WHHHereare we now?
HHHowkar can we go?
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https://indico.cern.ch/event/1387239/overview

WHHHereare we now?

| was not certain.

So | do what we all dd Rely on the expert!

Vuko!
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77 :I According to Vuko

And we all owe him,

And the |UC staff

Our Gratitude!







The Fire Brigade
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How Many Higgs does It take to screw in a light b
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Deep Tau CMS KANSAS STATE
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Roshan Joshi (akat ¢ KS { KA NIl € 0

ATLAS flavour tagging advanc




Not to be outdonec ATLAS addingtriggers as well

Improving the trigger strategy: b+tau triggers

¢ all riggen

b =
E 1_25 O wiveeel™ graph of a number of objects  Preliminary _: 1 @;
. (5] 1t OR 27| —
+ * = B ruth _ =
* Newb+tau trlgg_er E.iddetjﬁ for 2024: aq:f - - - i lTTff’o‘l—(_?;enerated content may be incorrect. j=gg=—= =————ol1 l_%
*» 1b+ 1t + 2j: 4 jets with pp > 65, 40, 25, 20 GeV, & R S o 1 3
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* Gain of 5% in HH signal efficiency when compared 0.4f —o4
to using the previous tau/jet triggers. D2Z_ _302
* To be checked where this trigger would fall in a ~ 1_3_ : ' ' ' ' ' o
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More on this tomorrow in Roshan’s talk! 13




Jet Charge tagging (Clara R. )

Binary classification fc

e Take the classifier as binary:
Positive vs Negative

CMS Simulation Preliminary (13.6 TeV) CMS
T T T T T ——

M
[=]
T

e Negative vs Positive shows the
same performance

o
]
D- misiaentrncarton
=
L

e Good discrimination between
both classes AUC = 0.8

Events (normalised to unit area)
5
I

. 103}

e The Charge Tagger shows a o8t
20% better performance than | | = 7 [uEeeet _ i
the traditional cut-based L — o 5= 55 s 104
method. Charge Discriminator: positive vs negative
Comparing with LEP: 10°8's
DELPHI NN to distinguish b vs b:
e AUC~0.75 EurPhys.).C40:1-25.2005 Out(
e We achieve similar performance as Positive vs Negative = i T T
ut(positive)

in the LEP environment!




But Seriously WHHHeraare we?



LEARN MORE ABOUT Tiggshbotential?

10 year Higgs discovery at Nikhef
~ 4 July 2022

1 1
V(®) =V, + 5quﬁrz + WwH? + Z/\H‘*

g 00999999 p
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We are here:

High Energy
Symmetric
Local maxima
Mo mass
| Low Energy
| Assymetric
' Lacal minimum
4 Mass
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B. Todd HuffmarOxford University



Let 0s tur.i

There are many models.

What to make of it all?



The Role of Models in Exotic physics Searches
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Toscanelli's model of the geography of the Atlantic Ocean,
which directly influenced Columbus's plans 16



The Role of Models in 0
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HHH 6b analysis: SM & BSM
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non-resonant + resonant +  heavy resonant
(SM-like + TRSM) Generic (narrow+wide)

(TRSM + DM-CPV)

N i% ef HHH(6b) ATLAS Osama Karkout




Current state of the art

o SM prediction: 0.103fh"2:% (5.56 fb ™ ,°) at 14 (100) TeV,

NNLO [D. de Florian ea, JHEP, 03:155, 2028}
@ negative interference between ditferent contributions in

SM Scenal‘io [see e.g. Plehn, Rauch, Phys.Rev.D 72 (2005) 053008]
@ away from SM, and at 100 TeV: better prospects

o/osm @ 100 TeV oLo @ 100 TeV
3 ] 15
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left: D. De Florian ea, JHEP, 03:155, 2020, NNLO, heavy top limit

right: B. Fuks ea, Phys. Rev. D 93‘13}:(}35()26, 2016, leading order, top mass dependence
Tania Robens HHH t

eory HHH WS, IUC, Dubrovnik, 20.9.25

Problem:

