ATLAS

EXPERIMENT

FSP 103 J GEORG-AUGUST-UNIVERSITAT
AT LAS VAT GOTTINGEN
Search for pairs of Higgs bosons in the bbrt7~ decay
channel with the ATLAS detector

Petar Bokan
Uppsala University, University of Gottingen
supervisors: Arnaud Ferrari, Stan Lai

Half-time PhD seminar in Uppsala - October 10, 2018




Introduction

Higgs potential

o Important to measure the shape of the Higgs potential

V(9) =~ 5i*6 + Ao

Expanding about minimum: V(¢) — V(v + h)

1
V = Vo + M?h% + \oh® + Z)\h‘* + ...
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Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

/s
H /s
N
AN
-—=H “H
Higgs-fermion Yukawa coupling Higgs boson self-coupling

(pp — HH + X) [fb] -
1000 ¢ M =125 GeV s Small production cross-section:

100 A oS8y =33.41 fb at /s = 13 TeV
wf e i Wi — two massive final state particles
qq — ZHH — destructive interference

01l
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o SM Higgs boson pair production (gluon-gluon fusion - ggF):
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Higgs-fermion Yukawa coupling Higgs boson self-coupling

o Potential non-resonant BSM enhancements
(new couplings, modified Yukawa and/or self-couplings)
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Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):
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H /s
N
N
- __H \~H
Higgs-fermion Yukawa coupling Higgs boson self-coupling

o Potential non-resonant BSM enhancements
(new couplings, modified Yukawa and/or self-couplings)

o Benchmark BSM resonance /'H
hypotheses: X _ 7
o Randall-Sundrum graviton -7
G — HH (spin=2) \\
o S — HH (spin=0) ‘H

Resonant production s,
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Introduction

SM Higgs boson pair production at the LHC

Standard Model Total Production Cross Section Measurements status: May 2017
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o SM H H-production ~ 1000x smaller compared to H-production

o Current LHC dataset won't be large enough to reach the sensitivity aja1


https://arxiv.org/abs/1712.08677

Introduction

Di-Higgs decay modes and relative

branching fractions:

bb WwW

7z

Di-Higgs final states

Some of the most
sensitive channels:

HH —5 bbbb: the highest BR,

large multijet background

HH — bbrtr—:

relatively large BR, cleaner final state

HH — bbyy:
small BR, clean signal extraction thanks
to a good ~y mass resolution

No golden channel! Important to

consider a large number of final
states!
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Introduction

Di-Higgs final states

Dit Some of the relevant Run-2 results:
brar ATLAS bbbb: arXiv:1804.06174
ATLAS bbr 77 arXiv:1808.00336
— ATLAS bbryy: arXiv:1807.04873
bb ATLAS combination: ATLAS-CONF-2018-043

W CMS combination: CMS-PAS-HIG-17-030 .
T In this presentation, focusing on:
; o bbr ™7~ analysis (SM + resonant H H search) pnks
— o bbrT7 k) scan (included in the ATLAS HH combination)
l o High-Luminosity LHC bbr 7~ prospects (pub note draft ready)

o End of Run-2 prospects, Universal Fake Factor/Rate method

5/41


https://cds.cern.ch/record/2227475/files/CERN-2017-002-M.pdf
https://arxiv.org/abs/1804.06174
https://arxiv.org/abs/1808.00336
https://arxiv.org/abs/1807.04873
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/
https://cds.cern.ch/record/2628486?ln=en

bb77 channel

HH — bbrtr™
TlepThad (BR: 45.8%) ThadThad (BR: 41.9%)
— P p——————>@®@<—p
i ,,-'"H " ‘,;"’H
e A /4
from{dl.el/cay Tﬁgd

Thad Thad
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bb77 channel

Event pre-selection

Tlep Thad

Thad Thad

Single lepton trigger
SLT

Lepton tau trigger
LTT

Single tau trigger
STT

Di-tau trigger
DTT

1 e/n and 1 medium 7

pz./“ > 25,27 GeV
(for 24, 26 GeV triggers)

-
pT. > 20 GeV

18 GeV < pg, <SLT threshold
15 GeV< p; < SLT threshold

T
pT. > 30 GeV

2 medium 7s

P17 > 100, 140, 180 Gev
(for 80, 125, 160 GeV triggers)

sublT
P > 20 GeV

lead T
i > 40 GeV

pERPIT > 30 Gev

pp > 45,20 GeV

> 2 central jets

pr > 80,20 GeV

pp > 45,20 GeV

pp > 80,20 GeV

45, 20 GeV for 2015 data

mMME > 60 GeV
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bb77 channel

Slgnal/ Control Regions

| Tlzra Tlel Tl ke |

Single lepton trigger || Lepton tau trigger || |Single tau trigger  Di-tau trigger
SLT LTT STT DTT

3 Signal Regions:

b o Opposite charge of the b
b 7 visible decay products b
i I}f’ o 2 b-tagged jets . ’}’
S/ e
/H /H
efp A |
from 7 decay Tﬁ’;d

vis vis

Thad Thad
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bb77 channel

Slgnal/ Control Regions

| TlepThad

Tl ke |

Single lepton trigger

Lepton tau trigger || |Single tau trigger  Di-tau trigger

SLT LTT STT DTT
3 Signal Regions:
b o Opposite charge of the b
b 7 visible decay products b
i /’}"' o 2 b-tagged jets " /"
e S — Control Regions: e
\ i ‘ H
f e/du /] o 0,1 b-tag . A
om e o Same charge Thad
High mY, Z + bb, ...
ey o High mrp + ey
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bb77 channel

Slgnal/ Control Regions

! Tlzra Tlel Tl ke \

Single lepton trigger || Lepton tau trigger || |Single tau trigger  Di-tau trigger
SLT LTT STT DTT

3 Signal Regions:

b o Opposite charge of the b
b 7 visible decay products b
i ' o 2 b-tagged jets I '
p—’,’;—l’ Control Regions: p———>$—

