Living with a teenager Higgs boson

Higgs Hunting 2026
Experimental Summary
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Living with a |4-year-old: 6 familiar themes...

* They grow faster than expected

* Hidden personality traits strongly
emerge

* Passion and talent shown during
childhood consolidate

* Despite all appearances, they are
not adult yet...

® Searching alternative identities is
still a daily job

* Future might seem far away, but
adulthood is not that far
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Living with a 14-year-old Higgs boson: 6 themes from HH2026

They grow faster than expected

v 1. Run 3 is already closing the gap on Run 2
Hidden personadlity traits strongly emerge

v 2. Rare decays and boosted regimes are becoming real
Passion and talent shown during childhood consolidate

v 3. Precision is turning into structure (including genuinely
new questions, e.g. entanglement)

Despite all appearances, they are not adult yet...

v 4. The still-open heart of the story: the shape of the
potential...

Searching alternative identities is still a daily job
v 5. Widening the net, nothing found (yet)
Future might seem far away, but adulthood is not that far

v 6. What's next: HL-LHC, future colliders...
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“They grow faster than expected”

Run 3 is already closing‘
the gap on Run 2
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H—ZZ*—4l fiducial & differential cross-section

. number of events is comparable to the expected signal and background yields for each of the
four-lepton final states (4u, 4e, 2e2u, 2u2e¢):
Final state Signal Z7* Other Backgrounds | Total SM || Observed 1 T I 1 T T
» 90.5+ 53 412+ 1.6 45+ 03 136 + 6 136 ATLAS b Daa
22  634+40 30.0+13 47405 98 £ 5 98 H—> 2z - 4l [ ] systematic uncertainty
2u2e 407+ 9.1 15.6 + 4.4 5.6 + 0.2 62 + 13 67 Vs=13.6TeV, 164fb" | /# gaF@NALO +XH
4e 365+ 9.2 141+ 4.3 5.3+ 0.3 56 + 13 59
o2 st = OF
Total 231+ 23 101 £ 10 20.1 + 1.3 352 + 32 360 2.0 Lasp 8
-g 2F ab 65
. . . . . @ 18 a5 $. sol- || +
* Observed (expected) inclusive fiducial cross-section extracted from g 'e- af i
the my,fit: S :;“ 3 55
Ocomp = 3.65 £ 0.30 (stat.) T0-12 (sys.) fb = 3.65 033 fb . m H L T
0.8 155 L
F ~E 45—
0.6 E [
Comb =3.68+0.17 fb oal 1t ok
» Total cross-section extrapolated from the inclusive XS 02¢ P |°5§_ L 1 1 a1k
oﬂd 01|d ngg gdz o—fl? 02:12 I 0fld b Ototal
Ootal = 99.3 £4.8 (stat.) £ 3.1 (sys.) pb =59.3 5.7 pb “ o e i\
Same precision as the full 6 = oA B

M = 599+3.0 pb

total Run 2 measurement!
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The differential picture in Run 3
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= ® Not only Run 3 catches up with Run 2 in
precision: also doubly-differential observables,
. e.g. useful for the SMEFT interpretation of



Another example: first simultaneous ttH + tH — tt (fully had)

® 140 fb™' Run 2 + 161 fb™' Run 3 combined

® First ATLAS analysis to use new GNTau tau-ID (graph “transformer”, more on this later...)
v u(ttH) = 1.51 +0.71/-0.62 - 2.60 obs (1.80 exp)
v u(tH) = —0.4 +5.6/-5.1 > compatible with SM

v Still stat-limited in every bin — full Run 3 will translate almost directly into precision

tH |
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ATLAS ftiHAH, H—tr, (s = 13/13.6 TeV, 140/161 fo™!| =7 sof- ATLAS Expected 68% CL
HTotal [syst. Py, = 84% r 1s=13/13.6 TeV, 140/161 b o= 5@22?32%%3@%1 ]

r ttH/H, H—tt —— Observed 95% CL ]

- Best fi —

Tot. ( Stat. Syst) 20f onit ]

+0.71 ;4054 +0.46 L | e ]

% 1.51 -0.62 (4).51 -0.35 ) 10 -

oF -

/ +5.6 ;440 438 :_ _:

