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Introduction (1)
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— SM prediction
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With Run 2 data, ATLAS and CMS have been able to study 10°
many of the dominant Higgs production and decay modes
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Introduction (2)

Di-Higgs (HH) production can give access to the Higgs trilinear
self coupling A3, = m?% /2v? and the shape of the Higgs

potential

But the production rate is ~30fb, 1000x smaller than single Higgs

production
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These kinds of measurements will be one of the main focuses of
the High Luminosity LHC, which will aim for 3000ifb of 14 TeV

data

How well can we do?
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Source | Scale factor

Extrapolation procedure Luminosity 0.6
b/c tagging 0.5
efficiency

HL-LHC sensitivity is estimated by projecting current Run 2 analyses:
* Luminosity: X — 3000/ fb Photon ID 0.8

* Cross-section from increased c.m. energy of 13 — 14 TeV: generally ~ 1.10 — 1.20 ETmiss 0.5

Lept Jets 1
Object reco and i.d. efficiencies (such as b-tagging) at the HL-LHC assumed to be identical to the AP S

full Run 2 analysis

Theory 0.5
* increased pile-up will be canceled out by improved software and hardware, such as the ITk
upgrade

+ others...
Baseline
Scenario

S 4 common systematic uncertainty scenarios (optimistic to pessimistic)
Optimistic

« Stat-only (no systematic uncertainties)
e Baseline, following YR18 recommendations (with some updates for Snowmass 2022)
* Theory uncertainties halved

« Run 2 experimental systematics due to stat limitations is scaled down with v/L
* Theory uncertainties halved; Run 2 experimental systematic uncertainties
Pessimistic ¢ Allrun 2 systematic uncertainties
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https://cds.cern.ch/record/2703572
https://cds.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf

See Bill’s talk for more details on Run 2 HH analyses

Mpbyy = Mppyy — (My, —125GeV) — (my,, — 125GeV)

Projection: ATL-PHYS-PUB-2022-001 B T e
Run2: Phys. Rev. D 106 (2022) 052001 | e |
5 . [ Vs=14TeV,3000fb | 1
10t | i
HH — bbyy S0 B ]
8-‘ —&#— All categories {‘- |
Small branching ratio but high S/B, excellent ATLAS photon resolution [ —® Floh mass categores j“
| ow mass categories i 1
Signature: two high p photons and bjets 6 / ]
Analysis regions defined based on mp,,,, and MVA output, with m,,, as final af / ]
discriminant _
2_ _
High and low m}",bw categories to target SM (BSM)-like signals \ /
0 PO N [T S ST T N S 1 1 PR B [l W A= | 1 1
2 10 8 6 -4 2 0 2 4 6 8 10
Ky,
SM signal significance of 2.20 (2.30) with the baseline (stat-only) scenario 12 -
K, € [0.3,1.9] ([0.4, 1.8]) — Still heavily dominated by stats at the HL-LHC 1=t ATLAS Preliminary
P Vs =14 TeV, 3000 fb
N 10 HH — bbyy i
' Projection from Run 2 data ‘
| 0 % Run 2 spurious sianal magnitude of spurious/signal and
Projection systematics include theory signal uncertainties, single Higgs + heavy- 8 e ‘I><Run252urioussignal 1
flavour quark production cross-section, and photon energy resolution : izis:igﬂ:gﬁz:ggj .
. . . . . . . 6F —¢ x Run 2 spurious signal e
No background systematic uncertainty (spurious signal) included in baseline e ;ngunzszurioussiZnal
Scenario 4: 25 x Run 2 spurious signal &
However additional studies scan various plausible scaling values for this
uncertainty 2 .
0—|||I|||l|:|I|||l|‘|I|||I|"' 1|||||||||||_
%2 10 8 -6 -4 -2 0 10
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://indico.cern.ch/event/1391236/timetable/

See Bill’s talk for more details on Run 2 HH analyses Projection: ATL-PHYS-PUB-2022-053

