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—" Compact Muon Solenoid

Sensitive to ;VHHHa Yts Cvy Cov:
Cross section at LHC @\/E = 13 TeV

o Direct measurements of scalar sector properties
oa/(pp = HH) = 31 tb

o Independent SM test

oa/(pp = qqHH) = 1.7 fb

o BSM effective models with anomalous couplings using strength modifiers i A: kv, Koy

I | | I I
HH production at 14 TeV LHC at (N)LO in QCD
~~~~~~~ M, ;=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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Gluon-Gluon Fusion (ggF)
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http://dx.doi.org/10.1016/j.physletb.2014.03.026
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Large destructive interterence ¢ -

small variation of the couplings from

g

prediction

Large modification of the cross section

K Affects also the HH kinematics /

Vector Boson Fusion (VBF)

,., At LHC @+/s = 13 TeV
oaw/(pp = HH) =~ 31 b

Non-resonant HH production

Gluon-Gluon Fusion (ggF')

a.u.

L
L.
.
.

0.02}-
I
i
1
1

0.015

0.005

—k,=1,SM

— k, =0, only box diagram

— Kk, =2.45, maximal interference
k, =5, soft spectrum

— k, =20, mainly triangle diagram

Very small cross section but

distinctive signature:

2 forward jet highly separated in

n with large invariant mass

At LHC @+/s =13 TeV

oo (pp — qqHH) =~ 1.7 fb
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CMS Experiment at the LHC, CERN

M| Data recorded: 2018-May-10 00:15:38.239789 GMT

Run/ Event/ LS: 316059 / 189445921 / 169
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https://doi.org/10.3390/sym14071467

The bbrr final state

— — — — e —— =

~ Final states considered (channels): ThTe, ThTus ThTh

B(HH—xx yy)

electron

1
_
. | 95’(17—>Thf{eﬂ
—= 10 ’
mu = 125 GeV | = l - '
192 In the CMS detector the signal can be identified by looking for..
g9 B B CMS Experiment at the LHC, CERN
<~’-“;’./.'i--;;_, Data recorded: 2018-Jun-05 00:03:03 GMT
L —10°° Zam Run/Event/LS: 317434 / 317344378 / 239
Tt | 7.3% .
— —=10™ , — \
= A - A muon or
ZZ = \ , -\ g‘t‘(‘ «“',‘ s '

depending on

vy [0.26% 0.1%

the channel

v
Y bbb ww 99 ot 7ZZ vy
;arer
Hadronic jets Hadronic
bbtt channel has a medium BR and a relatively small background: from b-quarks jet(s) from T
good trade-off between BR and signal purity
B(HH — bbtr) = 7.3 % Missing energy in the transverse plane
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https://doi.org/10.3390/sym14071467

HH — bbrr analysis at CMS

Previous analysis: PLLB 778 (2018) 101

New features w.r.t. pTGViOUS analysis: This analysis (Submitted to PLB): CMS-PAS-HIG-20-010

e

o Full Run 2 data: total integrated lumi 138 fb™' (collected in 2016, 2017 and 2018)
o VBF production included in the studies the (only ggF was considered in prev. analysis)
o Improved trigger strategy: single lepton, di-t, lepton + 1, and new dedicated VBF di-t triggers

9 Introduction of new Machine-Learning (ML) algorithms to improve:

T ID (DeepTau) and b-tagging (DeepFlavour) - central tools developed in CMS

H — bb candidate selection (HH-bTag)
VBF Categorisation (Deep Neural Network - DNN - multiclassifier)

Signal extraction (DNN algorithm to discriminate SM HH signals from all backgrounds)

o Improved background modelling (data-driven corrections)

ria D’Amante Higgs Hunting 2022


https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07023
http://www.apple.com/uk
https://www.sciencedirect.com/science/article/pii/S037026931830008X?via%3Dihub
https://cds.cern.ch/record/2812733

Analysis workflow

Trigger Requirements
H — 7 decay products + dedicated VBF triggers

H — 77 selection

Two OC leptons well identified and isolated: er;, OR ur, OR 7,7,
Match to trigger objects and apply third lepton veto

H — bb and VBF jet selection

bb pair identified via the HH-Btag algorithm
Select additional (VBF) jets with the highest mj;

HH selection and event categorisation:

Elliptical mass cut on m(bb) VS m(tr)
Events divided in 8 categories (2 resolved, 1 boosted, 5 from VBF multi classifier)

Limits and likelihood scan

Inclusion of all relevant experimental and theory uncertainties
Signal extraction using DININ score distributions for each year/channel /category

0 /2022 Valeria D’ Amante Higes Hunting 2022 §



Triggers
H — bb candidate
H — 77 candidate

9= 2 b-jet candidates with Medium b-tag
| 9 VBF Jets (*): |
| A’/]jjl > 3

m; > 500 GeV

- 02 additional jets with p, > 30 G
i _ —

— e — ———

Has 2 VBF jet
candidates?