/ 0.4 55 (57 354 =10 R y
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ttH + tH — tT (fully had)

T T T T I T T T T I T T T T I T T T T I T T T T I T
ATLAS ttH/tH, H—tx, (s = 13/13.6 TeV, 140/161 fb™
HTotal CSyst. | Theory  Pg, =52%, ly,| <25
Tot. (Stat. Syst.)
t‘EHp;*eoo cev(RUN2) 319 R (4% o
ti'H200<p'T‘<300 GeV(Runz) -0'29 j:: ( t:):? fggg
1500 cov(RUN2) =1 218 5% (i o
H N R, L e e e eeeaseseaeeaeeeesesmeeseeeeeeen—-
tﬂ"p;‘éoo cev(RUN3) ‘—E—i 2.34 j;?l (5% tg:gi )
tiHzoo<p’:aoo GeV(Runa) '-%—' -0.42 +: :1 ( jgg tg:gg )
{1,500 Gov(RUN3) ——t 093 77 (Fe e )
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-5 0 5 10 15 20
(0xB)™2%/(oxB)*M
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New technique intermezzo: what’s a “transformer’?

¢ Assuming you know what a BDT or a NN is...

v~ BDT/NN: fixed input vector, static architecture applied the same way every event

V" Transformer: works on a variable-length set of “tokens” (jet constituents, tracks), no padding needed
¢ Core trick: self-attention

v" Each token computes a similarity to every other token, softmax to weights, then takes a weighted sum of their values: a learned,
per-event correlation matrix instead of fixed weights

v" Permutation-invariant, but lets particles interact pairwise first
* Closer to graph-NN message passing with a fully-connected, learned adjacency

v" Multiple attention heads run in parallel: layers stack to refine representations iteratively

t — bly t — bgq’ H — 4q
Layer 8 - Head 6 Layer 8 - Head 7 Layer 8 - Head 8
© SRS RER EALENF > SR AR REARD EARRA RERRS 1'0E S\l e L R L NI R R 1'0E © I NP~ N L B I 1’0E
< 04 : Subjets 2 < 0 Subjets = < Subjets 2
0.3k + Subjeto | Mos= RISy Subjeto | Mos= 0.21- o Subjeto | Mos=
g * Subjet1 ] S 0al Subjet 1 | s * Subjet1 | s
0.2f 4 BosE o, Subjet2 | ®o6E 0.0l * Subjet2 | MoeE
. ] 2 0.2} . . 2 I Subjet 3 | 2
0.1F . < L~ 1 < [ ] <
E | o4 0.0 1 e+ ol 1 o4
0.0 . | 1 L
: 1 |Ho2 -0.2f 4 |Ho2 I i ] |Ho2
0.1 i ; D 041 @ 5
[osiee S T v (v s Ui el sy 33 04 1 1 S [ i T o wba ealges Fal
-0.2-0.1 0.0 0.1 0.2 0!3 0{4 015 0.9 -0.4 -0\.2 0{0 0f2 Of4 0%6 Of8 00 -0.4 -6.2 0}0 0{2 0{4 0{6 o
An An An

Visualization of attention values in the n-¢ plane for pairs of particles
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“Hidden personality traits strongly emerge”

Rare decays and boosted
regimes are becoming real




H—y*y—lly: probing CP via the off-shell photon
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% : I I I 1 I I I I 1 I I I 1 1 I I I I I I I I 1 I : A TLAs HTotal D Stat D Syst _ SM
O 48 AFEAS ! . = 313 TeV, 139 5", {3=13.6 TV, 164! T Hun 2+ 3 combination
(V] B Vs =13.6 TeV, 164 fb-! PR— Slgnal + Cont. bkg +H-— 'A% 7] S—_ 93?/ ’ » ¥s=ls.6 Tev, - - _—
; 42 ___ g Cont- bkg. + H =, YY ; pSM_ ° ) yst.
g Cont. bkg. N !
5 36 :_ —: Run 2 ”: = 14704 (% 013
® ank i |
= 30 —
> o .
S = ]
24 £ ,
; : 3 Run 3 ,_.!_'H 0.64'044 (1040 s018)
[ ] 1 "9%.039 Loag -0.08
18 — ¢ = 1
. :_ All categories, In(1+S/B) weighted .
3’ 1 2 ] (Y VNN (AN | 1 R O [ | l { G I [ | l 1t 1 1| l L1 1 1 -
Q [— — J
'.CE; (4)' SEED E LR RN I P Run 2 + 3 combination »—;I—« o (e
? i I I *I I = lllllllllllll llllllllllllllllll
o 4= 1 1 T A L1l L1l L1 1= = _
£ 110 120 130 140 150 160 2 1.0 1 2 3 4 5
Q My [GeV] Observed Uy y*y-uy

