2
VBF DNN bin VBF DNN bin
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VBF DNN: systematic uncertainties

 DNN classifier trained to maximise the separation between VBF signal and background events
* In the DNN high-score region — statistical uncertainty in the most sensitive bins ranges in 40-70%

» Systematic uncertainties on the background prediction are << statistical uncertainty

137 b (13 TeV) 137 b (13 TeV) ) T ]
R R N | K B N R Impact of systematic uncertainties is ~5%
§ = CMS ¢ Data  [Zj-EW §,1o8E CMS ¢ Data BWH-u 3
LW 10°E  post-fit DY [ Top quark E LLI 10@? Post-fit [ zj-Ew 4 ?
105L VBF-SB Run2 Diboson ' 10°E VBF-SR Run2 [ Top quay eﬁ X" - Leading systematic uncertainties
- m, =125.38 GeV 105E m, =125.38 GeV — VBb 66 ]
o 104§ /_\g ?
00k W) * Parton shower modelling of VBF-H and Zjj-
“(\K\)‘ 3 . i
7 N - EW (Pythia vs Herwig)
1o ﬂ: Jet energy scale and resolution
P DY events from one or more pileup jets
107 B — — e ' : . . 00 o .
I 0 0 L A S S 2 = » Statistical precision of simulation
2 ASE NS 1 |2 2 fitted-Heppa-signal . - - |
8 O;‘*’*'HW*‘** _____________ e N | =T S B e =T  Theory uncertainties: missing higher order
N | | | | | B | ] S L A A N corrections, etc ..
o) 2 4 6 8 10 12 0 2 4 6 8 10 12
VBF DNN bin VBF DNN bin
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VBF analysis results

» Signal extraction: simultaneous fit performed across data-taking periods, VBF-SB and VBF-SR regions

Result in VBF-SR for illustration only
137 b (13 TeV) A mass distribution for VBF- 137 fb™! (13 TeV)
[ B B "'|"'|"'|"'|'j . : >SN AL I I I REN RN RN R
S10°E CMS $Data  [H-uu SR obtained via a 8 F cms ¢ Data  [MH-—un
T 107F postsit B zji-Ew DY decorrelation procedure @ ..l Postdit B zj-EW DY  °
10°F VBF-SR Run2 B Top quark [@Diboson equivalent to the one used in S I VBF category Il Top quark [l Diboson
10’k m,=12538Gev ~ — VBF —ggH ] the DNN for the VBF-SB. 0 o m,=125.38 GeV — VBF —ogH -
S 3 . L®; r
; - Events are S/(S5+B) weighted e
S
)
<
VBF category results 3 1
0p
 Expected significance of 1.80
« Observed significance of 2.40 2
@
. Signal strength u = 1.36J_r8:g? @ 2 T B
110 115 120 125 130 135 140 145 15
m,. (GeV)

VBF DNN bin
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Summary of event categories

 H— uu analysis divided in exclusive production categories targeting ggH, VBF, VH, and ttH modes
 Each of them is further divided into subcategories optimising the significance for H—uu decays

cgesangngen CMS Supplementary 137 b (13 TeV)

IIII|IIII|IIII|IIII|IIII| IIIIIIII I |||||||||||||||||||||||II|II
H t 1
gg ggH-cat1
g t ggH-cat2
5000000000

ggH-cat3 Low purity

ggH-cat4

High significance

ggH-cat5

VBF

VBF DNN-bin 1-5

Increasing purity

VBF DNN-bin 6-9
VBF DNN-bin 10-11

High significance

VBF DNN-bin 12-13

WH-cat1

WH-cat2

VH —

WH-cat3

Good purity Small significance

ZH-cat1
ZH-cat2

ttHhad-cat1

ttHhad-cat2
ttHhad-cat3

/ ttHlep-cat1

ttHlep-cat2

Good purity Small significance

ttH

30 35 0 0.2 04 06 0.8 1 1.2 14
S/(S+B) (%) s/\B

o
6))
—h
o
—
6))
N
o
N
6))
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Local p-values vs Higgs mass

 Combined fit performed across all event categories (ggH, VBF, VH, and ttH)
* Systematic uncertainties are typically correlated across data-taking periods and categories

CMS 137 b (13 TeV) CMS 137 b (13 TeV)
G) 1 :I | | | L | IIIIIIIIIIIIIIII | | L | | L | | | IIIII GD 1 = -
= n = n
© T——— ©
> <
Q. Q.
'© ©
S107"E 8107
-l n —
107 ¢ 107 ¢
10_3 -__- ---------------------------------------------------------------------- £ 30 10_3 I | —
- Expected — Combined — VBF-cat. - : — Combined — VBF-cat. -
m, = 125.38 GeV —ggH-cat. ttH-cat. - - Observed — ggH-cat. ttH-cat.
— VH-cat. i , — VH-cat.
10—4IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 10—4IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
120 121 122 123 124 125 126 127 128 129 130 120 121 122 123 124 125 126 127 128 129 130
m, (GeV) my, (GeV)
Expected significance for my = 125.38 GeV is 2.50 Observed significance for my = 125.38 GeV is 3.00
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Local p-values vs Higgs mass

 Combined fit performed across all event categories (ggH, VBF, VH, and ttH)

* Systematic uncertainties are typically correlated across data-taking periods and categories

CMS 137 b (13 TeV) CMS 137 b (13 TeV)

—h
L

Local p-value

w—h
<

© Expected — Combined — VBF-cat. > — Combined — VBF-cat.
- m,=125.38 GeV — ggH-cat. ttH-cat. - - Observed — ggH-cat. ttH-cat.
— VH-cat. : : — VH-cat.
10 po v b b b P P e b by 10 v e b b b b P b b g g g
120 121 122 123 124 125 126 127 128 129 130 120 121 122 123 124 125 126 127 128 129 130
m, (GeV) my, (GeV)
Expected significance for my = 125.38 GeV is 2.50 Observed significance for my = 125.38 GeV is 3.00
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H — ppu fitted signal

Signal strength for my = 125.38 GeV
in the four production categories

137 b (13 TeV)
| | | | | | | | | | |

. A 0.44
Combined p=1.197,,,

CMS
—— Combined best fit u
- === SM expectation

I 68% CL

95% CL
my = 125.38 GeV

_ +0.69
VBF-cat. | u=136"

_ _ +0.65
ggH-cat. n=063_ "

