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Introduction

* In Standard Model(SM), Higgs boson can decay to

invisible 4-neuitrino final state =1 No direct interaction
DM, “ ‘ with detector
BR(H — ZZ%* — 4v) ~0.1% H 7 => General signature is
. —_— N ™ large imbalance in
* In some of BSM models the 125 GeV nggs boson DI\\/I‘ transverse momentum
S5 (missing transverse
can act as a mediator between DM candidates and the —  energy : MET)

SM particles. These models are called "Higgs portal”

models

Last H—inv decay searches were preformed at ATLAS experiment using the full ATLAS Run-
2 data sample (L~139 fb!)



H — inv search in ATLAS experiment (Run2 summary)

In searches for invisible Higgs decay in Run2 multiple production modes of the
Standard Model Higgs boson were considered

- ™

X z o+ VBF+MET
" < X -~ < ! 2 g e X
TNy \ MET+Z(1l)

q X

(a) VBF + EJisS (b) Jet + EJISS (©) (Z —)et + EXs

t q tt+MET

g Ei VBF+MET+Y
H X
v .
\ : g / * monojet
(d) 17 + EMiss (€) VBF + Ef™ +y

Phys. Lett. B 842 (2023) 137963



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/

Results of H—inv search in ATLAS experiment for Run2

Results Expected +loc -l +20c -20 Observed
e [.1mits on the H—1nv branching Jet + ETss 0381 0538 0275 0749 0205 | 0.329
. VBF+EMs+y | 0346 0497 0249 0704 0.186 | 0.375
ratio are shown for all the channels, i | 0295 0420 0212 0573 0.158 | 0376
.. (Z—>)et+E™ss | 0185 0263 0133 0370 0.099 | 0.185
Runl, Run2 and full combinations. VBF + EDs 0.104 0144 0075 0.195 0056 | 0.145
Run-1 0265 0370 0.191 0501 0.142 | 0.252
comb. Run2 0080 0111 0058 0.151 0043 | 0.113
. bined 0077 = 0.107 0055 0.144 0041 | 0.107
BR(H—inv) < 10.7 (7.7) % @ 95% CL b
1 T T T T T T T
ATLAS Internal
\s=7TeV, 4.7 fb" — Observed
o (s=8Tev,20.3f0"  —— Expected
o Full Run2+Runl combination Vs=13TeV, 139" .29

provides the most stringent limits
on the B(H—1nv) to date

95% CL upper limiton B,,
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Results of H—inv search in ATLAS experiment for Run2

* Limits are set @ 90% CL and compared to the most stringent results of WIMP direct detection
experiments in the 2D plane of spin-independent WIMP-nucleon cross section vs WIMP mass.
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H — tnv in Vector boson fusion channel (VBF+MET)

 VBF+MET is the 2nd largest Higgs production rate
* Inboth ATLAS and CMS experiments the VBF+MET final state 1s the most sensitive channel

resulting in an upper limit of

ATLAS Run2: BR(H—inv) < 0.145 (0.103) @ 95% CL
CMS Run2: BR(H—inv) < 0.17 (0.11) @ 95% CL

JHEP 08 (2022) 104



https://arxiv.org/abs/2202.07953

H — tnv in Vector boson fusion channel (VBF+MET)

In the VBF production mode, the H — invisible signal 1s characterized by two jets with a large separation

miss

in pseudorapidity and E7 arising from the invisible decays of the Higgs boson

VBF topology

("« Twojets with pr(j1/j2) > 80/50 GeV

3 or 4 jets, if compatible with FSR
* Jets in opposite hemispheres
- Anjj) >3.8
\_* m(j)>08TeV

* Small add. jet activity: p1(j3) <25 GeV ...

~

EWK suppression

( * Lepton (electron and muon) veto

Multijet suppression

e MET > 160 GeV
* A®(jj) <2.0

JHEP 08 (2022) 104
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Results of VBF+MET H — inv search in ATLAS experiment for Run2

* The observed numbers of events are found to be in agreement with the background expectation from
Standard Model processes

. BR(H—inv) < 0.145 (0.103) @ 95% CL
C . . . . . . . . . : . . . . : . . . . : . . . . . . . . . . . C'E 10—25 -_ T LI llllll T T llllll T T T llllll T T T llllll T T T llll_l-
£ 10 N -27 £ i
o 'OF ATLAS 1 Post background-only fit E 5 o 107 B, <0127 ATLAS e
P {s=13TeV, 139 fb bt 5 = Alllimits at 90% CL (s=13TeV,139fb" =
€ VBF B,,, search . Uncertainty R} E =
2 10 —| Il Strong W S a3 F v =
L ee ‘E EW W E 10 SN Higgs Portal WIMP: Other experiments: _]]
. et I strong Z = - "\( %5444 Scalar <= = DarkSide-50 —3
i EW Z = - Wt N Majorana == PandaX-4T
10? - o 5 o) £ RRR% \ector, =im: Cresst-lll -
= . @ Other 10—39 E ‘~,, B EFT 33
E H 0 e-fakes e T Y L Vectoryy complete model ]
i 1Y ek — . >
10 Y —y axes = s
] : Multijet T e . 2 [ ~
: i---H(B,,=0.15) 10% E - (SRS 3
. — S : : cattering
o 155 : . 51 F e coherent elastic neutrino-nucleus s =
R I RN v 0 E
oc - + ‘ b E'—’_ et P =
0.5 & Data/Postit . - YUncertainty = ——r SPostit e ] il Lol Lol Ll vl Lol

W, CR Wiy CR Z,CR SR 107 1 10 107 10° 10*
Myye [GeV]
» Post-fit yields and their uncertainties for all » Upper limits on the spin-independent WIMP—nucleon
CRs and SR cross section using Higgs portal interpretations of B;,,

JHEP 08 (2022) 104 at 90% CL vs myyp



https://arxiv.org/abs/2202.07953

VBF+MET H — inv search in ATLAS experiment for Run2 + Run3

In this analysis, several changes and improvements are planned to be made:

* Improvements over Run2 result with the usage of partial Run3 statistics

* Optimization of background process selection and background process
contribution estimation using MVA/ML approaches (BDTG,DNN, VBF tagger)

* Comparison of experimental data with SM predictions

* Setting strictest upper limit on BR(H — inv) in VBF+MET channel
(HistFitter/TRExFitter)



Summary of MVA/ML studies

Classifier based on TMVA ML framework for optimizing signal and backgrounds selection criteria

» Signal (MC): VBF H — inv,
* Background processes (MC):

* W strong  LEWK
* Zstrong *  Multijet
 WEWK » Other (singletop, ttbhar, etc)

* Boosted decision tree (BDT) method with Gradient boosting (AdaBoost, DNN)

In progress



Input variables of MVA/ML studies

Input variables used in Run2: Input variables which can be used in Run3:

Fori=3,4,5

my, An, Ady carie f1 = 1) = (i)
* met_tst, met tst et, met tst nolep et ctalt=Ji M —1n2
R jetl PT, jetZ pT o f(p _ Ap1i — Apip
+ A¢(etl, MET), Ag(jet], MET) * fphiOli=J: A1
* maxCentrality
_ 4P _ _ 2P
« {fp0Ti= fi =
P11t P12

centOli = Ci=exp

_(njl _4]7j2)2 (,," ! -2+q12)2)

In progress
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Input variables optimization studies

* Selected input variables need to significantly contribute to the classification of events.