/ / H
f e/dﬂ o 0,1 b-tag - /]
e o Same charge had

o High m¥, Z +bb, ...
Thad & T Thed

o A Boosted Decision Tree (BDT) classification is applied in the SR
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bb77 channel

Boosted Decision Tree

o BDT used to separate signal from background
ThadThad Shown here (equivalent for TiepThad)

> A > Py
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bb77 channel

Thal

Boosted Decision Tree
- Ty Thad Channel Ty Thag Channel i
Variable (SLT resonant) | (SLT non-resonant & LTT) Thad Thad channel
My v v v
mMMC v v v T
Mmpp v v v
AR(7, T) v v v
AR(b, b) v v v
E¥1iss v
E%‘i“qﬁ Centrality v v
/11¥V v v
A¢(h,h) v
Apt(€,T) v
Sub-leading b-jet pr v

Table 1: Variables used as inputs to the BDTs for the different channels and signal models.

o Separate BDTs trained for each signal (and mass) hypothesis

o In resonant case the BDT is trained on the hypothesis + two
neighboring mass points.

o Dedicated BDT used for k) scan.

BDT Score - final discriminant
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bb77 channel

o A BDT score is used

as a final discriminant:

Analysis strategy

£ 10T T ALAMLARAS Raas aans sansamas Ans aane T S AUMMUAMAS aaasanas aas aane anns aons pone
@ ATLAS A & 10 as ¥ Dot & Farias V Daia ]
B 1l s01m — NRHH atexp imi 3 o — R atexp imit B 10 s01mt — NRHH atexp i
£ Top-quark g Top-quar 2 Top-quark
3 gt SLT 2 G ot - 1, fakes 8 10k Tt LT 2 bta0s o s 8 s 201205 i - T b ()
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BDT score BDT score BDT score

Tlep Thad SLT

Tlep Thad LTT

Thad Thad
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bb77 channel

Analysis strategy

o A BDT score is used as a final discriminant:

re-fit background certainty

fitbackground
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BDT score BDT score BDT score

Tlep Thad SLT Tlep Thad LTT Thad Thad

Data/Pred.
o
'mrTm

Data/Pred.

P

Fretieerd]

Data/Pred.

o Jet — fake 7 background:

- Hadronically decaying 7s are reconstructed
as narrow jets

- Other jets can be misidentified as 7s

- Using data-driven methods to estimate
jet — fake 7 from various processes
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bb77 channel

Analysis strategy

o A BDT score is used as a final discriminant:

Events / Bin

Data/Pred

T T R ALAMMMARARsasAanssanarnasnansases: £ T
E ATLAS ¢ Daia 3 10°E ATLAS # Daia ) E ATLAS ¢ Dain
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re-fit background
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BDT score BDT score BDT score

Tlep Thad SLT Tlep Thad LTT Thad Thad

DatalPred.
s v
fr

Data/Pred.

Top-quark background with true 7s (MC), normalization from data
Jet — fake Thaq
Jet — fake Thaq from multijet processes
from t£, multijet and W +jets processes

Z — 77 + bb/bc/cc (MC), normalization from data

Other backgrounds estimated using Monte Carlo
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bbrT

channel

Z+Heavy Flavor normalization

o Cross-section for Z + HF is not well described by Monte Carlo (Sherpa).

o Dedicated Z — pp + bb/be/cc control region.

o Similar selection to the one in the Signal Region

(additionally: 81 <

el

My, < 101 GeV).

|

= ATLAS Work-in-progress Buasooo _ATLAS Workin-prosress 3 H ATLAS Work-in-progress El = Daa
L3811’ 10 Tew & s’ worater ER A PP e R
“ZuusHF CR, Otag, 20 ets 40000 =70 HF G, Ttag, 29 fets 3 00 _un+HF CR, 219,20 ets El w
. as000" . 3 . 3 2
s000" E sa00 4 |-
E E| 1 Mz
0 b-tag § == 1btag - = 2 b-tag -
R -1ag E = 3 - 7 Elze
20000~ E 3000 = Eww
15000— = 1 Elzw
E 2000 =
E| o
To00f- a2 3 B o
L ' 3 ttbar

m, [GeV]

3 e ot e o4p 3
50 . s . 3
H g
D oot 1A 02= 2
£ s 04z
S e 8 100 T @0 W00 @0 20 40 S0 8o 100 720 10 160 180 200 220

(Data-Bkg)/Bkg
i
g
+
[ ]
|
AT - (IRE TRRACRITANNY)

m,, [GeV]

o Normalization freely floated in the fit (one bin 2 b-tag region).
o For the SM fit (background only hypothesis): SF(Z+ HF') = 1.34+0.16

—— (Data-Bko)Blg
[ stat

[ statsshape
[ stausys
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bb77 channel

ATLAS 7o Combined Fake Factor Method

o Jets — fake 7s background from t¢, multijet and W +-jets processes:

o parametrized in T pr, #prong, trigger
FF = N(7) o MC events with true 7s subtracted
N(anti-T) o calculated for each process in separate CRs

(Anti-7: 7-ID requirement inverted: !Medium and 7-ID BDT score > 0.35)
multijet CR e/u fail loose isolation WP, 0/1 b-tag region

tt CR mr(l, MET) > 40 GeV, 2 b-tag region
W+jets CR mr(l, MET) > 40 GeV, 0 b-tag region
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Introduction  bb77 channel H self-coupling HL-LHC prospects Fake s  Conclusion

ATLAS n,mea  Combined Fake Factor Method

o Jets — fake 7s background from t¢, multijet and W +-jets processes:

o parametrized in T pr, F#prong, trigger

FF = N(T) o MC events with true 7s subtracted
N(anti-T) o calculated for each process in separate CRs

