AT THE HL-LHC

Rafael Teixeira de Lima [SLAC,
on behalf of the ATLAS and CMS Colle
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Knowledge

Adapted from G. Salam

Assumption

Higgs potential: least explored region of SM!

- EWK physics well understood (so far?)

- Higgs couplings to EWK bosons observed and
extensively studied

+ Higgs Yukawa couplings to 3rd generation observed to
follow SM (bb, tt, TT)

But could be the key to unlock BSM physics!

- Cosmological intlation, EWPT & Baryogenesis,
Compositeness, 2HDM, etc...
Strong BSM potential to modity Higgs selt coupling A

Only directly accessible through HH production!
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ACCESSING HH AT THE LHC :
. . —
Main production mode: " ®
. e
luon-fusion gnden® . % @
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Results based on 27 - 36 fb-1

HH CURRENT STATUS (1)

[As summarized in HH White Paper]

Search channel  Collaboration | 95% CL Upper Limit
observed expected
_ ATLAS &= 13 21
bbbb CMS == 73 37
R P
_ 2%
bbr 1" Agl\LgS - ;g ;g %, %i:f
N * ATLAS w= 40 1otincompinaion 29 ‘
bbVV™ (£viev) CMS o o e
. . ATLAS e 305 305
bbWW™ (¢vqq) CMS - -
. ATLAS ..o 230 160
Wy CMS - -
. . ATLAS .- 160 120
Ww wWw CMS - )
. ATLAS 6.9 10
Combined CMS o 99 13

ATLAS and CMS Expected Upper Limits ~10 x SM

Same most sensitive channels i

HH — bbbb (4b), bbtTt~, anc

- Complementary channels:

bEyy

4D (high mass region, My, 2 400 GeV),

bi?}/}/ (low mass region, My, S 400 GeV)

bbt ™ (intermediate mass region, My ~ 400 GeV)

Y&| 0.26% | 0.10%

yy4L& 3.05% 1.12%

ek 3.37%

k| /.31%

gg 9.54%

1.24%
2.68%
3.50%

24.89%  4.57%

Www

o)k | 33.92%

0.01%

0.15%

0.01%

0.07%

0.08%

N ATLAS and CMS:

For more detalls, see
D. Guerrero on Thurs.
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For more details, see [y
D. Guerrero on Thurs. 1SS
URRENI >
1906.02025 gl
3 10 T [T1 |.| [TT T T[T rrrd [T T T T[T P T rr[Trrrrd SSOOCMS [1811°09689] 35.9 fb-1 (13 TeV) >—<
e N : 1 |~~~ Exp. 95% CL limits § - 95% CL upper limits : : o
T B : ] — H —— Observed —-
i ! 1 |— 0 - T . L. . - = =« Median expected B
f N\, : SR Obs. 95% CL limits L 3000 - 57 oxoeen s;)_
o | zzome-- ST | —— bbb g_ H B 95% expected D
- 1E E _ A= W, s Theoretical Prediction —
3 - 1 | = bbr*v © - : : 5
l® B ] 2000 RULTUUTTE: . - N O SO x
- 1 |7 bbyy
- Allowed «, interval t!r 4 0 yeank W Nl @p)
o " — Comb. 1500: —
_1|_at 95% CL —
E Obs. i Expt. t E - Comb. 1o (exp.) 1000FH 0 0\ - 2
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20 -15 -10 -5 O 5 10 15 20 _20 _15 ~10 5 0 5 10 15 20
K, K =M Mo

—5.0(-5.8) < x; < 12.0(12.0) Observed (Expected)

Analyses sensitivities vary strongly with kj

—11.8(=7.1) < k, < 18.8 (13.6) Observed (Expected)

- Signal kinematics and thus acceptance are k) dependent! Need more datal

Unfortunately, still not close to SM sensitivity...
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Review of ATLAS HL-LHC Upgrades (LHCP 2020)