Variables were chosen by observing the ranking tables of variables and correlation matrix of

variables.

Rank : Variable : Variable Importance . . .
: Correlation Matrix (signal)
1 : met_tst_et : 6.050e-01
2 : jj_deta : 2.181e-01 1max014
3 : maxCentrality : 1.486e-01 fpT014
4 : jj_dphi 1 2.745e-02
5 : met_tst_j2_dphi : 9.389e-04 feta014
6 : fpTol3 : 4.484e-06 1max013
7 : met_tst_jl_dphi : 3.652e-06 fpT013
8 : fpTol4 : 2.818e-06
9 : cent0l4 : 1.677e-06 imax012
10 : fetal2 : 1.371e-06 fpT012
11 : feta@l4 : 1.205e-06 feta12
12 : jj_mass : 0.000e+00 sentrality
13 : met_tst_nolep_et : 0.000e+00 . X
14 : fphil2 : 0.000e+00 J1_dphi
15 : fpTO12 : 0.000e+00 nolep_et
16 : mmax012 : 0.000e+00 st tst et
17 : cent@12 : 0.000e+00 :d—hi
18 : feta013 : 0.000e+00 1Lcp
19 : fphio13 : 0.000e+00 ji_deta
20 : mmax013 : 0.000e+00 ji_mass 100
21 : cent@13 : 0.000e+00
22 : fphiol4 : 0.000e+00 L meffsoedl-onyet et LS e"-},frof?"a U AL L
23 : mmax014 : 0.000e+00 ¢
DataSet MVA
Name: Method: ROC-integ
datasetBkgll BDTG 1 0.999

In progress

Correlation Matrix (background)

100
1max014
fpTO14
feta014 [ |
1max013
pT013 N n
1max012
fpT012
feta12 |
sentrality
_j1_dphi 20
nolep_et -40
et_tst_et
i_dphi 0
ji_deta -80
ji_mass 10
/L ’hggdeg\ dp ef tsﬁ’ [f1 ;_J 9% 7, ?O To /3"78 I)ao ?) 7o /g’ﬁa X0 1q
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Input variables optimization studies

Input variable: jj_deta Input variable: ji_dphi
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Output response signal + all bkg (with 1.0 weight) ), old+new vars opt

* Signal vs all bkg processes

DataSet MVA
Name:

Method:

ROC-integ

i 0.965

dataset_05 BDTG

(1/N) dN/ dx

Rank : Variable : Variable Importance
1 : jj_deta : 2.059e-01
2 : met_tst_et : 1.866e-01
3 : maxCentrality : 1.837e-01
4 : met_tst_j2_dphi : 7.670e-02
5 : fpTo1l3 : 6.982e-02
6 : met_tst_jl_dphi : 6.979e-02
7 : jj_dphi : 6.514e-02
8 : fpTol2 : 6.223e-02
9 : fpTOl4 : 4.828e-02
10 : jj_mass : 1.823e-02
11 : met_tst_nolep_et : 1.357e-02
In progress

TMVA overtraining check for classifier: BDTG

:@ Background (test sample)

6 _ISIgnal( lstlsaln'rlplle)I # IS Bt 3 IS;gll'uJI (tralnnl\g samél

IIII—

* Background (training sample)

[

SRR .

-os ~oe 04 02 0 02

5 |_Kolmogorov-Smirnov test: signal (background) probability = 0.049 (0.494) |

BDTG response

13

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%



Conclusion

« Searches for invisible decays of the Higgs boson using 139 fb! of pp collision data at v/s = 13 TeV
recorded in Run 2 of the LHC in several Higgs boson production topologies were preformed

* A statistical combination of Run2+Runl results BR(H—inv) < 10.7 (7.7) % @ 95% CL

* In ATLAS experiment the VBF+MET final state 1s the most sensitive channel resulting in an upper limit
of BR(H—inv) < 0.145 (0.103) @ 95% CL

* Results were included in paper «Combination of searches for invisible decays of the Higgs boson
using 139 fb! of proton-proton collision data at Vs =13 TeV collected with the ATLAS
experiment» Phys. Lett. B 842 (2023) 137963

* The search for Higgs invisible decays will be continued using Run2 an partial Run3 data

14
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Thank you for your attention
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PesyabTarbl H—inv noucka B mono-Z: KaHaje

Boosted Decision Tree (BDT) — MHOTrOmapaMeTpruueCKuii METO aHaAIM3a Il ONTUMM3AIlMY CUTHAILHOW 00J1acTH

Kunemarnyeckue nepemMeHHble, KOTOPbIe BXOAAT B cocTaB BDT kak mapamerpsi:
AR(ll), my, MET / HT, MET signigicance, A®(ET%, Z), 1y, frac,,

CKaJIipHasi CyMMa pr

SR eu CR 3¢ CR 4¢ CR
Observed events 6382 891 11415 314
Expected yields after fit 6385 + 80 894 + 29 11410 + 110 295 +11
ZH — €€ + inv -4+ 110 - - -
ZZ — ttvy 2669 + 110 - 4434 +7.5 -
wWZzZ 1624 + 28 11.59 £ 0.23 10646 + 110 -
Z + jets 1110 = 100 0.802 +£0.018 237.6 +4.0 -
Non-resonant 876 + 39 878 + 29 - -
ZZ — ttte 85.2+5.5 - - 2905+ 11
v 125+ 1.1 1.769 + 0.036 48.98 + (.82 -
Triboson 122+1.4 2.886 + 0.076 35.65 £ 0.60 -

Bxiag (oHOBBIX MPOIECCOB Il CUTHAILHOM M KOHTPOJIBHBIX 00JIacTeM.

[TogpoOnee: Phys. Lett. B 829 (2022) 137066

O wivp-nucleon [cM?]

Data/Pred.

