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Introduction to H

Features of HH - bbyy:

* Gluon-gluon Fusion (ggF) and Vector Boson Fusion (VBF) LO ggF diagrams:
production modes; Kt

9 000009900000 @ - - H
0~ 31.0fband o, ~1.73 fb. |
* Very sensitive channel — Despite its small BR (0.26%), it benefits R T H

from a clean m, resolution (o Y/Myy=1.5%)

9 H
« Sensitive at low m_ - sensitive to Kk, ::]> i
—————— ®
H T
g : H

The k-framework: LO VBF diagrams:
q q
Higgs Trilinear coupling: Agg g
H Koy H
SM "
R\ = )\HHH/)\HHH ¢ E
V T
SM H H
Roy = gHHVV/ dJHHVV
q q
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f: ATLAS-CONF-2023-050
nonresonant results of Ref:Phys. Rev. D 106 (2021) 052001


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-050/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

Introduction to

New non-resonant bbyy analysis: uses the same data set but
supersedes and expands upon the previous nonresonant results.

Improvements of the new HH —. bbyy analysis:

Optimization on both production modes

Re-optimized BDT for classification of events

Includes limits on «,,,

Effective Field Theory (EFT) interpretations

The k-framework:
Higgs Trilinear coupling: A\g g
Fx = AHHH /A

SM
Koy = gHva/ JHHVV

LO ggF diagrams:

g

—————————— H
A
Rt
g 9090090990000 —4— @ ---------- H

LO VBF diagrams:
q q
H H
A
1 et
H H
q q
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, Ref: ATLAS-CONF-2023-050
he nonresonant results of Ref:Phys. Rev. D 106 (2021) 052001


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-050/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

Data
(2015-2018)

Vs=13TeV, 140fb""

Analysis

Signal
ggF HH
VBF HH

Backgrounds
Non-resonant:
yy+jets
ttyy
Resonant:
ggF H
VBF H
ttH
(Full list in backup)

Preselection

Selected events:
e Yy trigger

e 2 photons with the
WP of highest purity
with p;/m > 0.35

(0.25)

e 105< mW< 160 GeV

* Exactly 2 b-jets at
77% efficiency

Rejected events:
* Events with leptons

* Events with > 5
central jets

Systematic uncertainties
Experimental

(See backup for more)

Signal & Bkg
Modeling models

| 1 ]

Statistical Inference
. K, and K,

 Signal strength: u
* EFT interpretations

L]

Categorization
- (Re-optimized BDT)

Signal strength: y = o/a,,



Categorization and fi

Categorization of events:

=+ = &= ] & &% [ =% & ] ¥ &% [ 3
: % targets small k, values S | ATLAS Preliminary — SMHHgOF
High mass: my,.. > 350GeV A g ' i
. % o E VS =13TeV, 140 fb- = K=
Low mass: my;. . < 350GeV mmmsly- targets large k, values R R - MK ver
” (i} - IHigh mass region I ..... HH VBF, Kay=3
My, = My — (M = 125) = (myy — 125) 5 10 Singlo H
c E — yy+jets
Improves the signal mass resolution, -% ¢ Data sideband
cancels detector resolution effects. E

7 signal regions based on the BDT selection =

Signal and background modeling:

. . - .BDT score
« Unbinned fits to m,
. . . ‘ \ — HH (Signal)
* HH signal & H background: Double-sided Crystal Ball function \ — H (Resonant background)
— Continuum background
* Nonresonant YV bkg: Exponential function \
New MC with improved statistics in the SRs. -
- Reduced uncertainty on the signal yield (reduced uncertainty on the Xﬁ:}
Spurious Signal?) R Y
—I—-—m »
125 GeV ry

(BDT distributions for Low mass region in backup)

1Spurious signal is a non-zero signal obtained 5
when fitting the signal plus background model
to signal-free MC.




