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HH Production Channels

ATLAS studies HH in 3 general production topologies

Gluon-gluon fusion Vector boson fusion VHH: new from ATLAS!
osm=31fb osm=1.7fb osvm = 0.50 (0.36) fb for WHH (ZHH)
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(Resonant scenarios not shown here)
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HH Decay Modes

Many options for decay modes.

- High BR final states good to
mitigate small cross sections. B
they have big backgrounds.

— Complicated trade-off between

signal rates, detector resolution
for objects, backgrounds, ease of

triggering...
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Summary of ATLAS results

Decay channel Target production mode Reference Release date

bbyy Non-resonant (ggF*) & resonant Phys. Rev. D 106 052001 22 Dec 2021

Non-resonant (ggF*) & resonant arXiv:2209.10910 22 Sep 2022

bbTT Resonant (merged H—1tt & H—bb) JHEP 11 (2020) 163 29 July 2020

Resonant Phys. Rev. D 105092002 15 Feb 2022

bbbb Non-resonant (ggF & VBF) ATLAS-CONF-2022-035 30 May 2022

VHH (leptonic V, res. & non-res.) arXiv:2210.05415 11 Oct 2022

bblvlv Non-resonant (ggF) Phys. Lett. B801 135145 19 Aug 2019
Combination Non-resonant & resonant (ggF*) ATLAS-CONF-2021-052 16 Oct 2021
Non-resonant + single Higgs arXiv:2211.01216 3 Nov 2022

These are our full Run 2 results. For older ones, see our public results page * VBF accounted for, but not specifically targeted
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://arxiv.org/abs/2209.10910
https://link.springer.com/article/10.1007/JHEP11(2020)163
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://arxiv.org/abs/2210.05415
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://arxiv.org/abs/2211.01216
https://twiki.cern.ch/twiki/bin/view/AtlasPublic

Summary of ATLAS results

No longer preliminary
production mode Reference Release date

bbyy }Non-resonant (ggF*) & resonant Phys. Rev. D 106 052001 22 Dec 2021
Non-resonant (ggF*) & resonant arXiv:2209.10910 22 Sep 2022 I
bbTT Resonant (merged H—1tt & H—bb) JHEP 11 (2020) 163 29 July 2020
Resonant Phys. Rev. D 105092002 15 Feb 2022
bbbb Non-resonant (ggF & VBF) ATLAS-CONF-2022-035 30 May 2022
VHH (leptonic V, res. & non-res) arXiv:2210.05415 11 Oct 2022
bblvlv Non-resonant (ggF) Phys. Lett. B801 135145 19 Aug 2019
Combination Non-resonant & resonant (ggF*) ATLAS-CONF-2021-052 16 Oct 2021
Non-resonant + single Higgs arXiv:2211.01216 3 Nov 2022
These are our full Run 2 results. For older ones, see our public results page * VBF accounted for, but not specifically targeted
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://arxiv.org/abs/2209.10910
https://link.springer.com/article/10.1007/JHEP11(2020)163
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://arxiv.org/abs/2210.05415
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://arxiv.org/abs/2211.01216
https://twiki.cern.ch/twiki/bin/view/AtlasPublic

HH—-bbbb (non-resonant)

bbbb channel has highest BR, but challenging background (~90% multijet, ~10% top pairs)

Dedicated ggF and VBF selections treated individually

X

Vs=13TeV, 126 fb'
ggF selection, Xy > 1.5
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Fit mun distribution to constrain possible signals
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HH—bbbD