1000 '

- ATLAS Preliminary
[ \s=13TeV, 139 fb"
800f— SR

e Data B(H—inv)=1
maz mwz ]
Z+jets Non-res. —
Uncertainty ]

N

-

o
©
T

10740

10742

107

107

‘~.,

B(H — inv) < 0.16

. Alllimits at 90% CL

Observed limit

— . —
ATLAS —

Vs=13TeV, 139 fo

Other experiments

$45455%% Higgs portal Scalar WIMP - XENON1T MIGD 2020 |

1 0743 | W22 Higgs portal Majorana WIMP - === = DarkSide-50 2018 |

r LUX 2017 ]

....... PandaX-11 2020

— e e XENONTT 2018 -

10—50 Ll Ll | il
1 10 10 10°

Mye [GEV]

17


https://cds.cern.ch/record/2727471

Paoora B ucciaenosauuax H->iny

e Mono-Z aganu3 Run2 Phys. Lett. B 829 (2022) 137066

* Onenka Bkiajga (ponoBoro mpoiecca Z+jets ¢ momoinbio mMetogoB ABCD wu
One sideband
* HccnenoBaHus cucTeMaTuku Z+jets
* KoMOwuHaImus pe3yJsTaToB IO MOUCKY HEBUAMMBIX paciagoB 0030Ha Xurrca Run2

MOJYYEHHBIX B pa3nndHbIX KaHaiax Phys. Lett. B 842 (2023) 137963

* HccnenoBaHus nepekpbITUS COOBITUN Mex Ay kaHanaMu (overlap check)

 VBF+MET ananu3 Run2+Run3 (uactuuno?) atlas-glance (EDboard nmoka HeT)

18


https://cds.cern.ch/record/2727471
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/
https://atlas-glance.cern.ch/atlas/analysis/analyses/details?ref_code=ANA-EXOT-2022-36

IHouck H(inv) Ha npuMepe MOHO-Z, aHAJIK3A

B MoOHO-Z aHamm3e OoTOUparoTCs COOBITHS C JABYMs JIENTOHAaMU OT pacnajga Z-0030Ha M ¢ HeAOCTaroliei

nonepeunoii sueprueit ET4° B koneunom cocrostamm : Z - 1117 + EFY5(l = e, w)

Jlnarpamma OerHMaHa B paMKax
ACCOIIMATUBHOIO POXKACHUA Z-0030Ha
npu H(inv)

19



MeToabl OlIeHKH (POHOBBIX IPOLIECCOB

DOHOBBIN TPOLECC Meton Bknan, %
Others
METO]T Wejots — )
77 YETHIPEXJIENTOHHON 46% Zsjets

. Top/WWIZtauta
KOHTPOJILHOM 00J1acTH “

METOJI TPEXJIENTOHHOU
\\V4 27%
KOHTPOJIBHOU 00JacTH

WW /Wt/t/tt/Z (1T) | €L KOHTpOIbHas 00IacTh 15%
wz qazz
. One sideband , ABCD
Z + jets . 12%
(data-driven)
Hpyrue
by data-driven <1% 992Z
ttV(V)/ VVV
qaZZ Moszz MWz Top/WW/Ztautau Z+jets [ W+jets

Others
CDOHOBI)IC HpOI_ICCCI)I, MCTOAbI OICHKH U UX BKJIA/]

B CUT'HAJIbBHYIO O6J'IaCTI), IMTOJIYHCHHBIC C IIOMOIIIBIO

METO/I0B OLICHKH IpolieccoB + MK .



ABCD meton

var?2 obs,sub MC
Nest _ Nobssub B NMC = yMC N

Nobssub A C NMC
1 B A D

B pesynbrare aHann3a ObLIO MOKa3aHO, YTO
KMHEMaTHYECKHUE IEPEMEHHBIE CUIBHO KOPPEIUPYIOT.

0 D C B kadecTBe allbTepHATUBBI ITOMY METOAY OBLII MPOBEPEH
Tak Ha3pIBaeMbll Jorunueckui ABCD meton. B atom
0 i varl METoae, BMECTO KWHEMATUYECKON IIEPEMEHHOMN

MCIIOJIB3YIOTCS JIOTHYECKHUE MEpeMEHHBIE varl u var2.

Ndata . Nnon—Zj,MC
B

Ndata . Nnon—Zj,MC
D

Z] est ( data Ncnon Zj, MC) . (1 + g)

€ - CMEIIICHHAs OLICHKA YHucJia COOBITHM, MEpa KOPPEIISLUN



One sideband MmeTon

KoHTponbHan
obnactb (CR)
EMSS sign. <9

ET">° significance - craTucTUYeCKas 3HAYMMOCTh

HENOCTAIOIIEH MOIEPEYHON IHEPTUU ET

NMC,Z+ jets
Nest, DATA __ Ndata,sub SR
SR — IVCR NMCZ+ jets
CR
CurHanbHasn
obnactu (SR)
E?‘i” sign. >9 data,sub __ ardata MC,non Z+jets
NCR CR o NCR
NM C,Zjets
miss . CR
: Purity = -100 94
NMC
CR

OHa UCONB3yETCS KaK MEPEMEHHAS JIJIS
pas3ieICHUs] KOHTPOJIbHOM U CUTHAJILHOM 001acTeu
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N events/10 GeV

E7">° significance

ee-channel pu-channel
>
10° ATLAS internal [Jz+jets w2z G 408 ATLAS internal [(zsjets Wz
O -
=13TeV, | Lat=130.1o"  EHW  Hez S =13TeV, [ Ldt=130.16" EHW Hez
104 ee - channel -Wt .ggZZ ;C: 104 ML = channel - wt .ggzz
[l tribosons 7] TOP 2 [l tribosons 7] TOP
Rel 21.2.75 [lothers @ DATA 15416417418 z Rel 21.2.75 [Mothers @ DATA 15+16+17+18

10° 10°

10?

T TTTTTT T IIIIIIII T IIIII|T| T IIIII|T| TT

10

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
< | > < . > e
CR SR MET_signif CR SR _signi

Pacnpenenenue unciaa coObITHI 0 epeMennoit E74°° significance mocie
IPUMEHEHHSI BCEX KPUTEPHUEB 0TOOpa ISl DIIEKTPOHHOTO K MIOOHHOI'O KaHAJIOB.