(Anti-7: 7-ID requirement inverted: !Medium and 7-ID BDT score > 0.35)

e/ fail loose isolation WP, 0/1 b-tag region

multijet CR
tt CR mr(l, MET) > 40 GeV, 2 b-tag region
W+jets CR mr(l, MET) > 40 GeV, 0 b-tag region

o These are used to calculate a combined FF:

where rqcp is the fraction of multijet events in the anti-7 signal region

QCD FFs calculated in the 1 b-tag region applied to 2 b-tag region due to low stats
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Introduction  bb77 channel H self-coupling HL-LHC prospects Fake 7s  Conclusion

ATLAS maanea ABCD and Fake Rate Method I

o Data-driven ABCD method used to estimate the multijet background:

C D (A=FFxC

OS anti-t  SS anti-t

o 2D FFs (function of 71, 72 pr)

(Anti-7: 'Medium and 7-1D o Parametrized in #prong and trigger

BDT score > 0.35) o The differential FFs are derived in a 1 b-tag region
(overall normalization from the 2 b-tag region)
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bb77 channel

ATLAS maanea ABCD and Fake Rate Method

o Data-driven ABCD method used to estimate the multijet background:

N(SS,7) B
FF=——/——"">"=—
C D A=FFxC

OL| S gl o 2D FFs (function of 71, 72 pr)

(Anti-7: !Medium and 7-1D o Parametrized in #prong and trigger
BDT score > 0.35) o The differential FFs are derived in a 1 b-tag region
(overall normalization from the 2 b-tag region)

o Fake Rate method used to estimate jet — fake 7 background from ¢t :

o Use TiepThad tt control region to derive FRs

NpassID

FR = o Binned in 7 n and #prong
total _
Itota o Applied to all fake-taus in MC ¢t events.
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Contributions

Z+HF control region, extrapolation systematic uncertainties
NLO 2HDM sample validation/production

Signal theory uncertainties

BDT acceptance studies

Checks on the statistical analysis
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Introduction  bb77 channel H self-coupling HL-LHC prospects Fake s  Conclusion

Non-resonant SM HH production - results

(bbrt 7 result, other channels and the combination)

The combination is realized by constructing a combined likelihood function that
takes into account data, models and systematic uncertainties

Instrumental and luminosity uncertainties correlated across the channels

The acceptance and the background modeling uncertainties treated as uncorrelated

ATLAS-CONF-2018-043
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

bb77 channel

SM HH production, combined result I

ATLAS Preliminary —e— Observed

------ Expected
- -1
Vs=13TeV, 27.5-36.1fb I Expected + 1o i
oM (pp - HH) =33.4fb Expected * 20

ggF

Obs. Exp. Exp. stat. |

HH- bbbb 129 207 185
HH- bbt'T _ 126 146 119 _
HH- bbyy _ 204 263 251 _
Combined }I ___________ o0 e s | % 0Zb
o L L

PRI B PRI B S R S SR PRI B R
0 10 20 30 40 50 60 70 80
95% CL upper limit on Oggr (pp - HH) normalized to 0:;:

Run-1 ATLAS combination obs (exp): 70 (48) Phys. Rev. D 92, 092004 4/,



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004

Introduction  bb77 channel H self-coupling HL-LHC prospects Fake s  Conclusion
: :

Trilinear Higgs self-coupling variations
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

/{_t_-H H ,/'H
2 -0 Ex T
Rt N
i _H “H

A(’%ta Kv)\) = H%B + reraT
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

-==H -H
Rt H e

B -0 BN T
Ri__ & \\‘H

A(Kg, k)) = k2B + kpraT

A(1,00=B  A(,1)=B+T  A(1,2)=B+2T
Express |B|?, |T|? and (BT* + TB*) in terms of |A(1,0)|2, |A(1,1)|? and |A(L,2)|?,
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

/f_t_-H H //'H
B -0 BN T
/{t N
/it__H NoH

A(Kg, k)) = k2B + kpraT

A(1,00=B  A(,1)=B+T  A(1,2)=B+2T
Express |B|?, |T|? and (BT* + TB*) in terms of |A(1,0)|2, |A(1,1)|? and |A(L,2)|?,

which leads to:

|A(we, £3) 2 = alke, ka)|A(L, 0)]* + blke, £2)|A(L 1) + e, 3)|A(L, 2)]?
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

/%t_-H H //'H
B -0 BN T
/{t N
/it__H NoH

A(kg, k) = k2B + Kk T
A(1,00=B  AQ1,1)=B+T  A(1,2)=B+2T
Express |B|?, |T|? and (BT* + TB*) in terms of |A(1,0)|2, |A(1,1)|? and |A(L,2)|?,
which leads to:

|A(we, £3) 2 = alke, ka)|A(L, 0)]* + blke, £2)|A(L 1) + e, 3)|A(L, 2)]?

Any (K¢, k) combination at LO can be obtained
from a linear combination of some 3 (k; # 0, k)) samples!
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H self-coupling

Linear combination

© 0.09

o Show|ng generator Ievel MEH for: g OOS;ATLAS Simulation Work In Progress{
> E Vs=13 TeV 3
Ry = {07 1, 27 20} I 0.07F E
(other parameters fixed to the SM) 2 o065 E
. . 0.05F E
o Different bases tested for linear 3 E
combination 0.030 E
(e.g. ka={0,1,2} vs k) = {0,1,20}) 002 E
.. L 0.01- E
o Remaining sample used for validation o E
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(very good closure at generator level) m,, [GeV]
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H self-coupling

Trilinear Higgs self-coupling scan strategy
miyy -, for x = {—20,-19, ..., 20}, at generator level, at LO

obtained using the linear combination :

x0° x0° x0° x0°
5 Erasercsan st e saansianes 5 T csanasent es sansiaanssanns: Eraserssannmentmen sansiasnsrnns; rascsannsataons st sasnsranne
= 0.8FATLAS simulation Work In Progress < 18FATLAS simulation Work In Progress 4 5 [ ATLAS Simulation Work In Progress 3 1 4L ATLAS Simuiation Work In Progress
otk 1= 13 Tev. 161 1= 13 Tev 0250 f=13Tev 5=13TeV
= = = 12F = El
ost -K,=-5 v Ky=2 4 e -K,=5 K,=10
12 i E
osf
100 4 oasf q £ E
0.4 o 03|
E 3 E E 06F B!
03] o ERRKE!
02| £ E 0L E
4 o.0sf B
01 pa E| 02f E
o TN I TR LT IR,
00 300 400 500 600 700 800 90C 300 300 400 500 600 700 800 90X 300 300 400 500 600 700 800 90X 200 300 400 500 600 700 800 S0

my, [GeV]