_ _ +2.27
ttH-cat. w=232"""

_ +3.10
VH-cat. w=548"_

Best-fit u

. Best fit 1 = 1.19J_r8:fé

* Results compatible with SM expectations
e Uncertainty dominated by statistics
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H — ppu fitted signal

Signal strength for my = 125.38 GeV 137 b (13 TeV)
in the four production categories

137 b (13 TeV)
| | | | | | | | | | |

O cMs ¢ Data

I 700 i — -1 -
CMS Combined {i =1.19 7% 00 Al categor!es S+B (u=1.19) :
| . = S/(S+B) weighted ... Bkg. component :
- —— Combined best fit w 600 - 195 38 GeV 7
m, = 125. e ]
- ----SM i H T +10
VBF-cat. M=1-36_§_:19 SM expectation
I 68% CL ﬁ +20

95% CL

+B) Weighted Events / GeV
S
o
I
I

ggH-Cat' n= 063+(§)6645 my = 125.38 GeV Combining mlJ.H 400F
_ i - ) spectrums from 3001
fiH-cat. | w=28277 different categories & oook
- 1 weightingthen by the = 7
VH-cat. | u=5487; - = expected S/(S+B) % 100f
B | O : 1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 | 1 1 1 :
. —_I 1 | 1 | L | IR | 1 | 1 | IR | 1 I_—
] | 1 | o) 5; .
4 2 0 4 6 8 o ; '} % ! :
Best-fit u %
- +O 44 D _5 I | [ 1 1 1 | [ 1 1 1 | L 1 1 1 | [ 1 1 1 | [ 1 1 1 | L 1 1 1 | | 1 1 I_-
. Bestfity = 1.197 7,7 110 115 120 125 130 135 140 145 150
L . m . (GeV
* Results compatible with SM expectations un )
» Uncertainty dominated by statistics for illustration only
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Higgs boson couplings to muons

 The H— uu coupling strength is obtained from a combination with measurements from other Higgs channels
 This H— uu resultis combined with the analyses reported in CMS-PAS-HIG-19-005

* The resolved k-framework model is adopted to extract estimates for the Higgs boson couplings to SM particles
35.9-137 fb' (13 TeV) 35.9-137 fb™' (13 TeV)

A14III|III|III|III|III|III|III|III|III| e " L L oo | |
\_I-/ i . . "q_'J 1—_ . . t ¢'L_
S CMS Preliminary ] GE) = CMS Preliminary wZ .7
u _ - 2
> 121" m, = 125.38 GeV : S [ my,=12538GeV ‘
X _ +0.21 o 1 -1 _
& o[ [ Ku= 11805, a1 68% CL - o 0
Qo
8 B ] bi*"
— O 10 §_ "’¢ _§
S
- o)) ¢ Vector bosons
L 10°Eu - ¢ 3" generation fermions E
% 2t ¢ 2" generation fermions -
B - e SM Higgs boson -
107 E
_II| ] ] ] IIIII| ] ] ] IIIII| ] ] ] IIIII| ] a
B % 1.5:II| | | IIIIII| | | IIIIII| | | IIIIII|
e e
OIII|III|III|III|III III|III|III|III 9 1;_ --------------- §--% ----------------- -ﬁ---i--
O 02 04 06 08 1 12 14 16 18 2 © C | | |
m 0.5 | ] ] L1 1 111 ] ] L1 1 111 ] ] L1 1 111

coupling strength x,, o | p1§rticle massj c()2(3|eV)

Observed H— uu coupling strength compatible
with SM with ~20% uncertainty

Coupling vs mass — remarkable success of the SM
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https://cds.cern.ch/record/2706103

H—pu analysis: ATLAS vs CMS

*** Disclaimer: an apple-to-apple comparison between ATLAS and CMS results is not
straightforward, can be only based on information provided in the corresponding
papers submitted to PLB and JHEP, respectively

*** Disclaimer: ATLAS results interpreted for my = 125.09 GeV, CMS ones for my = 125.38 GeV
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ATLAS vs CMS: results

Similarities

* Both experiments rely on single-muon triggers with
similar overall efficiency

 Comparable acceptance of the baseline dimuon
selection

* Both experiments developed dedicated analyses for
ttH, VH, VBF, and ggH production modes

e ttH,VH, VBF, and ggH MVAs exploit similar input
features to maximise the S to B separation

» Similar choice for signal event generation. NNLOPS
prediction used as target for ggH, POWHEG NLO for
other processes (VBF, VH, ttH)
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ATLAS vs CMS: results

Similarities
* Both experiments rely on single-muon triggers with  mass resolution: CMS has a substantially better
similar overall efficiency resolution on muon pt
 Comparable acceptance of the baseline dimuon * In CMS all MVAs are sensitive to both event kinematic
selection and my, resolution, while ATLAS does not embed the

resolution information

* Both experiments developed dedicated analyses for

ttH, VH, VBF, and ggH production modes * The pr threshold for additional leptons in ttH and VH are

lower in ATLAS than in CMS

) :tH’ VH, VBF, and gthM\éAS %xploit similar input e VBF analysis: ATLAS uses a divide-n-fit strategy, while
eatures to maximise the S to b separation CMS adopted a MC-based analysis

» Similar choice for signal event generation. NNLOPS _ | | |
prediction used as target for ggH, POWHEG NLO for * ggH analysis: ATLAS trained independent BDTs in each
other processes (VBF, VH, ttH) jet-bin, while CMS has a single MVA classifier

e ggH analysis: ATLAS has 4 categories per MVA, while
CMS has just five ggH categories in total
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ATLAS vs CMS: results

Similarities
* Both experiments rely on single-muon triggers with  mass resolution: CMS has a substantially better
similar overall efficiency resolution on muon pt
 Comparable acceptance of the baseline dimuon * In CMS all MVAs are sensitive to both event kinematic
selection and my, resolution, while ATLAS does not embed the

resolution information

* Both experiments developed dedicated analyses for

ttH, VH, VBF, and ggH production modes * The pr threshold for additional leptons in ttH and VH are

lower in ATLAS than in CMS

) :tH’ VH, VBF, and gthM\éAS %xploit similar input e VBF analysis: ATLAS uses a divide-n-fit strategy, while
eatures to maximise the S to b separation CMS adopted a MC-based analysis

