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Several processes at the LHC sensitive to Higgs self-coupling

Trilinear self-coupling Quartic self-coupling to vector boson coupling (gauge)
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HH Quick Review

3 golden channels across
ATLAS and CMS




HH Experimental Signatures: “golden channels”

ﬂ st Higgs decaying t© bottom-quarks: \ G\d Higgs determines the nature of the experimental search: \
largest branching ratio, coarse energy resolution cleaner signature vs higher statistics ...
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Three “golden” experimental channels:

BRs bb WWwW T ZZ YY
» H(—bb)H(—bb)
bb E largest branching ratio (34%)
huge QCD multi-jet backgrouno
WW 25% 4.6% Combining with
» H(—bb)H(— 1) all channels will
T 7.3% 2.7% 0.39% moderate branching ratio (7.3%) be important to
multi-jet rejected thanks to tau leptons achieve first
Y4 3.1% 1.1% 0.33% evidence!
» H(—bb)H(— YY)
A tiny branching ratio (<1%)

clean signature and great resolution
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largest total BR(~34%), very large QCD background: acceptance x efficiency ~ 1%
b-tagging algorithms and b-jet pairing are critical, data-driven background estimate

targeting ggHH (low/high-mun) and VBF categories simultaneously
ATLAS: fit to mnn distribution / CMS: fit to dedicated BDT discriminant for ggHH (mnn for VBF)
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HH(—bbbb): resolved topologies
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HH(—bbbb): boosted topologies

* large-radius QCD jet: Higgs reconstruction as boosted system — strong background suppression BR bb
e combined information from: Higgs kinematics, Higgs mass, QCD jet sub-structure, b-tagging
e strong sensitivity to kV coupling (large boost when k2V deviates from SM) bb -
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HH(—bbTT)

* combining fully hadronic (dominant) and semi-leptonic decay channels BR T
 large ttbar and data-driven fake-tau background

. . . . 0
e targeting ggHH (low/high-mpr) and VBF categories simultaneously bb | 7.3%
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 MVA technigues to distinguish signal from continuum yy lbackground

HH(— bbyy)

 targeting ggHH (low/high-mnH) and VBF categories

 fit myy distribution to control the background and extract the HH signal
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Focus on recent results
from ATLAS and CMS

what can we gather from other
decay modes?




Recent results: ATLAS HH multi-leptons JHEP08(2024)164
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Recent results: ATLAS HH multi-leptons

JHEPQ08(2024)164

5 | amas  Data Important contributions from all channels
@ % \5_13Tev, 14010 —SM HH % 100
- 3y Diboson
%0F signal region B or-promp oi
40- Post-fit Other Sensitivity to constrain ky Ob d ] +1
77 Uncertainty driven by low-pr signal ATLAS ° Serve =10
L --- Pre-fit bkg. y IOW-pT signa Expected _0) [ 42
BOT fit in ML 30// e acceptance o Expected (upy =0) +20
/ G in the 41+bb channel Vs =13 TeV, 140 b Expected ( _ 1)
channels 20} %}// " P HHH
Y4 /7{ 0ggF+VBF(HH) = 328 fb Exp
10) e OO0 (MHH=0)
W e, 40 + bb- de 39 35
2 .05} P
% 1k m‘+f ks )+///;ff_-f,_«_ _/_z_/_/';; 50555555545 ;4//// % _> 3+ [ c? 19 29
SO . YT 4: """"" 20SCH ¢ d 32 42
‘955 06 065 07 075 08 085 09 095 1 : i
BDT score 2/SC+Thad- g e 79 63
20 + 2Thag de 41 37
> | ~ § =T F & 307 ¥ & i & TV Ay LY Ry &R | - :
o sol ATLAS ¢ Data _. [+ 2Thag iq. 46 46
o - {s=13TeV, 140 b —SMHHx100 VY + 2(, Thad) d e 53 41
- YY+L Single Higgs j .
S 40f BDT Loose B yy-continuum ] _> vy + L ¢ °® 51 29
0 - Post-fit 72 Uncertainty - . :
30:_ : YY + Thad [~ o ® 112 60
L | nedML- & 14 14 |
Myy fit In ML . Combined o |
channels Combined yy + ML= o 45 21
10
s 0 95% CL upper limit on HH signal strength Uy
< 1.25}
=1
g 075 Kn € [-6.2, 11.6]obs (-4.5, 9.6)exp

k2V c ['2.5, 4.6]obs ('1 .9, 4.1)exp


https://link.springer.com/article/10.1007/JHEP08(2024)164

Recent results: CMS HH(—tTYY) OMS PAS HIG-22-012 (2024)

CMS targets tTyy with a specific analysis: 5 dedicated channels based on tau decay signatures

BDI trained to categorise signal —> Hit of Myy Spectrum —> Limit on self-coupling
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Recent results: CMS HH(— bbWW) JHEP 07 (2024) 263

Second largest HH BR after 4b final state: ~ ¥4 of HH pairs decay to bbWW | eocosesintie sy pa

Nevertheless, very hard to reconstruct experimentally due to complex WW decays ar | ww B

bb 25%
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Eur. Phys. J. C 83 (2023) 519

Recent results: ATLAS VHH(4b)

ZHH and WHH production in the 4b final state (small XS, maximising BR)
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... and projections
towards the LHC
future

Combinations ...