Z+iets TOMUHUPYET B KOHTPOJIbHOM oOnactu rae ET% significance <9
y T s



Pe3yabTaThl OICHKH BKJIAaAa (DOHOBOIO IIpo1iecca

Z. + cTpyM MeTOA0M KOHTPOJILHOM 00/1aCTH

Kanai NEIIRC,ZHets Ngﬁta'SUb Ng/lRC,Zﬂ'ets /N(l:/:{C,ZHets Ng}s{t, DATA Purity
ee 326.5+24.7 6004.47 0.049+0.003 299+23 75%
LLLL 408.8+29.9 12209.2 0.033+0.002 406%30 84%

OLEeHKU COOBITHM MOJTYYE€HHBIE IS JIEKTPOHHOIO 1 MIOOHHOTO KaHAJIOB
C IIOMOIIIBIO METOAA KOHTPOJILHOM 00acTh (One sideband) nmpu
CTaHJAPTHBIX KPUTEPHUIX 0TOOpa




UcciieqoBanus mepeKpbITHA MEKAY AaHAJTU3AMU

A
|

* BenuunHy nepekpbITHS B SKCIIEPUMEHTE
MOKHO U3MEPUTh KOJINYECTBEHHO,
CpPaBHMB, KaKH€ COOBITHS BEIOUPAIOTCS C

ITOMOIIBIO Pa3IMYHBIX AHAIU30B B
KJIFOUE€BBIX BHIOOPKAX

* Takoe cpaBHEHHE OBLIO PACCMOTPEHO
C IOMOIIBIO HAITMCAHHOM B
xkoiadopanuu ATLAS nporpamMMel
checkOverlap.

VBF+gam

ZH

ttH

VBF

monoJ

tot

monoJ

VBF

Full Run-2 dataset

ttH

ZH

VBF+gam
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HccaenoBaHue nepexkpbiTust Mexkay MoHo-jet 1 VBF ananuzamu

PaccmarpuBast cOOBITHA C TTOMOIIBIO TTporpaMMbl checkOverlap ObLI0 BBISIBIIEHO HAIMYKE
NEPEKPHITUA MEXKTy MOHO-Jet 1 VBF ananuzamu nipyu 00bEJMHEHUH aHAJIN30B 110 TTOUCKY
HEBUAUMBIX pacriajioB 0030Ha XUITca.

. PauHuie Run-2 VBF Hinv ggF Hinv
100 10 10
a a a
VBF+gam [— 208 /BF+gam [— 908 /BF+gam — Igog
o o o
3 3 3
80 80 —80
ZH — ZH — ZH
—70 —70 —70
ttH — ~|60 ttH [— —|60 ttH [— —|60
—50

—150

VBF

—40

a0 VBF —lao VBF

monoJ monoJ monoJ

tot tot tot

0
tot monoJ VBF ttH ZH VBF+gam tot monoJ VBF ttH ZH tot monoJ VBF tH ZH VBF+gam
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TpeboBanoch YCTAaHOBUTH AOMONHUTEIBHEIC OrPAaHHYCHUS Ha OTOOP CUTHAIBHBIX
COOBITHI, KOTOPHIC MAKCUMAIbLHO YMEHBIIIAT IEPEKPHITUE MEXKAY aHAIM3aMU B OKaXKyT
HEOOJIBIIIOC BIUSHUE Ha COKPAISHHS KOJIMYECTBA COOBITHH.

Maijer > 800*GeV && |An;i| > 3.8

lAnu.l
(@)]
3,

—
b

monojet events

—
2

SN
llllll[llll]ll

— b
S 3

—

lllllllllll[llllll
IIIIIIIIIII"I

—
<

 Fa go BTu oo e suls 10 . e
600 800 1000 1200 % 400 600 800 1000 1200
my [TeV] m; [TeV]

400
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* Orpanngenune Ha (m;;, A1) IPUMEHSACTCSA TOIBKO K COOBITHSAM C KOJTHYECTBOM CTpy# Oosee |

J)
‘:16:')'00018; ) ! ""l""I""I""I""I"‘_; ’3000185—' I"I"'I""!""""I""I"‘_i
0.0016 Run-2 data - 0.0016F Run-2 data =
50.0014F = 90.0014 =
S0.0012 = (Mgjjet, |A1]jj | ) 200012 z
0.0011 =] 0.001F E
0.0008— = ﬁ 0.0008} =
0.0006 = 0.0006 =
0.0004F - 00004} -
0.0002f- = 0.0002 -
ot ! ! R TR = oL T T T =
1 15 2 25 3 35 4 45 5 i 15 2 25 3 35 4 45 5
n jets n jets
. . : r — )
CoOBbITHS TOIBKO C OJHOM CTpyel B MOHO-]et HE VBF + B ™miss
3aTPAruBarOTCs, T.K. * |An;| > 3.8
. : \
pyu 0TOOpPE COOBITUM 11 MOHO-]et
e “
OrpaHUYCHUs Ha A1 CTpyu Oosiee CTporue, 4em Mono-Jet
s VBF * |An;| <R.4
\ J
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IlepexpbiTHe Mexkay MOHO-jet 1 VBF ananuzamu nmocsie (m;;, An)

OrPAHUYECHUH

l HdaHHble Run-2

VBF Hinv

10Q
/BF g /BF
+gam — QOt +gam —
o
>
o
80

ZH - ZH

ttH — —160 ttH —

VBF —la0 VBF

i 30

monoJ

monoJ

20

tot

ZH VBF+gam tot monoJ

106
% VBF-
908 +gam

[

>

o
80

ZH

—60 ftH

—l40 VBF

monoJ

10 tot

VBF tH

okoJ10 0,8% coObITHIT MOHO-]et OBLIO
COKpAILIEHO, MEPEKPHITUE YIAIOCH
YMEHbIINTH HA ~12%

-

~N

ggF Hinv

tot

© Y
o (=}
overlap %

monoJ VBF tH

ZH

BBenenue 1onogIHUTEIHLHOTO
OTPAHUYEHUS MTO3BOJIUIIO COKPATUTH

VBF+gam

MIEPEKPHITUE MEXKAY aHAITU3AMHU.
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CpaBHenue ¢ pesyabramu CMS

4.9 b7 (7 TeV), 19.7 fb (8 TeV), 140 fb™' (13 TeV)

T T | | l | - * Ilomydennsie B s3xciepuMenTe CMS 3HaUY€HHS BEpXHETO
T% 09:_ CMS Pr eliminary 95% CL upper limits
S E e obsened - peaesia Ha BEpoATHOCT, H — 1nv 1714 BCEX KaHAJOB,
8 0.8~  ~©- Median expected -
ﬁ E [ 68% expected g Run 2 1 ux xomOuHauu
S O7E [ 95% expected E
- 0.49 (0.32) R
'?' 06F 026 (030) - B(H—inv) <15.0 (8.0) % npu 95% CL
T osft -
@ 5
0.4 g T
- 0.21 (0.18) ~H
0.3F A ¥
- 0.18 (0.10)
0.25.15 (0.08)
Y g 029990000 A—et—
0.1 ttH

0
o o o o o X
@ @ & & &
(= h e b - y
o L T I I
'g m S = o} _H
o > o
o 1
F X
g g9

[Togpoonee: CMS-PAS-HIG-21-007
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https://cds.cern.ch/record/2827418

noyemy VBF+MET Hau6oJiee 4yBCTBUTEIbHbIA KaHAJ ?