HIGH-LUMINOSITY LHC eview of CMS HLALHC Upgtades (LGP 2020

“HiLumM )
. LARGE HADRON COLLIDER

\\\€
LHC t / HL-LHC
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#—* *
LS1 EYETS LS2 LS3
13 TeV 13 -14 TeV 14 TeV
splice consolidation cryolimit LIU Installatjon ; _ _
7 TeV 8 TeV button collimators interaction _ . HL LH‘_: 5 to 7.5 x nominal Lumi
—— R2E project regions 11 T dipole doll. installation ]
"\ Civil Eng. P1-P5
2011 2012 2013 2015 2016 2018 2021 2022 2023 2024 2025 2026 IIIII
ATLAS - hC S1 radiation
experiment upgrade phage damage ATLAS - CMS
beam pipes : : : . HL upgrade
nominal Lumi 2 X nominal Lum|JI ALICE - LHCDb | 2 x nominal Lumi :

75% nominal Lumi I I/_ upgrade
|/ ' integrated JRINVIR{ o
301 [EXM  Beinganalyzed.. ExS

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES CONSTRUCTION ‘ INSTALLATION & COMM.HH PHYSICS

Current HH results use ~ 1% of expected full HL-LHC dataset!



https://indico.cern.ch/event/856696/contributions/3722358/
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HH @ HL-LHC

Full QCD
N0 o]

@ 13 TeV o 14 TeV

1903

08137]

~20% larger cross section, but much more difficult
environment!

- Higher PU = lower sensitivity to k; variations (low
M)

Need LHC experiments upgrades to cope with
challenges!
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[CDS]

CMS Experiment at the LHC, CERN
Datarecorded: 2016-0¢t-14 09:33:30,044032 GMT
Run /Event F4.S; 283171 /85092505 7 185

~ CMS High PU run, <PU> ~ 200



https://arxiv.org/abs/1903.08137
https://cds.cern.ch/record/2231915

HH HL-LHC PROSPECTS. STRATEGIES

How to assess HH sensitivity at HL-LHC? Different strategies!

e Extrapolating current Run 2 results

- Assumption: object performance not degraded due to higher PU (detector upgrades), Run 2 detector
uncertainties
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- Pessimistic: No new analysis strategies from larger dataset; expect better e/ u triggers in HL-LHC;...

- Optimistic: Multijet/tau trigger pertormances

e Devising new analyses/strategies to cope with larger dataset in new conditions

- Parametrized detector response according to expected HL-LHC upgraded simulation performances, improved
detector acceptance (e.g., tracker coverage)

- Pessimistic: Object reconstruction algorithms not highly optimized tor HL-LHC, can be better!

- Optimistic: Significant improvements from ML-based techniques with large datasets (for example)




|[ATL-PHYS-PUB-2018-053]

HH@HL-LHC: ATLAS (1)
HH — bbbb analysis

- Extrapolated from early Run 2 analysis

N A

W O

- Multijets (main background) estimated with data o
ATLAS Preliminary

Projection from Run 2 data

/s = 14 TeV, 3000 fb™
HH—bbbb

- Pessimistic background estimation uncertainty
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- Sensitivity vs background uncertainty
assumptions studied

" " " SM
95% CL exclusion limit on O/ Ony

III:|III|III|III|III|III|III|III|III|III|III|

- -~ - NN
A O O NN DM O O W

- B L L L L L B
-—106 _ .. ultiie —=
% - 'érye'cﬁg le;r?lFI{Tr: e % :tn (lbhacronic 3 —&— Expected 95% CL limit
— B ) tt (non-all-hadronic) o __ :
§1 05 é_ \/§= 14 TeV, 3000 fb1 SM non-resonant HH—bbbb ? Flnal. ...... StatiSticaI uncertainty Only
LU = 7 . . .
10° E discriminant % Background modelling uncertainty o 1/\L
E E o | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | —
- 4 driven 0 0.2 0.4 0.6 0.8 1
= (mu .tijet) and Background modelling uncertainty, relative to current level
10§— L — E —
i 3 MC-based (1)
. L |, 1 backgrounds
200 400 600 800 1000 1200 1400 1600 1800 2000
m,, [GeV]



https://cds.cern.ch/record/2652727

Events / 2 GeV

HH@HL-LHC: ATLAS (2)

HH — bbr*7~ analysis

HH — bbyy analysis

- New analysis on parametrized pertormance
simulation

- BDT

alnC

to discriminate [yy+multijet+SM single Higgs]
signal

» Fit on My bins w/ window selectionon M,,

nNn 0 A~ O O N 0O ©O

—

ATLAS Simulation Preliminary Vs =14 TeV, 3000 fb” Continuous and

BB SM HH—bbyy
Bl Single Higgs

5 S b6y resonant (single

- B Reducible _

£ Others Higgs) MC-based

C s Stat. Une.