HH combinations - signal strength

No single golden channel: HH combinations will be the key towards evidence and observation

Phys. Rev. Lett. 133 (2024) 101801
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HH combinations - self-coupling parameters

No single golden channel: HH combinations will be the key towards evidence and observation
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HH production: looking towards LHC Run-3

HH searches limited by statistics (5-20% impact of systematics):
additional O(300/fb) of collected luminosity will result in an O(70%) improvement in analysis sensitivity

Experimental improvements: main focus on signal acceptance - can we retain more HH events?

Example: ATLAS b-tagging algorithms
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4x better background
rejection for the same
signal efficiency !

see talk from Frank this afternoon !

Example: CMS new triggers

Trigger Efficiency
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HH characterized by soft hadronic jet activity:

data-parking approach allows to drastically
Improve signal efficiency

Many more (not public) advancements in experimental techniques: we can do better than simple lumi-scaling (as shown during Run-2)
Full Run-2+3 results can close in on pyn limits around (1) - possible first 3o from ATLAS+CMS combination? “(this is of course personal divination)

(2)


https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-07/fig_01.png
https://cds.cern.ch/record/2868787?ln=en
https://indico.cern.ch/event/1376030/timetable/#59-challenges-and-opportunitie

HH production: looking towards HL-LHC

Both experiments provide important HL-projections for HH searches:
not based on the most up-to-date results, so to be taken with a grain of salt !

(this is essentially a lumi-scaling with different scenarios for systematics)

ATL-PHYS-PUB-2022-053

Tl I I | I ol I b I I I I I I I I | (L I L

20 ATLAS Preliminary _

N Vs =14 TeV, 3000 b -
- HH - bbyy + bbt* T~ + bbbb .
16k Projection from Run 2 data _
Asimov data (k) = 1) :
—+— No syst. unc. -

-—o— Baseline

_2AIn(L)

12 __ Theoretical unc. halved __
- -+ Run 2 syst. unc. -
8 I —
A= NN e 95%
T "\ A st 68%
() | | | | I | I I | f¥~ A | | | | I | | | | I I .| I | | | | I | | | | I | | | |
=2 —~1 0 1 2 3 4 5 6 7/ 8
KA

Of course with a drastic improvement of luminosity the hierarchy among HH
changes (largest improvements to bbyy, due to limited stats)

Large effort from both ATLAS and CMS to
update the HL-LHC HH projections shortly !

CMS Nature paper

CMS
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---- Median exp.
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https://cds.cern.ch/record/2841244/files/ATL-PHYS-PUB-2022-053.pdf
https://www.nature.com/articles/s41586-022-04892-x#Sec7

HH production: looking towards HL-LHC  aweuvs-pus-2oea-01s

Updated HH(bbtT) HL-LHC projections from ATLAS: in-depth work to account for experimental advancements !

(assuming SM) (assuming SM)
5 ° ATLAS P o —4— No syst. unc. | 'l"T 13 ATLAS F'>rellir;1in‘a'  + Run2systunc. 113 Bounds Higgs self-coupling vs
:% 7: refiminary —s=— Baseline :7 S 49 : I 14 TeV "y Theo. unc. 50% : » LHC luminosity (assuming SM)
| Vs =14 TeV . ) - = e L . :
S | HH-bbttT _:_ Eﬂage"nf’ dMC scaled . 2 | HH-bbt*T" ) Szz:::::’ MC scaled - (different colours = different
C 0 L o scale - = - L. = : . .
% 6 i;l;\u?n Iiiga;)\//l projection Theo. unc. 50% 6 % 9t Run 2 legacy projection No syst. unc. 19 systemahc uncertainties
D | 9 —4— Run 2 syst. unc. 2 [ = —- — > ’ | scenarios)
i : > . -
4l 14 S 5 _, 15— inabsence of systematics
| f o | — e j we could resolve the ka
3l 13 X 3f =====24 13  degeneracy with O(2.5/ab)
I : (o)) [ ' .
; ] (] R R R PR TP RS 11 (stronger impact of bbyy
°f 12 B — ——————== " expected herel)
1E = — —— —¢ A
19000 1500 2000 2500 3000 000 1800 2000 2500 3000
Integrated Luminosity [fb~1] Integrated Luminosity [fo~1]

Close to 30 from single channel:
HH(bbTT) alone is close to the previous HL-LHC
projection from 3 golden channels combined !