My, [GeV]

My, [GeV]

m,, [GeV]
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H self-coupling

Trilinear Higgs self-coupling scan strategy
miyy -, for x = {—20,-19, ..., 20}, at generator level, at LO

obtained using the linear combination :

% TR L § g ey
S 18FATLA'S Simuiation Work In Progress S FATLAS Simutation Work in Progress 3 L JATLAS Simulaton Work Inrogress |
Is= 0.250 5=13Tev \5=13 TeV

= 12 = Bl

off -K,=5 ] -K,=10
e E
0.5 EIy E
(XS 1 o E
0.4 |

0.05 i

02 E
o Wt I et I, .
200 300 400 500 600 700 800 90C 200 300 400 500 600 700 800 90( 200 300 400 500 600 700 800 90( 200 300 400 500 600 700 800 90(
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H self-coupling

Trilinear Higgs self-coupling scan strategy
miyy -, for x = {—20,-19, ..., 20}, at generator level, at LO

obtained using the linear combination :

o x10° el x10°
; ey T 5 nasvasanasan s s At aRas
3 08 ATLAS Simutation Work in Progress 3 18FATLAS Simutation Work in progress 3 3 FATLAS Simuiation Work In Progress 3 L JATLAS Simulaton Work Inrogress |
o0l 5=13 TeV. 16F s=13Tev 3§ 0250 Vs=13Tev 5=13Tev
= 12 = B
off -K,=5 ] -K,=10
+ E
015F 4 osf E
ot ER B
0.af- B
0.05F B
02f B
o N TNT L NI, LT T
200 300 400 500 600 700 800 90C 200 300 400 500 600 700 800 S0 200 300 400 500 600 700 800 0 200 300 400 500 600 700 800 0
my, [GeV] My, [GeV] My, [GeV] m,, [GeV]

Weights, binned in mygg, obtained as: mHHA}?ﬂbmi/mnHA;”bini

|
’A‘ILLAS ‘Simulation Work In Progress 3
s=13 TeV

Ty
ATLAS Simulation Work In Progress
=13 TeV'

L
ATLAS Simulation Work In Progress
=13 TeV.

ey
ATLAS Simulation Work In Progress
(5=13 Tev.

i 1L k=10
h IR peggreL
W “‘. : L0 Mg T
102 . E
of | 1

e 10l ]

1 ..~ 3 o,
. g i g
I RO UURTRONA LT U0 W I SOOI
200500400500 60070 206500400500 60070 506508406~ 500 600 70 700500400500~ 600 70
m,,, [GeV] m,, [GeV] m,, [GeV] m,, [Gev]

These weights are applied to the fully reconstructed NLO SM sample to obtain

any k point, assuming that the LO to NLO factorization does not depend on k
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H self-coupling

Differences compared to the SM HH search

T R ETTTT T T T e
£ 455 ATLAS Simulation Preliminary 3
o 2 4F \s=13TeV, HH- bbT'T 4 4T Ty SLT 3
o Acceptance changes significantly as a é 3s5E /A\ " AR
. E / Thadl, 3
function of kj R 1S 1 ralhas 3
. . 8 25F . E
o A dedicated BDT, trained on k) = 20 I e \ N
. . . . E \ kA E|
signal is used since it performs good g 15 S E
for all Kk points. 1= E
0sE E
OB L b b e b b b3

-20 -15 -10 -5 0 5 10 15 20

variations of the mpyy spectrum with ky:

@ 0.14r T T T T T ™ @ 0l4p T T T T T |
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H self-coupling

Limits on the cross-section as a function of k)

4b = 102E,|....lL-L-“---|----|----|_----|----|----|-E
= Eo--- g%g% %eﬁp.; - Comb!ned (exp.) ]
bb gy A by %Xsp-_ —— Combined (obs.) ) ]
TT T [ 2 pbrr Eobs.; [ Expected 1o (Combined) |
T -~ - bhyy (exp. Expected +20 (Combined)
bbfy,y + 10 ——bbyy §obs.§ E== NLO theory pred. —
s  f :
combination £ ¥ .
L F S ]
b - =
dashed: c L E
expected 2 . ]
. £ - i
solid: 5 10-1 ATLAS Preliminary -
observed 2 = {s=13Tev, E
> L 275-36.1fb" \ ]
O 5 i | | | | | : | | | 1 ]
°$ 10 -20 -15 <10 5 O© 5 10 15 20
(e}

Kn = M/ A
The scale factor ky is observed (expected) to be constrained in the range:

—5.0 < k) < 12.1 (—5.8 < k) < 12.0)
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H self-coupling

Full systematic uncertainty vs data stat-only

4b = 1025"””'””'””'””"cmt:"'é&"')”"”"?
E — = - ombined (exp. =
bb % ——_— bEbb (exp.) — Combined (exg.) full syst. 7
TT T T --- bbT'T (exp.) mmm Expected +10 (Combined)
T B _ Expected +20 (Combined)
bbﬂ)/f)/ N 10 bbyy (exp.) == NLO theory pred. _
combination & Stat. only :
w LS i
solid: ° 1 i e E
expected S . ]
full syst. £ - .
$ 107l ATLAS Preliminary =
dashed: 2 F Vs=13Tev, E
expected > L 275-36.1fb" \ ]
stat-only g 10—2.|....|....|....|....|E...|....|....|....|.
B -20 -15 <10 -5 O 5 10 15 20
o

K)\ = }\HHH / )\SM

Stat. only limits for the individual channels and the combination
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HL-LHC prospects

High
LHC / HL-LHC Plan Luminosity
LHC
LHC
Run 1 | | Run 2 | | Run3
LS1 14 TeV 14 TeV
13-14 TeV energy
splice consolidation injector upgrade st07x
8 TeV button collimat i cryolimit HL-LHC Installati nominal
TTev 2 e e erton nstatlation | fone

2013

2014 2015

2016 2017

2019

2020

2024

2025

2026

radiation
damage

luminosity

experiment
beam pipes

phase 1

150" ExE ot
HH — bbr*7~ HL-LHC prospects

extrapolation of the Run-2 result: [ Ldt = 36.1 — [ Ldt = 3000 fb~!