Run 2: Phys. Rev. D 108 (2023) 052003
(resolved) HH - bbbb

n
o
o

= 200 pu T T T T T [ m
ﬁwoi_ ATLAS Preliminary SR ] W0
Largest branching ratio but challenging combinatorial multi-jet background g s 22; . %
160 4b data ,,” “\\\ h o
Jets paired to minimize the AR separation for the highest pr bjets with additional - 4 P . 400%
kinematic cuts based on ggF/VBF topology and rejecting tt e M2 o’ el ™
Background estimated with data-driven NN-based reweighting of a 2b control 12";_ _
region to the 4b signal region; final fit to myy discriminant 100~ e <. N
- “o Ny ]
80— e, - —
C 7 100
SM signal significance of 1.00 (1.80) with the baseline (stat-only) scenario 6°-| - . -

1 L1 11 1 || [ | | - |- (S
60 80 100 120 140 160 180 200

My [GeV]
Current strategy will become systematics limited at the HL-LHC A }'(F'L‘KZV':}A?im‘OV'D?t;
J 40 — ATLAS Preliminary | 95%
" st V5= 14TeV, 3000 =
I Projections from Run 2 data .
K, € [-0.5,6.1], k, € [0.7,1.4] baseline e HH -+ 505 (VBF) E
2'5;_ =+ No syst unc. _;
20 = Baseline 3
- Theoretical unc. halved ]
15— —
Caveat: The projected k5, constraint here is already -~ Run2systunc. \ 689
LS L I S o S -
surpassed by the boosted VBF HH — bbbb (Phys. Lett. B - g
858 (2024) 139007) with Run 2! o E
0_0_ _1|_01 | |_0|-5| [ |0!01 Ll Jo!sl | 1!01 1 I L 11 2_.0

~
N
<
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https://cds.cern.ch/record/2841244/files/ATL-PHYS-PUB-2022-053.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02/
https://indico.cern.ch/event/1391236/timetable/

Discovery Significance [o]

See Bill’s talk for more details on Run 2 HH analyses

HH — bbbb

Projection heavily dominated by systematic uncertainties from reweighting:

shape (choice of reweighting control region)
x 1in baseline

Large impact from bootstrap unc.
lK}\ =|1,K|2v=|1 Aslim0\|/ Data

B | I I I | [ [ I [ | | |
18— o ]
- ATLAS Preliminary . . i
B Varying specific i
1.6— Vs =14TeV, 3000 fb uncertainties while —
[ Projections from Run 2 data keeping others the same ]
[ HH — bbbb (ggF+VBF) ]
14 B =8 Theoreticalunc. |
B —&— Bkg Bootstrap unc. |
12— —
L === Bkg Shape unc. —
Lol —4— b-tagging unc. .
0.8 —
T j
L. # #
06— el
B | | | | I | 1 1 I 1 | | | | | | I | | | I_
0.0 0.2 04 0.6 0.8 1.0

Systematic Scale Factor (sf)
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Low impact from
btagging
uncertainty... but
btag efficiency
matters!

1.0

0.5

Alex Wang (UCSC)

Projection: ATL-PHYS-PUB-2022-053
Run 2: Phys. Rev. D 108 (2023) 052003

and

Potential improvements from b-tagging
Ky=1,Koy =1 Asimov Data
[

B | | | | | | [ [ [ | | [ | | | | | [ | I [ [ ]
[ . =—t== N0 syst UNC. ]
- ATLAS Preliminary o SySHHne ]
L ==o===Baseline |
_— Vs =14 TeV, 3000 fo Theoretical unc. halved _]
—  Projections from Run 2 data -
~ HH— bbbb (ggF+VBF) " Run2systunc. 8
B 1 77% i
N I ]
B ' ]
B | . ]
I —— N ]
L pa— | |
— l ]
B | I | | | | | | | | | | II | | | | | | | | | | B
0.65 0.70 075 | 0.80 0.85
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https://cds.cern.ch/record/2841244/files/ATL-PHYS-PUB-2022-053.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://indico.cern.ch/event/1391236/timetable/

Projection' ATL-PHYS-PUB-2024-016 See Bill’s talk for more details on Run 2 HH analyses

Legacy Run 2: Phys. Rev. D 110 (2024) 032012
HH - bbtt NEW

Balanced branching ratio and S/B

Analysis signature of two b-jets and two ts
Addition of myy split in ggF and VBF SR help

resolve previous double-minimum structure
in K likelihood

Fully hadronic (TpqqThaq) and semi-leptonic (T;e,Tpaq) regions with
final fit on MVA discriminant