Showing the important of updated projections, accounting for:

iIncreased luminosity, com energy, algorithmic improvements in object
reconstruction, theory and MC improvements, analysis technigues

 Run-2 syst. unc. = same uncertainties used in Run-2 analyses
 MC scaled = Run-2 syst. + MC stat. unc. scaling with luminosity

* baseline = Snowmass recommendations expected HL-LHC perf. (ho MC stat. unc.)

e baseline, MC scaled = “” + MC stat. unc. scaling with luminosity



https://cds.cern.ch/record/2910850
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/HighLumiLhcSystematics2018

HH production: looking towards HL-LHC  aweuvs-pus-2oea-01s

Updated HH(bbtT) HL-LHC projections from ATLAS: in-depth work to account for experimental advancements !

(not assuming SM) (not assuming SM)
= 2y n12 5 T
T ATLAS Preliminary —._ 2°%*:"" 111 = | ATLAS Preliminary = Runzsyst une.
; _ -1 _ ] W= ~ eo. unc. 50% |
§ 10 Z;:})%Ifl/_3 ab —* = Baseline, MC scaled - 10 O Vs = 14 TfVL3 ab™1 B Bascline j — our knowledge of ky at the end
= qf Hne. SV © 10 Run2legacy projection 110 depend on the universe’s
c 8r Run 2 syst. unc. ;8 [ Run 2 (SM) 3 . P . .
.(%’ 7k 17 8 ‘ == 3 mplemgntahon .of Higgs self-
; : _ . I ] interactions !
of i° 6f B O — 16
Sf ';5 I : 1 I ]
4 4 ] 4 4 ] i i ] 4
: : [ 0 l )
“t | b of . . {0
1k U 11 . " . .
N | ] | |
O e P T U TSP S B P S ] O -2 | 0 ] -2
2 1 04+1 ,2 3 4 5 6 7 8  beeeeoiiin T A
‘o K 2 -1 0+«1"2 3 4 5 6 7 8
Standard Model ‘ot K
Standard Model
Will we observe HH production?
yves*, if kais lower or equal to the SM,
or much larger Showing the important of updated projections, accounting for:
significantly reduced sensitivity for k ~ 3.5 iIncreased luminosity, com energy, algorithmic improvements in object

reconstruction, theory and MC improvements, analysis technigues

*yes = potentially


https://cds.cern.ch/record/2910850

Indirect probe of Higgs
self-coupling

via corrections to single-Higgs
production




Alternative probes:

single-Higgs production

Consider the main Higgs production mechanism at the LHC: Higgs gluon-fusion gg-

q g :
\\ H
\
\
...... H t t /.I-ﬁj/\- s H
/
// H
q g t

Higher-order corrections introduce a dependency on sca
(Higgs loops: much lower cross-section - but sizeable dif

ar-self-interactions !

erential effects)

This is true for all

Higgs production

maodes, as well as
decay diagrams




Alternative probes: single-Higgs production

Jotal cross-section variations moderate compared to HH
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Single-Higgs measurements much more precise than HH:
some sensitivity to moderate variations of yields (and shapes)

Note: no differential parametrisation of self-coupling effects in ggH
(only yield variations)



https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/

Simultaneous measurement of top Yukawa and Higgs self-coupling

HH cross section

largely degenerate in the top-Yukawa and Higgs self-coupling Combined H+HH
_ _ model iIndependent constraints on Higgs coupling
Single-H cross-section (Yukawa + gauge + self-interaction)

looser bounds on ky but sensitive to Higgs-top Yukawa

| 4 Ehys.Lett. B 843 2023) 137745 _ 13CMS axiv2aorisses 138 fb’ (13 TeV)
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1.1 B \\ ] i
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(Wlth kt, kV, kb, k'r ﬂOatlng) (With kt, kV! kb! kT, k2V! kl-l ﬂoating)


https://arxiv.org/abs/2407.13554
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

Simultaneous measurement of kv and koy

HH cross section

largely degenerate in the Kv and kav CM S arXiv 2407.13554 138 fb'1 (1 3 TeV)
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ATLAS does not consider single-H constraint in key measurements *yet*


https://arxiv.org/abs/2407.13554

Quartic coupling
and HHH
experimental
considerations




SM HHH production: experimental overview

Currently unexplored at the LHC

(interest from both ATLAS and CMS with current dataset) Uiy ErEss-EaE o (FUbs)) OEmely Gl Hne g

»  relying on H(bb) decays for maximum statistics [HH(4b)H(yy)?]
»  non-trivial Higgs reconstruction (jet-pairing)

~h »  large-radius-jet might bring large improvements ?
g 020999909990 ~ i
A K- -==-===- h XS(k3,k4) formula from
o LHC Run2 OHHIOsm EP“’Céi‘i%l??.iiééi??ﬁ%fztiih;
\\\\\h 200 - *shaded blue area
i represents bounds
g 00099999 1 ,h o h 1750 on self-coupling
s’ .’ 1 O O parameters from
h ,’ - perturbative
A - - & ---&----} 1200  unitarity (EPJC 84
(2024) 366)
g 00999999 ~ O ]
g 920999000, o h 800
bty 100
o <t i
S 400
g 99909999 - “h
—200- 200
Note: currently *no* HHH cross-section calculation at 13 and 13.6 TeV!
—300+ 50
»  possible sensitivity to O(500-1000)xSM already with Run(2-3)? 400-
[~40-80fb around HH territory] >
» interesting bounds on ks as well