SM XS is really sme

b20 ¢KI U
huge even at FCC



But some theories are easier to
parse than others.



xploration of h;hyh; final state a -
Explorat f hyhyhy final state at HL-LHC
like TRSM [A. Papaefstathiou, TR, G. Tetlalmatzi-Xolocotzi, JHEP 05 (2021) 193]

Extensions to SM

Can enhancerossections @ Model: TRSM, 2 real scalar extension

(Eur.Phys.J.C 80 (2020) 2, 151; Symmetry 15 (2023) 27)

Worth a look.
@ 3 scalar states hy, h>. hs that mix

Even in CMS and ATLAS - \
concentrate on

pp — hy — hohy — hihihy — bbbbbb

= select points on BP3 which might be accessible at HL-LHC

= perform detailed analysis including SM background,
hadronization, ...

@ tools: implementation using full t. b mass dependence,
leading order [UFO/ Madgraph/ Herwig] [analysis: use K-factors]

Tania Robens HHH theory HHH WS, IUC, Dubrovnik, 20.0 2F




hy h1 hy production cross sections, leading order [pb], BP3

Logsola(pp-»hhh)]
600 D LT R L R T . F T - T T
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i using interpolation
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highest values: ~ 50fb for M2M2~ 250 GeV, M3 ~ 400 — 450GeV

Tania Robens HHH theory HHH WS, IUC, Dubrovnik, 29.9.2¢



Correlations between HEFT parameters

Hp = Hg = Q

Goldstone €

3
MWW — HHH) ~ -2 , <c_ ia(b_az})

e ¢ # 0 leads to 6(pp — HHHJj) enhancements.

20
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EW PDFs @ a Muon Collider TH, Yang M&eping

DGLAP evolution in full SM: Xie arXiv:2007.14300
Iz Py 0 0 2N/P, 0 Iz
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Quarks: NLO; gluons: NNLO.



ITERATED POLE SUBTRACTION CGL. Pase (23]

(i.e. geometry at codimension greater than one) fﬁ’_i“‘:}‘”‘? (23)
Xia, Yang ('25)

O Let's go back to our example

N < 2794 free parameters
(12)%(1[5/|4(3[2](2[3|4[5|1LA

I++ _
d12x3><4 -

© We can prove (1/5/4/3|2], (2/3|4|5/1] can be separated, their primary d¢ hosition reads

Ltrs) N ((1)5827  /(2(3|4/5]1], 523, 515 )

d veritfy Jumerator vanishes.

12/3]aj5 €A\ eparated,

((113[2], (1]42], (13]4]1),[2[3]4[2]) N (???)

o Fit (1/5/4|3|2] residue by sampling in limit (1|5|4[3|2] — 0

G N <112 free parameters
e (12)2(1|5/4(3[2]

+0((1]5/4/3]2]")



Signal strengths for single-Higgs processes

Including the process-dependent and universal O(\) one-loop corrections, along
with two-loop O(A2) contributions from Higgs WFR

;L-{El—l—(SJi—I—CSBR.f m
do; ~ C7° (K8 — 1) — 1.536 - 1 —3 (1—1.333L) @& — 1)
41 h(( ;g 7-107% (1 — 1.767L) (hakl— 1)
)

- (1+1 307L) (kg — 1)

_ CTh
0BRf ~ = process-dependent corrections

1+ ' 1) Cy®
Includes all two-loop contributions proportional to K42, K3 Ks, K32 Ka & Kz?

[see Haisch, Sankar & Zanderighi, 2505.20463 & references therein]




Giulia Z. Projections to the future of HHH

h h
RN HL-LHC 3 hoh
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B triple-Higgs
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5 10

[Haisch, Sankar & Zanderighi, 2505.20463; double- & triple-Higgs bound from ATL-PHYS-PUB-2022-005 & Briglievic et al., 2407.03015]




The far future of HHH limits.
Including SMEFT

FCC analysis

3 + h :
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[Haisch, Sankar & Zanderighi, 2505.20463; double- & triple-Higgs bounds from Mangano et al., 1607.01831]




In HHH Experimentally much progress!

