Higgs Self-Coupling
Measurements

SM@LHC@FNAL

Maximilian Swiatlowski,
On behalf of ATLAS

TRIUMF




e First, my apologies

e This talk was intended to also include CMS results, but due to organizational
complications the speaker invitation went out extremely late

e | was not able to include the excellent CMS results on this topic (or attend the
conference): my apologies

e Please check these great results at your leisure!
e Thankfully, Daniel provided a great overview already yesterday!
e Especially check out the great boosted 4b result he highlights
e See also Ana’s talk on EFT’s: many relevant results in that talk

¢ And many thanks to Pier Paolo for the introduction!
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https://indico.fnal.gov/event/59091/contributions/270364/attachments/168805/226268/HH_YSF_DGuerrero.pdf
https://indico.fnal.gov/event/59091/contributions/270408/attachments/168758/226194/EFT_SMatLHC.pdf

The Higgs Potential

The SM Higgs potential is:
V() = —p¢” + Ao

. W
The field “rolls” into a lower energy state,

— v = 246 GeV

the initial symmetry is broken, the field
acquires a hon-zero vacuum expectation value

But many other shapes could
have caused the same physics

\-

-/

We have no knowledge of the actual shape: just some of its properties
Why does this matter?
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Why Measure the Potential?

Many models alter the Higgs potential

Models of “electroweak baryogenesis”
have the Higgs potential
undergo a phase transition, which
could explain matter-antimatter asymmetry | | | |

o sl VO O)

F

C.Wagner

This phase transition requires
modifications to the SM potential! V(T)

\

And generically: it’s hard to alter only the potential,
and not change any other Higgs couplings!

If we can measure the shape of the potential, - 5 e ——— e
we can find hints of
fundamental, critical new physics!
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https://indico.cern.ch/event/731450/contributions/3111430/attachments/1712416/2761193/Fermilab.WC.09.18.pdf

How to Measure the Potential

The SM Higgs potential is:
V(¢) = —p¢” + Ao’

Expand around the minimum, get:

V =V + M2h? + Mvh® + ...

= v = 246 GeV
A

L 5 9 m% 3 8 GEE060T , H

— VO _|_ §mHh I 2/02 /Uh _|_ 2 K, Kk///

P | ————

This is the mass: [ H ™\
well measured © & 76600000t ¥ “H

This term is the Higgs self-coupling e ms

The SM predicts di-Higgs production = HHH ™ 94,2
This higher-order term tells us more Ky = AHHH
about the shape of the potential! )\%J\Ig =

M. Swiatlowski (TRIUMF) 5 July 12,2023



o\
(L\)f

Self-Coupling with Di-Higgs

E 76660000 > — — ————. H
Y

E 6666000 - — — ———_. H
K;

This coupling is what we want

This process has the same final state,
to measure

but K, doesn’t appear: no information

This tell bout the sh
IS tEllS US about the shape about the Higgs potential

of the Higgs potential

These two processes destructively interfere in the SM,
leading to very low cross section

Also important: K; always appears with K;:
sensitivity can change if K, allowed to float
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Measuring with Di-Higgs ’(‘z\),

= 102..................“.
If K, isn’t the SM value S
. . o« o i
interference diminishes: g |
larger cross section! LI
But while the cross section 107 E
can increase, the lowest : :
My component is what e T T s TR ]
is most enhanced 02 N v
14 TeV
. 0.1:- ’
Measuring K, is challenging: 8 V.. / N
need both rate and shape Ele e
information for best S b T e - triangle |
. ' T S interference:
constraints | arXiv:1910.00012 — sum
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https://arxiv.org/abs/1910.00012

 Trigger on diphotons;|
| _V(ET > ‘35,25 GeV) _ '.

W g Cleanest signature possible: |
5|gnal rate, but low bkgds too!

 Require two photons #¥%a
,‘ (Leading (subleading) pr/m,,, > 0.35 (0.25)) \

Select < 6 jets;
 (pr > 25 GeV, || <2.5) |

Requ | re 2 b-tagged jet ]

- (€=T7%) o |

Phys, Rev. D 106 (2022) 052001


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

My < 350 GeV

Fail BDT

Pre-selection

My > 350 GeV

Fail BDT
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BDT Score

After pre-selection, split
into high-mass and
low-mass selections

BDT trained in each region:

0.7F

C V{s=13TeV, 139 fb™
0.6F

0.5F

ATLAS

High mass region

107"