» Similar choice for signal event generation. NNLOPS _ | | |
prediction used as target for ggH, POWHEG NLO for * ggH analysis: ATLAS trained independent BDTs in each
other processes (VBF, VH, ttH) jet-bin, while CMS has a single MVA classifier

e ggH analysis: ATLAS has 4 categories per MVA, while
CMS has just five ggH categories in total

The difference in my, resolution is the main reason behind the stronger CMS result
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ATLAS vs CMS: mass resolution

Category Data Sam S B S/B  S/B (%) Ea (GeV] I E t HWHM
VBF Very High 15 2.81+027 33+1.7 14.5 + 2.1 0.86 226 3.0 g ven '
VBF High 30 3.46 +0.36 4.0 + 2.1 32.5 + 2.9 0.71 124 : 3.0
g’) VBF Medium 112 48 +05 56+ 28 85 + 4 0.61 6.6 1 29 S Category (GeV)
I~ VBF Low 284 7.5+ 0.9 9+ 4 273 + 8 0.53 32 i 3.0 :
o 2-jet Very High 1030 17.6 + 3.3 21 + 10 1024 + 22 0.63 20 ¢ 3.1 g ggH-Catl : 2 12
Q) | 2-jet High 5433 50 + 8 58 + 30 5440 + 50 0.77 1.0 i 29 -
@ | 2jet Medium 18311  79+15 90450 18320 + 90 0.66 05 i 29 g ggH-Catz - 1.75
.E 2-jet Low 36409 63 + 17 70 4 40 36340 + 140 0.37 02 i 29 B
O 1-jet Very High 1097  16.5 4 2.4 19 + 10 1071 =+ 22 0.59 1.8 i 29 - )
0N 1-jet High 6413 46 £ 7 54 4 28 6320 + 50 0.69 09 i 28 8 ggH Cat3 : 1 60
1-jet Medium 24576 90 £ 11 100 % 50 24290 + 100 0.67 0.4 i 27 ~ _ E :
Sl 1-jet Low 73459 125 £ 17 150 £ 70 73480 + 190 0.53 02 i 28 ) 8gH Cat4 : 147
O-jet Very High 15986 59 + 11 70 4 40 16090 4 90 0.55 04 i 26 :
IE 0-jet High 46523 99413 120460 46190 + 150 0.54 03 i 26 = ggH'CatS : 1.50 (13 TeV)
O_‘]GM N1 909 110 | 1 A 1 AN | lwdAY N1 910 | 1N N AG N E 2.7 0 _ g - I'| | 1 1 | 1 1 | 1 1 | |_
O_Je > 02_ T T T [ T T r T 11 T T 1 1 T 1 N N B 2.7 E CU - MS S:ImUIatlon .
VHZ q) B ] . 7] 2.9 : 0.09 __ ------------------------- __
virl 5 - ATLAS Simulation . 51 B -
: 0.18 — L " Category: Category: .
vil = " F {s=13TeV, 139 fb > 30 008 P9 o -
T \i 0.16 :_ — 3 _: 39 : - ggH-cat1 ggH-cat4 ]
— = - H — uu . 0.07F =
.g 0.14 — - | T - % Signal simulation % Signal simulation
= - VBF Very High O-jet Very High 1 0.06 ]
O 0.1 2 - ] -~ = Parametric Model — Parametric Model ]
Z = ¢ MC ¢ MC : 0.051 -
= 0.1= — Signal model — Signal model — L HWHM =2.12 GeV HWHM = 1.47 GeV |
0.08F Mg =124.7 GeV Meg =124.8 GeV = 0.04 E
0.06 :_ Ocg = 3.0 GeV Ocg = 2.6 GeV _: 0.03F —
0.041 — 0.02 -
0.02¢- E 0.01F -
v o 8 | e | | | | | | | | | | | | | | | | ' 9 - u : W e~ :l:" :
P 0 S oot A A AN A A A -
110 115 120 125 130 135 G \1/;10 116 118 120 122 124 126 128 130 132 134
e
J m,, (GeV)
o

21/10/20 Raffaele Gerosa 37



ATLAS vs CMS: results

 Comparison of the final weighted mass distributions from the two experiments

> [ rrrrrrrrrrrrrr[rrrrr[rrrr[rrrorrrr
e O atLas + Data =
~ 600F- s=13TeV, 139 fb" —iotalpdt =
; — . _ — Olghnal p -
405) 50()E H — uu, In(1 + S/B) weighted .-- Bkg. pdf _E
o 400F —
= - =
£ 300 E
o — -
o 200 —
= - -
100~ -
) - g
X
M
e
CDU Y, ] S + .................................................................................................................................. _|
110 115 120 125 130 135 140 145 150 155 160
m,,. [GeV]

 ATLAS: observed (exp) significance 2.0 (1.7) o
« CMS: observed (exp) significance 3.0 (2.5) o

21/10/20

B) Weighted Events / GeV

600t

500 F
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800
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m,, = 125.38 GeV

¢ Data :
—— S+B (u=1.19) -
Bkg. component

=10

+20

l*‘}l+||'||

0

_5 I | | I 1 1 | | | | 1 | | I | | I | | I 1 1 | | | | 1 | | | | | I_-

110 115 120 125 130 135 140 145 150
m,, (GeV)
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H—pupu analysis: future prospects
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H—upu analysis in Run3

 The LHC Run3 will begin in February 2022
o Total integrated luminosity of about 200 fb-1
o Pileup similar to the one of 2018 data-taking

’ Small upgrades in the CMS detector
performed during LS2

o Center-of-mass energy possibly raised to 14 TeV

............ 300 fbo (13 TeV)
C MS w/ Run 2 syst. uncert. (S1)
PrO .eC tiOn w/ YR18 syst. uncert. (S2)
 Conservative projections for H— u reported in FTR-18-011 " / w/ Stat. uncert. only
.. . . W = . .
* Projections from an extrapolation of earlier H—pp 0% (S1aD; 006 (52): 908 (51
+ The result presented before already provides a 40% e .05 (St 0.05 (521: 0.07 (51
uncertainty in the BR(H— uu) estimate
27 L
e CMS Run2 result went well beyond previous expectations H o 0.05 (Stat); 0.06 (S2); 0.09 (S1)
bb
W 0.07 (Stat); 0.10 (S2); 0.12 (S1)
e Performance of H_’l.l[l in Run3 eXpeCted to be same of Run2 Earlier projections a/ready exceeded
* Very similar detector, pileup level, trigger setup etc .. ”
 Analysis statistically limited so it will improve with luminosity | | 042 (518D 042 (52);945 (51
0 0.1 02 0.3 04