Results: signhal strength

* No significant excess is observed in data (2015-2018) < T e

& | ATLAS Preliminary -

« Results based on simultaneous unbinned maximum °F =i Tl —Spee

likelihood fit in all categories 5 T : -

Y 68% CL: Ky < [0.6,5.2) i 3

. . . 4 _WnClmel1469 [ f 5o

Signal strength upper limits at 95% CL.: F Y et 7 ]

HMyge.qqr< 4.0 (< 5.0 expected, reduced by 12% ) < 9% O < [28,78] ¢

Limits at 95% CL.: . ]
-1.4<k, <6.9 (-2.8<k, <7.8expected, reduced by 6%) T 6

-0.5< K,y < 2.7 ( -1.1< K,y < 3.3 expected, reduced by 17%) 0=3 ) 0 P 4 3 ) 70

K
a 8 [ TT 1 [ T[T Tt Tt rr T rrrJrrrJrrrJrrr E ? LN LN R R [. |. rfT 1T JtTr1rrjrrrryproer T ]
¥ L ATLAS Preliminary —— Observed 68% CL & F ATLAS Preliminary —— Observed
gL VS=13TeV, 140 fo" -=- Observed 95% CL | 6 vs=13TeV, 1401b"" ---- Expected
L HH - bbyy [ Expected 68% CL " HH - bbyy 7
" Expected 95% CL i 5 - =
4 B ¥ Best fit g = EaOb@G% gﬁdﬂ <G ! a
B Y&  SM prediction . ok - B S 10 1 ! .
[ ) ) 4 N _Snboval0bad) | TehoEd
n - .'\‘ Ex ," -
of N I 1 68% CL: Kzy € [-0.3,2.5] s i
- 3 95% CL: Koy € [-1.1,3.9] ¥ =
= - I -
of- - 2 =
B 1 :._
-2 & E
[ | I L1 1 I |- I | I | I L1 1 I L1 | I | - l Ll :
-6 -4 -2 0 2 4 6 8 10 12 o~
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Effective Field Th

EFTs: parameterize new Heavy physics in
terms of higher dimensional operators and "Uv? '
Wilson coefficients.

Two EFTs in bbyy: SMEFT & HEFT S 1

Standard Model Effective Field Theory (SMEFT):
* Extends the SM Lagrangian with higher dimensional
operators

442 Cy = s
Lsyerr = Lsm + E E AQnO " \ ’f,,h__\ {

e h 8 000000000000, ————B ---------~ h

2900090000000 . h g _.h
|>H “""' j‘ﬁc """‘
. . . RTTISTIITTTIIR =5 i g u“‘h
Interesting for global combinations & b
€ "

Include relevant dimension-6 operators s [ ] Relevant in bbyy

g “h

Higgs contained in SM doublet

Dependencies in H background

-4
2
2

HH signal reweighting: as a function of truth m__
H background reweighting: as a function of truth H p_ Example of generic LO ggF SMEFT diagrams.

Ref:Phys. Rev. D 103, 096024
JHEP 10 (2010) 085
arXiv:2304.01968



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.096024
https://link.springer.com/article/10.1007/JHEP10(2010)085
https://arxiv.org/abs/2304.01968

Effective Field The

EFTs: parameterize new Heavy physics in
terms of higher dimensional operators and "Uv?
Wilson coefficients.

Two EFTs in bbyy: SMEFT & HEFT S 1

= E E = EisiE

Higgs Effective Field Theory (HEFT) :
e Lagrangian built up by terms with increasing chiral
dimensions x or as successive loop order L:

X = 2L+2 Ceth «'/

Ceth

Higgs is a singlet 2

Can probe potential decorrelation among couplings

More general than SMEFT

Background is less dependent on HEFT than SMEFT v:«:;;ggh ______ s
h

[ ] Relevant in bbyy

HH signal reweighting: as a function of truth m__
Example of generic LO ggF HEFT diagrams.