£ nackground and
signal
distributions in
MW

foo

1 1 1 1 I 1 1 1 1 1 1 1 | 1 1 | |
110 120 130 140 150 160
m,, [GeV]

|[ATL-PHYS-PUB-2018-053]

- Extrapolated tfrom early Run 2 analysis

- BDT to discriminate signal and background in 7,7,
category, and et;, + ut, categories

- Norm. uncertainty largely reduced tor backgrounds
constrained in data (statistical)
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- Sensitive to MC statistical precision - considered
separately

category (z;,7;) final  10'Eo

discriminant (BDT)

C ET T | T | T | T 1 | T | T | T | T | T 1T T

mn ~ ATLAS Preliminary — sMHH — bbt*t ]

; 1 07 3 Projection from Run 2 data Top-quark =

= = {s=14TeV, 3000 fb" Jet— 1., fakes (Multijets) 7

q>) 6 __ Thadhad 2 b-tags Z — 1T+ (bb,bC,CC) __

LLI 10 ? I Jet— 1, fakes (tt) ?

- Bl Other ]

. ol SM Higgs _

A A A A eV ar ey gy e,

A
o
AV
1

-1-0.8-0.6-0.4-0.2 0 02 04 06 0.8 1
BDT score



https://cds.cern.ch/record/2652727

L @ I HC: CMS ( 1 ) [CMS-PAS-FTR-18-019] B
HH — bbbb analysis HH — bbt™z™ analysis %
 Analysis on parametrized detector - Dedicated DELPHES analysis %
simulation (DEPLHES) - Neural network used to discriminate signal g

- Complimentary topologies: and background in 7,7, et), and ut, =
- Resolved: BDT-based, SM and ky constraints categories %

- Boosted: large-R jet based, EFT

MOS Phase — 2 Simulation Preliminary 3000fb~1 (14 TeV)

interpretation (high M) >0 ———
- - W
1 0.008 mm VH
,os_CMS Phase-2 3000 fb™! (14 TeV) % .z
% ?Simulation Preliminary o Multijet LD 0.006 B ttH
S | HH bbb - Resolved — - s
S 108k *SingleHiggs. . . — NO 004 B DY
= B D e’ | analysis final < £ == Singe Top
5 10g A N discriminant © 5 0.002 Signal
o S AN I _I_I_\_Ifl_‘(l—ll?-lnﬁon Resonant)
(BDT-based), o000
' _ ' 100 200 300 400 500
with MC-based m [GeV]
background o L o
components Example distribution of discriminating variable in ut,

neural network

02 0 02 04 06 08
BDT output



https://cds.cern.ch/record/2652549

|[CMS-PAS-FTR-18-019]

HH@HL-LHC: CMS (2)
HH — bbyy analysis Other Channels:

- Dedicated DELPHES analysis - HH — bbWW(£utD):
. BDT-based tfH mitigation; BDT for signal- - (DELPHES) Based on neural network