® ATLAS: dilepton invariant mass < 30 GeV; pp + resolved/merged ee channels
® 3.40 observed (3.30 expected) combined with Run-2 measurement
® Off-shell photon makes this decay uniquely sensitive to the CP structure of the Higgs—photon coupling...
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A rarer companion: the y-associated / Zy channel

¢ CMS: excess significance |.90 observed (2.36 expected)
v u=1.10+0.52/-0.61

CMS

138fb" (13 TeV) + 62 fb™ (13.6 TeV)

CMs

% 138 fb™! (V'S = 13 TeV), 62fb~" (Vs = 13.6 TeV) I Stat. unc. Syst. unc. k4 Totalunc. === SM — Simultaneous fit
O 50 —e— Data ]
2 —— S48 model | i
Sl 00 N e B only model goF 1 1556 fis o
3 40 95% ClI ggF 2 = 02%% % %
3 68% CI g9gF 3 ; 01fiy N0 G
£ 30 - ggF 4 | —— asfy e 0
© },l.=1.10_0:s1 f
2% VBF 1 = 0643 45 03
@ VBF 2 = 044y o 8%
2 .0 VBF 3 : 2003 95 %2
w VBF 4 P——— 8.9 f::; f‘}ﬁ fé::
L 1 1 1 1 ]
© ] 470 462 432
fall ¢ f+ i | gt A A
g ol Il : el
o T I[ ttH leptonic ! A%31 30 -03
g -1 l 4"* + + 4 ttH hadronic : 2263 &1 s
T Untagged 1423 23 0%
a 110 120 130 140 150 . _ ] o
m (GeV) Simultaneous fit ) 110952 08 018
iy -15 5 10 15 20
M
*  ATLAS+CMS Run 2
v 340
vV o u=22+/-07
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Boosted H—bb and H—Tt: evidence at high p-

Run 2: Vs = 13 TeV, 140 fb

I I I I I
S ATLAS ATLAS Run 3:Vs = 13.6 TeV, 162 fb”
g 6_E=13/13-6Tev’ 140/161 fb’1 | IIIIllIIllIIIIIIIlIIIIIIIIIIIIIIIIIIII]III
~— w HTotal Unc.  Stat. only l Syst.only  SM+Theory
o + Inclusive Higgs Boson Production
Run 2 3 :
<= $ 23 . T
'5 % 4 [ JEwNLO — EW qup¢>3oo GeV [Fe—] 13 b Lo w2
+26 +23 +1.3
6 8 ggFaoo GeV <p} <450 GeV |————| 0.8 52 Jis 1o I
AN A7 4 409 ~
o Co’ ggFaso GeV <p'! <650 GeV | 06 "4 T3 s %
C\\l— = 2 ] ggF -5.0 +3.2 +3.0 +1.3 1
~ g Pl > 650 Gev e A 0 81 25 20 B
m ...........................................................
2 X
Run 3
7 0 — — EWaoH ooy - 4 R (%
o | ! ! ! | 99F 100 Gev < < 50 Gov e 23 17 52 10
600 800 1000 1200 1400
H ggF450 GeV <p!! < 650 GeV | 19 Zs %3 oo
pT [GeV] - 1 ‘35 480 +19
M F e 4 1.2 30 25 -1
+0.33 pT 650Ge\/IIIIlIIIIl|IIII|I||IIIIIIIIIIIIIIIIlllIIl|
uy = 1.53 £0.27 (stat.) 257 (syst.) £0.17 (theo.) 8 6 4 2 0 2 4 6 8 10 12
c, /oM

Observed (expected) significance of 3.8 (2.5) o —
evidence for Higgs boson production with Higgs p; >
450 GeV (7-10 x improvement over Run 2!)