i e — y

9= 2 b-jet candidates with Loose

1 _

VBF jet candidates pass s boosted? oFat Jet with my,g;.,, > 30 GeV
(Intermediate category) VBF tag?’ 2 subiot tehed to boiet
| @2 subjets matched to b-je
C Final category h yes l yes / \ no L candidates ”

 \(

(=2) b-jet

y
Final discriminant j DY *(VBF I\/Iulticlassifier)—V Boosted ) ( Resolved )

! \ ol |
VBF GGF _ 1
ttH ' candidates with |
( Res-1b J ( Res-2b ) | _ |
l l Medium b-tag ;f

DNN to extract signal

(*) Event selected by only VBF di-tau trigger, further requirements: m;; > 800 GeV, pr > 140(60) GeV for the (sub)leading jet
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Main processes that mimic the signal final state

>. 2 same Signal region built from average
> F| o . . :
. . : >| Signal : sign of the two estimates
o QCD multi-jets / . 2| region : isolated
o a A B _ *
Yield and Shape: data-driven estimation via the ABCD method : g """"" S A =C"B/D
= | opposite . same A=B*C/D
9 Drell-Yan events (Z — £7 + jets) S| sen  sion T I
- | nonisolated : nonisolated L correction
&3 : 1P o yield
Shape: MC simulation & C 1 y
Yield: data-driven estimation in Z — uu enriched sample 138 b (13 TeV)
. . % - B Drell-Yan tt
o Top-antitop production (tf - bbW*W~ — bbfv,tv,) it . oo S onge
Shape: MC Simulation 120 CMS-HIG-20-010

100—®:9..|.
Yield: SFs per year fitted from a #f enriched CR and validated in a #f enriched

subset of the SR

o Minor backgrounds: SM single Higgs, Di-Boson, Tri-Boson, other

processes (W-+Jets, Single Top, ttW, ttZ..)

— —
. ]

Data/Bkg.

T L .. l Hi
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y ] 1@ y 1y -
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My [GeV

Yield and Shape: MC Simulation
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Signal extraction

Dedicated Deep Neural Network (DNN) trained to separate SM non-resonant HH signal vs all backgrounds
% 10° ,gMS 59.710 (13 TeV) CMS 59.7 o (13 TeV)
g = bb 71, — E:;T.C\:Z: VBF HH x 150D tEfxpected ggF HH x 5 % [ bbrr, Expected VBF HH x 150 Expected ggF HH x 5
Lﬁ 1 04 E res2b . QcD I Single H g) 10 % classVBF = grggYan E tSt;ingle H

= 2018 I Others ® Data LU - 2018 B Others ® Daia
103 é— i3 Stat+Syst post-fit unc. 102 =— 1 Stat+Syst post-fit unc.
e Most sensitive category for ggF search . ‘ Most sensitive category for VBF search
1 02 ................................... 1 O :_ -
1 0 WITTPTETL  yrr—
1 Post fit distributions I
Rt T —
10~
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. 2F . D
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g IE . | S 1B .
] S —— e T ............................. Y L e .