Expected uncertainty
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http://cds.cern.ch/record/2647699?ln=en

H—pJu analysis in Run3

. . 30“
» The LHC Run3 will begin in February 2022 0 (€ x
o Total integrated luminosity of about 200 fb- | S ec’( ‘da‘aﬁ S detector
o Pileup similar to the one of 2018 data-taking eﬁ) 4 “‘3 afing LS2
o Center-of-mass energy possibly raised to 14 TeV 5 We 2,\—?‘ ............ 300fb (13 TeV)
se ’ “ MS w/ Run 2 syst. uncert. (S1)
S L
\o . “ PrO .eC tiOn w/ YR18 syst. uncert. (S2)
* Conservative projections for H— upu reported in FTP X 5 o( w\‘ ” / w/ Stat. uncert. only
M —— . .
» Projections from an extrapolation of earlier me“ O‘ AO 704 (10,00 (5200851
* The result presented before alreac (Oqe “G MWW o 0.03 (Stat); 0.05 (S2); 0.07 (S1)
uncertainty in the BR(H— uu) ¢ p “‘03
e CMS Run2 result wen ] g “o 6\9“ «S expectations e - 0.05 (Stat); 0.06 (S2); 0.09 (S1)
o cred s
Ps p W 0.07 (Stat); 0.10 (S2); 0.12 (S1)
G
* Perfc MU in Run3 expected to be same of Run2 Earlier projections already exceeded
e Very si etector, pileup level, trigger setup etc .. ”
u _ B
 Analysis statistically limited so it will improve with luminosity 042 (Stay; 042 (52); 0,43 (1)
0 0.1 0.2 0.3 0.4

Expected uncertainty
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H—pupu analysis in HL-LHC

 The HL-LHC will start in 2026 delivering about 3-4 ab-? of pp collision data at 14 TeV

o Extreme pileup conditions — 200 concurrent interactions every bunch crossing

o To operate in this environment, the detector will upgrade or replace severals subsystems
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H—pupu analysis in HL-LHC

 The HL-LHC will start in 2026 delivering about 3-4 ab-? of pp collision data at 14 TeV

o Extreme pileup conditions — 200 concurrent interactions every bunch crossing

o To operate in this environment, the detector will upgrade or replace severals subsystems

Upgraded detector +

 New tracker with coverage up to Inl=4 and L1 track trigger
 Upgraded muon system with coverage up to Inl=2.8

 New high granularity endcap calorimeter (HGCal)
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H—pupu analysis in HL-LHC

 The HL-LHC will start in 2026 delivering about 3-4 ab-? of pp collision data at 14 TeV

o Extreme pileup conditions — 200 concurrent interactions every bunch crossing
o To operate in this environment, the detector will upgrade or replace severals subsystems

Upgraded detector +

 New tracker with coverage up to Inl=4 and L1 track trigger
 Upgraded muon system with coverage up to Inl=2.8

v

* Increased acceptance due to muon coverage up to Inl=2.8

 New high granularity endcap calorimeter (HGCal)

Improvements expected in the H— uu analysis

* Possibly reconstruct muons with tracker-only up to Inl=4.0
* Substantial improvement in muon pr resolution

 VBF category: improved jet-energy-resolution for endcap
and forward jets

 VBF category: improved rejection of pileup jets in the
endcap and forward region
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H—pupu analysis in HL-LHC

 The HL-LHC will start in 2026 delivering about 3-4 ab-? of pp collision data at 14 TeV

o Extreme pileup conditions — 200 concurrent interactions every bunch crossing
o To operate in this environment, the detector will upgrade or replace severals subsystems

Upgraded detector + ;.0,22_,_1_.”[.H],,I,I_H.]_
Q n - i
 New tracker with coverage up to Inl=4 and L1 track trigger o) 0.2§ gM? chase 2 -
— - Simulation -
. Upgraded muon system with coverage up to Inl=2.8 §0-1 81 :
 New high granularity endcap calorimeter (HGCal) TED’ 0.16 in B% — uu events| -
0.141 -

: . - ORun2
Improvements expected in the H— uu analysis 0.12[ -
- [ Phase-2 —O3
0.1 T
* Increased acceptance due to muon coverage up to Inl=2.8 o 08: TS
038 O
* Possibly reconstruct muons with tracker-only up to Inl=4.0 - > Bt
4 y up d / O . 06 :_ n -O—0— }—:(__—. - _:
* Substantial improvement in muon pr resolution 0 04: o .
. - A0 — 1 ]
» VBF category: improved jet-energy-resolution for endcap o e i
and forward jets 0.02 -
[ | 10 I T | l T
* VBF category: improved rejection of pileup jets in the 00 0.5 1 1.5 2 25
endcap and forward region In |
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H—pupu analysis in HL-LHC

 The HL-LHC will start in 2026 delivering about 3-4 ab-? of pp collision data at 14 TeV

o Extreme pileup conditions — 200 concurrent interactions every bunch crossing
o To operate in this environment, the detector will upgrade or replace severals subsystems

Upgraded detector +

 New tracker with coverage up to Inl=4 and L1 track trigger a 14 TeV

..(2 . L I LI | I L I LI L I LI I LI L l LI I o I LI L l LI
° ' — 2 B : un |
Upgraded muon system with coverage up to Inl=2.8 . | CMS phase-2 ooz -
« New high granularity endcap calorimeter (HGCal) > 2 Simulation Preliminary T Wi MGG, 200 PU ~
% - VBF jet n dié?ui.t‘)ution (@au)
] %, —_
. _ 5 R . :
Improvements expected in the H— uu analysis 8 .
3 0.8 —
&) — K -
e Increased acceptance due to muon coverage up to Inl=2.8 = -
: . S 0.6 S - —
* Possibly reconstruct muons with tracker-only up to Inl=4.0 o [ P . b i
5 I e : — -
« Substantial improvement in muon pr resolution 5 04F - __
SR L _ -
» VBF category: improved jet-energy-resolution for endcap £ ool -
and forward jets i ‘ ¥
. - - - - . _l | 1 | I 1 | | I | 1 1 | l 1 1 | | I 1 1 1 | I “l"@ l—?_L ] 1 | | | 1 | | l "I. ] * ] |_|—
 VBF category: improved rejection of pileup jets in the % 05 1 15 2 25 3* 35 F‘,f 55
endcap and forward region e VBE Jetn (generaton)
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H—pupu analysis in HL-LHC