< 10: T T T | T T T | T T T | T T T | T T T | T T T :
Very recent update to be based on the Legacy Run 2 analysis = gF. ATLAS Preliminary Baseline extrapolated from: E
instead of the full Run 2 analysis!! ' E {s=14 TeV, 3 ab" Phys. Rev. D 110 (2024) 032012 -
8H =, . 95% CL [-0.1, 2.7], [4.5, 6.4] —
Improved MVA classifiers increase sensitivity to SM and BSM ggF HH = HH — bbr*t ___JHEP 07 (2023) 040 E
production, as well as VBF HH 7E 95% CL [-0.3,7.4] E
(= —
* 3.50 (4.60) sensitivity to SM HH in the baseline (stat-only) = .
scenario, compared to 2.8 (4.0) before 55_ E
aF- 95% CL
. L . . 3F E
Projected sensitivity evenly split between statistical and = 3
systematics (dominated by theory and background modelling) 2;_ . CL_E
1= 2rrs
: 1 | 1 1 1 E

05 8 10
Ky,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/
https://indico.cern.ch/event/1391236/timetable/

Projection' ATL-PHYS-PUB-2024-016 See Bill’s talk for more details on Run 2 HH analyses

Legacy Run 2: Phys. Rev. D 110 (2024) 032012
HH - bbtt NEW

New type of plot showing the expected constraints on k; (k) %8 - ATLAS Preliminary —— :o syl_st- unc. 18
o o —&— paseline
for a given assumption on i, (K,p) o 7l VS=14TeV,3ap™! —+— Run 2 syst. unc. |7
~< L L L L B L % ’I;Ian_;ll):g;:;projection ©  DLAr77% WP
e i o ] £ 6l 1 GN282% WP g
= | ATLAS Preliminary W8 Run2syst. unc. | 5
v [ Theo. unc. 50% | 50 15
O [ Vs=14TeV,3ab! Baseline ;
L n + —_ - 1
§ [ HH- bbt™T o No syst. unc. ] At : 14
© 10t Run2legacy projection Run 2 (SM) 110 sl . 15
8t 8 20 o ——+—— -+ 12
[ . | . :77% . 82% .
61 6 185 70 75 80 85 90 |
[ 1 b-efficiency at DL1r 77% WP c- and light-rejection [%]
41 14
2t 2 Impact of improved b-tagging and t-identification algorithms
[ also studied
Or 0
- 1 10% increase in significance using new GN2 already in Run 3
1-2
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/
https://indico.cern.ch/event/1391236/timetable/

See Bill’s talk for more details on Run 2 HH analyses

ATL-PHYS-PUB-2022-053

HH combination

icti i i a RS LAREN RERRN RRRRE RARRE RRRRN RN /N RARRE
Statistical combination of HH — bbyy, bbbb, (old)bbtt channels S ATLAS Prelminary E
R . . . . . o - VS =14 TeV, 3000 fb-’ .
SM significance of 3.40 (4.90) with the baseline (stat-only) scenario, primarily from bbtt 17.5F Non-resonant HH =
and bb]/]/ 152— AB\:?n‘:gCZata (Ka=1) —
= —— bbt*T" .
e Potential for 50 with baseline scenario if further combined with CMS! 125 b E
10;_ —e— Combined _i
K; precision of ~50% (30%) — compare to latest run 2 HH combination precision of 1.01$Z .
Expect even better results with updated projections based on Legacy Run 2 S S\ - A o,
2.5F " =
o 168%
O e 6 78
Ka
Significance [o] T ol ATLAS Preliminary || /-
<t VS =14 TeV, 3000 fb-’
_ old L : i HH - bbyy + bbT* T~ + bbbb
Uncertainty scenario bbyy bbt*t~ bbbb Combination 16 o o 1 2 03t -
: —+— No sy§t. unc.
No syst. unc. 2.3 4.0 1.8 49 121~ " Toeretealunc haved ]
- —+— Run 2 syst. unc.
Baseline 2.2 2.8 0.99 3.4 8- .
Theoretical unc. halved 1.1 1.7 0.65 2.1 Lo\ S S 9594
Run 2 syst. unc. 1.1 1.5 0.65 1.9 NN ,,,,,,,,,,,,, 884
0 pa b e LA e TR RS N N
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
https://indico.cern.ch/event/1391236/timetable/