01 02 03 04 05 06 07 08 09 .1

¢

HH ggF, «,=1
HH ggF, «,=10

Single H
vy+jets
Data

BDT Score

select low- and high-purity

with BDT

Fit m,, in 4 SR’s

simultaneously
to extract signal
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A))

bbyy Background Estimate o~

> [ | | | | | | | | | | | | | | | | | | | | |
o ol ¢ Data ATLAS -
B - 4 —
1 [ Continuum Background Vs = 13_TeV, 1391 -
N HH—bbyy -
E, 6 Total Background High mass BDT tight _
o | -
Lﬁ i i
4 _
2;\\ ® ® ]
- ] ]
Y ® ¢ ¢ e | @ ® ¢ o —
_I | | | | | | | | | | | | | | | | | | | | | | | | | | 2
110 120 130 140 150 160
m,, [GeV]
Background estimate formed on fit Shape of background from MC,
to m,,, in different signal regions  normalization determined from data

Yy
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> | ' | ' |
@ - ATLAS .
g 10 Vs-13Tev, 139 fb°
N | HH—Dbbyy
N - m; >350GeV
2, 8~  BDT Tight
C
D u
3 i

6 I

4

—Q@ ]
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¢ Data
B HH (SM)
Single Higgs
M ityy
yybb
" yy +other jets
B DataDriven yj
DataDriven jj

150 160
m,, [GeV]

Look for a peak
in the m,, spectrum

near the Higgs

No obvious signs
of new physics

Similar results for
other signal
categories
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Trigger on di-7, £ + 7,]
| orsingleZ |

' Reqmre | or2 loose’ T e
’ m,>60GeV — uu | Balanced S|gnature Th allows for i

- good bkgd suppression

RequweZ b-taggedjets P RT—
L e=T1%) ] | HEP' ()


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

A))

bbrT Background Estimate o~

Thad%had
% — rtprrrrprrrrprerrrprrrrprrrrpr ettt
O C ATLAS ¢ Data .
§ 10° = {s =13 TeV, 139 fb" — ??p”q:;loo E . .
R Jet > 1, fakes (MJ) - from MC, normalization
O 10 Signal Region Z — 1t + (bb,bc,cc)  __ . .
oo F B Jet -, fakes () = floating in final fit
B I Other ]
10% = :.E"v-.._‘___ SM Higgs —
= ] Sély. Uncertainty -
B L I L L Pre-fit background l f rom
10°E = . .
- - - MC, normalization from
N 2) - .
10 ‘+M + — leptonic CR
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_O' _;I T T 1 : T 11 | T 11 | T 11 | I I L | I L I TTT]T | ITIlI TH Fal(e eStimated
1.2F : :
& sete,st »**I’\Q\II I\ ﬁI\\I ' WIE from data using “fake
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A))

bbr7 Strategy and Results o~
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ATLAS o Data
5 - 13 ToV. 139 5" — SM HH at exp. limit

5 Top-quark
10" E™ ThadTha Jet — t__, fakes (MJ)
; Signal Region Z — tt + (bb,bc,cc)
10 I Jet — 1, _, fakes (tt)
B Other
SM Higgs

Uncertainty
----- Pre-fit background
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BDT score bin

Fits to BDT/NN
distribution used for
final analysis

Data agrees well with
background prediction

T1,,4Thaq Nas strongest
sensitivity, but Tlep
channels also contribute
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HH

| Extremely challenging signature: P ———
arXiv:2301.03212

Large signal, but large backgrounds,

b-tagged jets

~— (€ =77%.py > 40 GeV)

 Pair “closest jets” to form
’ Higgs candidates



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29

A))

Triggering on b-jets e~

Fast b-tagging is enormously

complicated: huge optimization

Utilize b-tagging in the trigser
S &S game for speed and performance
to manage the rates! | |

Multi-jet background rates are huge:

ATLAS

EXPERIMENT

eeeeee

Enables efficient recording of 4 jets with pr > 45 GeV,
and only 2 b-tags online
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2018-08/

A))

bbbb Analysis Strategy  €(o

;I 200 B I | [ | I I I - [ [ | T 1 | g-l
() L . -] —
& [ ATLAS SR ] 500 <.
o 180 5 _13Tev, 126 fb-' — o= (CREa @
e — ggF selection, Xyt > 1.5 Sl | - 3
~ 4bdata - T CRZ__ CGJo)
160 — 400
L | 4))
B i B <
— . u N
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- p o 300
120 — : ol
= : .
B ’ =
100 — | 200
80— —
B ] 100
| L 1 [ I LB I | SR | | | L | ;| |
60 80 100 120 140 160 180 200

myy [GeV]
Reconstruct Higgs candidates, form “mass plane”

Center is signal-like; outer regions used for background
and background validation
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Step 0: form “mass planes”

- with leading/subleading Higgs,

for 2b and 4b events

train neural network to
reweight data from 2b to 4b

Step 2: Apply this NN to 2b

comes
from 2b, black points from 4b

Neural network training

Systematics from
alternate regions
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A))

Systematic Uncertainties ¢

Many usual types of uncertainties (alternate regions, etc.)