S L ) . _ ] . . . . . 0
(competitive with single-H / minor HH decay modes] 50920 ~15 —10 =5 0 5 10 15 20 25

| iIs!
»  see HHH whitepaper for more details! K3 (plot courtesy of Pim Bil) @



https://cds.cern.ch/record/2903386/files/2407.03015.pdf
https://link.springer.com/article/10.1140/epjc/s10052-019-7457-1
https://link.springer.com/article/10.1140/epjc/s10052-019-7457-1
https://link.springer.com/article/10.1140/epjc/s10052-024-12722-9
https://link.springer.com/article/10.1140/epjc/s10052-024-12722-9

HHH production: experimental overview

Kinematic information can provide additional sensitivity to k3 and (to a lesser extent) k4 coupling modifiers (similar to HH)

- 0.025 - 0.03¢ —
< B T K=l < - (Truth-level HHH mg5 MC study) Ka=T1.K =1
— - K3=1,K4=2 : - K3=2,K4=1
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B _|_|"'r .. K3=1,Kk=10 0.02— K3=10,K4 = 1
0015_ _ﬁ K4=—1 : K3=—1,K4=1
B 1] JJJI 0.015—
0.01— I -
B i 0.01—
- d -
0.005— —
— Invariant mass for different 0.005 B Invariant mass for different
B quartic coupling scenarios = trilinear coupling scenarios
) oo e b by b by by oo e e e P e e
900 400 500 600 700 800 900 1000 (900 400 500 600 700 800 900 1000
M., [GeV] M., [GeV]

Interest from ATLAS/CMS collaborations - only way to access quartic coupling / complementary sensitivity to trilinear coupling
stay tuned for experimental results soon !






Conclusions & Outline

Large research program for ATLAS and CMS to investigate Higgs self-couplings and scalar
self-interactions, from current Run-2 results - to Run-3 and HL-LHC projections !

Huge advancements in our experimental investigation of HH production during the LHC Run-2:
building confidence and expertise to reach results we thought only possible with the HL-phase |

Focus on golden channels, but not only: important contributions from all decay modes.
Critical role of combinations to extract the full information from data (in the most model independent way)

Projections towards HL-LHC are important to convey the physics reach of this research program.

Growing interest towards HHH production: a first look at the Higgs quartic coupling”? Not for today - but stay tuned!




Thank you for your attention !







HH signal phenomenology



HH signal phenomenology

main production mode through gluon fusion (ggHH)

e XS(ggHH) =31.05 fb at com = 13TeV

* strongly suppressed by interference effect

e sensitive to trilinear self-coupling and its variations

Kt
g 0002299999999 > @---------- H g 0000090999999
Kt
A Y A Se------
H
Kt
g 0090099000000 - @---------- H 8 .20900200000000

next leading production mode is vector-boson-fusion (VBF)

o XS(VBF)=1.726fb at com = 13TeV
e sensitive to trilinear self-coupling and quartic VVHH coupling (k2V)




HH signal phenomenology: HH Cross-Section e

HH production at 14 TeV LHC at (N)LO in QCD
M;=125 GeV, MSTW2008 (N)LO pdf (68%ocl)

MadGraphS aMCE@NLO




HH signal phenomenology: interference and variatic sz
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HH signhal phenomenology: interference and variatic e

back-up

destructive interference between triangle and box terms
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HH production at 14 TeV LHC at (N)LO in QCD °
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HH signal phenomenology: ggkF HH

Cross-section shows strong significante shape variations for the m(HH)
dependence on the tri-linear coupling variable, as a function of the tri-linear coupling
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HH signal phenomenology: ggkF HH

K,=0: no triangle =

Increase of cross-section SlgﬂlflCaﬂte Shape VaﬂathnS fOr the m(H H)
o 0Adrrrer e |, 200VE 2, + large tails variable, as a function of the tri-linear coupling
< - ATLAS $imulation :
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|K,|>10: trilinear dominant
= peaks at 2*m



HH signal phenomenology: ggF HH and quartic cou|. =«

We got a private POWHEG model from Luca Rottoli (one of the authors) which implements the
coupling modifiers k; and k, at LO order in QCD

,Xg «X4
K3:>\S—M:1+AR3’\M:)\S—M
3 4
. g s $— oo h (e [NUITRTTIEITRS .  \s h 9
Cross-section for pp—hh ~ { + e