Projection: ATL-PHYS-PUB-2021-039 See Marion’s talk or Giulia’s talk for the latest VH results
Run 2: Eur. Phys. J. C 81 (2021) 178,

oz 16— =

Eur. Phys. J. C 82 (2022) 717 VH - bb/CC = 155 ATLAS Preiiminary E
E Projection from Run 2 data -

1.4E s =14 TeV, 3000 b E

VH Analysis regions separated by p¥, jet multiplicity, signal/control regions, with BDT as 1.3 VHi> 65 E
discriminant 12F E

— bb 1.1 =
Measurement uncertainty of 8% (7%) on WH (ZH) signal strength £ E

Current projections limited by systematic uncertainties, especially signal modelling 0.95 =

0.8 - - Expected 68% CL 3

- — Expected 95% CL =

0-75— + SM E
VH Analysis regions separated by number of c-tags, p¥, jet multiplicity, signal/control 08 s s 0
regions, m.. as discriminant uee

— CC VH
* 95% CL Upper limit of 6.4 times SM cross-section & S M

10F . -

- S |

* lrc| <3.0at95%CL = Priecion fom Run 2 st E

- Vs=14TeV, 3000 o'’ ]

B VH(— bb.ct) -

Combined VH — bb/cc measurement performed with uncertainty of 6% (320%) on 4f_ _

VH — bb(cc) signal strength A3 E

% < 2.7 at 95% CL (compared to 5.1 from Run 2 ) of— —

b _2:_ - - Expected 68% CL B

B — Expected 95% CL ]

_4: + SM _:

T 2

Kp
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
https://indico.cern.ch/event/1391236/timetable/
https://indico.cern.ch/event/1391236/timetable/

Projection: ATL-PHYS-PUB-2022-003 See Enriqgue's talk for the latest run 2 results

Run 2: JHEP 08 (2022) 175

H - 11

Events separated into Tiep, Tiep; Tieps Thads Thad» Thada Channels

Further categorized into Boost (high pr ggF), VBF, and V (had)H, and ttH
sensitive regions

Uncertainty on inclusive H — 17 cross-section of 5%

Uncertainties on the order of 10% - 15% for ggF, VBF, and VH production modes,
and 25% for ttH

Kinematic dependence also studied using Simplified Template Cross-section
(STXS) framework, contributing especially to the high p¥ region

Dominant uncertainties from theory signal for all production modes, and jet +
ETmiss for VH and ttH

November 6 2024 Alex Wang (UCSC)

Expected Ac/c, [%]

250

200

150

100

50

N(ets)

p(H) [GeV]: [60, 120]
m, [GeV]: [0, 350]*

ATLAS Preliminary
H— 1r, |yH|<2.5

Projection from Run 2 data

Production Mode

ttH

VH
ggF
VBF

B Run2, Vs = 13 TeV, 139 fb”

I HL-LHC, Vs = 14 TeV, 3000 fb
Current theoretical uncertainties

% Projected theoretical uncertainties

) |60I s

100120 140 160
Expected Ac/c, [%]

80

L ATLAS Preliminary
-H— 11, |yH|<2.5
— Projection from Run 2 data

- MRun2, Vs = 13 TeV, 139 fb

" WHL-LHC, Vs = 14 TeV, 3000 fb™

—  Current theoretical uncertainties

” % Projected theoretical uncertainties

. 21 1 22 =0 =0
[120,200]  [200, 300] [300, [
[0, 350]
gluon fusion + gg — Z(— qq)H

llllllI[lIII

>2 ! 22 22
[0,200]

(350, ! [60,120]  [350,e !