Signal and background distributions scaled by f = f Ldt\(,m-ge(,/fLdt|m,.,.em,
Signal and background distributions scaled to 14 TeV cross-sections
Normalizations fixed to the best Run-2 fit values

Pixel TDR detector layout — improved b-tagging performance (8% per b-jet)
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HL-LHC prospects
Extrapolation strategy

Normalizations fixed to best Run 2 fit values
- Z(— 77) + bb scaled up by 1.34, uncertainty 12%

- tt normalization unchanged, uncertainty 12%

Signal and backgrounds scaled to 14 TeV cross-sections

Assuming the same performance, analysis, triggers and +8% in b-tag efficiency

Considering 4 different scenarios:

current systematic uncertainties

current systematic uncertainties, MC statistical uncertainty neglected :
Fractional impact on Ay goes from 18% (Run-2) to 84% (HL-LHC)

Baseline :

12% unc on tt and Z + bb scaled down with lumi, V H scaled to 5%, ttH to 10%, all
cross-section uncertainties halved, MC statistical uncertainty neglected, stat unc for
data-driven bgds scaled to follow Poisson distribution

No systematic uncertainties
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HL-LHC prospects

Results of the extrapolation

o 3 signal regions: TiepThad SLT, TiepThad LT T, ThadThad

T T T T T
— SMHH

‘ATLAS intrhal

T
— SMHH

c oy ane: A c oy ane: c
& ATLAS Internal — SMHH @ 10°L ATLAS Internal &
~10°F 14 Tev. 2000 Top-quark = 14Tev, 3000 " Top-quark =07k 1 Tev,sono’ Top-quark 1
2 £ SLT 25 ot ok 2 F o imebs ot oy ks 2 Aty 2bngs ot o oy ks (Mol 015
S b 2 Sbbbcco) 510 2w T bbocco) S 2w T obocco)
210 I Oter S . Other =108 Bt fakes ()
w SM Higgs W8 SM Higgs w I Other

Uncertainty Uncertainty SM Higgs

Pre-it background Pre-it background A Uncertainty

Pre-fit background

10¢

10°

107
L bl )] T T AW
-1-0.8-0.6-04-0.2 0 02040608 1 -1-0.8-0.6-04-0.2 0 020406038 1 -1-0.8-0.6-04-0.2 0 020406038 1

BDT score BDT score BDT score
95% CL upper limit on o(pp — HH)/osm (background-only hypothesis):

T T T T T

r ATLAS Internal 7
s =14 TeV 4
=vinr Baseline, Tyl
Baseline, Ty,
= Baseline, combined

M
M

T T T
ATLAS Internal
(s =14 TeV
Current systematic uncertainties
MC statistical uncertainty neglected
= Baseline
= No systematic uncertainties

=
o

=
o

-
N

95% CL upper limit on o(pp - HH)/o,
T
.

95% CL upper limit on o(pp— HH)/o,

L L L L Il Il Il L Il L L L |
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Integrated luminosity [fb™] Integrated luminosity [fbY]  26/41



Results of the extrapolation

scenario —1lo  expected limit  +1o [ significance
No systematic uncertainties 0.58 0.80 1.12 2.460
Baseline 0.71 0.99 1.12 2.080
MC statistical uncertainty neglected 0.85 1.18 1.64 1.740
Current systematic uncertainties 1.94 2.69 3.74 0.650
8 rrrrTrTTrTT T T T T T T T T
§ [ATLAS Internal 8
£ s =14 TeV
o | .
s
o Expected discovery significances 2 I |
extrapolated as well % ]

o In the baseline scenario the
expected significance is above 20

P R RN VI RTINS I I R
0 500 1000 1500 2000 2500 3000

= Baseline
----- MC statistical uncertainty neglected B
= Current systematic uncertainties

Integrated luminosity [fb]
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HL-LHC prospects

Breakdown of the systematics - baseline

Source Uncertainty (%)
Total +52
Data statistics +42
Full systematic uncertainty +30
Simulation statistics +0
Luminosity +4.2
Pileup reweighting +5.9
Thad +14
Fake-t estimation +6.3
b- tagging +7.4
Jets and Ef +3.5
Electron and muon +5.6
Experimental Uncertainties +19
Top +10
Signal +11
Z—-TT +14
SM Higgs +7.5
Other backgrounds +59
Theoretical and Modeling Uncertainties +19

Table 2: The percentage uncertainties on the simulated SM non-resonant signal strength, i.e. the simulated SM HH
yield assuming a cross-section times branching fraction equal to the 95% CL expected limit of 1.0 (limit in baseline

scenario) times the SM expectation.
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HL-LHC prospects

Di-tau trigger studies

30 40 50 60 70
Leading T

30 40 50 60 70
offline P, threshold [GeV]

S T T . = S T . : =
8 o ATLAS Internal = g’ 8 o ATLAS Internal . g’
= V=14 Tev, 3000 fb™ ’ S = Vs=14 TeV, 3000 fb™ : z
S S
= 1 F= T
g HH- bbt, 4T, . 2 4 HH -~ bbT Ty =
£ 50 1 £ 50f-k,=20 BDT 5
o s o s
(] = (] =
£ E £ £
£ = £ =
og 40— g ow 40 g
z 3
H El H B
‘—K — P-‘I -
2 3ol 2 2 30 2
5 2 5 2
8 s 8 s
) a
S S
2] 12}