OgeF (H + jet) 1

e /->vv (strong production) is large compared to ggF: A —
(strong p )Is large comp W S(ZEjer) Br(Z = wv) ~ 300

N

| over(H + qq)
« VBF: signal and bg are comparable over(Z + qq) - Br(Z — wv) ~3
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H — inv npu poxjaeHun B CJIUSITHUU BeKTOPHBIX 0030H0B (VBF+MET)

Events / Bin

Ratio

HeT 3HaUUTEILHOTO OTKJIOHEHHUS OT MPOrHo308 CM.
BR(H->1nv): 14,5% (nabmromaemsiii) ipu 10,3% (oxugacMbiii)

10*

10?

10

Vs=13TeV, 139 fb™
VBF B, search

-/Post-fit

— T T T T T T T T

ATLAS Post background-only fit

T T T T T T

..............

* SR un Bce CR obnact nocne puUTMpOBaHUA U

HeonpeaeneHHoOCTU

1 -e-Data
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EW W
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=
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[ e-fakes

Multijet

1---H(B_ =0.15)

inv

Owivp-nucleon [€m?]

—25
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107 £ B, <0.127 ATLAS =
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1 0—33 =2 2
- '\_ Higgs Portal WIMP: Other experiments: _]]
=, %4444 Scalar DarkSide-50 —
E W SN Majorana == PandaX-4T ]
5 E By BRI Vectorgpr =i mi Cresst-lll  —
10 = S 7547 Veetoryy complete model -
1 0—45 :: _________________ =
C us scattering 3
10—51 :: .‘.—"I::’.r‘ ::
E—- = ==""m, = 100GeV &
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Mywe [GEV]
* BepxHue npeaesnbl CNMH-HE3aBUCUMOTO NOMNEPEYHOro
cedyeHna WIMP—HyKn0OHa ¢ ncnosib3oBaHUem
MHTEepnpeTaumn noptana Xurrca B;,, npn 90% CL B
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Ouenka (poHOBBIX IPOLECCOB

« Xoporee pazaeiaeHue POHOBBIX U CUTHATBHBIX COOBITHH —
paznenenne SR Ha 16 kareropuii. CR 3amanbl OTAEIBHO IS
METOJI0B OLIEHKH ()OHOBBIX COOBITHIA.

e V+jets hoHOBBIEC MPOIIECCHI COCTABIAIOT OKOJI0 95% (POHOBBIX
coObITHll B SR, MX BKIaJ OIICHUBASTCS C IIOMOIIBIO BBIJICICHHBIX
KOHTPOJIBHBIX 00JIACTEH.

e Menbuii BKiag oOyciaoBiaeH MHOTOCTpyHbIMU (Multijet)
rpolieccaMu U olieHrMBaeTcs data-driven meTogaMu.

 Hes3nauntenbHsiii Bkaag ot tt, VV, VVV ouenuBaeTcs ¢

nomo1pro MC MozienupoBaHus.

Njet=2 & MET>200 GeV

1=A¢;<2
1.5<m;<2
bin8

Adji<2
3.5<mj
bin16

MET>200 GeV
Njet=2 1%?5;2 23::1:: 5
160<MET<200 GeV | T 00 bin15
® Zstrong ® ZEWK

W strong @ W EWK
multijet @ top/VV/ VWV
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36 fb-1 result: only three m(jj) bins (1-1.5, 1.5-2, >2 TeV); MET > 180 GeV (no bins with 3 or 4 jet)
New binning:

160

Additional bins at low MET

EMiss[GeV]

(2]

[3.4]

-

Niet ¥

Shading indicates S/B, assuming BR of Higgs boson to invisible particles of 0.15

Agj
2.04

0.0

Signal (Binv = 15%) / Backgrund

% % %

Agj
2.0+

1.0

SR6
2.4%

SR1
7.4%

A
2.0

0.0

0.8

More bins in m(jj)

Splitting of A®(jj)
in two ranges

Allow for 3 or 4
jets if compatible
with FSR

Percentage gives approximate contribution of signal from invisibly decaying Higgs bosons relative

to total signal yield in inclusive SR
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V

jets pOHOBBIU MPOLECCHI

* Bknag I/+jets poHOBBIX COOBITUI OLIEHUBAETCS C MOMOIIBIO0 METOAA «KOHTPOJIBHBIX 001acTE»
conepxkanux BeiOpanubie W (— lv) +jets (1L) u Z (— 11) + jets (2L) coObiTuA

Events / 500 GeV

100

1.4F
1.2

0.8
0.6

Data / Bkg

Ilonyuennvie 6 Run2 pacnpeoenenus no

500F
400F

300¢F

200¢

LT T T | B i TGRSO T

- ATLAS Pre-fit e Data N Uncertalmy
- {s=13TeV, 1391b" .
+ Z.CR .Strong Wi Eww 1
o . StrongZ EWZ _
\ ~
\\ Poter  ---HB,, =0.15) ]

@

1060 1500 2000 2500 3000 3500 4000 4500 5000
m; [GeV]
(a)

Data / Bkg

'ATLAS  Pre-fit  ®Daa  \\Uncertainty -
Vs=13TeV, 139 fb M strong W EW W

We CR Il strong Z EWz

B other Blefakes

§ «=*H(B,, = 0.15) _

...... o

LR

1000 1500 2000 2500 3000 3500 4000 4500 5000
m; [GeV]
(b)

m2; 015 (a) W (— 1v) u (6) Z (— 11) KOHTpOABHBIX 001acTen
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Multijet ¢poHOBBIU ITpOLIECC
Rebalance and Smear memoo
* R+S MeTon obecrieunBaeT ABE pa3HbIX OLCHKH JJIs ABYX HadaJbHBIX TOmojaoruii — HS u

MTOMOIIIBI0 MHOKECTBEHHOTO MPUMEHEHNE (PYHKIIMHU OTKJIMKA AETEKTOpa JIJIs KaX 0T
cOaJIaHCUPOBAHOTO COOBITHS, YTO TTO3BOJISIET YBEIUYNUTH CTATUCTUKY