VBF + V(- qq)H ! tH
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
https://indico.cern.ch/event/1391236/timetable/

summary

First set of projections based on full Run 2 datasets already show great potential for single and di-Higgs measurements at the

HL-LHC

New round of improved projections based on the legacy results under way for the European Strategy Update next year (bbtt

already out)

Projections are often simple and and don’t account for new analysis/object reconstruction improvements that will be

developed in the meantime

Stay tuned for updated projections soon! _ N ————

—I -

© ATLAS Preliminary

o~ - -

ATL-PHYS-PUB-2024-016 e HH-» bbt*r” searches

® Eur. Phys. J. C 78 (2018) 1007

Updated projection of the sensitivity of searches for Higgs boson I 10+ &; JHEP UF(2025) 040 —
o = i Phys. Rev. D 110 (2024) 032012 _

pair production in the bbT "7~ final state from LHC Run 2 to the S L TRy caew Luminosity-based scaling
High Luminosity LHC with the ATLAS detector = i }
An updated projection of the sensitivity to non-resonant Higgs boson pair production in the bbr "7 final state from LHC Run 2 to the -8
High Luminosity LHC with the ATLAS detector is presented. Sensitivites are projected assuming a centre-of-mass energy of 14 TeV for -'5 ~ 7
a variety of integrated luminosities ranging from 1000 to 3000 fb L. Assuming SM H H production, a signal significance of 3.5 o ( ()
4.6 o) is expected in the baseline (statistical only) extrapolation scenario for an integrated luminosity of 3000 fb ! This translates into % 4 - A -
expected 95\% confidence level constraints on k) which correspond to two allowed regions, [—0.1, 2.7] and [4.5, 6.4] in the baseline w o e
scenario and just one, [0.2, 2.1] in the one without systematic uncertainties. Furthermore, the impact of b-tagging and T-identification ~~ |— — — e W Tt < ur
algorithms on the sensitivity is studied. Improvements in b-tagging developed for Run 3 are expected to further increase the signal N e e e e e
sonificance 0 3.8 (1:9.9) 40 60 80 100 120 140 160 180 200

20 September 2024

Integrated Luminosity [fb™]
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We always do
better than
simple lumi

| scaling!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/

Backup
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XS scaling

November 6 2024

Process Scale factor
Signals

gosF HH 1.18
VBF HH 1.19
Backgrounds

goF H 1.13
VBF H 1.13
WH 1.10
ZH 1.12
ttH 1.21
Others 1.18

Alex Wang (UCSC)
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Hadronic triggers

-
(S}

Trigger efficiency

0.8

0.6

0.4

0.2

Ratio to Run 2
LN wWhROION® O

T T T 17T T T T T 17T T T T T 1T T T T T 1T > T L i H L A B L B I R B B R B
" o Alltriggers: e(HH—bbtt) = 88.8% ATLAS simulation _| © 4o , . Qo —
L Run 3 t-triggers: e(HH—bbtt) = 74.4% Preliminary i % - Run3 ma!n + delayed streams: £(HH—4b) =59% N
- © Run 2 t-triggers: e(HH—bbtt) = 69.0% Vs=13.6 TeV i '© C < Run 3 main stream: e(HH—4b) =53% B
[ A 4ets (2 btagged): e(HH >bbrr) =67.7% Xt bbnTh ] £ 1.0~ <& Run2main stream: e(HH-4b) =41% -
- _o_—o— Vv v R R o - |
L 0 - R ) - —— ]
i —_—— —_—— | g 08 ? —()—$ <>__,
- = - = oel —Oo— —— —
—— == Offline selection: - B -0 —o— ]
— _g 7, p"°>25 GeV, Inl<2.5, loose RNN z-ID — L - |
B 7, pVT"S>2o GeV, Inl<2.5, loose RNN -ID 7| 0.4— —O—_<>_ —
[ o —O— ! ] B —O— ATLAS i
__¢_+ T —_—— _<>_ .. . .

L 2 jets, p_>20 GeV, Ini<2.5, - 0.2 < =~ Preliminary Simulation ]
C b-tagged (GN2, ¢ ,~ 82%) . il M e Vs =13,13.6 TeV -
A i ]
| 1 0.0 PR IS SN SN TN SN (NN TN SN SN TN (NN SN SN SN SN NN SN SN TN SN (NN TN SN SN TN (NN SN TN SN SUN N ST SO TN S 1
: : 2 2.0 _‘ T T T T T T T T T I_
1 I | 1 1 1 1 I | 1 1 1 1 I | 1 1 1 1 I | S | |
o i _
T T T T T T T O
S B —?—O—_o_ o |
—— O -
= L |
= & 1ok T
—O—_o_ - PETERT R TSN RS S ST AU S SR N S S S N 1 P BT R B
— ; 300 400 500 600 700 800 900 1000
300 400 500 600 700 800 900 1000 muy [GeV]
my" [GeV]
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channel: Thad Thad bb ( event ] channel: £Zbb SLT + DLT event CR

selection

channel: Tiep Thad bb

] . X '
. : | no 1 STT: single Thad-vis triggers
1 [} o 1
' STT + DTT ' SLT | " LTT . DTT: di-Thad-vis triggers
: ~— . — N 1 ] ]
. ' yes : ' SLT: single lepton triggers