Ref: arXiv:2304.019688



https://arxiv.org/abs/2304.01968

Results: SMEF

« Strongest SMEFT constraints in ATLAS from a e Rkl pasine Maial IR
_ g s g a0l ATLAS Preliminary —— Observed 88% CL
single di-Higgs channel L VS =13TeV, 140 fb~' -—- Observed 95% CL
_ HH - bbyy e Expected 68% CL
. . . B 1 Expected 85% CL
* Results include linear and quadratic 4“: *+ Bestiit
dependencies on the Wilson coefficients ol W PAPaac
o
Wilson coefficient  95% CL Observed 95%: CL Expected 20k
cH [—14.4, 6.2] [-16.8, 9.7]
cHO [— 9.4,10.2] [—12.4,13.7] —40
E | | | |

L I Ll 1 I Ll 1 I L1l I Ll 1 I Ll 1 I L1

T —
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-20
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Results:

-IIIIIII'IIIIIIIII'IIIIIIIIIIIIIIIIlIJIlI-
. ATLAS Preliminary ®  Observed limit (95% CL) -

2
« Interpretations are made on HEFT m, shape benchmark | iy Nofcpeinbisins inise. B
. = niE = Expected limit +10

points (BM) m——> el HHEDOVY = Expected lmit£20
B - #  Theory prediction .
« BM 3, 4,5 and 7 are excluded at 95% CL i & . . 3 Z
102_—- w . . . ! .-
Wilson coefficient  95% CL Observed 95% CL Expected : — ] 3
Chhh (—1.8 ,7.7 | [-3.4 ,89 | i an
Cthh [—0.42.0.52) [—0.59,0.69] i

Caghh [—0.28.0.73] [—0.48,0.94] '

L - R N T D
Benchmark point
% : L} I LI B ) I LI B Ill I.I I LI | I LI | I LI | I LI l LI I |: _E [ T T T ' T T T I T T T I T T T I T T T I T T ]
S 3f ATLAS Preliminary —— Observed 68% CL 5 2E ATLAS Preliminary —— Observed 68% CL 1
- v§=13TeV, 140 b~ === Observed 95% CL E 1.6 vs=13TeV, 140 fb —=—- Observed 95% CL ]
| HH—bbyy W Expected 68% GL ] C HH - bbyy I Expected 68% CL ]
2+ i Expected 95% CL e 1.2 __ [ Expected 95% CL ol
r + Bestfit i B % Bestfit ]
- ¢ SM prediction 1 0.8 :_ I —_—_ Y%  SM prediction -
1F - : - s ]
- 1 0.4 =
Un . of =
E : -0.4F -
~IF ] —0.8F -
‘2:l L I Ll 1 I L1 I Ll I Ll 1l I Ll I 11 I il l i ! ' I: _1 '2:_ l I I I I _:
_12 —8 _4 0 4 8 12 16 20 _8 L 1 L _4 1 L 1 0 1 1 L 4 L L 1 8 1 1 L 12 | L

Chhh

erical values of HEFT BM points in backup)

f: JHEP 03 (2020) 091
arxiv:2304.01968
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file:///home/tom/Desktop/Work/Di-Higgs/Presentations/My/HiggsHunting2023/%23Slide%2025
https://arxiv.org/abs/2304.01968
https://link.springer.com/article/10.1007/JHEP03(2020)091
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G [ : ATLAS Simulation S N : ATLAS Simulation
& o2f Vs =13 TeV & o2 /s =13 TeV
- - HH—bbyy ggF - i 5 HH—bbyy VBF
< B —kK,=-6 c B —ris
S 0.5 k=0 S 0.15 =0
© ~ S © = _H:l=1
= B AT = =
£ 01 — K, =2 S o1 — K, =2

B = E
S =|:E —x, =10 S . —x, =10

0.05 0-055—'_'_ 5
250 300 350 400 450 500 550 600 650 700 750 250300 350 400 450 500 550 600 650 700 750

m;En [GeV]
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Monte Carlo sam

Process Generator PDF set Showering Tune
geF HH PowneG Box v2 [45-47] PDF4LHCI15NL0 [48] PytH1A 8.2 [49] Al4 [50]
VBF HH  MabpGrarH5S_AMC@NLO [51] NNPDF3.0nLo [52] PyTHiA 8.2 Al4d