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E ¥ § § § 8 5
S S S S S - =
DNN

Binned DNN score distribution as final discrimination for signal extraction in all analysis categories
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Systematic uncertainties

Main sources of systematic uncertainties

o I'heory uncertainty on ggb' HH cross section:

osu(pp — HH) = 31.05%57% (scale+m,) =3 % (PDF + ag) fb

oStatistical fluctuations affecting multi-jet background estimation

o Uncertainties on mis-modelling of jet and tau ID and

reconstruction in simulation

Total effect of systematic uncertainties on

final limits i1s ~ 15 %

Higgs Hunting 2022
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95% CL limit on o(pp — HH) x B(bbrr) (fb)

Constraint on

CMS Under SM assumptions bbrr, 138 b (13 TeV)
I I I ! I I 1 ! | I I I 1 | I I I | I | I I | I I I I ! I
103 K=Ky = Ky =1 — Observed  ----- Median expected
M

- —— Theory prediction

IR 68% expected
----- 95% expected

CMS-PAS-HIG-20-010

9.9

| I | | I |
—10 53

i I: | ] EI -I |
-1.8 0 5 8.8 10

95% CL constraint on 1. from limits on

o(pp —

Observed

Expected

Valeria D’Amante

HH) X %B(bbtr)

~1.8 <k, <828

—3.0 < K,y < 9.9

K/l aﬂd KZV

CMS Under SM assumptions

" Compact Muon Solenoid

[ Kx=1<t=1cv=1
M

—— QObserved
= Theory prediction

10°

----- Median expected
SRR 68% expected
----- 95% expected

CMS-PAS-HIG-20-010

-lllllllllllllllllllllllllllllllllllllllIlllllllll

bbrr, 138 fb™' (13 TeV)

95% CL limit on o(pp — qqHH) x B(bb1r) (fb)

107"

I
_h IIII

3 2 1 0 1 > 3 4
95% CL constraint on xoy from limits on
o(pp = qqHH) X B(bbt7)

Observed -04<kK,, <26

Expected —0.6 <xyy <2.8

Higgs Hunting 2022
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https://cds.cern.ch/record/2812733
https://cds.cern.ch/record/2812733

|

- - -
| 5% improvement with respect to the 95% |

4 A

95% CL constraint on o(pp — HH) = ¢!
Observed ¢ <33 x0g;

Expected

HH HH
o’ <52 % Oy

CL limits set by the previous CMS analysis

(PLB 778 (2018) 101) with 2016 data

corresponding to a luminosity of 35.9 fb~!

o' obs (exp) < 30(25) X GSM

Limits on o(pp - HH)

2016
Expected: 11

Observed: 8.9

2017
Expected: 12
Observed: 9.5

2018
Expected: 8.2
Observed: 5.5

Combined
Expected: 5.2

Observed: 3.3

CMS  Under 5SM assumptions bbrt, 138 fb™' (13 TeV)

K =K =1 —e— Observed

----- Median expected

SRS 689% expected
----- 95% expected

CMS-PAS-HIG-20-010

0 5 10 15 20 25 30 35

95% CL limit on o(pp > HH) / ©

Theory

Valeria D’Amante
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https://www.sciencedirect.com/science/article/pii/S037026931830008X?via%3Dihub
https://cds.cern.ch/record/2812733

VBEF analysis main features

o Ad-hoc triggers

o Categorisation via DNN-based multiclassifier

-

95% CL constraint on o(pp = qqHH) = ¢
Observed o"Bl < 124 % GSVAI;F
Expected o5 < 154 x GSVAIfIF

\_

~

VBF

Most stringent 95% limit

on ¢"8" to date at CMS

2016
Expected: 357
Observed: 283

2017
Expected: 392
Observed: 280

2018
Expected: 226
Observed: 241

Combined
Expected: 154

Observed: 124

VBF HH cross section limits

Under SM assumptions

CM'S'l"'|"'|"'

K, = K =1
Ky = Koy =1
W em CMS-PAS-HIG-20-010

—e— (Observed

bbtt, 138 b (13 TeV)

T T 1 | I ! ' | '
----- Median expected
BE= 68% expected

----- 95% expected

0 200

l I | ] I |
400 600

] I |
800

] | | | | ]
1000 1200

95% CL limit on o(pp — gqgHH) / ©

Theory

Valeria D’Amante
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Conclusions and final remarks

In this talk the non-resonant HH — bbrr analysis with full Run 2 data collected by the CMS experiment

CMS Nature 607 (2022)  1381b” (13 TeV)
has been presented P SR T T
K=K =1 —e— Observed ~ ----- Median expected
. . . . W Under SM - 68% expected
o Thanks to the improvements w.r.t. the previous analysis, it assumptions 1 95% expected
. L . . b 77
has been possible to achieving particularly stringent results 22z
Observed: 32
on the HH production cross sections Muliilepton | a
| N sl
9 The most stringent 95% limit at CMS has been set to o o B -
Expected: 5.5
. . . Observed: 8.4
o The results are compatible with the ones achieved by the — —
bb 17
. Expected: 5.2
ATLAS experiment (ATLAS-CONF-2021-052) Ovserved: 33/ | B
bb bb
Expected: 4.0
This analysis has been included in the Double Higgs Observed: 64
Combined
combination for the Nature paper about 10 years Oorad: 3.4 | |
1 10 100
since Higgs discovery 95% CL limit on o(pp — HH) / ©

Theory

Valeria D’ Amante Higgs Hunting 2022 14


https://www.nature.com/articles/s41586-022-04892-x
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—~" Compact Muon Solenoid

The CMS experiment

General purpose detector, “onion” structure

Useful definitions:

0
9 Pseudo-rapidity n = — ln(tan(;)) - for HR particles it coincides with the rapidity

® Anonl ARG i > > SILICON TRACKER RIL
== .— 1. . —_— . Pixels (100 x 150 um?)