Observed (expected) significance of 3.8 (3.3)
o — also evidence, for Higgs p, > 300 GeV

® Better taggers unlock rare kinematic regimes!
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2"d-generation quark Yukawa: still just exclusions...

¢ A recent example: CMS H+c in Hyy + HWW

CMS o 138fbT'(13TeV)
95% exp. @® Expected
68% exp. @® Observed
inds
K= WY ¢ 385 243 ® Combined results at 95% CL
v constraints from production-side
JHEP 08 (2026) 051 .
complementary to Hcc
[ ]
H - WW[ ) @® 506 1065 .ucH < 257 (28|)
® x| <47 (51)
Combination|- [ o] 281 257

! ! L R |
102 108
Hen @95%CL
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“Passion and talent shown during childhood consolidate”

Precision is turning
INto structure
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CP structure e.g. via ttH/tH — vy

® Multi-classifier GNN

v 3 ttH/tH classes (reduce ttH/tH correlation) + top-process background + continuum yy, with
separate binary CP-GNN for categorization

la| <38° @ 95% CL

v

v 5.00 obs (4.70 exp) for ttH, 0.87c (0.540 exp) f

Events

108}

102}

101 L

100_
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or tH, both consistent with SM

—~ 3 T
ATLAS — ttH (x=0°) — Resonant Background 9, i ATLAS o ]
\/§= 13.6 TeV, 164 fb-1 tHjb (x=0°) Continuum Background UE) L Vs=13 TeV, 140 fo-1 23: 2 . 220;0 gt :
tH/H, H — vy, L [ — tWH (x=0° Data Sidebands s L . ) ° .
2 1tb-jets 2 Ie;?ctﬁzlc a0y < L[ Vs=136TeV, 164fo' —— Combined X SM |
B T L ftHItH, H > yy .
- Observed 7
1— ]
0 _
. |
0.2 0.6 0.8 b S 1 05 10 15
r
tHjp Score K;cos(ar)
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New technique intermezzo: pre-training on FastSim or truth

¢ Classification training initialized from independent pre-training with Delphes simulation
v FastSim (or truth MC) allows model to learn most of underlying physics
v" Additional training on FullSim tune result to detector performance specifics (acceptances, ...)

® Training time can be reduced by ~50%
v for details...

Best Fine-Tuned vs Pretrained
1.0 1 (0 04 88 @ (©® o5 ®), (@, D) O, ), \Oi 20, &, 1@ COROR

0.8 1 , . IR @ =
0.6
0.41

0.2 A

0.0 -
Node Edge Global Node Edge Global Global
Encoder Encoder Encoder Update Update Update Decoder
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CP structure e.g. H—Tt

- Combination with v/5 = 13 TeV analysis 1 | #7"" = 7416 (stat) fg (bbb) 4 2 (syst)°

CMs 200 b (13 and 13.6 TeV) oS -200fb7 (13.and 136 TeV)
C — A n
o [ +Data —bkg. | 1Bkg. unc. ﬁ - — Observed: oM™ =(7+16)" (68.3% CL) ]
=~ = o ) o o N
@ 25— 0a=0 — o™ =90° — oM =45 N 17.5F -~ Expected: o = (0 14)* (68.3% CL)
[ r s ]
e r 15.0F E
o oL - 7
9 C - - =
P T — | |
o 1.5— 2 ]
‘O C s 1_! [ El B
A —+ 3 E
‘_1'_3 C —— E E
O - B
o 0.5 Fo 1
< - =
0| — - ]
=L 1 1 1 I 1 1 1 1 [ 1 1 1 1 1 1 1 1 [ 1 1 1 1 [ 1 1 1 L -l - -

60 120 180 240 300 360 25 50 75
¢, (degrees) oM (degrees)

Background-subtracted ¢p distribution (combined) Likelihood scan of a"™ (combined)

* Most precise measurement by CMS to date of the CP nature of the Higgs to 7 lepton coupling, and the best

expected precision by any experiment (ATLAS /s = 13 TeV: Obs. 9 + 16° Exp 0 + 28°[2]) (1]: JHEP 06 (2022) 12

[2]: EPIC 83 (2023) 563
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Higgs width

Best precision from ratio of off-shell and on-shell cross section ~T
Indirect —assumption about couplings in on-shell and off-shell region

cMs

Marco Delmastro

-
et P T
P
- .