Nnon-resonant

j 10 T | LB | LB | UL ‘ LB L LB I L | g 35 : U | LA | LT | LI | rrrT LI LR T ‘ Il :
T 0 o —— Observed 7| € C L. — Observed ]
S [ ATLAS Preliminary 1 s ATLAS Preliminary Expected ]
T g\ ve-1aTev, 126" Expected UL vE=18Tev, 12610 P ]
Combined ggF and VBF Regions +95 - Combined ggF and VBF Regions +2g ]
i B 25— , -
L Expected 20 constraints: - EXPeCtedEQETOC?ngt:TmSi ]
- Ky €[-5.4,11.4] Koy €[-0.1, 2. ] . .
°r Observed 20 constraints: 205 Observed 20 constraints: Set limits on HHH and VVHH
Ky €[-3.5,11.3] - Kay €[-0.0, 2.1] .
- Best it 1 <(6i2 151 Bestitiay =0 4 couplings in k framework
4 B ]
N y 10 -
3 - : z
. | 5L ]
0 i | Il | 1 4 | | | - | ] 0 : | | | | B I | NI L | Ll ‘M O | ‘ 1111 :
-5.0 -25 0.0 2 5.0 75 10.0 125 -1.0 -05 0.0 0.5 1.0 1.5 2.0 25 3.0
K (kov=1.0, ky=1.0) Koy (Ka=1.0, ky=1.0)
Observed Limit —20 —1lo Expected Limit +lo  +20 Also set limits on signal strength for SM-like production
Ogsr | Togh 5.5 14 59 8.2 124 196 - 2.5x improvement from previous ggF result
SM
. - 4.1x improvement from previous VBF result
0ggF+VBF/0ggF+VBF 54 43 58 81 12.2 191
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Vhh (hh—bbbb)

N.B. For this analysis:

h = 125 GeV Higgs boson
H = Heavier neutral scalar

First experimental search for Vhh production!

- 0,1, and 2 lepton selections for Z—-vv, W—=lv, and Z—ll associated production (MET in OL)

—  Consider two benchmark resonant models as well as SM-like/k-framework interpretations

V4

Narrow scalar

.h

2HDM

h

) h
’ etc...

h

Method: Apply loose pre-selection, then use BDT to construct a discriminant, which we then fit

- Different BDT for each lepton category and signal model

- Main backgrounds from top and V+jets processes. Use MC, constrain with control regions.
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Vhh (hh—bbbb)

Signal strength limits on SM-like production set at 183 (87 expected) times osm at 95% CL
- Also do K interpretation: -34.4 < k) < 33.3, at 95% CL
- Can separate W and Z couplings: -12.3 < kaw < 13.5, -9.9 < k2 < 11.3 at 95% CL

Cross section limits set on narrow scalar benchmark model:
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Vhh (hh—bbbb)

Expected Observed
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H = 125 GeV Higgs boson again

H+HH Combination

Combine 3 most sensitive HH

channels for SM-like production Add in single Higgs channels for their

loop-Llevel sensitivity to self-coupling

ATLAS —— Observed limit
Vs =13 TeV, 126—139 fb" EXPeCtg%"miih .
oM., yee(HH) =32.7 fo (ki =0 hypothesis) H_
[ Expected limit 10 P SO
[ Expected limit +2¢0 e \\
H -=-=--- ) -\‘\ f;‘.; ---- H
’
Obs.  Exp. AN . 7
bbyyl * 42 57 H
bhrTol * 47 39
: a >
bbbb|- * 54 8.1
Combinedi~ 24 2.9 V H
TIMAN I 57T T T T T ST T T TN [N T T H [N T T T T [N T T
0 5 10 15 20 25 30
95% CL upper limit on HH signal strength uyy q -

Closing in on SM cross section!
* Time to move from “upper limit” to “observation
significance” interpretation soon?
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H+HH Combination

Combination provides our strongest constraints to date on k) and Kav

— Limits on k) alone dominated by HH channels

— Limits on kyv driven by HH —bbbb (which has dedicated VBF selection)

HH + H K only:
95%: k) € [-0.4,6.3]
HH + H k) generic:
95%: k) € [-1.4,6.1]

< 1 0 I I I 1 1 I 1 1 I I 1 1 1 I I | 1 1
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ATLAS —— bbbb
Vs =13TeV, 126—139 fb-" — bbttT"
HH - bbT* T~ + bbyy + bbbb —— bbyy
Observed —— Combined

1 1 1 1 I 1 I 1 1 I I 1 1 I I I I 1 1 I 1 1 1 1

Combined:

68%: Koy € [0.4,1.7]
95%: Koy € [0.1,2.0]
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H+HH Combination