 The HL-LHC will start in 2026 delivering about 3-4 ab-? of pp collision data at 14 TeV

o Extreme pileup conditions — 200 concurrent interactions every bunch crossing
o To operate in this environment, the detector will upgrade or replace severals subsystems

Upgraded detector +

 New tracker with coverage up to Inl=4 and L1 track trigger
 Upgraded muon system with coverage up to Inl=2.8

v

* Increased acceptance due to muon coverage up to Inl=2.8

 New high granularity endcap calorimeter (HGCal)

Improvements expected in the H— uu analysis

* Possibly reconstruct muons with tracker-only up to Inl=4.0
* Substantial improvement in muon pr resolution

 VBF category: improved jet-energy-resolution for endcap
and forward jets

 VBF category: improved rejection of pileup jets in the
endcap and forward region
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Conclusions

-1
 H—pp analysis performed using 137 fb-1 of 13 TeV data _ SE— | ,,3,?"'9'1,37, f,b, (1‘? Te,V)
i t
=+ 16 . . =
- Observed (exp) significance of 3.00 (2.50) at my = 125.38 GeV || & £ CMS Preliminary wZ .-”
_ _ S [ m,=125.38 GeV
e First evidence for H— uu decays Q 401k _
O) - x"
e First evidence for Higgs interactions with 2nd generation of %_ f .
fermions § 102} T’x"' _
: _ +0.44 n - Vil
. Measured signal strength of 4 = 1.197 )7 g | + Vector bosons
« The success of the SM continues! 0% ¢ 3" generation fermions -
¥ ¢ 2" generation fermions -
 Result submitted to JHEP and available in arXiv [2009.04363] || — +  =----- SM Higgs boson
107" £ E
| ] ] I| ] ] | ] 1 1 11 I|
c% 1.5pm T J L | BRELRRRR
X B R S—
-E :I I| ] ] | ] ] | ] ] L 111 |
T 1 10 10°
particle mass (GeV)
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VBF fit breakdown in data-taking periods

35.9 fb' (13 TeV) 41.5fb" (13 TeV) 59.8 fb™' (13 TeV)
ﬂ108||||||||||||||||||||||||||||||||||||||||||||||| -9108||||||||||||||||||||||||||||||||||||||||||||||| ﬂ108|||||||||||||||||||||||||||||||||||||||||||||||
- - -

g) 10 CMS ¢ Data .H%uu g 107 CMS ¢ Data .H%MM g 107 CMS ¢ Data .H%MM
0ok Postit Bl zj-Ew DY " osb  Postit Bl zj-Ew DY "ol Postit Bl zj-ew DY
10° VBF-SR 2016 I Top quark [ ] Diboson 105k VBF-SR 2017 I Top quark [ ] Diboson 1oL VBF-SR 2018 I Top quark ] Diboson
¢l Mi=12538GeV o o o Mi=12538GeV o — o o] Mi=12538GeV o — g

05' .- .". | .- ."... - . |“. | .. | |.. -. . .-| | .’-}Tl.:.‘]:.'.-l-...-.-l....l....'

Data/Bkg
Data/Bkg

Data/Bkg.
Data/Bkg.

0.5 : 5 I : 0.5F :
O 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1 1491 | 1111 | 1111 | L1117 O:I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | L1117 O E 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | L1117
O 05 1 15 2 25 3 35 4 45 5 O 05 1 15 2 25 3 35 4 45 5 O 05 1 15 2 25 3 35 4 45 5

VBF DNN output VBF DNN output VBF DNN output

21/10/20 Raffaele Gerosa



VBF fit breakdown in data-taking periods

35.9 fb' (13 TeV)
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59.8 fb™' (13 TeV)
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VBF summary tables

Observable

VBEF-5B

VBEF-5R

Number of loose (medium) b-tagged jets
Number of selected muons
Number of selected electrons

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

Leading jet p

Dijet mass (1)

Pseudorapidity separation (| A;|)
Dimuon invariant mass

or 135 < Myy <

110 < m,, < 115GeV

>400 GeV

>2.5
115 < m,, < 135GeV
150 GeV

DNN bin Total signal VBF (%) ggH (%) Bkg. = AB Data S/(S+B) (%) S/v/B
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 15 151+14 18 13.2 0.59
11 2.15 88 12 914+1.2 10 19.1 0.71
12 2.10 87 13 5.8 = 1.1 6 26.6 0.87
13 1.87 94 6 2.6 209 7 41.8 1.16
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ggH mass distributions
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VH analysis

<10~ (13 TeV) <10~ (13 TeV)
N AR R R R RN RN IR RN R 5 I R L R L I L I B IR
© [ CMS Simulation Supplementary © 4[ CMS Simulation Supplementary A
4 | — Signal m, = 125 GeV i — Signal m. = 125 GeV
— Background 3__ —— Background |
3r ] I
2 - 20 ]
: i :
0————- — 0
04 USSR LSOO LA Lo Lo IR IR Lo '---I--;----' ------- Ll — 0.2 | | | | | [T T
28] ®
G5 O:2 [ L ST . % O .
%1728 06 04 0z 0 02 04 06 08 1 O 0 0d 0 0 05 04 08 08
WH BDT output 7H BDT output
Event Total WH qqZH ggZH ttH+H HWHM Bkg. fit Bkg. Data S/(S+B) (%) S/ \/E_
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 1.72 80.1 9.1 1.5 9.3 1.80 BWZ 23.1 27 4.50 0.23
WH-cat3 1.14 85.7 6.7 1.8 4.8 1.90 BWZ 5.48 4 12.6 0.35
/H-catl 0.11 — 82.8 17.2 — 2.07 BWZ 2.05 4 3.29 0.05
/H-cat2 0.31 — 79.6 20.4 — 1.80 BWZ 2.19 4 8.98 0.14
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VH mass distributions