% n | | |

© o . .

5 20— A TL A S Single Bootstrapped Estimate
é " Vs=13TeV. 2016 24.6 fb~" Bootstrap Standard Deviation
B_ 1.8 ggF Signal Region . Average

© B

17 1.6—

o Z

R 141

II|III|II‘I/lll'l|III|III|III|III|II'|_

1.2
1.0
0.8}
0.6
- L L L L s
400 600 800 1000 1200
My [GeV]

But statistical uncertainties play an important role as well:
bkgd estimate NN very sensitive to fluctuations in training
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bbbb Results

it

>
8 [ ATLAS Post-Fit Background Large range of
500 — . . .

0 "L Vs=13TeV, 126 b N\ stat.+systEmor - 3 signal regions defined
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0 400 = ANy < 0.5, X < 0.95 e E
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- -

200 —tg . .
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Combination

For optimal sensitivity:
combine all three analyses

lJ.A"ﬂ 1 o o o o
— -1
W 10 |nto.a single StE?.tIStlca|
2102 interpretation
> 1 10°
5 — 5
< | 10'4;,_':
& 105 & No single analysis powerful
- e 2 enough to measure these
* 107 processes on its own!
uu
I I l 10-8

| |
bb WW 99 Tt CC ZZ vy Zy LW
higgs | decay
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http://hep.uchicago.edu/~johnda/work/DiHiggsFall2016.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/

A))

Measuring the Potential ¢

Here, show likelihood vs K,

I I | l _I |
S b ATLAS — bbbh - . |
~ | VS-13TeV, [26—130 fb- —— bbTtT ] Minimum here is the
| 8 HH-bbt " tI + bbyy+ bbbb —— bbyy - ‘“best fit”’
- Observed —— Combined |
i Combined: ] 95% C.L. range
o 68%: Ky € [1.0,5.0] = , (e e
I 95%: Kk € [0.6,6.6] ] is the “limit
4, - S A" - 2% = Each of the three
] ] analyses contributes
ok \\ — to the combination
I IO S S ] 68%__|
0_ | | | | | i \\/'/1 | | | | | | | | _0‘6 S Kﬂ < 6'6 is
-5 0 9 10 15

the allowed range:
starting to probe EVWBG!
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< 10 | | | | I | | | | I | | | | I | | | | | | | | I _I _I | |
— - ATLAS —— bbbb )
N | Vs=13TeV, 126—139 fb-" —— bbttT™ |
| 8 HH-bbt*t ™ +bbyy+ bbbb — bbyy —
- Observed —— Combined |
- Combined: _
6 68%: Koy € [0.4,1.7] B
| 95%: Koy € [0.1,2.0] 1
4= NN\ W 90 .
2 \ |
| | | | | I | | | | I ]

05 _ 0

Via dedicated

vector-boson fusion

channels, can also

measure the VVHH

coupling
q q
v /ig\f/ H
4 :
H
q q

Limits set at
0.1 <K,y <2.0
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Measuring with Single Higgs

Single Higgs final states can also be
sensitive to K,

NLO EW corrections give Higgs
cross-section, branching ratios,

and kinematics dependence on K,

(Lv

ATLAS-CONF-2019-049

15 -10 -5

ATL-PHYS-PUB-2019-009

B SM
- —BR,, /BR]

—BR,,. / BRoY.

— BRyy-

—BR, / BRY" -

SM
BR;/BR;

24

M. Swiatlowski (TRIUMF)

July 12,2023


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/

A))

Combining Single and Double €S

Channel Integrated luminosity [fb~!] Ref.
HH — bbyy 139 [17]
HH — bbt*t~ 139 [18]
HH — bbbb 126 [19]
H — vy 139 [58]
H— Z7Z* — 4¢ 139 [59]
H— vt~ 139 [60]
H — WW* — evuv (ggF,VBF) 139 [61]
H — bb (VH) 139 [62]
H — bb (VBF) 126 [63]
H — bb (ttH) 139 [64]

Can perform a combined analysis, using single and double Higgs!