0
D
—'-‘
D
@
_|
@
>
@
—
D
Q
@
—
3
D
w
.
e
M

Ourity categories discriminants
- Extra categorization on My (sensitivity to - HH — bbZZ(47).
both SM and k; variations, solving k; - Very low stats, single Higgs and ttZ as only
degeneracy) backgrounds
CMS Phase-2 3000 16 (14 TeV) e Less sensitive but contribute to combination
< [
8 [ Simulation Freliminary + Pseudo-data - CMS Phase-2 Simulation Preliminary 3000 fo™! (14 TeV) CMS Phase-2 Simulation Preliminary 3000 fb” (14 TeV)
2 OF ppoHHopbb e Nonresonant backgr. - Pseudodata £ FHUREAW, oy chanmel § oo I
£ Lo HP480Gev<M, Full backgr. 3 generated from i T Eorenvan: éozsf_beZ(élf) =0
) —7 Sig.+Fullbacker. 1 Agimov fit to MC "’6 ot R S5 o -
signal and
: } 1] E background
10~ | % Tﬂ? distributions
‘PO5I - |11|0| - |11|5| — |12|0| — |12|5| — |1:l>0| - |1:L>5| - |14|10| — |1_45 20 121 122 123 124 125 126 127 128 129 1_30
m,., [GeV] 0O 01 02 03 04 05 06 0.7 08 0.9 1

NN output M4f [GeV]



https://cds.cern.ch/record/2652549

RESULTS: SM HH CROSS SECTION

[ATL-PHYS-PUB-2018-053]
[CMS-PAS-FTR-18-019]
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SM HH Signal Statistical-only Statistical + Systematic
Significances ATLAS CMS ATLAS CMS
HH — b@bb ) 1.4 1.2 0.61 0.95 Roughly ~30 sensitivity
HH— bbt ' 7 2.5 1.6 2.1 1.4 .

_ from each experiment!
HH — bbyy 2.1 1.8 2.0 1.8
HH— bbZZ(40) - 0.37 : 0.37 combination:

ST ~40 sensitivity to SM HH
Combination 3.5 2.8 3.0 2.6
4.5 4.0
. bbt™1™ (bbyy) most sensitive channel in ATLAS (CMS) Combination performed in the

. CMS bbV'V channels with subleading contribution context of 1902.00134



https://arxiv.org/abs/1902.00134
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AJ
R CSULTS: K S ENSITIVITY Combination performed in the | I8
D
A context of 1902.00134 _
(D
®
ATLAS and CMS 3000 fb™' (14 TeV) ATLAS and CMS 3000 fb™' (14 TeV) =
A~~~ 12 A~ Y o)
= \ HL-LHC prospects f = sl :| HLLHC prospects / o
< L —e— ATLAS < | 4 ¢ | --bbbb ~=-bbtt ~
o AR N 1] -~ bbVV(vlv)  —=-Dbbyy =
_ —— CMS IARE bbZZ*(4l) . =
ol * —e— Combination @* ------------------------------------ 35% %
i AR ATLAS CMS L degeneracy .
I * 3\ 1 (lower acceptancevs [
61 ) . higher cross section)
I _ * mitigated by CMS
J 959, 2 .(‘Q @@‘% bbyy exploiting My,
i 2 "\ ey shape!
n : \“ \89.0-O¢d®, A X
ol - N\ B N NNy A Bl
- ' )
__________ 68% :b‘@ } ’ @
- — Suc;@ el C o
Q QWL'SJ' -

bbt*1~ and bbyy leading combination sensitivity: [ 0.1 <K <23@95% CL]



https://arxiv.org/abs/1902.00134

COMMON CHALLENGES: TRIGGERS
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[CMS-PAS-FTR-18-019] |[ATL-PHYS-PUB-2018-053] <

CMS Phase-2 3000 b (14 TeV) | | | | | 2

30:_ Simulation Preliminary ATLAS Prelimin ary —1.15 v
i o 60— Projection from Run 2 data ~ 1*1° & = o
o5~ HH — bbbb Vs=14 TeV, 3000 fb" —1.1 —
i 3

D

50— HH—bbr, _ 1, | 1.14 1.04 1.06 —| —11.05 —

SM (x,= 1) BDT k.

>

O

N
o
|

0.95

Loss in signal significance [%]
95% CL exclusion limit on o, /o™

0.9

w
=)
|

0.85

30 40 50 60 70
Leading 7,4 Offline p_threshold [GeV]

45 50 55 60 65 /0 75 80

Sub-leading 1,4 Offline p_threshold [GeV]

Minimum jet p_ threshold [GeV]

HL-LHC trigger and DAQ performance extremely important for HH sensitivity!