137 b (13 TeV)
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ttH analysis

(13 TeV) (13 TeV)
3: _IIII|IIII|IIII|IIII|IIII|III||||||_ 3: _III|III|III|III|III|III|III|III|III|II|:
< 10°t CMS Simulation Supplementary E ® 0.12- CMS Simulation Supplementary 5
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F — Background ] E — Background :
e E 0.08- s
- . . ] _ B | :
107 e ) . 006 — | T [T .
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ttHhad BDT output tfHIep BDT output
Event Total ttH ggH VH Other HWHM Bkg. fit Bkg. Data S/(S5+B) (%) S/v/B
category signal (%) (%) (%) (%) (GeV) function @HWHM @HWHM @HWHM @HWHM
ttHhad-catl 6.87 323 403 172 102 1.85 Bern(2) 4298 4251 1.07 0.07
ttHhad-cat2 162 843 38 5.6 6.2 1.81 Bern(2) 82.0 389 1.32 0.12
ttHhad-cat3 133 940 0.3 1.3 4.4 1.80 S-Exp 12.3 12 6.87 0.26
ttHlep-catl 1.06 858 — 4.7 9.5 1.92 Exp 9.00 13 7.09 0.22
ttHlep-cat2 099 947 — 1.0 4.3 1.75 Exp 2.08 4 24.5 0.47
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ttH mass distributions
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137 fb (13 TeV)
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S/(S+B) Weighted Events / GeV

S/(S+B) weighted distributions
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S/(S+B) weighted distributions

ggH+VH+ttH weighted VBF weighted All categories
137 fb' (13 TeV) 137 fb' (13 TeV) 137 fb' (13 TeV)
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VBF DNN in SR vs muy hypotheses

my = 125.3 GeV mHy = 125.38 GeV muy = 125.5 GeV
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VBF DNN in SR vs muy hypotheses

my = 125.1 GeV

CMS Supplementary 137 fb' (13 TeV)
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my = 125.38 GeV

137 b (13 TeV)
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Run1+Run2 combination

4.9 (7 TeV) + 19.7 b (8 TeV) +137 fb™' (13 TeV)
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4.9 (7 TeV) + 19.7 b (8 TeV) +137 fb™' (13 TeV)
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H—uM signal

Likelihood scans vs y for my = 125.38 GeV

137 b (13 TeV) Best fit 1 = 1.19“:8:;{‘21 - via partial Iik-elihood scans
S R R R R N L R R the post-fit uncertainty is breakdown into statistical
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: \ : Theoretical uncertainty +0.10 —0.11
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H— MM signal

Likelihood scans vs pgr and pv for my = 125.38 GeV

Likelihood scans vs y for my = 125.38 GeV

* HF targets production modes involving Higgs-to-

137 b (13 TeV) fermions couplings (ggH and ttH)

g 8:| I 1T 1 | I T 11 | I T 11 | 1T 11 | 1T 11 | T 11 | I T 11 | I T 11 | 1T 11 | 1T 1 |: ° “V targets prOdUCtion mOdeS inVOIVing Higgs_to_
% _F CMS Supplementary — (E)bser‘t’e; 1 y vector boson couplings (VBF and VH)
— - - -- Expected u= —
E _ - 1
o - My =125.38 GeV — Observed VBF-cat. - ] 137 tb (13 TeV)
6 —— Observed ggH-cat. — § A | ,x"' "d‘\\'. + Bost fi
\ Observed ttH-cat. A 0 Rl e ef !
- —— QObserved VH-cat - i> ! Ny T 08% OL
S B 3.5 y - - 95% CL
- .' . . ® SM
4 :_ || I _: 3 J . {7
B i i 25 6
3 \ - _
E ‘|| : E 2 ] _: _5
2 \ ' — ' 1
- ' - 1.5 = 4
= \ - ' 3
B \‘ 1 | __
B v\ - s
O N e N N N |M L1 M i
2 4 0 1 2 3 4 5 6 7 8 0.5
signal strength (u) B -l _--C

21/10/20 Raffaele Gerosa



Simulated samples and cross sections

Process Generator (Perturbative order) Parton shower Cross section Additional corrections
geH 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 MADGRAPHS5_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 — L1 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 —
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Systematic uncertainties: correlation

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 VBEF, 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 up for ggH ggH in all cat. Rate Correlated Correlated
ur and up for VBF VBF in all cat. Rate Correlated Correlated
ur and pg for ttH ttH in all cat. Rate Correlated Correlated
ur and ur for VH VH in all cat. Rate Correlated Correlated
PDF for ggH ggH in all cat. Rate Correlated Correlated
PDF for VBF VBF 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),Nj,m;) ggH in all cat. Shape in VBF, rate in others Correlated Correlated
VBF accept. vs (pr(H),Nj,m;) VBFin all cat. Shape in VBE, rate in others Correlated Correlated
ttH accept. from ug and ur ttH in all cat. Rate Correlated Correlated
VH accept. from ur and ug 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 ug for Drell-Yan VBEF cat. Shape Correlated Correlated
ur and g for Zjj-EW VBEF cat. Shape Correlated Correlated
ur and ug for top bkgs. VBEF cat. Shape Correlated Correlated
ur and ur for diboson VBEF cat. Shape Correlated Correlated
PDF for Drell-Yan VBEF cat. Shape Correlated Correlated
PDF for Zjj-EW VBEF cat. Shape Correlated Correlated
PDF for top bkgs. VBEF cat. Shape Correlated Correlated
PDF for dibosons VBEF cat. Shape Correlated Correlated
Size of simulated samples VBEF cat. Bin-by-bin — Uncorrelated
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Systematic uncertainties: pulls and impacts

CMS Supplementary 137 b (13 TeV)
T [ T T T T [ T T T T [ T T T T [ T T T T 11 I I O O O
VBF-H parton shower i . ® ' - i ]
ggH QCD scale i ; @ ' - i ]
Zjj-EW parton shower i » @ $ | i ]
JES: absolute i =t @ 1 1| )
Signal shape o, ggH-cat1 i . @ ' i i )
Rate DY soft+PU jets 2017 i 1.52 J_’f:gg 1 1 |
Integrated luminsoity E @ #
Rate DY soft+PU jets 2016 | 0.61)5 1 1 )
Rate DY soft+PU jets 2018 1.26 J_’::gg
CMS_scale_j_relativeBal i - ® = - i ]
Signal shape o, ggH-cat2 i L ® ’ - i ]
ggH PDF and a | : e . 1 1 |
Parton shower on other proc. i . @ . i i )
ggH in VBF region i ' ® . | i )
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Summary of event categories

 H— uu analysis divided in exclusive production categories targeting ggH, VBF, VH, and ttH modes