geF H NNLOPS [53-57] PDF4LHCI15NL0 PyTHIA 8.2 AZNLO [58]
VBF H Pownec Box v2 [45, 54, 59-65] PDF4LHCI15NL0 PyTHIA 8.2 AZNLO
WH PowHEG Box v2 PDF4LHCI15NL0 PyTtHiA 8.2 AZNLO
qgq —» ZH PowHEGBoxv2 PDF4LHC15NL0 PyTHiA 8.2 AZNLO
gg —» ZH PowHEGBoxVv2 PDF4LHC15N1L0 PyTHiA 8.2 AZNLO
ttH Pownec Box v2 [60-62, 65, 66] NNPDF3.0nLO PyTHIA .2 Al4
bbH PowHEG Box v2 NNPDEF3.0nLO PyTtHiA 8.2 Al4

tHq MabpGraruS_AMC@NLO NNPDF3.0nLo PyTHIA 8.2 Al4
tHW MapGrapru5_aAMC@NLO NNPDF3.0nLO PyTHia 8.2 Al4d
yy+jets SHERPA 2.2 .4 [67] NNPDF3.0nNLO SHERPA 2.2 .4 -

yybb SHERPA 2.2.12 [67] NNPDF3.0NNLO SHERPA2.2.12 -

ttyy MapGrapru5_aAMC@NLO NNPDF2.3L0 PyTtHiA 8.2 Al4
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Systematic unce

New non-resonant bbyy analysis:
Impact of uncertainties on the expected 95%

CL upper limits on ...

Previous bbyy analysis

—

Systematic uncertainty source

Relative impact [Fc]

‘ Photon energy scale
Flavor tagging

Experimental

Photon energy resolution 0.4
0.1
0.1

Theoretical

Factorisation and renormalisation scale 4.8

B(H — yy, bb) 0.2

Parton showering model 0.2

Heavy-flavor content 0.1

Background model (spurious signal) 0.1

Relative impact of the systematic uncertainties [%]

Source Type Nonresonant analysis Resonant analysis
HH mx = 300 GeV

Experimental

Photon energy resolution Norm. + Shape 0.4 0.6

Jet energy scale and resolution Normalization <0.2 0.3

Flavor tagging Normalization <0.2 0.2

Theoretical

Factorization and renormalization scale ~ Normalization 0.3 < 0.2

Parton showering model Norm. + Shape 0.6 2.6

Heavy-flavor content Normalization 0.3 < 0.2

B(H — yy, bb) Normalization 0.2 <0.2

Spurious signal Normalization 3.0 33

15



BDT & categcC

Input variables:
One BDT in HM and one in LM » Baseline variables (same as previous
Trained to distinguish between signal and H - yy, analysis, see table) + additional variables

Additional info

ttyy and yy+jets
XGboost is used.

and VBF-jet tagger.
» VBF-jet tagger: classifying events with 4 or

Signal samples: SM ggF HH, SM VBF HH and k, = more jets. Feeding as input jet kinematics.

{1, 10, 5.6}.

The category division: decided
by maximizing the combined
number-counting significance

« Additional variables: m*bbyy, AR and event

shape variables transverse sphercity,
planar flow and momentum balance.

WVariable Definition

Photon-related kinematic variables

pr/m,, Transverse momentum of each of the two photons divided by the diphoton invariant mass m,,
i and ¢ Pseudorapidity and azimuthal angle of the leading and subleading photon

Jet-related kinematic variables

b-tag status Tightest fixed b-tag working point (60%. 70%, or 77%) that the jet passes

pr. iy and ¢ Transverse momentum, pseudorapidity and azimuthal angle of the two jets with the highest b-tagging score
PP, Wi and gy ;, Transverse momentum. pseudorapidity and azimuthal angle of the b-tagged jets system

myj Invariant mass of the two jets with the highest b-tagging score

Hy Scalar sum of the py of the jets in the event

Single topness For the definition, see Eq. (1)

Missing transverse momentum variables
EP= and ghme== Missing transverse momentum and its azimuthal angle

16



BDT score distributi

[ T T T ’ T T T I T T T ! L T T I T T T
ATLAS Preliminary —— SMHH ggF
Vs =13 TeV, 140 o' e DL kel

L —— SM HH VBF
HH=bbyy HH VBF, k=10

Low mass region ... HH VBF, Kkzy=3
1 D° ——— Single H

10!