LU S S e S S R L R L A

ATLAS
Vs =13TeV, 140 fo!

Full on-shell + off-shell

—=—- Expected 1
--= Expected Stat-Only 4
—— Observed H

- Observed Stat-Only

———————————— —68% CL

138 fb~' (13 TeV)
AL UL

(91-920Z-dDIH) Z€€L0°809T:AIX e

FH = 36t%é MeV

— 4¢ on- and off-shell

- Expected

42 on- and off-shell

T 22v off-shell

- Expected

on- and off-she
—— 282v off-shell
WW - 2£2v on- and off-she

- Expected

B N0 N

(€00-SZ-DIH) TS€€T LOIT:AIX e
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Higgs width with on-shell H—yy interference

9 o

Y P . : Y AMIAININNINNN > 1211111211210
Not competitive with off-shell ; |
measurement, but model independent... |
g RV V.V V.V VVIN ¢ 411111111123084
Signal: g9 — H — vy Background: gg — vy
-1
o0 CMS 138 fo” (13 Tev) L e e
% -3 :‘°"“ t Data 3 —— Data (bkg. subtracted) £ 5— ATLAS — Obs. Total === Exp. Total ]
8 600 ? § . :St:%r:tponem E —— Bestfit S (\=-3.6) cﬂ - Vs =13TeV, 140 fb™ —— Obs. Fix theory == Exp. Fix theory .
S 500 “é E —— S (A=0) ' E o : = Obs. Stat‘.vonly - Exp. Stat. only ;
< E 5 —— 8 (A=1) - ' é S -
@ 400 = — S (A=5) - Rt
Z 300F- ¢ B o 3 -
. C +20 -
E) 200 ;— -
q;') 100~ 2? —68%CL |
o i - -
0 — l.s
b 1
U\D ~100 = + 30 40
—ZOO: | - - L - L - - - - L ~ L L - L - L - L L Y AR T D
s 120 125 130 ( Ge;f)f’ 0050 700 150 200 250 300 350 400 450
M I, [MeV]

CMS ATLAS
My <92 (138) MeV observed (expected) @ 95% CL Ty < 307 (258) MeV observed (expected) @ 95% CL

® What drive the sensitivity difference?
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Higgs width with on-shell H—yy interference

Topic

1 Observed limit

2 Categorisation

Interference K-
factor

Statistical
4 boundary
treatment

ATLAS-HIGP-2024-12-001

_H < 307 (258) MeV obs.(exp.)

p_T(yy) only, 2 categories (single
30 GeV split)

K_I =1.64 (NNLOsv) applied, 39%
uncertainty (largest systematic)
for difference NNLOsv vs NLO

Modified CL_s (denominator at
SM point); v1.0 newly discloses
asymptotic-vs-toy differ ~10%
near I'_H=0

CMS (arXiv:2609.01385) Why it matters

Observed ratio 3.3x%, but expected ratio

Il SR (LD @20 (TR) only 1.9x for the fairer comparison

jet mult. x p_T(yy) (5 bins) x BDT Does not affect much sensitivity
— 11 categories difference ?

No K-factor applied (Sherpa NLO Same theory calc. evaluated 5.6x
kept), 7% uncertainty in NLO QCD differently — major debatable point.

Feldman-Cousins, A=V(I_H/ Different statistical philosophies; ATLAS
_HASM), negative values allowed modified CL_s, CMS Feldman-Cousins

¢ A good example of when the different treatment of theory (uncertainties) can have a huge

impact!