 Each of them is further divided into subcategories optimising the expected significance for H— uu decays

e N CMS Supplementary 137 b (13 TeV)
L e
ggH t - \ ggH-cat1 "~ 267.6 expected events 1 = 3QBI_IL
g t ggH-cat2 311.5 expected events
ggH-cat3 131.4 expected events Il - WH
RN CM 1256 expected events . | ] ZH
ggH-cat5 53.8 expected events ggZH
VBF S BN 277 expectedevents W R
VBF DNN-bin 6-9 11.8 expected events - tH
VBF DNN-bin 10-11 4.5 expected events
VBF DNN-bin 12-13 4.0 expected events
WH-cat1 0.8 expected events
. ———————— Production categories
VH _> WH-cat3 1.1 expected events ) )
ZH-cat1 RS e AT have gOOd purlty in the
r4gie: vl 0.3 expected events Higgs boson production
URlES g SB8expectedevents B NN mode they are targeting
ttHhad-cat2 1.6 expected events
ttHhad-cat3 1.3 expected events
/ ttHlep-cat1 [ BESS a
ttH ttHlep-cat2 1.0 expected events

L1 I B A
0 10 20 30 40 50 60 70 80 90 100
Signal composition (%)
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Coupling fit

Combination with CMS-PAS-HIG-19-005 Combination with Eur. Phys. J. C 79 (2019) 421

35.9-137 fb™' (13 TeV) 35.9-137 fb' (13 TeV)

j 14 I 1Tl | L | bl | 1Tl | L | bl | 1Tl | L | bl | | | ] j 14 I 1Tl | L | bl 1Tl L | bl | 1Tl | L | bl | | | |
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o 1 e :
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Coupling fit

Combination with CMS-PAS-HIG-19-005 Combination with Eur. Phys. J. C 79 (2019) 421
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ATLAS and CMS H—ppu result

ATLAS categories

Category goF  VBF WH ZH ttH

VBF Very High  6.6% 93.3%  0.0% 0.0% 0.0%
VBF High 12.8%  87.1% 0.0% 0.0% 0.0%
VBF Medium 21.3%  78.5% 0.1% 0.1% 0.0%
VBF Low 34.8%  64.8% 0.2% 0.2% 0.0%
2-jet Very High 82.0% 15.7%  1.2%  1.0%  0.2%
2-iet High 79.3%  16.0%  2.7% 1.8%  0.3%
2-jet Medium 80.7%  10.4% 5.4% 3.0% 0.5%
2-jet Low 78.9%  6.6%  8.8%  4.9%  1.5%
l-iet Very High 78.2% 212%  0.3%  03%  0.0%
1-iet High 88.2% 10.4%  0.9%  0.6%  0.0%
l-iet Medium  91.4%  6.1% 1.6% 0.9%  0.0%
1-iet Low 02.4%  38%  2.6% 1.2%  0.0%
O-iet Very High  94.1%  25%  1.4%  2.0%  0.0%
0-jet High 98.3%  1.0% 04% 03%  0.0%
0-jet Medium 99.1% 0.6% 02% 0.1% 0.0%
0-jet Low 99.5% 0.3% 0.1% 0.1% 0.0%
VHA4L 0.0% 0.0% 0.1% 99.5% 0.4%
VH3LH 0.3% 0.1% 96.9% 2.6% 0.1%
VH3LM 4.2% 1.0%  80.8% 8.6% 5.3%
ttH 0.1% 0.0% 1.5% 0.4% 98.0%
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ggH-cat3

ggH-cat4

ggH-cat5
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ZH-cat1

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

t
267.6 expected events
311.5 expected events

131.4 expected events
125.6 expected events

53.8 expected events

27.7 expected events
11.8 expected events
4.5 expected events
4.0 expected events
0.8 expected events
1.7 expected events
1.1 expected events
0.1 expected events
0.3 expected events
6.8 expected events
1.6 expected events
1.3 expected events
1.1 expected events
1.0 expected events
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ATLAS and CMS H—ppu result

ATLAS categories
Category Data Sam S B S/NB S/B (%] o [GeV]
VBEF Very High 15  2.81 4+ 0.27 3.3 £ 1.7 14.5 £ 2.1 0.86 22.6 3.0
VBF High 39 3.46 £+ 0.36 4.0 £ 2.1 32.5 £ 2.9 0.71 12.4 3.0
VBF Medium 112 4.8 + 0.5 5.6 £ 2.8 8 + 4 0.61 6.6 2.9
VBF Low 284 7.5 £+ 0.9 9+ 4 273 £ 8 0.53 3.2 3.0
2-jet Very High 1030 17.6 + 3.3 21 4 10 1024 + 22 0.63 2.0 3.1
2-jet High 5433 50 £ 8 58 £+ 30 5440 4+ 50 0.77 1.0 2.9
2-jet Medium 18 311 79 + 15 90 + 50 18 320 £+ 90 0.66 0.5 2.9
2-jet Low 36 409 63 &+ 17 70 £+ 40 36 340 4+ 140 0.37 0.2 2.9
1-jet Very High 1097 16.5 + 2.4 19 + 10 1071 + 22 0.59 1.8 2.9
1-jet High 6413 46 = 7 H4 + 28 6320 £+ 50 0.69 0.9 2.8
1-jet Medium 24 576 90 £+ 11 100 4+ 50 24290 4+ 100 0.67 0.4 2.7
1-jet Low 73459 125 + 17 150 4= 70 73480 £+ 190 0.53 0.2 2.8
0-jet Very High 15986 59 £+ 11 70 £+ 40 16 090 £+ 90 0.55 0.4 2.6
0-jet High 46 523 99 + 13 120 4+ 60 46190 4+ 150 0.54 0.3 2.6
0-jet Medium 91 392 119 + 14 140 £ 70 91310 £+ 210 0.46 0.2 2.7
0-jet Low 121 354 79 £ 10 90 £+ 50 121 310 4+ 280 0.26 0.1 2.7
VH4L 34 0.53 £ 0.05 0.6 £ 0.3 24 + 4 0.13 2.0 2.9
VH3LH 41 1.45 4+ 0.14 1.7 & 0.9 41 £ 5 0.27 4.2 3.1
VH3LM 358  2.76 =+ 0.24 3.2+ 1.6 347 £ 15 0.17 0.9 3.0
ttH 17  1.19 + 0.13 1.4 + 0.7 15.1 4+ 2.2 0.36 9.2 3.2
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ggH-cat4

ggH-cat5

VBF DNN-bin 1-5
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WH-cat1
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WH-cat3