- “Nominal"” results assume Run 2-like triggers (optimistic), but performance studied for different scenarios
for channels with higher trigger dependencies (bbbb and bbtt17)



https://cds.cern.ch/record/2652727
https://cds.cern.ch/record/2652549

COMMON CHALI

MC statistical precision have strong impact

on channels such as bbt™ ™t~

- Nominal extrapolated results decouple MC
statistics, but impact quantified

ATLAS+CMS also assume theory
uncertainties to be reduced by x2
(calculations improvements)

- Important tor constraining single Higgs
backgrounds, particularly for bbyy

- Potentially improve single Higgs with constraints

directly from data

- NGES.

1072

THEORY & MC

|[ATL-PHYS-PUB-2018-053]

: Expected sensitivity —=rm: Current systematic uncertainties
toSMHHsignal  suuus MC statistical uncertainty neglected
- Baseline

- NO systematic uncertainties

ATLAS Preliminary

Projection from Run 2 data

\s = 14 TeV, HH— bbt*t

Integrated luminosity [fb]
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https://cds.cern.ch/record/2652727
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Combining differential Higgs+HH measurements helps constrain k;

- Especially usetul when HH selt-coupling measurement becomes sensitive to other Higgs couplings
(profile them in single Higgs analyses)



https://arxiv.org/abs/1902.00134

C O N C L U S ‘ O N S “Coffee break” discussion after parallel sessions

(16:15-16:30):
https://stanford.zoom.us/|{/98997054638
(same pwd as current session)

HH production is key to understand the Standard Model

 Still inaccessible with current LHC dataset.

HL-LHC experiments should be ideal tools for HH process
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- Current prospects: ~4o sensitivity to SM, 0.1 <k, <2.3 @95 % CL (ATLAS+CMS)
- Need to ensure HL-LHC detector pertormances are optimal enough tor this result

« ATLAS and CMS HL-LHC trigger systems need to be optimized to ensure discovery!

- Low energy events are particularly important for constraining k;,, but very challenging to trigger under PU 200

Extra:

- Indirect constraints k; (single Higgs measurements) will be important, particularly with 3000 fb-2

- VBF HH can also help unlocking HH physics (e.g., HHVV coupling, ¢,y,) and will be particularly benefited by
HL-LHC upgrades (VBF tagging, PU suppression) - no prospects so far, first ATLAS Run 2 dedicated
analyses out!



https://arxiv.org/abs/2001.05178
https://arxiv.org/abs/2001.05178
https://stanford.zoom.us/j/98997054638
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SUMMARY OF HL-LHC UNCERTAINTIES :
_|
P
Source Uncertainties . =
Luminosity 1-1.5% Summary of the systematic =
Muon efficiency (ID, iso) 0.1-0.4% uncertainties used to extrapolate the o
Electron Efficiency (ID, iso) 0.5% results at the HL-LHC by ATLAS and CMS [
Tau efficiency (ID, trigger, iso) 5% (if dominant 2.5%) ®
Photon efﬁciency (ID, trigger, iso) 207 - Kinematic dependencies and the E
Jet Energy Scale 1-2.% operating points are taken into account &
Jet Energy Resolution 1-3% when applicable
b-!et tagg.lng efﬁC}ency 1% https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
c-jet tagging efficiency 2% HLHELHCCommonSystematics
light jet mis-tag rate 5% (at 10% mis-tag rate)
14 TeV 14 TeV 14 TeV
Z 'FCMS Prasezsm. preim ] £ '[ CMS phasezsim preim: 1 £ [ CMS phase2Sim. Prolm. -
goof | goof 1 gosp E
8530'8;_ . DY bojlztasse tag go"’ ijlzt:se tag - 20‘8;— :dlzgéztfag -
c‘\:10.7;_ -0-:': . Imedium tag c:oj Ir_nedium tag _ C;lo_?;— lmedium tag _
éo.e;_ - Atight tag 50.6 Atight tag 03:0.6:— A tight tag : ) . .
coep L 3 cosl 1 Assuming b-tagging systematic
5 0.5F oy 3 0.5 3 0.5 Hil— il - — = .
S0 el e Bos Soaf i uncertainties reducing by 2x
0.3?— 0.3 o_3§— -
0z 100 000 o2 L
jet P, (GeV) jet P, (GeV)



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics

