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Hunting the Higgs boson pair

@ SM HH production cross-section very small: 33.41 fb at 13 TeV
o To study a rare process like HH production need to look at the H decay channels with high

BRs:
HH-decay BRs:
o bbbb: 33% S R T A
o bbWW: 25% oo
o bbrT: 7.4%
ww 46%
o bbtT has the third highest
accesible BR o 74% 3} 25% | 0.39%
o it is relatively clean compared to 27 90 iz | oo
other channels with higher BR but
a!sc_) larger backgroqnd and more w D
difficult reconstruction

— very promising channel!

ATLAS Run2 bb7T analysis is performed in two channels
depending on the 7 lepton decay modes:
Leptonic+Hadronic (LepHad) channel (45.6%) and
Hadronic+Hadronic (HadHad) channel (42%)
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Di-Higgs production in the bb7T final state: what are we looking for?

Look for production of 2 Higgs bosons decaying one in bb and one in 77

b

Require '\ h

T/V
@ 2 b-jets 2 b-jets ‘.—H—h—-’ Require

meg = my = 125 GeV b/ \‘””h”“”“
T

® 2 taus Reconstruct
myr = mp = 125 GeV Reconstruct resonance ‘ReconstrL'Jct
Higgs candidate mass (Mhh) Higgs candidate
(125 GeV) (125 GeV)

using MMC

@ Resonant case: reconstruct the invariant mass of the resonance from the 4-momenta of the 2
Higgs candidates
mx = mpp, =7
— constrain the bb and 77 invariant mass to the Higgs mass (scaling the 4-vectors) in the
calculation of my,
Signal hypothesis
Resonant analysis: resonances with mass from 260 GeV to 1 TeV
o Two Higgs Doublet Model (2HDM) for spin 0
@ Randall-Sundrum graviton (RSG) model for spin 2
Non-resonant analysis:

@ SM non-resonant Higgs pair production
o Non-resonant Higgs pair production with varied Higgs self coupling: Appp
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Analysis description: event selection

o Data: ~ 36.1 fb~! recorded by ATLAS in 2015/2016 with LHC pp collisions at 13 TeV
o Triggers:
o HadHad channel: di-tau and single tau triggers (DTT and STT)
o LepHad channel: single lepton (e/u) and lepton-tau triggers (SLT and LTT)
(lowest unprescaled triggers)
— detailed information in the "Trigger strategies for bbtautau" talk from Agni Bethani
o Preselection region: 2 signal taus (or 1 light lepton (e/u) and 1 signal tau) with opposite
sign of the charge (OS) and at least 2 jets
o mMMC>60 GeV, JetO pr> 45 GeV, Jetl pr> 20 GeV
o Signal region: preselection + 2b-tagged jets
@ Control and validation regions: Use Ob-tags, 1b-tag and same sign (SS) regions as validation
regions for checking and understanding the background modeling

o tau-ID working point: "medium" (55% efficiency for 1-prong and 40% efficiency for 3-prongs)
o b-tagging working point: 70% efficiency

‘ o ATLAS Simulation
13TeV, 36.1 0"

T
01-ATLAS Simulation
[ 13Tev,36.1 fb"
0.08[-Narrow Scalar

Acceptance x Efficiency for SM
non-resonant:

o HadHad: 2.9%
o LepHad: 4.2%

Acceptance x Efficiency
Acceptance x Efficiency

00 300 400 500 600 700 800 900 1000 %00 300 400 500 600 700 800 900 1000
m(x) [GeV] m(G,) [Gev]
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Backgrounds in the HadHad channel SR

ttbar
o tt: 42% (with 2 real taus) Jiets
o fake taus from multijet: 25%
H . 0,
o Z-+jets: 15% Single top Rest

o fake taus from tt: 15%
Rest (single top, W+jets, Diboson): 5%

fake taus from ttbar fake taus from

QCD multi-jets

o multijet tau fakes estimated with an ABCD data-driven fake factor (FF) method
o tt tau fakes from MC corrected with a fake-rate (FR) method from data
@ Other backgrounds estimated from MC
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Multijet tau fakes estimation - HadHad channel