3
'c1200>i10|||||1|||— > 104 N N I S OO S RSV ) O B ) L E e
© - ATLAS B W+jets ® Data . 8 ATLAS B W+jets ® Data 3
B L .1 [ Z+jets W Stat. unc ] _ .1 [ Z+jets N\ Stat. unc
2 1000 _ﬁj‘cg Tev, 139 " B0 s pU o ovel.unc - p- I‘ﬁe}f Tev, 139 7 B0 s pU Syt 3
; B B MJ HS-only 7] € B MJ HS-only ]
@0 N ] o 3 _
& 800 @ 10 E
> -
L N ]
600 i .
C 10° E
4001 -
200 i ]
2 2t = 2 25F
o) . 1 o :
e §L5F = P E
£ : } 1 & 15F
Q [ Ll L 6 PIIIIIIS . I D -
7 * 2 * ; 1 SRR oo
I I IR NI RN L e T R R T T T 05:—|1|||
050204 06 08 1 12 14 16 18, 2 500 1000 1500 2000 2500 _ 3000
Muli ii m; [GeV]

Rebalan

Ilonyuennvie 6 Run2 pacnpedenenus (a) A@; u (6) 77z; 6 MJ region
(100 GeV < E} ;..< 200 GeV, m; > 400 GeV, Ny = 2, Ayg; > 2.5)
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Multijet ¢poHOBBIU ITpoOLECC
Pileup CR (FJVT CR) memoo

* Bp100p KOHTPOJBHON 00J1aCTH, 000rameHHo MHOTOCTPYHHBIMU coObITUsIMU (PU-CR) nmytem
nHBeptupoBanus fJVT score nuaupyromieit cTpyu (MpeacTaBiIeHUs JIUAUPYIOMIEH CTPYH MO Py Kak

forward pile-up ctpym ).

R O 8 Whnii Bt Pt PR o] T ) R
814000 A TLAS omn | N Uncerarty
b Is =13 TeV, 139 fb™ I w strong W EWK
012000 Low MET VR M z strong Z EWK
‘2 Multijet I Other
310000 s H (B, =0.15)

Data / Bkg

L

L l l ! | L L
L I L ) LI ) UL e T L L

1.3 \\\\\ N

PEFEPE BPSTErE EPETSrE EPErETS B |

0 02040608 1 121416182

(a)

B AL AARA AR e T
812000 —ATLAS -Q-Dala X\ Uncertainty—_
= [ (s=13TeV,139fb" MW stong WEWK ]
10000 -_Low MET VR -hzﬂsltong ZEWK ]
- ultijet [ Other
v H(B,, =0.15)

Events

8000 -

-

AT T TN

o
© v

Data / Bkg

........ | PP N S PR T PETT FETTe e

m;; [GeV]
(b)

Ilonyuennvie 6 Run2 pacnpedenenus (a) Ag; u (6)
my 6 low- E} s validation region (100 GeV <

ET

miss

< 160 GeV).

Dopma multijet nonyuena c

nomouvto Pileup CR memooa

500 600 700 800 900 100011001200130014001500

* SR : kputepum oroopa + FJVT > 0.5
* CR : kputepuu oroopa + FIVT <0.5

SR _ o PU-CR _ pPU-CR
BMJ,i = Rw,i (Ni B non-MJ,i ) ’

low-MET low-MET
N Bnon MJ.,i

Rmy,i = NPU -CRlow-MET _ pPU-CR,low-MET '
non-MlJ,i
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Multijet GoHOBBIM NIPOIECC

truth level reconstruction level

forward jet ‘ forward jet |

W n—plane ﬁ
central jet below pr

central jet | falsely ‘ threshold
| tagged as
‘ PU }
| |

HS
PU

¢ — plane ¢ — plane

PU

HS MET

Ilpu nanuyuu 6onvuLoco Koruuecmasa
nepexpwisarowuxcs coovimuil (Pile-up — PU)
HenpasuibHoe onpeoeieHue CmMpyi MO#cem
npueecmu K CUMYIAYUU CUSHANbHO20 COObIMUSL
¢oHosbIM.

* Bxuiaag KX]I mHOrOCTpYitHOrO (POHOBOTO Mpoliecca B JAHHOM aHAJIN3e
O’KMJIAETCSI HEOOJIBIIION 3a CUET KPUTEPUEB OTOOPA COOBITHUH.

* Ho ouenky nanHoro (hOHOBOTO Mpoliecca MOIYyYUTh HE MPOCTO, TaK
KaK MTIOMHUMO HEJIOCTAaTOYHOM CTAaTUCTUKH, U U3-3a OIIMOOK TIPHU
PEKOHCTPYKIIMHU CTPYH M HETOUHON MAEHTU(UKAIIUY CUTHAJIBHBIX
cooniTuii, MC samples uMeroT 0oJbIIMe HEONPEACICHHOCTH

U3MEpPEHUS.

B Run2 MHorocTpyiHsbIi (POH OLIEHUBAICS C TOMOIIBbIO KOMOMHAIIUM

JByX He3aBUCUMBIX data-driven MeTOm0B:

* «Rebalance and Smear» (R+S)

* «Pileup/FJVT CR» meTona
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BDTG parameters

* Boosting method: Gradient Boosting

* NTrees =32 * MaxDepth=4

* MinNodeSize = 2.5%  nCuts =20
* BoostType = Grad

* Shrinkage = 0.10

* UseBaggedBoost

* BaggedSampleFraction = 0.5
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Onrtumusanusa ordoopa codobiTuil ¢ nomombw MVA/ML noaxonos

* VY Hac Bcerjaa €cThb 2 CTPyH JIUAUPYIOIIUE I10 P

* B cinydae orcyrcTBusa apyrux ctpyid BDT nponyckaeT Takue COOBITHS

[ToaTOMY OBLIT MMPOM3BEACHO Pa3MbITHE (Smearing) OTCYTCTBYIOIMX COObITHH 10 ['ayccy

* Mersenne Twister based (std::mt19937 64, sigma =0.1)
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Y10 Takoe BDT?

Boosted Decision Tree (BDT) — wmHoromapameTpu4yeCKMd METOJ aHaIM3a IS
ONTHUMMU3AIUU CUTHAJILHOU o0iacT B H — 1nv

° OHTI/IMI/BaHI/IH H OIIPCACIICHUC BbLIIIOJHAIOTCA C IIOMOIIbBIO MK ¢ ucnosias3oBaHuEM
HaWJIydIruX JOCTYIIHBIX OIICHOK.

* VICKITIOUE€HBI CUJIBHO KOPPETIUPOBAHHBIE ITIEPEMEHHBIE.



AAAAAA - s
xi > cl| [xi <cl
\ ‘ \ )
2 R
[xj >c2] [xj<c2 xj > c3] |xj < c3J
(B) (s) () (s)
xk > c4| |xk < c4
o >
(B) (s)
Input variable Definition
Z rapidity
AR(C?)