L III-IIFI
Lol

Fraction of Events / 0.04

S
|
=
e x ¥

10-2

0 0.2 0.4 0.6 0.8
BDT score




Events /2.5 GeV

Events / 2.5 GeV

Myy distributions: Date

35— 0 LTS T a =
- ATLAS Preliminary 1 8
801 (s=13TeV,140fo" ¢ Data el
255_ HH—bbyy 7~ _Cr:otntl. ;)ac:groun;j _f >
- Low Mass 1 S el i bl 5
20F ERT
15k =
10F 2
5 -
0:| ol gy o e g e ey e ]y ey Ty e ey ]
110 120 130 140 150 160
m,, [GeV]
18— >
16E- ATLAS Preliminary 18
- Vs=13TeV, 140 fb" ¢ Data ] &
14:_ HH—>bbyy = Cont. background = —
. —— Total background — <2
125 High Mass 1 9 165
10L =4 @
8F =
6F =
4 =
- | =
L | [
0_. PRI S S NN ST NN S N PR A P .
110 120 130 140 150 160
m,, [GeV]

Wp— o7 T T T T
1gF- ATLAS Preliminary E
16E. ¥s=13TeV, 140 b ¢ Data E
E HH—bbyy T Cont. background 7
141 —— Total background
8 .
6F =
l _;
0 { SR T [N SN SN NN T [N SN S CHUN SN (MMM AT ST SN SN (AN SEURS T NN T [N S 1 L
110 120 130 140 150 160
m,, [GeV]
e L
10/~ ATLAS Preliminary ]
- Vs=13TeV, 140 fb™ ¢ Data ]
8- HH — bbyy Cont. background ]|
E High Mass 2 - Total background E
6 -
af .
0_. i o .I gl M PN PV B e
110 120 130 140 150 160
m,, [GeV]

Events / 2.5 GeV

Events / 2.5 GeV

YV
- ATLAS Preliminary k
12 {s=13TeV, 140 b ¢ Data .
o = Cont. background -
10f~ HH — bbyy R
E Low Mass:3 —— Total background .
8 =
6 ”
4F E
2 l —
0 L L P L IIJ wu o 1 o o o o T%s 4 3 1:
110 120 130 140 150 160
m,, [GeV]
I N O OO0 0 L IR T S L L S e I L N
10~ ATLAS Preliminary
C Vs=13TeV, 140 fb™ ¢ Data
3"_ HH == bEYT ------ Cont. background
B High Mass 3 —— Total background

Illlillllllllllliilll

150 160
m, [GeV]

PR I —
140
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Results: signal strenc

This bbyy analysis:
Limits at 95% CL.:
-14<K,<6.9 (-2.8 <k, <7.8expected)

-0.5<k,,<2.7 (-1.1<k,, <3.3 expected)

Previous bbyy analysis:
Limits at 95% CL.:
-1.4 <k, <6.5(-3.2 <k, <8.1expected)

-0.8 <k,,<3.0 (-1.6 <k,, < 3.7 expected)

Improvements compared to previous analysis:
Expected limits:
- reduced by 12%.

I'IVBF+ggF
Width of 1D confidence interval k; (k,,) — reduced by 6%
(17%).

Observed limits:
u,,, - reduced by 5%.

Width of 1D confidence interval k, (k,,) — increased by 5%
(reduced by 16%).