Combination assumption Obs. 95% CL Exp. 95% CL Obs. valuetll‘;'_
. . . . : : _ _ _ +1.9
2-dimensional constraints now also included.  ## combination 06<k1<6.6 21<ka<78 k=315
Single-H combination -4.0<k1 <103  52<Kki<1l5  k1=25%9
M . . . . . . _ _ _ +1.8
- Single Higgs channels add sensitivity to k; ~ f//+/ combination 04<ki<63  —1.9<x1 <76 xy=300p
HH+H combination, «; floating 04 <k1<6.3 -19<k1<7.6 Ka= 3.0t11'_g
HH+H combination, k;, Ky, Kp, K floating -1.4 <k, <6.1 22 <Ky <71 Ky = 2.3’:%—_(1)

Single H also allows covering greater breadth of model assumptions
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1.2 Y  SM prediction —
op  BestfitHH+H -

- 68% CL HH
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Y% SM prediction
on  Best fit HH
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Resonant stoatus

No major changes to the resonance search landscape in recent months
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Q = . X T imi i
T 10—1 L 4 g —— Observed limit (95% CL)
S g 3 © 10°F ---- Expected limit (95% CL) 3
- - 3 r i .
s Ny L 7 U (Comb: S I!m!ti 1o 1 Latest HH—bbbb resonant
] 1 Comb. exp. limit + 20 .
10'2 - < \ -t 1 paper extends this to 5 TeV
E 3 10 =
_3__ —— —_ L 7]
10 ¢ . —— bbbb E I 1
- ATLAS Preliminary N 10 . -
i 1 T bbTTTT E — bbbb 3
L VS =13TeV, 126 - 139 b _ ] s 0 ]
10-4 L Spm_o — bbYY 4 [ i bt_)T T ‘
E —e— Combined 7 - —— bbyy §
L [ | ! | ! 1 TR N N B B A N A A A | ! | ] 100 E_ —— Combined _E
200 300 500 1000 2000 3000 R | 1 | 1 TR R T N B B A BN A A | 1 1
my [GeV] 200 300 500 1000 2000 3000
mx [GeV]
Each of the 3 decay channels is the most sensitive
Global significance of largest excess is 2.10 in a different mass range: good complementarity
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summary

ATLAS has been hard at work pushing the frontiers of HH searches with Run 2 data!
Highlights from the last few months include:

- Non-resonant results from the HH—bbbb channel

- First ever search for VHH production

- Latest & greatest combination of HH with single Higgs to constrain couplings

We’re not too far from the regime where these “searches” become “measurements”

—  Our combined limits on the Higgs self-coupling now stand at roughly -0.4 < ki < 6.3 (with slight
variation depending on choice of assumptions)

See also our new HL-LHC HH projections (ATL-PHYS-PUB-2022-053) for a longer-term view of what’s
to come.

Bill Balunas | Cambridge 28 November 2022


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST




HH—-DDLTT

One of the most sensitive channels for SM-like HH and intermediate-mass resonance searches

— Consider the semi-leptonic (TiepThaa) and fully-hadronic (ThadThad) Cases

- Method: Select signal-Llike events using object-based cuts, then use BDT/NN to construct a
discriminant, which we then fit

mi mit H - ---- Comb. Exp. SRR M T o EXP:
Results very similar to preliminary version - it e
[] Comb. Exp. £16 ===~ T, 4 Thag EXP-

- A few minor improvements to calibrations,
etc.

- HH signal strength limit set at p < 4.7 (3.9
expected) times the SM, at 95% CL

[ ]Comb. Exp. 26 —e— T, ,,T;,.q ODsS.

T T TTITTT
1 II[IIIll

10?

- Resonant cross section limits also set. — 10

Excess at 1 TeV has significance of 2.0o0
(global)

ATLAS

Vs=13TeV, 139 fo''
1 | 1 1 1 | 1 1

1 llll\llllllll‘llll
400 600 800 1000 1200 1400 1600
my [GeV]

95% CL limits on 6 (pp — X — HH) [fb]
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HH—-bbTT: Resonance mass resolution