AG(ET™, F)

Er"*-significance

fractional pr |ERss + 3 5o | — pZ|/p%
Hr scalar sum of hard objects pr
EF}IIISS
Ht
mee

nepemeHHble BXxogawme B coctas BDT
ana H(inv) mono-Z aHanusa

[epeBo pelweHni B 3TOM c/lydae paboTaeT Kak
NBOWYHbIN KNacCUPUKaAToOp, B KOTOPOM Habop AaHHbIX
nocnenoBaTeNbHO pa3buBaeTca B NOMbITKE
MAKCMMaNbHO Pa3gennTb NO/ly4eHHble AaHHble Ha
OAMH M3 ABYX KNACCOB, B Hawem cayyae ‘CurHan’ nam
"®oH".

B Kaxkaou TouKke BeTBneHuA ('y3ne") B pepese
KnaccudpukaTop onpeaensaet, nyTeMm MMHUMU3ALUK
3apaHee onpeaeneHHom GyHKLUMM NOTEPD,
ONTUMa/IbHble NepeMeHHble Ansa oTtbopos. BeTBu
ilepeBa cCo34at0TCs B COOTBETCTBUM C TEM, NEXKAT NN
cobbITUA BblLLE NN HUXKE 3TOro 3Ha4YeHmA oTbopa.
3TO BbINO/IHAETCA UTEPATUBHO A0 AOCTUKEHUA
3a/laHHOM rNyBbMHbI AepeBa UAK A0 Tex Nop, NOKa
Habop AaHHbIX He ByaeT NONHOCTbIO OTHECEH K
OZJHOMY U3 KNacCoB.

42



Boosting BKatoyaeT B ceba ob6beAuMHEHME HECKONbKUX AepeBbeB peleHuin (nopsaka COTeH) C MOMOLLbIO
3pPEKTUBHOIO CpeHEB3BELIEHHOTO 3HAYE€HNA PEe3yNbTaTOB KnaccupmKaLum,

Hanbonee pacnpoctpaHeHHble anroputmbl boosting reHepupyloT aepeBbs peleHui nocnesoBaTenbHo,
YYUTbIBAA OWKMOKKM, AonyLeHHble npeablaywmMMm KnacCuPMKaTOPOM, KaK NOKa3aHO Ha pucyHke. KombuHupys
MHOKecTBO c/1abbix KnaccnpumKaTopos, TaKUM 06pa3om, MOXKHO NMoAy4YnTb B6osnee CUAbHBLIN KnaccuduKaTtop, a

MMEHHO YcuneHHoe aepeBo peweHui (BDT).

>~ 0.83*

+ 0.36*

+4 0.7 *

b 4

b 4

@
@

X
®

Habop aaHHbIX Knaccmomnumpyetca B $pa3oBOM NPOCTPAHCTBE C ABYMA NepeMeHHbIMU C MOMOLLbIO HECKO/IbKUX
nocneaoBaTeNIbHbIX AEPEBLEB PELUEHUI, Karka0e U3 KOTOPbIX YYMUTbIBAET OWNOKM NpeablayLliero Knaccudukatopa
NPW BbINONHEHUN cBOeN cOOBCTBEHHOW KnaccnduKaummn. bonee KpynHbie TOYKM AQHHbIX NPeACcTaBASAOT 6onbLniA
BeC, NpMAaaBaeMbli COOTBETCTBYOLWMM CODbITUAM NpPU KnaccupumKaumum.,

O6beanHuB Bce cniabbie KnaccnduKaTopbl, Mbl Nony4aem b6osee cMabHbIN KnaccudpumKaTtop.
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Boosting Algorithm

e While all boosted decision trees have the same principal,
the algorithms that determine the ‘boosting’, splitting and
pruning of the leaves, etc. are different

e Gradient boosting minimizes the residual error from the
prediction/classification of the previous ‘tree’, and uses
gradient information to inform the new tree(s)

e Adaptive boosting iteratively modities training events with
new importance ‘weights’ in order to improve learning



Adaptive Boosting aka Adaboost

Gradient Boosting

* Both Adaboost (the first boosting algorithm) and Gradient Boosting are boosting algorithms, which
combines predictions from multiple weak learners, usually decision stumps to form a strong learner

* In AdaBoost, the weights of the samples are
adjusted at each iteration.

* No reweighting of the samples take place in
GBM

* Algorithm: Training process starts with a decision
stump (usually). At every step, the weights of the
training samples which are misclassified are
increased for the next iteration. The next tree is
built sequentially on the same training data but
using the newly weighted training samples. This
process is repeated until a desired performance is
achieved.

* Algorithm: GBM uses gradient descent to
iteratively fit new weak learners to the
residuals of the previous ones, minimizing a
loss function. There are several loss functions
to choose from, Mean Squared Error being
most common for Regression and Cross
Entropy for Classification. GBM uses Decision
Trees as the weak learners.

* Both Adaboost and GBM are stage-wise additive models (greedy algorithm), meaning new trees in the

model are built without changing the previous existing trees

© AIML.com Research

* The final model is formed by combining the
predictions from individual trees through a
weighted sum. For a classification problem,
prediction is given by:

M
Prediction = sign( Z a,* F (x))

m=1
where, F,, (x) is the output of each model and a,, are the weights

computed by the boosting algorithm, m is the number of iterations

* The final model is an equal-weighted sum of
all of the individual trees. Prediction for a
regression problem in GBM is given by:

M
Prediction =3y +n* E Prnei
m=2
where, ¥ is the prediction from the first tree, 7 is the learning
rate, 7; is the prediction of residuals, m is the no. of iterations

* Both Adaboost and Gradient boosting can be used for both Classification and Regression problem
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[lonyyeHHaAa B pe3ynbraTe BeaAMYMHA npeacTtasnAaer cobor AUCKPUMMHAUMOHHYIO nepemeHHyto BDT,
KOTOpaA TaKXKe Ha3biBaeTcA «BDT scorex.

3TOT nokKasartenb, namepaemoin ot -1,0 go 1,0, aBnAeTcA BEpPOATHOCTHOM MEPOM TOro, 4Yto cobbiThe
ABNAeTCcsA curHanbHbIM (Bbixoa = 1,0) nam doHosbim (Bbixoa = -1,0).