2,2

Cross-section for pp—hh ~ po + p1 k3 + D2 K4 + P3 K3 + Pa K3ka + D5 K5 + Pe Kika + D7 K3ky + Ps Kiky
[polynomial in ks and Ka4]

Generated cross-section values for combinations of (k3, kK4) and fit a polynomial through the points
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HH signal phenomenology: ggF HH and quartic cou|. ex«w
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BF(HH) is also sensitive to the tri-linear coupling
(XS always lower than ggHH thoug

10E

10

HH signal phenomenology: VBF HH

unigue sensitivri
(e.g. if we see C

'y 1o the VVHH coupling k2V

eviations in KV, we can use
k2V to determine if H is part of a doublet)

vvvvvvvvvvvvvvvvvvvvv

:_ —goF o,/ oiM
- —VBF o,/ oM

o (pp—hh)/o(pp—hh)sy
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Higgs self-interactions and Higgs potential



V(¢p), today

Standard Model
potential

what we

know today
-0.4 <A3/SM<6.3

The RHiggs Potential

V(¢), 2040 (HL-LHC)

/ 0.5<A3/SM < 1.6

V(¢), 2080 (FCC-hh)

Standard Model
potential

what we may
know in 2080

/ 0.97 <A3/SM<1.03

V(p), 2060 (FCC-ee, 41P)

Standard Model
potential

what we may
know in 2040

Standard Model
potential

what we may
know in 2060

(=" 076 < A3/SM < 1.24

V(¢), 2080 (FCC-hh)+k4 (direct)

Standard Model
potential

what we may
know in 2080

/ 0.97 <A3/SM < 1.03

. ~1<A4/SM<6.5
0 1

As as measured




The RHiggs Potential

The Higgs Potential in QF T textbooks of the future
(might still be the Standard Model realisation)
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Landau-Ginzburg Higgs Nambu-Goldstone Higgs
Coleman-Weinberg Higgs Tadpole-Induced Higgs

1907.02078


https://arxiv.org/pdf/1907.02078.pdf

Higgs self-interactions and Higgs potential v«

https://arxiv.org/pdf/1907.02078.pdf

Alternative Higgs potential models

—m?HTH + \(H'H)? + %2(HTH)?, Elementary Higgs
pseudo Nambu-Goldstone boson emerging from strong
dynamics at a high scale

NHTH)? + e(H'H)?log “ 3%, Coleman-Weinberg Higgsl EWSB is triggered by renormalization group (RG) running effects
—k3VHTH Tadpole-induced Higgs |EWSB is triggered by the Higgs tadpole

V(H) ~

100 TeV, 30 ab™"

o

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs : ]

- o & ]. HL-LHC
minimal composite Higgs model/ ] \*} 1L C500
composite twin Higgs model : S ) FCChh
different coupling to top quark - /

1907.02078
Courtesy of Elisabeth Petit Models
h
! R/ Assuming a measurement of the HH cross-section with a 1-sigma 5% precision

[arXiv:1511.06495]


https://arxiv.org/pdf/1907.02078.pdf
https://arxiv.org/pdf/1907.02078.pdf

Precision in Higgs self-coupling measurements bz

~ _

with 50% on self-coupling measurements from HL-LHC F| rSt ord er hase
5k, ~ O(%) » )
transition at EW scale

5k, S O(%) EW symmetry restc?ration
VS non-restoration

The questions we can answer (completely) are limited with current colliders !

Can we do better than coupling variations? Yes (of course): Effective Field Theory approach

h6 V2 4 B
°CZ=°CZSM+E 5’&"’%, A~1TeV =>\5KAN. )

New physics at the TeV scale would be barely visible through self-coupling effects ... (560%)

https://indico.cern.ch/event/1359386/ @



Precision in Higgs self-coupling measurements bz

Leading Order operator for HH: what new physics (coupling to H) live here that can generate this new interaction?

’IX"A)%hh Vz There’s a chance
OK; ~ EE ) 0(50-100%)
........... A’SMmX mX

ooooooooooooo

This new scalar state mixes with the Higgs, hence modifications enter in all Higgs couplings (gauge, Yukawa):
important to account for this with model-independent combinations (H+HH) and further with EFTs

https://indico.cern.ch/event/1359386/ @



Precision in Higgs self-coupling measurements v«

(Loop contribution is also present, but much smaller effect than tree)

-
et

/13 2
LA — 10~ - 10!