ngu ar Sepa’ra’tlon (l’ J ) \/(7] l 7’] ]) + (¢l ¢]) ~1m?  ~66M chr:nne|s Luminosity Telescope: ~200k Si pixels (100 x 150 um?)
Microstrips (80-180um) Beam Monitors: 80 diamond sensors, 40 quartz counters
n=0 BRIL ~200m? ~9.6M channels
: : , : nN=0.5 Pixels
Cartesian coordinate system: ', Tracker CRYSTAL f;’fgﬁT(’ég%GNEm
origin - nominal collision ECA n ~76k scintillating PoWO, crystals
Y-axis - upward vertically HCAL
X-axis - radially inside the LHC ring i/ : . Solenoid
: : Lo PRESHOWER
/-axis - tOW&I’d Jura mountains rSteeI YOke Silicon strips (6cm x 2mm)
A n= . MUons ~16m? ~137k channels
. . n=2.5
Cylindrical symmetry —N=3
polar coordinate system is more convenient! e § oy
e STEEL RETURN YOKE

‘ ® 6 6 6 ¢ 6 o o o o o o o o o o o o o o o o o o o o o o o °o ©°o °o °o o °o °o °o o °o o ©°o °o °o °o °o °o °o o °o °o °o o o o ~1 3000 tonnes

° . SUPERCONDUCTING

. : SOLENOID

. ° Niobium-titanium coll &

. . carrying ~18000 A Y FORWARD

: ) CALORIMETER

K A I Steel + quartz fibres

. ° , HADRON CALORIMETER (HCAL ~2k channels

: . Total weight : 14000 tonnes Brass + plastic scintillator ( ) MUON CHAMBERS

N . Overall diameter :15.0 m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
: . Overall length :28.7 m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers
. —_— : Magnetic field :3.8T

. = _ .

. x-axis points out of page z-axis points into page .

. | yz-piane | | xy-piane | :
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Baseline

H — 171

(General:
@p;fﬂi”e >p?”edpath +X , |n| <23 X=1,1,5 GeV for e,u,t

Electrons:

opr>25+33GeV, [n|<2.1,d,<0.045cm,d, <0.2 cm,
Tight MVA iso ID

Muons:

o pr>20+25GeV, |n| < 2.1, d,, < 0.045cm, d, < 0.2 cm,
Y < 0.15, Tight ID

rel

Taus:
opr>20+40GeV, || <2.1+2.3,d, <0.2 cm, DeepTau
thresholds depending on channel)

Pair Assessment:

o Method used also in the Htt analysis, AR(z, 7;) > 0.5, O5
and third lepton Veto

leria D’Amante

selection

H — bb

AK-4 Jets!:
o b-jet selection: p; > 20GeV, |n| < 2.4
o VBF jets: pp > 30GeV, |n| < 4.7
o VBF and b-jets: Tight PFJet ID, AR(z,jet) > 0.5
+ Loose PU ID if p;, < 50 GeV

AK-8 Jets!:

© m

softdrop > 30 GeV

Pair Assessment:

o HH-bTag: NN-based algorithm fed with properties of
all potential b jet candidates (including kinematic
variables and DeeplJet score), training and test with all
available resonant and non-resonant Run2 samples

o the two b jet candidates with highest HH-btag score are

selected

Higgs Hunting 2022



The H — bb candidate selection

9 Jets coming from a b-quark hadronization process (b-jets) are tagged using DeepJet algorithm, which exploits a

recurrent neural network (RNN) to tag jet flavours JINST 15 (2020) P12012 HH-btag architecture

inputs Standardisation (x = * 7 #/) & scaling to [-1,1]

--------------------

o To improve the H — bb selection the HH-btag algorithm has been defined

Hyperparameters to be optimized (range/functions)

Normalization
Number of layers: 0 -5

Based on a RNN y _
N1 x TimeDistributed Dense Layers . , * Number of units per layer: 10 - 100

* Activation functions: sigmoid, tanh, or reLU