Background of jets faking taus from multijets estimated with ABCD data-driven FF method
Define 4 regions depending on the tau leptons ID and charge:

Assuming:
A B Na _ Ne
0S SS Ne  Np
ID-7 ID-1 Compute the Fake Factors (FF) as:
C D N
0s SS Np
AntilD-7 AntilD-T as a function of leading and subleading tau pr,

separate for 1plp, 1p3p, 3plp and 3p3p

And applying them to region C we obtain the

e A=SR template for the SR A:

o ID= 2 signal taus

o Anti-ID= At least 1 anti-tau Ny = % X N¢c = FF x N¢ J
o Anti-tau= tau candidate failing the signal b

tau requirements

@ OS/SS= tau candidates with
opposite/same charge sign

Contribution from all other backgrounds is
subtracted
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tt tau fakes estimation - HadHad channel

Rate of jets faking taus (FR) in tt events computed from data in LepHad tt CR
(LepHad preselection + 2btags + M.,V_V>80 GeV)

@ contribution from true tt (with a real tau)
and other backgrounds is subtracted

o defined as:

ER — NpassID

N, total

as a function of tau 7, separate for 1p and 3p

in the HadHad SR tf events from MC are split in true (T) and fake (F) by truth-matching the
reconstructed tau to the truth lepton:

e TT: true component
e TF, FT, FF: fake

— =~ 26% of our tt is fake (at least one fake tau from a jet)

o FRs computed in the LepHad CR applied to fake tau tt events from MC that pass the
HadHad channel selection to correct the MC prediction in the HadHad SR
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Backgrounds in the LepHad channel SR

ttbar
o tt: 62% (with a real tau)
o fake taus from tt, W+jets and QCD: 31%
_ Rest
(mostly from tt)
o Rest (Z+jets, single top, W+jets, diboson):
0,
7% . fake taus
single top

@ Background with jets faking taus estimated with a combined fake factor method from data
(for tt, multi-jets, W+jets)

o Other backgrounds estimated from MC
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tau fakes estimation - LepHad channel

Backgrounds with jets faking hadronic taus (from ttbar, multijets and W+jets) estimated with a
combined fake factor method from data:

o FFs computed separately for each process (tt, W+jets, multi-jets) in a dedicated CR
@ contribution from true taus and other backgrounds is subtracted

o defined as:

EFF — Niay
Nanti— tau

binned as a function of tau pr, separate for 1p and 3p

then a combined fake factor is derived:

FF(comb) = FF(QCD) x rQCD + FF(W/tE) x (1 — rQCD) J

where rQCD is defined as the fraction of fakes from multi-jets in the anti-ID tau region:

rQCD = N(da’;la()'"fxgi:;d;tj?,\ﬂc) and N(multijets, data) = data — (true tau MC + fake tau MC)

Combined FFs applied to anti-tau events from data (SR selection apart from taulD) to estimate
the fake tau background in the SR
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Systematic uncertainties on the fake taus background estimation

Data-driven methods for the estimation of backgrounds with jets faking taus come with
systematic uncertainties from several different sources:

o Statistics: vary FFs and FRs up and down by their statistical uncertainties

o true MC contamination in CRs: vary the subtracted true tt MC by propagating the
cross-section, CP and modeling shape uncertainties and vary other small subtracted MC
backgrounds up and down by 50%

@ extrapolation from CR to SR: calculate FFs with alternative definition of the CR and take
the difference

o fake composition variation between anti-ID and ID regions: closure tests in VRs
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Analysis Strategy: Boosted Decision Tree (BDT)

The analysis makes use of BDTs to separate signal and background

o Train each signal hypothesis against sum of
main backgrounds

Resonant analysis:

@ One training for each mass point (masses
from 260 GeV to 1 TeV) for 2HDM and
Graviton model to have the best sensitivity
at each mass

@ In each training three neighbouring mass
points are combined to ensure sensitivity
between mass points

Non-resonant analysis:

@ Training on the SM non-resonant di-Higgs

signal Strategy: Use the BDT score distribution as

@ Training on the non-resonant signal with final discriminant variable for the limit setting fit
AHHH/Asm = 20 for the A variation limits
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BDT input variables

e BDT input variables chosen to exploit the characteristics of signal events, where one can
reconstruct the two Higgs boson candidates in the bbr* 7~ final state

o List of variables optimized for each channel and event category, for resonant and
non-resonant signals

. TiepThad Channel TiepThad Channel

Variable (SLT resonant)  (SLT non-resonant & LTT) Thad Thad channel

MMC v v v
My / / \/
AR(r,T) v v v
AR'(b7 b) v v v
E'}HISS /
B2 4 centrality v v
my v v
A¢(H,H) v
ApT (lepz Thad—vis) v
Sub-leading b-jet pr v

EsS & centrality: relative angular position of the EI'** relative to the taus in the transverse plane

(A+B)/(VA® + B?), where A = sin(¢pmis — @r,)/sin(¢r, —¢r,), B = sin(¢r, — ¢ gmis)/sin(¢r, — ¢r,).



BDT input variables

HadHad channel
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BDT input variables - Lephad channel (SLT) (non-resonant)

> T T T T T > [ AARRS) T T T T T ™ > T T T T T T
E 5000 F 3
8 g ATAs 2 R bx a0 GUp ATLas 2 R0 1 G fATas 2 R0 E
[ 13TeV, 36110 Top-quark 5] [ 137ev, 3611 Top-quark ] 8 5ogo 13 TeV. 36110 Top-quark =
i TepThag SLT 2 b-tags. jet - 1,,, fakes 3 4000|— Tieras SLT 2b-1205 jet - T,,, fakes | 2 [ TpTvaa SLT 2 b-tags et — T, fakes ]
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BDT input variables - Lephad channel (LTT)
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BDT distributions

Events / Bin

Data/Pred.

Events / Bin

Data/Pred.
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HadHad channel
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BDT distributions

LepHad channel (SLT
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BDT distributions

LepHad channel (LTT)
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o Fit of the full BDT distribution 2HDM 500 GeV - HadHad

@ Simultaneous fit of 3 BDT distributions . ;QT‘TLCS;W‘ ‘ ;mgj T
(HadHad, LepHad SLT and LepHad LTT) iy mes ey
for each signal hypothesis

Events / Bin

Ty 2 D125 Top-quark
Jot — T, fakes (Mulijets)

et 1, fakes ()

~ T +{ob.bo,co)

Uncertainty

@ Included in the fit also a 1 bin CR for the Eoni = P ackound
normalization of the Z+HF background

1
F
vounl o ol ol

o 2 freely floating normalizations:
Z+HF constrained by the dedicated CR and

tt constrained by the low BDT region of N
the LepHad SLT SR: ‘Eﬂ:\}\\\\\\\\\\w

° Z+HF=134 + 0.16 BDT score
o tf=1.06 + 0.13
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Systematic uncertainties

o Fractional impact of systematic
uncertainties for the fitted non-resonant HH
signal-strength parameter p

o Analysis dominated by statistical
uncertainties on data

o Percentage uncertainties on the simulated
non-resonant signal strength assuming a
cross-section times branching fraction equal L A ?f
to the 95% CL expected limit of 14.8 times

Ap/Ap

ot

Z4HF 1,1, acceptance

the SM expectation: 2 - tem, shape |
tt normalisation
Source Tncortainty (%) |
Toul =
ata statistics
T, Identification efficiency
Simulation statistics + 16 " ‘
Z+HF normalisation
Experimental Uncertainties z .t
0 0 - Tl shape ‘
Luminosity + 24 R
Pileup reweighting + 1.7 oo Sc0EPIENCE
Thad 116 NNLO i shape |
Fake-7 estimation 184 SM Higgs normalisation
b-tagging +83 Pile-up eweighiing |
Jets and B +3.3 f fake-rate statistics
Electron and muon + 0.5 Ty feCONStruction efficiency ‘
Theoretical and Modeling Uncertainties Thadthas fake-factor normalisation
To, + 17 G=13Tev —e— Pul:@-00
op ATLAS TR T omaon
Signal +93 3611 +10 Postit Impact on
Z =TT + 6.8 Non-res.HH ] -1 Postit impacton
SM Higgs £29 2-15-1-050 05 1 15 2
Other backgrounds + 0.3 [CRAT
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Results: non-resonant

Upper limit on the SM di-Higgs production cross-section

Observed —lo Expected +1lo

o o(HIH — bbrr) [ 57 49.9 69 96
lep Thad o/oswm 23.5 20.5 28.4 39.5
o(HH — bbr7) [fb] 40.0 30.6 42.4 59
Thad Thad =
o/0sm 16.4 12.5 17.4 24.2
Combination  ©HH = 0br7) ] 30.9 26.0 36.1 50
o/o (12.7‘) 107 {T4s" 20.6
[Tsm / )

Observed (expected) an upper limit on the di-Higgs production cross-section of 12.7(14.8) X osy
— current best upper limit on this process!
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Results: resonant

Upper limits on ox X BRx_sph—spbr+ as a function of the mass for 2HDM and RSG
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Il Il Il L Il L L Il
300 400 500 600 700 800 900 1000
Resonance Mass [GeV]
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Results: non-resonant with varied Higgs self coupling A

@ Non-resonant HH production with variations of the Higgs self coupling Ay
— detailed information in the "ATLAS HH combination results" talk from Petar Bokan
o BDT trained on the Ayyp/Asp = 20 signal used for all values
(gives better sensitivity compared to the SM BDT training over the full A scan range,
compatible with a X specific BDT training)
o Fit the full BDT distributions to set upper limits on the HH production cross-section as a
function of the coupling
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Summary and plans for end of Run2

Summary:

o ATLAS di-Higgs to bbr7 analysis now public using 2015/2016 data (~ 36 fb—1):
arXiv:1808.00336v1, submitted to Phys. Rev. Lett.

@ Use of different data-driven methods for estimation of backgrounds with jets faking taus

o Use of BDTs for separating signal and background
o Fit of the BDT distribution to get upper limits on:
o the cross-section for non-resonant SM di-Higgs production
o the cross-section for non-resonant di-Higgs production as a function of the Higgs self coupling
o the cross-section for the production of a heavy Higgs or a graviton decaying into two Higgs
bosons in the mass range 260 GeV - 1 TeV

Plans for end of Run2:

@ Working on improvements for a new analysis with the full Run2 dataset
o Focusing on obtaining the best possible result for the non-resonant SM di-Higgs production:
o Testing several multivariate methods and analysis strategies to:
@ improve overall performance
o reduce the number of trainings/generated signal samples
@ reduce impact of systematics
@ constrain better individual bkgs
o Testing including additional SRs like 1btag region or loosening the 2btags region
o Including new categories and channels like VBF and LepLep
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MC samples

Signal samples:
@ SM non-resonant: MadGraph5 aMCONLO at next-to-leading order (NLO) + Herwig++
@ Resonant 2HDM and RSG: MadGraph5 aMC@NLO at leading order (LO) + Pythia8

Background samples:
o tt and single-top: Powheg + Pythia6
o Z+jets, W+jets, Diboson, Drell-Yan: Sherpa 2.2.1
o quark-induced ZH: Pythia8
o gluon-induced ZH: Powheg + Pythia8
o ttH: MadGraph5 aMC®@NLO + Pythia 8
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Object selection

Electrons: Tight ID Jets: AntiKt4,

SLT: pt>25 or 27 GeV pt>45,20 GeV

LTT: pt>18 GeV & pt<25(27)GeV || in LTT: at least one jet with pt> 80GeV due to
L1 requirement

Muons: Medium ID Hadronic Taus: Medium ID

SLT: pt>25 or 27 GeV LepHad: SLT: pt>20 GeV, LTT: pt>30GeV
LTT: pt>15 GeV & pt<25(27)GeV HadHad: STT: pt>180,140,100/20 GeV
DTT: pt>40, 30 GeV

di-tau mass (MMC) > 60 GeV

opposite charge lepton/t -t pairs (OS)

at least 2 (b-tagged) jets

lephad channel: veto additional leptons and taus
hadhad channel: veto any leptons and additional taus
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Control regions

ttbar CR for calculation of HadHad channel ttbar Fake Rates:
o LepHad channel preselection
o 2btags
o MY > 80 GeV

ttbar CR for calculation of LepHad channel ttbar Fake Factors:
o LepHad channel preselection
o 2btags
o MY > 40 GeV

W-+jets CR for calculation of LepHad channel ttbar Fake Factors:
o LepHad channel preselection
o Obtags
o MY > 40 GeV

Multijet CR for calculation of LepHad channel ttbar Fake Factors:
o LepHad channel preselection but inverse lepton isolation
o lbtag
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Control regions

Z(pp)+HF CR included in the fit to constrain the Z+HF normalization:
@ single muon trigger
o =2 pu with pr > 27 GeV

>= 2 b-jets with pr > 45,20 GeV

81<my, < 101 GeV

Higgs veto 80 < myp, < 140 GeV
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Systematic uncertainties on the fake taus background estimation - HadHad

channel

Data-driven methods for the estimation of backgrounds with jets faking taus come with
systematic uncertainties from several different sources:

o Statistics: vary FFs and FRs up and down by their statistical uncertainties
o true MC contamination in CRs:

o multijet FFs: vary small subtracted MC background by 50%
o tt FRs: vary the subtracted true tt MC by propagating the cross-section, CP and modeling
shape uncertainties

multijet FFs

o fake composition variation between anti-ID tt FRs
and ID regions: closure test in 1b-tag OS

region and parameterize difference as a )
function of tau pr CR: reduce M7V-V in the definition of the CR

and take the difference

@ extrapolation to low I\/I¥V from high M¥V

@ extrapolation from 1 b-tag to 2 b-tags: vary . . )
the normalization transfer factor up and o trigger selection systematic: pr dependent
down by the statistical uncertainty variation to accout for difference in p1

distribution fi bining STT+DTT
o extrapolation from SS to OS: compare stribution from combining +

SS/0S FFs in a QCD enriched region
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Systematic uncertainties on the fake taus background estimation - LepHad

channel

Data-driven methods for the estimation of backgrounds with jets faking taus come with
systematic uncertainties from several different sources:
o Statistics: vary FFs up and down by their statistical uncertainties
o true MC contamination in CRs: vary the subtracted true tt MC by propagating the
cross-section, CP and modeling shape uncertainties and vary other small subtracted MC
backgrounds by 50%
o fake composition variation between anti-ID and ID regions: closure test in 2b-tags SS region
and parameterize difference as a function of tau myy
o extrapolation of tt and W+jets FFs from CR to SR: calculate MC-based FFs in SR and CR
and take the difference

@ extrapolation of multijet FFs from CR to SR: calculate FFs in a CR defined using SS (not
inverse lepton isolation) and take the difference
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Results: resonant
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Acceptance x Efficiency vs k
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BDT choice for ky variaion limits
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BDT distributions - ky variations
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ky variation limits

£ F . — NLO theory prediction
<450~ ATLAS Work in Progress
e} - -1
© F 13TeV, 36.1fb
T 400
I E e Exp 95% CL limit
~=350— —e— Obs 95% CL limit
°E Emtie
E [ J*2c
300 —— Exp 95% CL limit 7, 7,
- —— Exp 95% CL limit 1,7,y
250 —
200
150 —
100f—
50—
P P P B B B e IR B
—-20 15 -10 -5 0 5 10 15 20
Mgy

Back-up slides 12 /13



ky variation limits
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