> R e s = L L T Y L
8 . o ATLAS o Data K S L ATLAS o Data
o 10°E y — SM HH x 100 = o 10 P — SM HH x 100
N = \s=13TeV, 139 b X (m_ = 500 GeV) s © , Vs =13 TeV, 139 fb X (m_ = 500 GeV)
2 10°k Thad®had — X(m, =1000 GeV) — ® 10 TiopThag SLT — X (m_ = 1000 GeV)
S = Signal Region o(X = HH) =1 pb = ) ¢ Signal Region o(X — HH) =1 pb
|_|>J — Top-quark n Lﬁ 10 Top-quark
10° Jet 1, fakes (MJ) = 105 Jet 1, fakes
= Z -1t + (bb,bc,cc) Z — 11 + (bb,bc,cc)
103 Jet - 1, fakes (t) - 10* Il Other
E Il Other 3 SM Higgs
- SM Higgs . 10° [ Uncertainty
102?_ (-] Uncertainty ] E s e e Pre-fit background
ok e, o Pre-fit background 3 102
L i *¢ ¢
10 ; ""ﬁw‘t* 10
- e
15 ‘*R 1 x
H | N 0 R s | i i
LD NN L R 9 g T T TR ]
% 1;_\1'\*\k0\.\.\. 3\¢¥\ \\f# \ \\"\\\ ~ 5 1;_ “..,..“\.\#*\,#\\5 \* ; K¢ AR \\\\ %_f
4(_6 08:—I [T R R R |++ L1 [ vy |\\\Ii:\\l \ L - % 08;_ | + il | T _;
o 0 500 1000 1500 2000 2500 o o 5001000 72000 2500
m,,, [GeV] M, [GeV]

N.B. These signals are overlaid on the non-resonant background model
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Vhh (hh—=bbbb): Excess details

:'E . f J J T T T T =
3 ATLAS * Data Vhh :
D 40t Vs = 13 TeV, 139 fb' Wi+ M+ ]
LW A—ZH—Zhh Post-Fit tt+=21c@V+21c 3
{mn.mH} = (420,320) GeV V+z3b V+] ]
10° - S+B Hypothesis [l Other Uncenainty__
oL — — 2L .
= -
10° =
10 f
ALt
1
§ - B-only Hypothesis
S of
= .
=2 ’7 .
2] ﬂ_—‘ ________________________________________

1 2 3 4 1 2 3 4
BOT Bin
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HH—bbbb: CLs-based k limits

YT IIIIHI
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s E Expected Limit +20 = S E Expected Limit +20 -]
o) : e - ] et B B
S N Theory Prediction ] T 108 Theory Prediction _
:E 104 = X  SM Prediction = i E ¥¢  SM Prediction 3
3 = &) ]
— E = X 10? =
Qo0 & E
2 =
To]
(o]

| lllllll

T TTT

10!

| IIIIIH|

102 = = E
= Observed: ky €[-3.9, 11.1] 7 = Observed: kpy €[-0.03,2.11]
- Expected: kx €[-4.6, 10.8] il 10° - Expected: kpy €]-0.05, 2.12] E
10’ Er ool by by by v by by g 1 13 E. p Ly wow sl e e v lw s o0l w v 1 La g1 57
-20 -15 -10 -5 0 5 10 15 20 = -1 0 1 2 3 4
K) (ng=1 .0, ky=1 0) Koy (K)\=1 .0, ky=1 0)

“Expected” = assuming no HH production at all (not even SM)
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Combination: CL.-based Kk limits

— :IlI|IIIl|IIII|II|||||||: — :IIII|I|II|IIII|IIII|IIII|IIII_
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“Expected” = assuming no HH production at all (not even SM)
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HL-LHC projections

Baseline ATLAS HL-LHC projection expects evidence for SM HH production at 3.4c

- Roughly 50 in the limit of small systematic uncertainties

- This assumes current analysis methodology: good chance we’ll exceed this!
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S E o - [ [ T I I I ]
g 11F ATLAS Preliminary E 5ol ATLAS Preliminary a
S 1oE VS =14 TeV, 3000 fb-' , o Vs =14 TeV, 3000 fb-' i
£ HH - bbyy + bbt* T~ + bbbb 5 ! i HH - bbyy + bbT* T~ + bbbb 1
g» 9B Projection from Run 2 data E 161 Projection from Run 2 data _
0 gE Asimov data (k;) = Asimov data (k) = 1) i
= —+— No syst. unc. 3 B —+— No syst. unc. .
e —— Baseline s 12| —e— Baseline ]
6F Theoretical unc. halved — B Theoretical unc. halved |
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