Dropout: 0-0.5

IHPUt S RNN layer 1

RNN layer 2

> b-jet candidates kinematic observables
RNN type: LSTM, GRU, SimpleRNN

Number of layers: 1 - 10
Number of units per layer: 10 - 200
Dropout: 0-0.5

RNN layer N2

4

Ns x TimeDistributed Dense Layers

» DeeplJet score

» Angular separation between b-jet candidates and the H — 77 candidate
Number of layers: 1

. . . . Final TimeDistributed Dense Layer » +  Number of units per layer: 1
o Algorithmic efficiency for H — bb tagging ~ 95 % ! + Activation functions: sigmoid
| Nomalzation

Normalization »  Normalize output : ), score(jet,) = 2

_____________________ A reasonable range of hyperparameters is chosen

9 m(bb) I'eSOhlthn lmprOVGd by ™~ 25 % . Output taking into account the number of degrees of

"""""""""" freedom and statistics

For each event, all possible b-jet candidates are assigned a HH-btag score

The two jets with the highest scores are taken to build the H — bb candidate

leria D’Amante Higgs Hunting 2022


http://dx.doi.org/10.1088/1748-0221/15/12/P12012

HH Candidates selection

Elliptical cut requirement on my, VS m:: expected values

o Remove significantly outlying background events where no signal is expected
Discrimination of HH events from the background left to a specifically designed neural network (see next slides)

o Provide additional control regions (by inverting mass cut)

o No invariant mass requirement for VBF categories

Resolved categories (m, — 129 GeV)2 | (my,, — 169 GeV)2
Parameters are defined by 5 G3GVE T (185Gav) <1

minimising background acceptance

(my, — 128 GeV)*  (my,, — 159 GeV)* o

keeping signal efficiency above 90% Boosted categories |
(60 GeV)? (145 GeV)?

leria D’Amante Higgs Hunting 2022



Dedicated Deep Neural Network (DNN) trained to separate SM g 10° Eroociod VBE Hi > 150 — Exoociod oot HH X
O I Drell-Yan t
non-resonant HH signal vs all backgrounds 11 10%E I Qcd

T Others
o All channels and categories are considered in the training together 0° il Stak+Syst postHit unc
o Input features selected from a starting pool of > 100 features 102
Input Features —
Continuous Categorical Most sensitive | 1(
b-tag score of 15t b-jet Event is boosted or not category for ggF
mpyy kinematic fit Presence of VBF-candidates search 1
x? kinematic fit 77 decay mode
m2V /i Highest b-tag WP of 15! b-jet 10~
AR(7,7) - pr(HZY %) Highest b-tag WP of 2™¢ b-jet |
AR(T,T) Year ot
’ tribution -2
m and pr of both taus EOSt fit dis ‘] 10
AG(HSY it MET) —
Mbb | _Fc»
A(Hpy T*, Hyp) 0
pr(Hpp) o
©
O
Binned DNN score distribution as final discrimination Os X 2 Y o S = S
for signal extraction in all analysis categories S S S S S S S =
DNN

Valeria D’ Amante Higgs Hunting 2022


https://cds.cern.ch/record/2812733

VBF signal extraction

X \ “"I
. L

CMS CMS-PAS-HIG-20-010 59.7 fo" (13 TeV)

: : %,
Dedicated Deep Neural Network (DNN) trained to separate SM € 4 bbbty [~ Expected VBF HH x 150—— Expected ggF HH x 5
G>) 10 C|8.SSVBF I Drell-Yan tt
non-resonant HH signal vs all backegrounds LL] 2018 e B Single
S S I Others ® Data
2 7] Stat+Syst post-fit unc.