5Ky ~ ——
Y 2422, m}

S e, X

https://indico.cern.ch/event/1359386/ @



Precision in Higgs self-coupling measurements bz

If we add dim6 operators to obtain large (visible) self-coupling variations: we have a new scalar state coupling at tree-level

Mixing with SM Higgs, and producing HH final states:
resonant production important to consider in combined interpretations with non-resonant HH production

(due to the level of achievable precision and the model-dependedness we want)

Final message: HH (resonant + non-resonant) good probe for wide set of simplified models (e.g. 2ZHDMs)
a common interpretation can be beneficial in setting the scope
(energy + precision)

https://indico.cern.ch/event/1359386/



Vector Boson Scattering

¢ In the SM, the Higgs boson is part of a SU(2)L doublet, connecting Higgs with vector boson interactions

c,yhhVV &  c¢,hVV = ¢, linkedto ¢y,

X CZV

X CyCy

‘/ h //
---®_  onlyviahh

v h N

¢ However, this is not necessarily the case, the Higgs-like scalar found at the LHC could be instead a singlet
under the SM gauge groups is EWSB is realised in a non-linear manner / Goldstone
bosons

20 () o)

Higgs field

physical Higgs
particle

In this scenario e.g. the hhVV and hVV couplings
become independent model parameters @



Feasibility of HHH at LHC Run-3 - (3) proof-of-principle HH(4b)

SM double(triple)-Higgs production happens at low transverse momentum !

10°
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Transverse momentum of one Higgs boson
produced in HH events (theory calculation)

Bulk of the cross-section is lower than the “boosted” regime!




Feasibility of HHH at LHC Run-3 - (3) proof-of-principle HH(4b)

CMS HH4b manages to extract sensitivity from the tail as from the bulk
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Feasibility of HHH at LHC Run-3 - (3) proof-of-principle w=w ))

13 ATLAS BB cms

41 (5292
PLB 801 (2020) 13514
30 (37

CMS-PAS-HIG-20-00

bbVV(iviv)

bbZZ(4)) Di-Higgs has no golden channel leading

the sensitivity in a dominant way

CMS-PAS-Hzle-Zg-ZO(gg Multilepton
Add an extra channel by including the
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arxivarap ) bbbb resolved sensitivity
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4.7 (3.9)
ATLAS-CONF-2021-030
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Feasibility of HHH at LHC Run-3 - (3) proof-of-principle w=w ))

CMS manages to exploit simultaneously & complementary
 event kinematic
* large-R jet substructure
* flavour tagging
* mass information

Powerful tagger is not only key to disentangle very high pT regimes

The HH(4b) results show how this approach can replace the “analysis MVA” very successfully,
by tagging very rare signal events and suppressing backgrounds even for moderate pl.

== the tagger does better than the custom-designed analysis high-level MVA
then better go as low as possible in pT with large-R jets and let the tagger disentangle S/B



HHH signal phenomenology
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HHH signal phenomenology
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HHH signal phenomenology
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HHH signal phenomenology
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HHH signal phenomenology

M(HHH) variations as a function of tri-linear and quartic Higgs couplings
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HHH signal phenomenology

So far only studied in literature at 100 TeV

colliders: we want to investigate it in Run-2
and Run-3

(T((';;, (1,3)/(781\1, 100 TeV

Ky = Ayl Aspy

K3 = A3l Asy

SM T, @13 TeV ~ 0.1 fb (NNLO)

-3 ) ~1 0 1 2 3 4

u

WNSo /o

3 Zaro et al. (2019)




HHH signal phenomenology

?
How does o /o change:

OHHHIOsm
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Analytical formula O, . (k, % ) / O\

OnuH

= 1+0.0309 «; - 0.2079x; + 0.0407x;%;,
OsM 4 0.7384k + 0.0156x - 001450k,

- 0.1078k, - 0.6887«,

x,: O(10-20)
x,: 9(100-200)

Oy UP tO ~ 30 1b
(close to HH production)

Zaro et al. (2019)




HHH signal phenomenology

OHHH(K3)/osm for fixed kg = 1
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Zoom: single-H sensitivity to self-couplings



Self-couplings through single-H corrections
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Self-couplings through single-H corrections e

Indirect sensitivity to Higgs self-couplings - tiny effects up to O(5%) - but lots of single-H events produced at LHC !
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Self-couplings through single-H corrections e

Di-Higgs analysis channels currently combined G—)

[=
)

Single-Higgs results from Nature paper
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
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Di-Higgs analysis channels currently combined €|—> Single-Higgs results from Nature paper
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Di-Higgs analysis channels currently combined €|—> Single-Higgs results from Nature paper
Combination assumption Obs. 95% CL Exp. 95% CL Obs. Valuetllg
HH combination —0.6 < k1 < 6.6 2.1 < k1 <7.8 Ki= 3.1%@
Single-H combination -40<k; <103 -52<Kky <115 k= 2.5’:%:g
HH+H combination -0.4 < k3 <6.3 —1.9 <k <7.5 Ka = 3-0:_13
HH+H combination, «; floating —04 <k <6.3 -1.9< k) <7.6 Ky = 3-042:;'_:9
HH+H combination, «;, Ky, Kp, k¢ floating  —1.3 <k, <6.1 —2.1 <ky <7.6 Ka = 2332%)

ATLAS-CONF-2022-050

Higgs trilinear self-interaction parameter constrained
-0.4 <kn<6.3 [most-stringent]

-1.3<kr<6.1 [most-general]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
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Higgs potential