TMVA overtraining check for classifier: BDTG

2 LUULI A L L B ACLEL HNLA LANS J  SLULL A L o
S ol ey ey 1 Takum 06pasom B pesynbtate BDT, naeanbHblii
% 16 éKolmogorov-Smimovtest: signal (background) probability = 0.404 (0.368) _; K naccmd)MKaTop K naccmd)m LIIM pOB a fl 6b| Bce
s 3, CUrHanbHble cobbITNA Kak CMeLLeHHble BNpaBso, a

- 15

1= 43 BCe ¢poHOBble cobbITUA (MOKa3aHbl CMeLLEHHbIM

3 3¢ Bneso.
06 EE
0.4 | =
02} 3
: 33

-08 06 -04 -0.2 0 0.2 04 06
BDTG response

pacnpeaeneHua BDT ana curHanbHbIX U GOHOBbIX
cobbITUM B mono-Z aHanuse H(inv).
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Kolmogorov-Smirnov test

TMVA overtraining check for classifier: BDTG TMVA overtraining check for classifier: BDTG
x T TTT T rTiH T T T 7T l T T T 7 T T L
° 05 H ‘ Signal (fest sample) | * Sighal (tralning sample) = 3 2 ‘ Signal (fest sample) | « Sighal (training sample) ' =
% 2 | Background (test sample) * Background (training sample) _E % ” -] Background (test sample) « Background (training sample)
= —Kolmogorov-Smirnov test: signal (background) probability 40.229 (0.765) 3 ~  [Kolmogorov-Smirnov test: signal (background) probability 4 0.012 (0.118) ]
2 he E S E
. = T -
16 = 14 3. =
- 2 =Ed
/ ; g 1.2 )
- g . g
; -
/ 5 0.8 5
. g 0.6 s
. g =
. ) 04 5
Ii-_;-' g g
//////I‘ 2 3
N g 0.2 g
0 5 0 S}
08 06 04 02 O 02 04 06 08 08 06 04 02 0 02 04 06 08
BDTG response BDTG response
Var 1 : with old variables Var 2: old+ new variables

A Kolmogorov Smirnov test is applied between the training and the test output distribution.

In case the two distributions are compatible a random value between 0 and 1 should be obtained, if they are not you
will observe a difference and this might be an indication of overtraining.

So a very small value is not good.

A value which is not small is good, while a value too close to 1 is also no so good, because indicates that the statistical
fluctuations are too small, and this can be also an indication of some potential problem:s.



signal + multijet bkg (with 1.0 weight)

23 vars optimized

TMVA overtraining check for classifier: BDTG TMVA overtraining check for classifier: BDTG

.
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—
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—
-

(1/N) dN/ dx

l { P | 55 P I | L 1) B 7 _I i | B | T T4
:- Slgnal test sample) . SlgAal (tralJ\mg sallnple) =
]‘Z Background (test sample) « Background (training sample) ]

'L |'signal (testsample) | | | * Signal (training sample) '
:@ Background (test sample) = Background (training sample) 7

—_

A
-t
=Y

-
4%}

_Kolmogorov-Smirnov test: signal (background) probability = 0.781 (0.563) Kolmogorov-Smirnov test: signal (background) probability = 0.847 (0.829) ]

R
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(1/N) dN/ dx

N

—_
= (=] 0 o
U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
—
f [=2] (=] o
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Table 3: Triggers used for 2015-2018 data taking. The years and run numbers where thresholds were changed are

noted.
Period

Trigger

Table 4: List of single lepton triggers.

All 2015

HLT_xe70_mht

2016, Runs < 302872
2016, Runs > 302872
2015-2016

HLT_xe90_mht_L1XES50
HLT_xel10_mht_L1XE50
HLT_noalg_J400

Period Electron Muon
HLT_e24_lhmedium_L1EM20VH .
All 2015 HLT _e60_lhmedium HLT_mu20_tloose LIMUL

HLT _e120_lhloose

HLT_mu50

2017 Runs

HLT_xel10_pufit_L1XE55

2018 Runs

HLT_xe110_xe70_L1XE50

2016 Runs < 304008

HLT_e24_lhtight_nod(Q_ivarloose
HLT_e60_lhmedium_nod0
HLT_e140_lhloose_nod0

HLT_mu50
HLT_mu26_ivarmedium

2016 Runs > 304008

HLT_e26_lhtight_nod(Q_ivarloose
HLT_e60_lhmedium_nodO
HLT_e140_lhloose_nod0

HLT_mu50
HLT_mu26_ivarmedium

HLT_e26_lhtight_nod(Q_ivarloose
HLT_e60_lhmedium_nodO

HLT_mu26_ivarmedium

2017 Runs HLT_e140_lhloose_nod0 gti_ﬁszg Oetal05_msonly
HLT _e300_etcut = e =
HLT_e26_lhtight_nod(Q_ivarloose
HLT_e26_lhtight_nod0 HLT_mu26_ivarmedium

2018 Runs HLT_e60_lhmedium_nod0 HLT_mu50
HLT_e140_lhloose_nodO HLT_mu60_0Oetal05_msonly
HLT_e300_etcut

Table 5: List of di-lepton triggers.
Period || Electron Muon
2015 || HLT _2e12_lhloose_L12EM10VH HLT_mul8_mu8noL1
2016 HLT_2e17_lhvloose_nod0 HLT_mu22_mu8noL1
2017 HLT_2e24_lhvloose_nod0 HLT_mu22_mu8noL1

2018 || HLT 2el17_lhvloose_nod0_L12EM15VHI

HLT_mu22_mu8noL1
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Table 1: Summary of generators used for simulation. The details and the corresponding references are provided in

the body of the text.
Process Generator ME order PDF Parton shower  Tune
Strong V+ jets SHErPA 2.2.1 and NLO (up to 2 jets), NNPDF3.0NNLO  SHERPA SHERPA
SuerPA 2.2.7 (mjj-filtered) LO (up to 4 jets) MEPS@NLO
Electroweak Herwic 7.2.1 NLO (for 2 jets) MMHT2014NL0 HErwWIG Herwic 7.2
V+jets angular-order
and PyTHIA 8
dipole recoil
V+jets argw MADGrAPHS_AMC@NLO LO PDF4LHC15 PyTHiA 8
interference
Strong VV+ jets SHERPA 2.2.1 Or NLO (up to 1 jet), NNPDF3.0NNLO  SHERPA SHERPA
(including SHERPA 2.2.2 LO (up to 3 jets) MEPS@NLO
g8 — VV+jets)
Electroweak SHERPA 2.2.1 Or LO NNPDF3.0NNLO ~ SHERPA SHERPA
VVi+jets SHERPA 2.2.2 MEPS@LO
tr PowHEG Box v2 NLO NNPDF3.0nLO PyTHIA 8 Al4
QCD multijet PyTHiA 8.230 LO NNPDF2.3Lo PyTHIA 8 Al4
ggF Higgs Pownec NNLOPS NNLO PDF4LHCI5NNLO  PyTHIA 8 AZNLO
VBF Higgs PowHEG NLO PDF4LHCI15 PyrHia 8 dipole AZNLO
recoil
VH Higgs PowHEG Box v2 NLO PDF4LHC15 PyTHiA 8 AZNLO
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