Single Higgs analysis use STXS template fits
for VBF and VH measurements

Explicit checks for overlap: remove ttH — yy due to bi?}/}/ overlap
Perform two types of interpretations:

|. New physics only in K,
2. New physics in any K coupling
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Results:k,

Expected Observed
< 1 O I ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! < 1 O I | | | | I | | | | I | | | | I | | | |
= [ ATLAS ] c [ ATLAS
= = » m— H K, only . — - » - H K, only
Ql | Vs =13TeV, 126—139 fb i N | Vs =13TeV, 126—139 fb i
| 8 Expected SM ik 1 only — | 8} Observed = HH Kk only i
i m— HH + H K) only | i = HH + H K, only
i HH + H K; only: HH + H K, generic + - HH + H K, only: HH + H K, generic -
Al 95%: Kk, € [-1.9, 7.6] _ 6 95%: K € [-0.4,6.3] |
= HH + H K, generic: = HH + H K, generic:
95%: k) € [-2.2,7.7] | 95%: k) € [-1.4,6.1]
s 25% = a= NN\ 95%
2 - — o —
___________________________________________________________ 68% __ 68%
0 5 —— 0 = 5 1 10 1 15 0 [ N L1 L1 |
- -5 0 3 10 15
KA KA

Di-Higgs provides stronger limits, but Single-Higgs helps!
Combination provides strongest limits

interpretation allows other K values to float:
Would be dramatically worse without Single Higgs!
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~ 1.4

| | | | I | | | | I | | | | I | | | | I | | | | I | | | |

. ATLAS — 68%CLHH+H _

[ Vs=13TeV, 126—139 fb"’ == 9%CLAH+H T
1.3 Al other k fixed to SM — 68%CLH —
| Observed == 95%CLA i

- —— 68% CL HH i

. ——. 95% CL HH —

1.2 — Y% SM predicton
— oo BestfitHH+H A
1.1 N n
L ‘ —

I

i I i

1+ / —

- ) i

- y i

| V4 _|
0.9 n

| | | | I | | | | I | | | | I | | | |
10 -5 0 10 15 20

N . Ky .
Di-Higgs measurements cannot simultaneously constfain K; and K
Single Higgs allows the Combinations to be sensitive to
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Conclusions

ATLAS has performed a unique,
new measurement combining

<O 7T 1 T T
- ATLAS il I I 1
S | st mey single and di-Higgs final states to
' B[ Obsenes — HH+HR oty ] measure the Higgs self-coupling
i HH + H K, only: HH + H K, generic -
6 95%: K, € [-0.4,6.3] N
= HH + H K, generic:
. FresmAsd o With more physics constraints,
f we can relax the model
T ] assumptions and test more
oL ) 5. o ] ‘realistic’ deviations from the SM
K
This combination provides the most
-04 <k, <6.3 P

precise,and most general,
constraints on the Higgs self-coupling
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Constructed from figures in
arXiv:1610.07922

l.

VH

(H + leptonic V')

y
| qq —~ VH |
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(+)
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A))

More on Single Higgs v

-2 In (A)

ATLAS Preliminary
\s=13TeV, 36.1-79.8 fb™
Asimov dataset (k,=1)

my = 125.09 GeV

— ggF — VH

— VBF — ttH

-2 1n (A)

ATLAS Preliminary

\s=13TeV, 36.1-79.8 fb™

Asimov dataset (i, =1)

my, = 125.09 GeV

— H—yy — H—-WW* H—tt
—H—->2722* —H-—>bb

0
9
8
7
6
5

26 20

N W A 0 OO0 N 0o o o

1o

—

N
III|IIII|IIII|IIII

o

O_IIII|IIII|IIII IIII|IIII
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10

K, LY
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o

ATLAS Preliminary e pp_H, ggF

Vs=13TeV, 27.5-79.8 fb™

Expected (x, = 1) = pp—H, VBF

pp—H, VH
= pp—H, ttH

w— pp—HH, ggF

TS "~ 68% CL, E
Co v b by -

—020 -15-10 -5 0 o5 10 15 20
Ka
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Generalized Limits on k; ’(‘z\),

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value™ 11
HH combination 0.6 <k <66 -21<Kky<78 k=310,
Single-H combination -40<ky; <103 =-52<ky<115 «ky=2. 5“;3
HH+H combination -04<k1 <63 -19<k <76  k=3.0775
HH+H combination, «, floating 04 <k <6.3 -19<k;<7.6 Ky = 3. 0+112
HH+H combination, ;, Ky, Kp, K floating —1.4 < k3 < 6.1 22 <ky1<7.7 Ky =2. 3%5
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