' ' \4 !
. — ' —Y N R ' LTT: lepton+Thad-vis triggers
1 1 1
' event ' event ' even_t . DLT: di-lepton triggers
. selection 5 selection 5 selection '
1 — ' ' '
1 H ' 1
N v ] v " \4 : 1
' (~ ) . ) Y e Y
' VBF candidate: Yes ; VBF candidate: Yes ; VBF candidate: Yes "
! > 2 extra jets : > 2 extra jets ' > 2 extra jets .
oee—_— ! -~ N '
. No : No : { No .
1 \ 4 N v ' y '
1 ) — A 4 ' A 4 , \ 4 '
] 1 1 1
! MHH < ggF-like ' categglgi_f_ation MHH categé)lgi_f_ation MHH categ;tr;i_?_ation :
] 1 ] 1
L S — l : - U P '
1 1 1 1
: < 350 GeV > 350 GeV VBE-like ! < 350 GeV > 350 GeV VBF-like ! < 350 GeV > 350 GeV VBF-like :
1 v v ' v v , v \ 4 1
1 1 1 1
. low-muH high-mun VBF low-muH high-mnn VBF : low-muH high-muH VBF :
: category category category . category category category : category category category :
1 1 ' 1
1 1 L 1

Thad Thad SR Tiep Thad SLT SR Tiep Thad LTT SR
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T ID
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ATLAS Preliminary —#= Nosyst.unc. 7

Vs =14TeV,3 ab™! - Daselne
' —4— Run 2 syst. unc.

N

HH - bbt* T~ 16
Run 2 legacy projection

Signifiance uyy [O]
€)] o

0.85 090 0095 100 105 110 1.15
relative T ID efficiency change
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bbtt

Source of uncertainty

Baseline Augg

Run 2 Syst. Augn

Significance [o07] Combined signal

Uncertainty scenario bBTlepThad bbThadThaa  Combination strength precision [%]
Line = 2000 b~

No syst. unc. 1.9 32 3.8 -28 /29
Baseline 1.5 2.6 3.0 -36/40
Baseline with MC luminosity scaled 1.4 2.5 2.9 -371741

MC luminosity scaled 1.3 2.1 24 -42 /59
Theoretical unc. halved 0.9 1.8 2.0 -49 /51

Run 2 syst. unc. 0.9 1.7 1.8 -52/65

Line = 3000 fb~!

No syst. unc. 2.3 4.0 4.6 -231/24
Baseline 1.8 3.1 3.5 -31/34
Baseline with MC luminosity scaled 1.7 3.0 34 -32/35

MC luminosity scaled 1.6 24 2.7 -37/53
Theoretical unc. halved 1.0 1.9 2.2 -46 /47
Run 2 syst. unc. 0.9 1.8 1.9 -51/65
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Total +0.35 -0.31 | +0.65 -0.51
Statistical +0.24  -0.23 | +0.24 -0.23
< Data stat only +0.24  -0.23 | +0.24 -0.23
— Floating normalisations | +0.02  -0.02 | +0.04 -0.02
Systematic +0.25 -0.20 | +0.61 -0.46
Experimental uncertainties
Electrons and muons <0.01 <0.01
7-leptons +0.03  -0.03 | +0.06 -0.05
Jets +0.06 -0.06 | +0.06 -0.07
b-tagging +0.02  -0.02 | +0.04 -0.03
Egliss +0.03  -0.02 | +0.04 -0.02
Pile-up +0.01  -0.01 | +0.01 -0.01
Luminosity +0.02  -0.01 | +0.02 -0.01
Theoretical and modelling uncertainties
Signal +0.12  -0.05 | +0.39 -0.07
Backgrounds +0.19  -0.17 | +0.37 -0.30
< Single Higgs boson +0.17  -0.15 | +0.34 -0.27
— Z + jets +0.06 -0.05 | +0.10 -0.09
— W + jets <0.01 <0.01
— 1t +0.02  -0.02 | +0.03 -0.02
< Single top quark +0.01  -0.01 | +0.03 -0.04
< Diboson <0.01 <0.01
— Jet — Tpaq fakes +0.05 -0.05 | +0.09 -0.08
MC statistical <001 | +038  -0.36
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Combination uncertainty scenarios