Marco Delmastro
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Still a word on measurement vs. theory...
CMS

138 o' (13 TeV)
|

S\ | Fr 1T T 1T 1T 1T T T T ]
© 103k -
Q) : -
~ 5 3
2 T" :
. 102:— E
Q EN | | | ] L ]
g |
@] . .
<] 10°f— Mean.oNmors 4 ® Greater precision allows for e.g. finer
| ¢ Combination =
[| = Combination, Syst. unc. ] 1 PTH bInS
100H I H—oyy { N
H § H— 2z 3
H 8 H— ww 4[&*:
1 §f H—r1r ] PY . . .
10-11] ¢ H — rBoosted i ... but comparison with appropriate
e ol theory important (e.g. resummation at
: low pr')
s<f T T T T T T 1 ] _____ I | I i
RN AN
s i | A
CoErEEEEEE T e | L1 i
N RLPP PP PSSP LSS @

pi (GeV)
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A new question: entanglement in

® Higgs doesn’t just tell us it couples to Z the SM way, its decay CED 1
products carry quantum correlations we can now measure directly ~
® Anomalous-coupling / CP-violation tests in Z-boson polarization can *2
be framed as an entanglement probe of the two Z bosons from the 0>J 1
Higgs decay Ll
v C2,1,2-1 =-0.71 = 0.45 (SM: -0.97) 1
v C2,2,2,-2 =0.08 % 0.44 (SM: 0.64) > test QE vs. longitudinal-only
polarized Z bosons oc C
2,2,2,~2
o ATLAS Simulation
spin density matrix, 1.0
. |++> 10.01 0.02 -0.00 -0.02 0.02 0.01 0.01 -0.0)/0.01
whose off-diagonal
elements probe QE |+0> 40.02 -0.01 -0.00 0.01 0.01 0.01 0.0§0.02 -0.01
|+-> -0.00 -0.00 0.21 -0.02 -0.32 0.02] 0.21 [0.01 0.01 5
o
Nonzero C2,1,2,~ | |0+> {-0.02 0.01 -0.02 -0.01 0.00 0.01 0.01 0.01 -0.01 agd
orC222,-2— s2
|00> {0.02 0g) -0.32 .00 .-0.00 -0.32 -0.01 0.01 0.0 © =
marker of QE ;/v o
|0-> 16701 0.01 0.02 0.01 -0.00 -0.00 -0.02 -0.01 0.01 .
Ffmy
/ 0.01 0.02 0.21 0.01 -0.32 -0.02 0.22 -0.01 0.00 ad
~ =
© O
-0> 4-0.01 0.02 0.01 0.01 -0.01 -0.01 -0.01 0.00 0.01 T E
== c2 1,2,-1 | =
Phadsd |--> {0.01 -0.01 0.01 -0.01 0.01 0.01 0.00 0.01 0.00
-1.0
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“Despite all appearances, they are not adult yet...” N\, A= )

The still-open
heart of the story:
the shape of the potential
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ATLAS-CMS Run-2 HH combination: the starting line

ATLAS and CMS —e— Observed
LHC Run 2 ---- Expected (uf{fimev = 0)

[ Expected +10
Vs =13 TeV [ Expected 20
-+- Expected (LA™Y = 1
off; + ol =32.8 b pected (™ =1)
Exp. Exp.
Obs i i
(Y =0) (A =1)

CMSH 35 2.6 3.6

=%

ATLASI 2.9 24 35

Combined— 25 1.7 2.8

B s st

b b b b b b b b b s by by

12

95% CL upper limit on HH signal strength uyy

ATLAS +CMS
Uiy < 2.5 @ 95% CL
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< 8_I T T I T T T T I T T T T I T T T T T T T T I T T T T I T T T T I_
< [ ATLAS and CMS T ATLAS ]
Y 7F LHC Run?2 — OMS 4
L Vs =13 TeV —— Combined ]

6 All other k fixed to SM —— Obs. 95% CL:[-0.71,6.1] 7

C -—- Exp.95%CL:[-1.3,6.7] 1

5 . . ; -
A N ' 95% Gl
| . =
2F -
B NN S 68% CL 1

kl 1 1 I Il 1 1 L L 1 1 1 I—‘
L 10
KA
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ATLAS +CMS
071 <Kk <6.1 @ 95% CL
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Run 2 + Run 3 HH analyses:

138 fb™ (13 TeV) + 62 fb™ (13.6 TeV)