o All channels and categories are considered in the training together 10
o Input features selected from a starting pool of > 100 features 10
Input Features Most sensitive
Continuous _ Ca,tego.rical category for 1
b-tag score of 1 b-jet Event is boosted or noif VBF search
mpyy kinematic fit Presence of VBF-candidates
2 kinematic fit 77 decay mode 10"
m2V /i Highest b-tag WP of 15! b-jet
AR(t,7) - pr(HZY ) | Highest b-tag WP of 2™ b-jet |
AR(T,T) Year - tehuti -2
) tribution
mr and pr of both taus W‘ 0
Ap(HZYT*, MET)
b | > 2
Ap(HSVI® Hyy) = 1.5
pr(Hp) 3 g
S 0.5
Binned DNN score distribution as final discrimination 08 3y 2 @ 2 30N @ @ § 3 &~ 3
for signal extraction in all analysis categories S S 6 6 6 6 6 &8 s & s 38 &2
DNN
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https://cds.cern.ch/record/2812733

2D exclusion region in k; and k,

 CMS CM5-HIG-20-010  ppee, 138 b (13 TeV)
[ 1 ! ) ) I | I I I l 1 1 ) 1 I ) ) | | I | I 1 1 l ) | I I I | | I | I 1 1 1 ] l
- Ky =Ky =1 [ ] Excluded (observed) ----- Excluded (expected) -
4 ¢ Standard Model === 68% expected i
y --==- 95% expected :

Valeria D’Amante

13,/09,/2022

Exclusion regions

2D exclusion region in ky, and K,y

5 CMS CM5-HIG-20-010  pper, 138 fo! (13 TeV)
> ) | | | I | 1 1 1 I I ) ) ) I | I I | l 1 1 1 I I ] ] ] | I | | I 1 l 1 I I )
“ - K, =%K=1 [ ] Excluded (observed) ----- Excluded (expected)
i ¢ Standard Model ===== 68% expected
41 ----- 95% expected

Higgs Hunting 2022
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-2 Alog(L)

10°

10°

10

107"

1072

107

Observed likelihood scan as a function of k;

Likelihood scans

CMS CMS5-HIG-20-010  pprr, 138 fo! (13 TeV)
: | | I 1 I | I | | 1 I | I I 1 | 1 I I I I I | I I 1 I I :
[ K=Ky =Ky =1 K, = 3.617, i
E — Standard Model =
\ 565
= AL_‘
: TN ~ 207
: : Io.
i | 1 1 1 I | 1 | 1 I 1 1 l: 1 I E | 1 il I 1 : | 1 :l I 1 1 | |

15 T -5 0 5 10 15
K

Observed likelihood scan as a function of x,y,

CMS CMS5-HIG-20-010 pher, 138 b (13 TeV)

j - | | | I | | 1 I 1 1 1 I I I I | | | | I 1 1 1 I I I ! I | I | | I 1 | I I I I -

g 10°F m=msky = — k10T

> : —— Standard Model :

R ;

10° 3 \ /_E

E 5(55

10 \ / 3(3__

- N\ / 267

- k A 16-

'E ENNE

107 AL I E

107 F ' ! E

10_3 I | | | I | | 1 I 1 1 [ | I | | | I | | IE lEl || EI E | | I | | | I | | 1 I [ | [ | | ]
10 -8 6 4 =2 0 2 4 6 8 10

Koy
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: . ¢ e CMS
Normalisation uncertainties

Pile-Up reweighing ( ) Cross sections (W-+Jets, ST, SH, di- and tri-boson)

inefficiency in vertex reconstruction; Due to imperfect knowledge of process normalisations/simulation
up-down variation of PU weights.

DY estimation

18 uncertainties from the
fit for DY estimation

ttSF
L1 Ecal prefiring ( ) The uncertainty is retrieved ——
in 2016 and 2017 samples. from the error coming with the | QCD Normall.zatlon
ECAL time shift not propagated to the maximum likelihood fit result in On the correction factor adopted in the ABCD method
a CR and varies for each year. to estimate the QCD Yield in signal region.

L1Trigger primitives. Not described in

MC simulation. All values are

Uncertainty estimated via a tool provided VBF dipole recoil

Due to impertect modelling of third leading

by the BTV POG. Branching Fractions .+ distribution in VBF los. Tt
et distribution in samples. It’s
error on H — bb :+1.23% J
” +1-1276%5 . computed for each category, channel, year
. . — -+ 1. . .
Luminosity CIIOL Ol te ¢ and the most conservative value is chosen.

Prodvided by the Lumi POG,
study of detector stability during data

. | Theoretical Cross section Ele and Mu scale factors ( )
taking. It’s applied to processes that rely Included when evaluating the limit in the SM Data/MC disagreements in ID and
ONLY on MC samples. SCenario. reco

Its value depends on year - sample.