Scaling factors (sf)
Uncertainty scenario Bootstrap unc.  Shape unc.
Pessimistic bkg. unc. 1.0 1.0
Conservative bkg. unc. 1 (fix bootstrap unc.) 1.0 0.2
Conservative bkg. unc. 2 (fix shape unc.) 0.2 1.0
Optimistic bkg. unc. 0.2 0.2

Scale factors for

Systematic uncertainties ) )
HL-LHC baseline scenario

Theoretical uncertainty 0.5 Source Scale factor
. . . Experimental Uncertainties

b-{et tagg.mg etﬁc.lency 0.5 Luminosity 0.6
c-jet tagging efficiency 0.5 b-jet tagging efficiency 0.5
Light-jet tagging efficiency 1.0 c-jet tagging efficiency 0.5
. Light-jet tagging efficiency 1.0
Jet energy scale and resolution 1.0 Jet energy scale and resolution, EZis 1.0
Luminosity 0.6 k) reweighting 0.0
. Photon efficiency (ID, trigger, isolation efficiency) 0.8
Background bootstrap uncertainty 0.5 Photon energy scale and resolution 1.0
Background shape uncertainty 1.0 Spurious signal 0.0
Value of mpy 0.08
Thaq €fficiency (statistical) 0.0
Thaq €efficiency (systematic) 1.0
Thad €RErgy scale 1.0
Fake-1y,,q4 estimation 1.0
MC statistical uncertainties 0.0
Theoretical Uncertainties 0.5
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HH production

Sensitivity to HH at ATLAS is dominated by three channels:

bbtt, bbbb, and bbyy
—e— Observed limit (95% CL)
ATLAS Expected limit (95% CL) Branching
Vs =13 TeV, 126—140 fb-' (1 =0 hypothesis) Ratio bb WW il 7 1%
SM [ Expected limit 10 A
HH) =32.
Oggr +var(HH) =32.8 o [ Expected limit +20
Obs. Exp.
bbaL + Efiss— * 10 14
Multilepton— { 17 11
bbb { 53 8.1
bbyyl } 40 5.0
phrrr - } 59 33
Combined|— 0 2.9 24
| I 1 I L1l 1 1 I L1 1 I L1l 1 1 I L1 1 I L1 1 I I | I L1l 1 1 I |
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength Liyy
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https://arxiv.org/abs/2406.09971
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Best fit

Obs 95% CL  Exp 95% CL
12,72 [-1.6,7.2]

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

[06,1.5] = [0.4,1.6]

bbbb (boosted)
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As function of Lumi
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VH — cc

Source of uncertainty A/ﬁ/EH
Total 3.21
Statistical 1.97
Systematics 2.53

Statistical uncertainties

Data statistics only 1.59
Floating normalisations 0.95

Theoretical and modelling uncertainties

Source of uncertainty AI‘IZI Au%;H
Total 0.070  0.081
Statistical 0.034  0.039
Systematics 0.063  0.070
Statistical uncertainties
Data statistics only 0.031  0.037
tf ey control region 0.006  0.003
Floating normalisations 0.017  0.028
Theoretical and modelling uncertainties
Signal 0.047  0.031
Z+jets 0.017  0.010
W+jets 0.004  0.022
single top 0.005 0.012
tt 0.007  0.017
Diboson 0.020  0.027
Multi-Jet <0.001 0.001
Experimental uncertainties
Jets 0.022  0.032
Leptons 0.006 0.011
E¥“SS 0.006  0.005
Pile-up and luminosity 0.009  0.009
b-jets 0.018  0.009
Flavour tagging c-jets 0.004  0.035
light-jets 0.006  0.009