Additional signal strength limits:
Hye< 4.1 (< 5.3 expected)

Me:< 96 (< 145 expected)

19



EFT Lagrangian's

C
AL = B2 (61 6)0610) + L (61 D,0)" (6 D46) + “H (916"
+ (ig GqLOtR + h.c.) oG, GV
+ (jf{f q Gﬁvqgtﬂ + h.c.).
h h?
ALHEFT = —Tyt (Ct; + Cttﬁ) tt— Chhh—h3
: h h?
+ ;—W (ngh; + nghhﬁ) E &

20



Additional EFT infor

Benchmark — ¢unn  cun Cggn Cgghh Crihn

SM 1 1 0 0 0

1 511 1.10 0 0 0
684 1.03 -1/3 0 1/6
221 105 1/2 1/2 -1/3

2

: 3
HEFT shape BM points == 4 279 090 -1/3 -1/2  -1/6
represent different m_ shapes 5 395 117 1/6 -1/2  -1/3
6
7

068 090 1/2 025 -1/6
0.10 094 1/6 -1/6 1

3 i

| [ generated BM 3
o Il "1 SM reweighted to BM 3
Signal reweighting —p> i
SMEFT and HEFT signal is -“:
parametrized as a function A .
o
of m hh - hL_ I-" %“""“*m%_“
iy T,

2 il T T T T T

E 12

E 1.0 + + +

E: i + ™ ‘ + + ' T

E .8 T T T T I

ﬁ A Gl A0 L0 1200 1400

mpn [GeV]

Ref: arXiv:2304.01968
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https://arxiv.org/abs/2304.01968

SMEFT truncation sch

(©) (c‘ﬁ}) (6 (©
Mo = i+ 3 20 (M) 3 T O3 T ame (O 0
lmearvmdel guadratic terms B cmsﬂerms
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HH . bbbb:

Parameter Expected Constraint Observed Constraint

Lower Upper Lower Upper
Cy —20 11 —22 11
CHG —0.056 0.049 —0.067 0.060
Cho —93 13.9 —8.9 14.5
Cin —10.0 6.4 —10.7 6.2
G —0.97 0.94 —1.12 1.15

HEFT observed (expected limits):
Cygrn: [—0.36,0.78]([—0.42,0.75])

Cerr: [—0.55,0.51]([—0.46,0.40])

EFT I

G

8 & & 8

SM
BM1
BM2
BM3
BM4
BM5
BM6&
BM7

| | I
— ATLAS
Vs=13TeV, 126"
— C=0.0, Cig=0.0, C=00

- = Observed Limit (95% GL) —

| Expecled Limit 10 ]

=+ Expected Limit (95% CL)

Expected Limit #20
# SM Prediction

ATLAS

V§=13TeV, 126 fb~'

T T T T 171 T
Observed ] Bl tic
Expected B i20
Theory Prediction

Obs. (Exp.)
170 (230) —

290 (200) —
360 (250) —|
110 (74) -
130 (130) —
110 (95) —
190 (180) |
88 (71)

Oggr, HH [fb]
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Sensitivity of di-HIggs

ATLAS —— Observed limit
vs=13TeV, 126—139 '  ___ Expected limit

(p = 0 hypothesis)
[0 Expected limit t1g
Expected limit 20

oSM | yer(HH) =32.7 fb

Upper limits on HH signal
strength at 95% CL for the
different HH channels. Ref: - Obs.  Exp.

Phys. Lett. B 843 (2023) 137745 42 57
4.7 3.9
....... o

'

T [N TR TR TN NN TN TN TN TN I TN T Y T AN T TN T 1
10 15 20 25 30
95% CL upper limit on HH signal strength iy

---- Expected limit (95% CL) 3
3 Comb. exp. limit £ 10

scalar X from the different HH

gw‘i—””' Aﬁ.A:S Ir’rellinl'lil;all}:lnlmll o T

] o r f Vs =13TeV, 126 - 139 fb-" 3

Cross section limits on a BSM Ol Spin-0 :
:103,5- —— Observed limit (95% CL)

[ Comb. exp. limit + 20

channels. Ref:

102 ' S -
ATLAS-CONF-2021-052 N
101?— bbbb E

- —— bbt*t-

- —— bbyy

10° —— Combined -_—
El L_L_L l L l L il L 1 l L L L L 1L 1 | L ll 1 _—Il E
200 300 500 1000 2000 3000
mx [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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