Leading T, .. hagis Offline p_threshold [GeV]

Expected 95% CL upper limit on o(pp — HH)/osn (without systematic uncertainties) as a
function of the leading and sub-leading 7h,44—vis Minimum pr thresholds, using the (a)
nominal BDT classifier and (b) using the k5 =20 BDT

o The loss in sensitivity is expected to be even more pronounced (the effect masked
by +80 GeV jet requirement)

o Sensitivity to the Higgs self-coupling is affected more by raising the pr thresholds
(softer pr spectrum), so the study is repeated for kx = 20 BDT
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HL-LHC prospects

Limits on the cross-section as a function of k)

o Allowed 95% CL k» interval (background-only hypothesis: ogg = 0)
no systematic uncertainties: 1.4 < kx < 6.3, baseline: 1.0 < k) < 7.0

o LS e s s e I e
- =—— Baseline —— No systematic uncertainties 7]
- [ Baseline £+ 1o ----- MC statistical uncertainty neglected
10° [ Baseline 20 == Current systematic uncertainties

—— Theory prediction

,,,,,,,,
.......

10?

ATLAS Internal
Vs = 14 TeV, 3000 fb™

-6 4 -2 0 2 4 6 8 10 12 14

SM
)\HHH/)\HHH

95% CL upper limit on o(pp —» HH) [fb]
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HL-LHC prospects

Likelihood ratio test

We can determine allowed k) interval also for assuming;:
(left) no Higgs self-coupling (box diagram only, £, = 0) and
(right) assuming SM di-Higgs (kx = 1)

o Allowed 95% CL interval (kx =0 :
/f’ (x ) o Allowed 95% CL k., interval
no systematics: 1.2 < k) < 1.6 U (assuming SM signal, ky = 1)
6.3 < Ky < 8.7, temati 04 < <79
. no systematics: —U. K -
baseline: —1.6 < Ky < 2.1 U b >II 0.8 87/\
aseline: —0.8 < Ky < 3.
5.8 <Ky <95 A
) T T T T o F T T T T ]
=4 — No systematic uncertainties T 7B — No systematic uncertainties 3
g 12 — Baseline 3 — Baseline ]
S| MC statistical uncertainty neglected < E il MC statistical uncertainty neglected 3
10 rL -...= Current systematic uncertainties E -...= Current systematic uncertainties 4
ATLAS Internal fi E ATLAS Internal E
Vs=14 TeV, 3000 fb™ E 4 Vs=14 TeV, 3000 fb™ 3
Assuming A, /Aim, = 0 signal "; E Assuming SM signal, A, /A =1 3
] - 7
Bl L S i
2 4 6 8 10 12
AHHFGI)\E!,:H )‘HHH/)‘?:H
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Introduction  bb77 channel H self-coupling HL-LHC prospects Fake 7s  Conclusion
: :

Universal Fake Factor/Rate method
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Introduction

o Jet—fake 7 estimation in ATLAS done separately for different analyses.

o There are ongoing efforts to measure the Fake Factors (FF) and Fake Rates (FR)
centrally and to develop a centralized method that can be used by most of the
analyses.

General idea:
o Measure FFs/FRs in regions with different quark/gluon fractions

o ldentify well separating variable(s). Estimate ¢/g fraction in data by fitting MC
templates.

o Provide a set of recommendations on which systematic uncertainties to consider
o Consider the impact of b- and c- in respect to light-jets.

o Provide generic tool for:
(1) measuring the g/g fraction in the analysis SR
(2) applying the centrally measured fake factors/rates.
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Fake 7s

Slide from Lino Gerlach Jet Width

Jets can be initiated by quarks or gluons a7
e Quark initiated jets are more 7-like

e Quark/gluon (q/g) fraction has impact on
fake rate and fake factor
e Well separating variable: jet width

o weighted average AR of all objects
within the jet

P > ARy
2P

1102 320 6T [yd-day] zr920€ 90T T:AIXIE

01

jet width

Approach

e Conduct Template Fit to estimate q/g fraction in SR
e Find FF suitable for q/g fraction
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Fake s
Measuring quark/gluon fraction

Quark and gluon templates extracted from different MC processes.

Example: 50-70 GeV, SS, 3p

Dijet region SCR W+jet region

fand 20"
ey e T T =
E ATLAS —&— Data 132 of- ATLAS ElF E ATLAS E!
12— Internal % E Internal 20000 Internal El
[ - sult (Und = 0.43) 8 + 18000F- E
1= 50-70 GeV Dijet (SS, 3p)—{ E E 3
E - Al Tomp. 1 i3 -+ 16000 E
o0sf- | ES 14000 5
£ SE 12000E- 3
o8- | £ 10000 E
£ E 8000 3
04~ - 3 aE E + +
E E 6000 -
E - £ E + 3
o2 | E El ‘OODE -+ —+
- E 3 2000F- 3
Colggnd = TN I | E
£ T +FTTH £ ‘ EEREE A BEE:
Earthtraeas +T e gﬁg» e e | gwg.T e et hepty
b L o 1 L 31 |
0.05 0.1 0.15 0. 0 0.05 0.1 0.15 0. 0 0.05 0.1 0.15 0.2 0.25
T jet width T jet width T jet width

Slide from Lino Gerlach
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Fake Ts

Slide from Lino Gerlach Fake Factor Interpolatlon
F_ #(quarks passing) + #(gluons passing) Ngpg + Ngpg
~ #(quarks failing) + #(gluons failing) — Ng(1 — pg) + Ng(1 — p,)
ZQ(Fq_Fg)+Fg+Fng 5
q(Fg —Fq) +1+Fq g
£ /
Fake Factor Interpolation
1. Measure g1 and F; in gluon L
dominated region
2. Measure g» and F; in quark Fl«
dominated region
3. Measure g in SR and i
N, qSR

interpolate o 9= W, 92
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Z(— pp)+jets region

o A T&P analysis to measure FF/FR in Z — pu+jets channel

o Clean region, easy to validate, small fraction of real 7 leptons, dominated by
quark-initiated jets

o Important to consider the impact of 7-trigger decision in all regions

x10°
> [ I I S R R
8 F ATLAS Internal é;‘;‘“ E
1 or 3 prong 7 candidate required, 2500; et i s s oo e |
pT > 18 GeV glmo% su«.uncenmmy7
Q L
g
Single muon trigger " 3000 E
Leading muon pr > 27 GeV, 2000 B
trigger matched
100~ —
Sub-leading muon pr > 20 GeV, g
opposite electric charge ] 1; -
=
N, candidates = 1, pr > 20 GeV, 51 S
©
Electron veto o
0.8
1 Ll 1 P IRV A
81. < my, < 101. GeV, p4¥ > 15. GeV 60 70 8 90 100 110 120
m, [GeV]
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Fake Ts

Tau ID and trigger requirements

x10° x10°
3 af T g ey Sl raas
& 30F ATLAS Internal e 8 ATLAS Internal ) GoooE-ATLAS Intemal e E
E 428t 5= 1370 o 2 E=1370 o 2 E=1370 o
& ol e e s o vt 1 L4 ot e o masron g ] & E rominean o ronsro b v
< 25t St Uncenaity < St Unceriny Sbooof- S El
2 f - 2 12F - i -
8 % 2 10F . . B
o loose “ & medium ¢ tight
r E 1 3000f .
10F 4 8
F W+ 1 2000f E
SE E o 1 1000 El
5 r\: L | i} = nf L | L 5 n i} &++} t
+ *. *.
é 1 ESiae vy é 1 s é 1 Ty
5 1 i 5 1 e 5 1
F F F i
08 08 + o |
T TI T T Ll
60 70 80 90 100 110 120 60 70 80 90 100 110 120 60 70 80 90 100 110 120
m, [GeV] m, [GeV] m, [GeV]
g 00ak, T TATUAS Infernal | ER-! " ATUAS Internal |
. g i 8
(0] leferent fake rate Tooasf b E=13Tev,a38m? q 4 12 V5= 13 TeV, 43.8 fb* ]
. 2 medium 1, no T trigger required 2 medium T, T trigger required
3 3
in MC and data. £ ooaf * R ]
0.025 . 08 .
o Important to o0 no T—trlgger T—trlgger
. ’ +
consider the effect ootsf o E
. F — |
of the online 7-1D 00y
—_— ..
SR NI BRSBTS RIS S R———
on the fake rates 0008555~ "06 150 200 250 300 50 100 150 200 250 300
P, (1) [GeV] P, (1)) [GeV]
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Jet Width

x10°
R AR R e B o R RV
0] L ATLAS Internal DZ-py ] (000 ATLAS Internal DZ-pp
- [ 4381b% [5=13Tev Ez-1t 1 - E 4381? s=13Tev @z~
o 257nommallpaHlauzmcu!nu!aumgpuncl%}é%ﬁnc\ - CBOOO}nomma\1pa\\lauzmculnomumgplmc\%g!eallsnc\
o C Stat. Uncertainty | o E Stat. Uncertainty
2 2o ] F000E
s °F 1 ®O0oE
Yo 3 "booof
g 1 4000F
10 7 3000F
sb 1 2000?
r ] 1000F E
AL I | I I | Ak L I I 3
5 fmfmtmtafatamaafotmtatataatataiotafatatatat 5 fofmfmfmfatatararalararaiacalasata ataleiatay
B12 B 12
= = L 4
s 1 s 1
s Tl T | |
o [a)
0.8 0.8
v b b e b e b oo b b b b
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
1, jet width [GeV] 1, jet width [GeV]
quark-initiated gluon-initiated

o Jet width templates for quark- and gluon-initiated jets
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Conclusion & Outlook

Interesting Run-2 and HE-LHC prospects results from bbr analysis and
HH in general

Working on the Universal FF/FR methods within the fake-7 task-force
Ongoing efforts on including the 201742018 data within the bbr7 analysis
Many analysis improvements under consideration

Planned contributions: implementation of the universal FF/FR methods,
re-definition of the Signal/Control regions, statistical analysis, (ky, k) scans
at NLO, Effective Field Theory re-interpretations (shape benchmarks)

Work on the boosted bbr7 with Christina/Myrto
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SM HH production, combined results

o Most recent ATLAS and CMS combinations of di-Higgs searches
o bbrT proves to be one of the most sensitive channels

T T T T T T CMS preliminary gg ~HH 35.9 b (13 TeV)
ATLAS Preliminary  —— g:::g:: bbVV
| V5=13Tev, 27.5-36.1 10" B Expected & 1o 1 Observed 78.6+SM
a5 (pp ~ HH) =334 10 Expected £ 20 Expecied 88 8SM
Obs. Exp. Exp. stat. bbbb
r 7 Observed 74.6xSM
Expected 36.9xSM
HH_. bbbb 129 207 185 -
S Bl bbtt
Observed 31.4xSM
HH- bbt'T 126 146 119 Expected 25.1xSM
[ 7 bbyy
HH- bbyy 204 263 251 e
Combined 67 104 92 Combined | - Bgeﬂzlan e;cp‘egled
— 68% expecte
. . . \ . . Expected 12.6x SM 95% exbected
0O 10 20 30 40 50 60 70 80 -
. - SsM 6 7 8910 20 30 40506070 100 200 300 400
95% CL upper limit on Ogqr (pp — HH) normalized to UggF 95% CL on UHJOﬁ'ﬁ'
ATLAS-CONF-2018-043 CMS-PAS-HIG-17-030

bbrT obs (exp) combined obs (exp)

ATLAS  12.6 (14.6) 6.7 (10.4)
cMS 31.4 (25.1) 22.2 (12.8)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/
https://cds.cern.ch/record/2628486?ln=en

Allowed intervals for k)

Search channel Allowed k interval at 95% CL

obs. exp. exp. stat.
HH — bbbb -109 - 20.1 | -11.6 — 187 | —9.9 16.4
HH —bbr*r~ | —73 — 157| —-88 — 16.7| —7.8 15.4
HH — bbyy —81 - 132| -82 - 132| -77 - 127
Combination -5.0 - 12.1 —-58 - 120 | =52 - 114
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Resonant HH production
(combination in the mass range: 260-1000 GeV)

Differences compared to the SM HH search:

bbryy: bbrT:
looser selection below 500 GeV dedicated BDTs
final discriminant: m.;

bbbb:
boosted analysis for signal masses > 800 GeV

(combined with the resolved)

Looking for two Higgs candidates, each composed of a single
large-R (1.0) jet with at least one b-tagged track jet associated to it
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Scalar resonance

4b 3 103§wm|mHL:H‘HH‘Hww‘mm‘mm‘mm“g
A= E ---g%g% Eeép-g --- Combined (exp.) 3
= B —— bDbp (0bs. —e— Combined (obs.) 1
bbTT % 102 3 o g%i; Egﬁg% I Expected +10 (Combined) S
bb t = - - - bbyy (exp.) Expected +20 (Combined) 3
/V'V - — bbyy (obs.) —— hMSSM (tanp = 2) R
. . n 10 =
combination 1 2 E
o - ]
2 1= =
dashed: 5 2 E
expected 5 - ]
) ‘g 1071 E
solid: = E E
observed 8 1072L ATLAS Preliminary -
o E 1 . =
= F Vs=13TeV, 27.5-36.1fb spin-0 3
d 10—3_”@””\HH\HH\HH\H"\H“\le‘_
° 300 400 500 600 700 800 900 1000

Ty)

(o2}

mg [GeV]

hMSSM, narrow width C'P-even Higgs boson (tan8 = 2)*: mg < 462 GeV at 95% CL

*tanfB = 2: ratio of the vacuum expectation values of the two Higgs doublets
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4b
bbrT

combination

dashed:
expected

solid:
observed

Randall-Sundrum graviton model

5 10 e T
= E - - - bbbb (exp.) --- gomgineg Eegp-)) 3
= C —_bbbhb —e— Combined (obs. ]
% - bEbP_(ObS') I Expected +1o (Combined)
- - - bbT'T (exp) Expected +20 (Combined)

T 10 — bbt*T (obs.) — Bulk RS, kiMy, = 1.0 E
. S E 3
O u ]
: C ]
g 1= E
© = 3
c - -
o | m
E 10 -
9] - 3
o - -
=) B ]
o 102k ATLAS Preliminary _
E _ ) ER _ 3

8 g Vs=13TeV, 27.5-36.1fb sp|n2 k/MP|-10 E
=2} 111 I 1111 1111 11 1 1 1111 1111 1111 1111 I 1

300 400 500 600 700 800 900 1000
- [GeV]

(k/Mp; = 1)* 307 < mg < 1362 GeV** at 95% CL

*k: curvature of the warped extra dimension, Mpi: the effective four-dimensional Planck scale

**the upper limit on the mass comes from 4b only 46/41



4b
bbrT

combination

dashed:
expected

solid:
observed

Randall-Sundrum graviton model

= L L L L L L L
= o[ - - - bbbb (exp.) --- gomgineg Eegp-)) b
= L — bbbb —e— Combined (obs. _
% 10 E bEbP_(obs.) [ Expected *1o (Combined) 3

= - --bbT'T (exp.) Expected +20 (Combined) J
1 N — bbt*T (obs.) —— Bulk RS, k/Mp, = 2.0 E
4
*(D! 10 ? E
1 C .
2 C ]
v 1 E
c F =
° N ]
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*k: curvature of the warped extra dimension, Mpi: the effective four-dimensional Planck scale

**the upper limit on the ma

ss comes from 4b only

47/41



HL-LHC HH combination

o Significance (no systematics, baseline):

Statistical-only All Systematics
Channel Po Significance Po Significance
hh — bbbb 0.0825 1.39 0.271 0.609
hh — bbrt  0.00686 2.46 0.0164 2.13
hh — bbyy  0.0180 2.10 0.0210 2.03

combined 0.000202 3.54 0.00197 3.02

o Significance as a function of k) (no systematics, baseline):

5 % 5 1%
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HL-LHC HH combination

o Limits on the k», assuming SM signal (no systematics, baseline):

a
B e e e

A~ BT o -
£l ) C 1
= 7 --o- bbbb 4 F o+ - bbbb 3
£ H o bbtt i £ E = bbtt E
° bb o bb E
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. ;
i;z\_ aB200g ﬁét Ai
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Fol, o o0 A B2 80 a e’ DD = m“ﬁgg ““mg.g " 68 g
Fo BB - 3 68
ofbw - Eg@‘@‘???ﬁo‘??eﬁ?? . ‘?‘DP‘D‘?‘ e & 00029005 T Eoa0Ba
-1 0 1 4 5 6 7 8 2 3 4 6 7
SM SM
)\HHHI)\HHH )\HHH/)\HHH

o Confidence intervals on k) from the combination (no systematics):

— 68%: 0.4 <ry <17
—95%: —0.1<ky<27UB5<ky<6.9
o Confidence intervals on xx from the combination (with systematics):
— 68%: 0.3<kr<19
—95%: —04<krr<36U45<kr<T73
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-Aln(L)

HE-LHC bbtautau prospects

o The discovery significance is expected to be 8.2¢0

o The allowed range at 68% (95%) CL for k» with 15 ab™' of \/s = 27 TeV data is
expected to be 0.8<kx<1.2 (0.6<xx<1.4) - assuming SM signal

T T[T T T[T o T 7

L N L B | LI B B

ATLAS Internal
Vs=27 TeV, 15 ab™
Projection from Run-2 data

Assuming SM signal, }\HHH/}\i":Hzl
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