VH,H — cc 0.27
Z+jets 1.77
Top-quark 0.96
W +jets 0.84
Diboson 0.34
VH,H — bb 0.29
Multi-Jet 0.09
Experimental uncertainties
Jets 0.59
Leptons 0.20
ET™ 0.18
Pile-up and luminosity 0.19
c-jets 0.61
. b-jets 0.16
Flavour tagging light-jets 051
T-jets 0.19
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Uncertainties Scale Factor
E{Piss 0.5
Lepton 1
Jet 1
Flavour tagging c-, b- and 7-jets 0.5
Flavour tagging light-jets (MV2c10 in VH(bb)) 0.5
Flavour tagging light-jets (DL1 in VH(cc)) 1.0
Luminosity 0.58
Signal modelling 0.5
Background modelling 0.5
MC statistics 0
Truth-tagging uncertainties ( VH, H — cc only) 0
25



H - 11

IIlllllllll'lllllllllllllllllIlllllllllllll'l
ATLAS Preliminary ~ H— 11, |y | <2.5
Projection from Run 2data HL-LHC, Vs = 14 TeV, 3000 fb
- Total — Stat. Theo. Tot ( Stat Syst )
Source of uncertainty Impact on Ao /o(pp — H — 77) [%] +0.25 +0.17 ' +0.18
ggl VBF Vi ttH ttH - — 1.00 55 (%07 015 )
Theoretlcar}lilslsncertamty on the signal 10.0 5.6 5.6 9.5 +0.14 4010 +0.10
Jet and Er 4.1 1.9 4.8 7.6 VH 1.00 014 ( 0.10 -0.10 )
Background sample size 1.9 1.0 3.7 4.9
Hadronic 7 decays 1.9 1.1 2.6 2.4 1.00 +0.12 +0.03 +0.12 )
Misidentified 1.9 1.0 1.8 3.0 9gF V¥ 011 1003 -0.10
Luminosity 1.2 0.6 0.2 0.2
Theoretical uncertainty in Z + jets processes 1.4 0.8 0.5 1.0 VBE .L‘ 1.00 tgg; tggg tggg )
Theoretical uncertainty in Top processes 0.8 0.3 0.9 4.7 ' ' '
Flavor tagging 0.7 0.2 0.3 2.2 Y I T +0.05 . 001 4005 +
Electrons and muons 0.9 0.4 1.4 1.3 omb. 1.00 -0.04 -0.01 -0.04 )
. . lllllllll lllllllllllllllllllllllllllllllllll
Total systematic uncertainty 10.8 5.9 9.2 17.2
Data sample size 08 03 0.6 16.9 0608 1 12141618 2 2224 26 2.8
Total 11.2 6.4 131 231 (oxB)”*? / (oxB)*M
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Looking Ahead: HH at HL-LHC

Table 9: Expected significance for several channel combinations, for a luminosity of 3 ab~', including the expected
uncertainties quoted in the text, using the asymptotic approximation. This table only takes into account the TiepThag

and Thadad channels. HL-LHC bbTt significance

Channel | Significance | Combined in channel | Total combined

exjets [ 03] 0.43 // expected in 2015

pjets 0.30
0.41 (ATL-PHYS-PUB-2015-046)

Thad Thad 0.41

assuming SM kinematics for the signal, the 95% CL upper limit on the /71 signal strength is projected to e o
be at .71 times the SM prediction with respect to the background-only hypothesis assuming an integrated H L- LH C bbTT Slgn |ﬁca nce
luminosity of 3000 fb~! and /s = 14 TeV. The signal significance is extrapolated td 2.8¢,|and-assurmimga =

true value of k3 = 1, the self-coupling modifier is constrained to the 1o~ CI [0.3, 1.9 U [5.2,6.7]. If no HH expected in 202 1

(ATL-PHYS-PUB-2021-044)

a variety of integrated luminosities ranging from 1000 to 3000fb™". Assuming SM HH | HL-L

production, a signal significance o’r|3.5( t4-6-orsexpected 1 the baseline (statistical only) . ed in 2024
; o : : . = ; : C — Ol
extrapolation scenario for an integrated luminosity of 3000 fb~!. This translates into expected ;

| (ATL-PHYS-PUB-2024-016)
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