M =AM ~0.13
1 1 ~ o
V(H) — §m%{H2 -1 /\3’UH3 -1 Z)\4H4 + O(Hs), Vv ::‘___ H

VEM(®) = —p2(DT®) + A\ (DTP)?

| e --_H
» sensitivity to Higgs tri-linear coupling from (1) —> : : q % 1 )

direct HH measurements, or (2) NLO EW
corrections to single-H production

Single-H XS parametrised as function of tri-linear coupling moditications

l -
oM em y . (ka—1)C] ’
pi(Ka, ki) = SM Z (ka) | ki + %
EW 1. universal O(Az2) correction from wave function
renormalisation, encoded in ZyBsSM e m::toni et 8:2812
1 2. process and kinematic dependent O(Az) linear +  ATLAS CONF 2019
: : : e ATLAS PUB 2019
BSM _ . _ -3 correction from above type of diagram, encoded in
Zy " (ka) = 2 with 0Zp =-1.536x10 C1 coefficients

> k)= A3/ A3SM @


https://arxiv.org/pdf/1607.04251.pdf
https://arxiv.org/pdf/1709.08649.pdf
https://cds.cern.ch/record/2693958/files/ATLAS-CONF-2019-049.pdf
https://cds.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf

Self-couplings through single-H corrections

» C1 :process and kinematic dependent O(A3) linear correction, from interference between LO amplitude and NLO EW Az corrections
» evaluated through MG5 HiggsSelfCoupling tools

BSM ’ i ] 2%(3\{0* M; SM )
. N~ 9 — 7BSM 2 (ka — 1)Cl C ( )= w: — A3
”I(Kﬂa Kl)_ O'SM - “H (K/l) K; + Kéw 1 p' o A ‘M0|2
signal strength as a function of k: 0.14 —
C1 coefficients encode the sensitivity 0.12 ZH 0('718 -
of the measurement to ki ~ 010 - 13 TeV LHC
g 008
5 0.6 -
L2 0.04 L\—\_\_\_\_‘_‘
Small correction to the total rate, but sizable oo s e
effect on kinematic: key to account for 042
Y ———————— ————————
differential effects .. 20 inclusive ——
— 15
. = 1.0
already the case in past ATLAS results S o5
(2019, partial Run-2 stat) with first STXS bin

measurements 0 50 100 150 200 250 300

pr(H) [GeV]
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Gain from kx measurement in the current single-H combination?

Stage 1.2
pr
. . . . 0
»higher statistics, all analyses with full Run-2
dataset: 60
finer granularity STXS split 120
»ttH is now binned in pTH: 200
differential information sensitive to k) effects -
450
Stage 1.2 _ = VBF+V (—qq)H 00
= 0-jet = 1-jet > 2-jet
Stage 1.2 VH = V(— leptons)H
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Ka fit relies on a parametrisation of the mu POls from the combined workspace as functions of the self-coupling parameter

BSM - .

g kxa —1)C

piln, ) = L = 25 () |2 + (222
- EW -

One word on the C1 coefficients:

»goal is to produce a common C1 parametrisation between ATLAS and CMS

» C1 evaluated via standalone package under the hat of LHC-HXSWG2: final validation ongoing
https://qitlab.cern.ch/LHCHIGGSXS/LHCHXSWG2/STXS/self-coupling-c1

» MGS5 HiggsSelfCoupling tools for LH event generation with k) correction weights
»showering independent from athena / ATLAS sw
»STXS Rivet routine from LHC-HXSWG2 for classification

»C1's evaluated from yoda files

» estimate of TH uncertainties (QCD scales, PDFs, shower tunes)


https://gitlab.cern.ch/LHCHIGGSXS/LHCHXSWG2/STXS/self-coupling-c1
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling
https://gitlab.cern.ch/LHCHIGGSXS/LHCHXSWG2/STXS/Classification/
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TTH STXS categories
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First quick comment based on total XS dependence on kj

Self-couplings through single-H corrections

(no kinematic info here)
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» /1BSM dependence can only decrease the XS
for k) values away from O

>»/HBSM = (0.9 for k) ~ 8
> /ZyBSM = 0.99 for k) ~ -3

» non-ttH XS fairly stable for positive k) values: larger error k
on the upper-side

» XS decreases on the lower-side uncertainty range for all
prod. modes (rapidly for ttH):
smaller error k) on the lower-side

»ttH behaviour rather different than other production modes:
largest C1’s positive increase for k) > 1




Self-couplings through single-H corrections
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HH analyses and combination



HH combinations

BRs bb WW T 77 YY
bb
WW 25% 4.6%
TT 7.3% 2.7% 0.39%
/7 3.1%
YY 0.26%

Three combinations typically favored:

H(=>bb)H(=>bb):

largest BR, but huge QCD multi-jet
background

H(=>bb)H(=>TT):
moderate BR, multi-jet rejection
due to presence of TT

H(=>bb)H(=>yy):
small BR, but very clean signature
+ benefits from myy resolution
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HH combinations - self-coupling parameters