error on 6(GGF) :3.*% (scale), £ 3 % (PDF + a,) £2.6 % (m,,,) = Scale factor and uncertainties provided

error on o(VBF) :Jgf%% (scale), = 2.1 % (PDF + «a,) by the Htt group.
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Pile-Up Jet ID
Differences on Data/MC PUJetID discriminator

related uncertainty templates.
Provided by JET-MET POG.
Changes the overall Welght of the event

Trigger Scale Factors
Differences in Data/MC trigger efficiencies.
w Uncertainties affect the overall weight of the

event.
4 different uncertainties according to the decay
mode of taus + other uncertainties applied for |
muTau and eTau channels + another uncertainty |

Uncertainties on b-tagging

performances, accounting heavy /light

jet flavour regions, contaminations,

statistical fluctuation on MC samples.
Different types: HF; LF; CFErrl,2;
HFStatl 2 LFStatl 2.

w behaviour: scale factor parametrised in n and pr and |

| Fully hadromc sample custom SF |
The t,th 2017 distributions are in huge |
disagreement with data, mainly due to
the DY contribution: a custom SF' has
been evaluated in the analysis and its

Tau Energy Scale

Uncertainty on Tt energy Jet Faklng taus

‘ Uneertamty in events where jets are misidentified as |
hadronic taus: dedicated CR definition, estimation
separately for Barrel and EndCap.

distributions, provided by
the T-POG. This induce a
change of distribution in |
DNN Scores.

Yield(data) — Yield(bkg)
Y leld(data)

DeepTau ID
Uncertainties related to scale

Jet Energy Reconstruction (JER)
.\ Energy resolution in data worse than in MC:

tactors for different discriminators |

(VSJet, VSEle, VSMu) due to
different behaviour in Data/MC. :
provided by TAU- |

correction factor to be applied with up/down Varlatlon |
prov1ded by the JET MET POG.

! All uncertainties

| DY shape uncertamty

Obtained by summing in quadrature
templates obtained by scaling the

nominal contribution in different CRs.

i QCD shape
uncertainty

| Jet Energy Scale
DProvided by JET-MET POG, 14
uncertainties to account for: PU

Due to the region |
chosen for the |

’; shape estimation |

contribution, non linearity detector

response res1dual data/MC difference

)’ Amante
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Limited size of MC simulations

Method proposed by Barlow and Beeston [1]

o Introduction of a nuisance parameter (NP) multiplying the expected yield in each bin from each MC simulated sample
o The nominal value of such parameters is 1 and they are left floating with some prior distribution (e.g. Pois, Gaus, Binom)

o Introduction of massive number of nuisances: set of non lin equations in -l(.L) (NLL) minimisation

o Practical purpose: ROOT minimiser (MINUIT MINGRAD) has technical problems in finding the numerical approximation

of the values that minimise the NLL, so they are factorised in only 1 NP for each bin

Contribution to NLL in eh i

(,B o 1)2
| —ln(g(//t, ﬂ)) — = nobsln(ﬁ | (//tS T b)) T ﬂ . ('MS T b) I 2 - 0%
p

When minimising NLL (with other NP fixed)
0(—In(2))

=0 = P+ (us+b)-o;—1)-f—n,0; =0
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https://www.sciencedirect.com/science/article/pii/001046559390005W

Residual differences between data and MC simulation due to uncertainties on

9 Theoretical predictions Normalisation uncertainties

o Unforeseen detector responses Affecting only the yield of a given
process

o Limited size of MC samples
o data-driven methods
o Scale factors due to data-MC differences

o Different data-MC behaviour in tagging algorithms

| Affect the shape of the final discriminating variable. !

Systematic uncertainties

| | Systematic uncertainties [~ .
| ‘ ~~ |

MC Stat
Limited size of samples:
Barlow-Beeston “light”

method

-
| Shape Uncertainties

Alternative shapes of the discriminating variable ;‘
computed by varying the scale of the objects affected |

|
|

by each uncertainty:. H

Main sources of systematic uncertainties

o Theory uncertainty on ggF HH cross section: o¢,,(pp - HH) = 31.05fg?% (scale+my) £3 % (P

o Statistical fluctuations affecting multi-jet background estimation

o Uncertainties on mis-modelling of jet and tau ID and reconstruction in simulation

DF + ag) tb

Total effect of systematic uncertainties on final limits is ~ 15 %
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