ZH-cat1

ZH-cat2
ttHhad-cat1
ttHhad-cat2
ttHhad-cat3
ttHlep-cat1
ttHlep-cat2
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ATLAS and CMS H—ppu result

ATLAS categories
Category Data Sam S B S/NB  S/B (%] o [GeV]
VBEF Very High 15  2.81 4+ 0.27 3.3 £ 1.7 14.5 + 2.1 0.86 22.6 3.0
VBF High 39 3.46 £+ 0.36 4.0 £ 2.1 32.5 £ 2.9 0.71 12.4 3.0
VBF Medium 112 4.8 + 0.5 5.6 £ 2.8 8 + 4 0.61 6.6 2.9
VBF Low 284 7.5 £+ 0.9 9+ 4 273 £ 8 0.53 3.2 3.0
2-jet Very High 1030 17.6 + 3.3 21 4 10 1024 + 22 0.63 2.0 3.1
2-jet High 5433 50 £ 8 58 £+ 30 5440 4+ 50 0.77 1.0 2.9
2-jet Medium 18 311 79 + 15 90 + 50 18 320 £+ 90 0.66 0.5 2.9
2-jet Low 36 409 63 &+ 17 70 £+ 40 36 340 4+ 140 0.37 0.2 2.9
1-jet Very High 1097 16.5 + 2.4 19 £+ 10 1071 £ 22 0.59 1.8 2.9
1-jet High 6413 46 = 7 H4 + 28 6320 £+ 50 0.69 0.9 2.8
1-jet Medium 24 576 90 £+ 11 100 4+ 50 24290 4+ 100 0.67 0.4 2.7
1-jet Low 73459 125 + 17 150 4= 70 73480 £+ 190 0.53 0.2 2.8
0-jet Very High 15986 59 £+ 11 70 £+ 40 16 090 £+ 90 0.55 0.4 2.6
0-jet High 46 523 99 + 13 120 4+ 60 46190 4+ 150 0.54 0.3 2.6
0-jet Medium 91 392 119 + 14 140 £ 70 91310 £+ 210 0.46 0.2 2.7
0-jet Low 121 354 79 £ 10 90 £+ 50 121 310 4+ 280 0.26 0.1 2.7
VH4L 34 0.53 £ 0.05 0.6 £ 0.3 24 + 4 0.13 2.0 2.9
VH3LH 41 1.45 4+ 0.14 1.7 & 0.9 41 £ 5 0.27 4.2 3.1
VH3LM 358  2.76 =+ 0.24 3.2+ 1.6 347 £ 15 0.17 0.9 3.0
ttH 17  1.19 + 0.13 1.4 + 0.7 15.1 4+ 2.2 0.36 9.2 3.2
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ATLAS H—-up result
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ATLAS vs CMS: results

 Comparison of the final weighted mass distributions as well as fitted signal strength

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | 137 fb-1 (1 3 TeV)
ATLAS (s=13TeV, 139 fb" H — uu B . a
CMS Combined u=1.197,,
e Total Stat. [ Syst. SM Total Stat. Syst.
— —— Combined best fit u  —
VH and ttH ' | —— ] 5.0 =3. +3.3, +1.1 _ +0.69 - - == SM expectation
an categories o 50 +35 ( +3.3 ) VBF-cat. = 1'36-0.61 Xp |
| . I 68% CL
ggF O-jet categories —o+— -04 +16 ( £1.5, £0.3) . 95% CL
ggF 1-jet categories —o— 24 +12 ( +1.2, +0.3) ggH-cat. | n=063 my, = 125.38 GeV
ggF 2-jet categories o -06 =12 ( 1.2, £0.3) ~ N
fiH-cat. | w=2327"7
VBF categories o 1.8 +1.0 ( 1.0, £0.2) | _
Combined H 12 06 (06, Tg7) VH-cat. | uw=5.487" =
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | [ 1
-10 -5 0 ) 10 15 20
Signal strength | | | | | |
-4 —2 0) 2 4 6 8
Best-fit u
 ATLAS: best fit signal strength of 1.2 + 0.6
 CMS: best fit signal strength of 1.19 + 0.43
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ATLAS vs CMS: analysis strategies

Signal prediction

* ggH simulation: ATLAS uses NNLOPS, while CMS relies on aMC@NLO reweighed to NNLOP in pt(H)-Nijet
* VBF simulation: both rely on POWHEG+PYTHIA but CMS uses dipole-shower as in [arXiv:2003.12435]

Muon selection

* Triggers: both analyses rely on single-muon triggers with similar prthresholds but different isolation conditions
o ATLAS trigger efficiency on H—= L events is 91%, CMS one is about 99%

* FSR recovery: implemented by both experiments leading to similar gain in m(uu) resolution of about 3%
* Acceptance: ATLAS (CMS) covers up to Inl < 2.7 (< 2.4), second muon pt threshold 15 (20) GeV

e Total selection efficiency in the fit region is similar between the two experiments about ~60%

ttH and VH categories

 In the ttH analysis, ATLAS only targets leptonic final states while CMS has a dedicated ttH-hadronic category
* Thresholds for additional leptons are looser in ATLAS, while CMS imposes always a 20 GeV cut

 BDT input features are similar between the two experiments
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https://arxiv.org/abs/2003.12435

ATLAS vs CMS: analysis strategies

* In CMS the VBF phase-space defined by selections in m; and Anj, where signal is extracted from a fit to a
DNN output. Background modelled from simulation.

* In ATLAS, a more “conservative” divide-n-fit strategy adopted. Four categories defined along BDT output.

e CMS VBF phase-space is more inclusive than the sum of the four categories in ATLAS

ggH analysis

* In CMS, a single BDT trained for all events belonging to the ggH category considering several input features
* In ATLAS, three dedicated BDT trainings for events with Njets =0, 1, and = 2

« CMS exploits the myy, resolution in the training, while ATLAS builds kinematic-only discriminants

 Number of categories: 5 in CMS and 12 in ATLAS

* Fit region: 110-150 GeV in CMS, 110-160 GeV in ATLAS

 Background model: both analyses follow a “core-PDF” method but the technical implementation differs

o ATLAS selects the bkg. model to be unbiased w.r.t. the MC truth in bias studies

o CMS selects the bkg. model to be unbiased w.r.t. a variety of analytical functions that can fit the my,, spectrum
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