CMS 138 fb~1 (13 TeV)

1 I I 1 1 I 1 || I I 1 1 1 I ] 1 1 I 1 || 1 I 1 1 || I ] 1 1 I 1 I 1 I 1 i
- Kk, =k, =ky=1 —— Observed ----- Median expected -
" —— Theory prediction ¥ 68% CL expected -
I 95% CL expected -
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Fig. 6| Limitsonthe Higgs bosonself-interaction and quartic coupling.
Combined expected and observed 95% CLupper limits onthe HH production
cross-section for different values of k) (left) and k,y (right), assuming the SM
values for the modifiers of Higgs boson couplings to top quarks and vector
bosons. The green and yellow bands representthe1-s.d. and 2-s.d. extensions

CMS 138 fb~1 (13 TeV)
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—— Theory prediction B8 68% CL expected
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beyond the expected limit, respectively; the red solidline (band) shows the
theoretical prediction for the HH production cross-section (its 1-s.d.
uncertainty). Theareasto theleftand totheright of the hatched regions are
excludedatthe 95% CL.
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HH combinations

HDBS-2021-18
—e— Qbserved limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb! (MHH =0 hypothesis)
Expected limit +10
SM a
Ogor+ver () = 32.8 o Expected limit +20
Obs. Exp
bblf + EMiss|— ¢ 10 14
Multilepton— ® 17 11
bbbb - ’ 5.3 8.1
bEyy— ® 4.0 5.0
bbttt | ® 5.9 3.3
Combined— 0 2.9 2.4
| I | I I I I | I I | I | 1 1 | I | 1 1 | I | 1 | | I I I | I | 1 1 | I |
I 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength uyy
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HDBS-2021-18

HH combinations
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HH combinations

HDBS-2021-18
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HH combinations

ATLAS === Qbserved 68% CL Ob 5 | I | 5 r M
% . - - .+ + .
V5=13TeV, 126—140 0" . crooecOe L ; i S i
HH Combination —— Expected 959% CL bZZT T_ 5.9 1.8 2.4 3.3 5.0 8.1 4.3
—— SM prediction bbyy 40 27 36 50 7.8 13 6.4
bbbb 5.3 4.3 5.8 8.1 12 19 9.1
Combined it 1.0% Multilepton 17 6 8 11 17 27 12
- i 1 3.8:21 bbll + EXS 10 7 10 14 20 30 15
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HH searches in ATLAS: a general overview ==

(plots courtesy of Luca Cadamuro from ATLAS HH workshop)

4 Observed ATLAS
® (Expected) CMS
o 4 e » Cross-section limits at O(3-5) the SM expectation

some differences between ATLAS and CMS

» (Golden channels performing ~ similarly

R s 333 5(2)” »  Combined limits from ATLAS: pun < 2.4 (2.9)

Phys. Lett. B 843 (2023) 137745

| 4@ 40650 Remarkably:
$ L 7752 1
back of the envelope combination +
scaling with LHC Run-3 luminosity (~300/0) +
ATLAS & CMS combination
bbbb ®-|154(8:1)

@+ 6.4 (4.0) 30 evidence of HH production not out of reach
5 10 15

95% CL limit on Uyn



https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

HH searches in ATLAS:

a general overview -

(plots courtesy of Luca Cadamuro from ATLAS HH workshop)

| i Observed ATLAS
jErE e ' Expected CMS
o]0 (1) A R R B A e e PR S e . (R, it 1 B Coe :
j | » Sensitivity to the Higgs self-
e e e S P P . . _
coupling parameter still In the
range of O(10)
bbre | o ’ L .
- . » Combining all ATLAS analysis
£ sna m e e e | : (plus single-Higgs, some assumptions)
sdids e B E —1.4<K/1<6.1
Fo———a———————m———F—— - 1
Phys. Lett. B 843 (2023) 137745
R LT e Y
bbbb - e e e | Resolved
 EEE TR e S ey 1 ST s (e 1 Boosted
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HH combinations

10 ATLAS BB cms

41 (29

PLB 801 (2020) 13514

30 (37

CMS-PAS-HIG-20-00

bbVV(iviv)
bbZZ(4l)

22 (20)
CMS-PAS-HIG-21-002

Multilepton

5.4 (8.1)
ATLAS-CONF-2022-035

3.9 (7.8)

arXiv:2202.09617

9.9 (56.1)

CMS-PAS-B2G-22-003

bbbb
bbbb resolved
bbbb boosted

4.7 (3.9)
ATLAS-CONF-2021-030

3.3 (5.2) bbre

CMS-PAS-HIG-20-010

4.2 (5.7)

arXiv:2112.11876

8.4 (5.5)

JHEP 03 (2021) 25

bbyy

Summary of 1 10 S1Mo2
Run 2 results 95% CL upper limit on u = o/o
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