CMS HH—bbbb

138 fb (13 TeV) + 62 f5" (13.6 TeV) 138 fb (13 TeV) + 62 fb' (13.6 TeV)

lRun 2 \
Obs. 7.5 )

95% CL upper limit on (T

© Reanalysis of Run 2 resolved analysis

< Observed (expected) UL @95% CL.:

o < 47(2.8) X oS While, oypram < 54(80) X Gy

€ With 62 fb~!, HH— 4b achieves a comparable sensitivity with Run 2 (138 fb~1), and better than the Run 2 searches in bbyy and bbrr

Marco Delmastro

z I
CMS — SM —Observed = xlo - CMS 95% CL upper limits g CMS 95% CL upper limits
--- Expected +20 S o? 7] Excluded Observed é‘ 10%E 7] Excluded —_ Obs_erved
] - - - -+ Median expected [s] —Th dicti ===+ Median expected
— Theo. prediction 1 €0. prediction o
(6] 68% expected O 1 68% expected
§ 10? Koy =Ky =k =1 95% expected X 10 G ERy == 95% expected
n
@ (=]

\
\
| 10 - :" 2 ;
‘ L | T N
A o ...1|0 ~10 _5 0 5 10 Kls 0 020406 08 1 12 14 16 1.8K2\/2

£ 95% CL constraints on the coupling modifiers:

K, € [-3.8,10.0] ([-2.0,8.7]) K,y € [0.74,1.30] ([0.69,1.35])

€ Most stringent constrains on the «,y,

Living with a teenager Higgs boson
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Tl
:

T0aH(02030Qquest |
WChhge |

(1=0): 3.9
Expected (i=1): 4.6
Obs; 6.6

Combined
Expected (u=0): 3.0
Observed: 4.0

10
5% CL limit on o(pp

Excluding cross sections larger than

3.0 x SM at 95% CL —> observed

compatible with expected assuming
mu=1

Correlation visibly reduced wrt Full
Run 2




Run 2 + Run 3 HH analyses: CMS HH—bbtt

* CMS
v Run 3 only (172 fb7'): 3.9 (6.6) % SM

* ~20% better than the published Run-2 result alone

v" Run 2+3 combined (310 fb™'): 4.40 (3.9) X* SM
* K_AE€[-2.594] ([-1.58.4])
* K_2V €[0.02,2.1] ([-0.1,2.2])

CMS Proliminary ______bbw, 3107 (13, 136 TeV) o5 CMS Preliminary bb tr, 310 fb™ (13, 13.6 TeV)
=5 L L L e I I UL B
K, =K =1 —e— Observed ----- Median expected (u=0) ='5, T oK =Ky =Ky =1 —— 13 TeV, 3.6"33?
Kvsky=1o Median expected (u=1)| 2 [ 13.6 TeV, -1.52
I 68% expected Y ol —— Combined, 0.7f'277'16
----- 95% expected I ----- Standard Model
13 TeV
Expected (u=0): 5.3 ra
Expected (u=1): 6.2
Observed: 3.5
13.6 TeV

Expected (u=0): 3.9
Expected (u=1): 4.6
Observed: 6.6

172 fo!

95% J

310 b r \\ / i
i : 68% |

Observed: 4.0 . P D B B B B P T T S H T S g S o AR B
2 4 6 8 10 12 14 -6 -4 -2 0 2 4 6 8 10 12

95% CL limit on o(pp — HH) / oo Ky
Living wiui a weenager Higgs boson

Combined
Expected (u=0): 3.0
Expected (u=1): 3.9
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Run 2 + Run 3 HH analyses: ATLAS HH—bbtt

* ATLAS
v 196 fb™': full Run 2 + partial Run 3
v" Combined significance: 2.640 obs / 1.24c exp

* 50% higher expected significance than CMS's equivalent channel (37% less luminosity)

* 19% higher than ATLAS HH—bbyy (36% less luminosity)
v kN € [-3.4, |.6] U [5.5, 10.1], K2V € [-0.2, 2.4] .