AATLAS First HHH limits in K3 vs K4 in the 6b chan

A Also limits in TRSM and a general search for-highs
resonances

APublished in Feb. this year

ACMSc Very recent K3 vs K4 limits in two channels
A4byyc low background, but even more rare
A6b in mixed boosted and resolved jet signatures




A TRSM Money plot
31400

Published in €
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.032006

Used DNN scores In

4h/5b ratio and low score

5b/6b from data to fix & *%°

backgrounds 300

Set K3 limit independent 0

of HH (which CMS showed can 10
strengthen limits) 0
0§
interpretation -
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Non-resonant HHH — 4b2y CMSPAS HIG 24015

Fit to the data

(K3, K,) scan
CMS Preﬁmr'n_a.fy

138 b (13 TeV) CMS Preliminary 138 fb~' (13.0 TeV)
%‘G ll|llll|ll"|l'|'l|""_: g :II|IIII|IIII|IIII|IIII|III_
o . HHH — 4b2y All HHH Categories < 000 - Observed 95% CL (Kja=-10.3, k34=-435.9) ]
_ﬂI_:.'l + Data : —— Expected 95% CL (Kpz3=1.0, Kpe=1.2)
g % — S+B fit E 750 Allowed range for K3 ]
w 25 ] C from H+HH measurements
20t

Events / GeV

IRT-) ~FENNE IS I NP I I BRI I - | .
300 110 120 130 140 150 160 170 180 —1UUD"|"“I“"""l“"l"'

m,, (GeV) -20 =10 0 10 20
Observed (expected) limit on the signal strength: 4 < 3400 (2086) x SM at 95% CL
* Slight excess observed in data (within 1 sigma)

* Challenging channel, large background and low cross-section
* Selection acceptance, trigger, pairing, tagging, ...

Kas

Interpretation: 1D: —16 < k3 < 20 and =397 < k, < 405 as well as 2D scan
. Stamenkovic, 29th of September 2025 10




CMS Preliminary 138 b (13 TeV)

400
300
200
100
0
-100
-200
-300

~400 5 . . 20

Interpretation: normalization effects of x; and x, on HHH and x; on HH

First exclusion of (x5, k) at 95% CL in region allowed by perturbative unitarity bounds!

. Stamenkovic, 29th of September 2025

Non-resonant HHH — 6b CMSPASHIG-24012

27




THE ULTIMATE COMBINATION:
H + HH + HHH

] 200 e
+ L
W) ,/ !
:E]>' —ae--h
h S 100+
3 + “h |
llustration by U.Haisch \ SM_ | S-I\;I;EFT .
—100[ -‘h
- B double-Higgs
M triple-Higgs
ol . . . . . o
-5 0 5 10
K3

See G.Zanderighi
arXiv:2505.20463

35



Concluding remarks

Remarkable progress has been made in our searches for resonant and non-resonant HH production
with the ATLAS experiment since the last HHH workshop

- continue exploring the Higgs sector of the SM
In terms of methodology and underlying physics all (multi-)Higgs analyses are connected

Should strive to combine H+HH+HHH measurements/searches to get the most complete picture with
the least assumptions

aV(H)
Example: / i, -

ViH) I ATLAS Run 2 k3 + unitarity for k,
Iy

_...--'"K3=K-‘-'+=K?k

_— K3 # Ky
-0.4<K3<06.3
-60 < K4 < 60

I

— Standard Model

0.4 0.8

Brian Moser Recent ATLAS HH Results 29/09/2025



U Itlmate GOa(lmless we find a resonance)

AThe K3 and K4 parameters are key tn
the shape of the Higgs potential. *

AWe are only just beginning to explor
this.

AWas there a phasgansisitonin the
early Universe?

AWill there be another?!

Al would love to find out!

. >1

- 1=1,

1,, = temperature of bubble nucleation



WHHHereare we going?

| am not certain.

But | am more confident than | was!
For in the futureA
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My Poster Entry!
2027

Symbolic
Up-hill struggle of HHH physics

Hard climbg the top Is not visible.
Cl 0dzf 2dza NB G| NR A

Maybe
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