T T T T T T
A TLAS —o— Obs. Exp. (uHH =0)+20
-~ Exp. (1, = 0) W Exp. (u/"" = 0) 1o
Ys=13/13.6 TeV, 140/56 fo~ =~ BXP- by =1)
HH— bbbttt
Obs Exp. Exp
(=0 (u, =1

TopTras RUN 3| 16 (79 (88
TopTrag RUN 2} 78  (46) (55

ThagThag RUN 3 |

ThadThag RUN 2}

Run 3}

Run 2} 5.4 @6)  (3.1)

Combined |

5.3 (2.4) (2.8)
15 20 25 30 35
95% CL upper limit on B,

2In A

8 4: ]

:»g 3.5 ; A TLAS I:l Expected é

2 F V5=13/13.6TeV,140/56 fo" [ observed 3

E 3; HH - bbr*t- =

I E

1sf E

055_ 111 1.24 _E

E 0.60 B

o Run 2 Run 3 Combined
10 T g
o= ATLAS Expected 95% Cl:
g 15=13/13.6TeV, 140/56 fo” [-1.7.8.3] 3
= + Observed 95% CI: =
JE HH-» bbr'r 7 [-3.4,1.6] U [5.5, 10.1] 2
6 =
5 E
aE95%C\ % L N i 1
3 =
2F E
E-88%R L N\ e X e =
oLty A T T 1
-6 4 -2 0 2 4 6 8 10

Ky,
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HH—bbtt : do we understand the difference between ATLAS
vs CMS, and should we get excited!?

¢ ATLAS * CMS
v"Run 2+3 combined lumi: 196 fb™" v"Run 2+3 combined lumi: 310 fb™
v Exp sensitivity: 2.8 X SM v Exp sensitivity: 3.9 X SM
v Exp discovery significance: 1.24 o v Exp discovery significance: 0.8 o

® <. hotreally
v Different trigger strategy, object reconstruction and selection, categorization, background treatments, ...

v" Can we do anything to better understand?

° ... probably not (yet)
g,-? * A few thoughts from the discussions...

v" HH production is almost certainly there (if there’s ggH there’s ggHH)
v" Can we better optimize for k, (other than my split)?

v" Can we optimize for HH significance, not only limit (and always report p)?
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Bringing in A4: HHH and the full shape of the potential

® Di-Higgs almost purely sensitive to A3, triple-Higgs brings in A4: full determination of the potential
only possible through combined measurement (but SM not accessible at LHC)

* CMS HHH—6b

v First CMS combined-category HHH result; +18% sensitivity from adding 2-Higgs categories,
+20% from semi-boosted/boosted tOPOIOgieS ¢ Combinatorics challenging, could be reduced in 4b2tau

v Obs (eXP) n <588 (572) X SM @ 95% CL ¢ Drive development of new tools i.e jet-charge tagger

MS Prelimil 138 fb' (13 TeV
CMS Pre/iminary 138 fb‘1 (13 Tev) < 500 c. |s T ,]'ellnl"’zafyl LIS B N S B N B B B B l318 lb T (l 3| lel )
T o o o o N LN I i i i o p » F B
F HHH—6b, u  (kiK,), u . (KJ) Exp. 68% CL -
HHH —6b —*— Observed ~ -==== 68% expected 4001 HHHT 3747 T Ei::_ 959% OL =
F = = Obs. 68% CL ]
------ Median expected -----: 95% expected 300 = — Obs. 95% CL =
L , _| 200 f_ ? g;\/:tarity bound _f
2H-Comb. : E E
Expected: 1069 100 L aemmmmmmeal =
Observed: 1279 : - .
- . = =
3H-Comb. : E =
Expected: 675 f _1 00 } __________ {
Observed: 640 C T 3
-200 Bl =
Full-Comb. e 7
Expected: 572 - 1
Observed: 588 | I | | | | | | -300 = E
0 500 1000 1500 2000 2500 3000 3500 4000 _400_ oo b e by e b e b e e by by 0 Tl

95% CL limit on o(pp —> HHH) / & -5 -1 -5 0 S 10 15 20
Theory K3
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“Searching alternative identities is still a daily job”

Widening the net,
nothing found (yet)

Marco Delmastro Living with a teenager Higgs boson
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ATLAS BSM scalars: overall a clean null result

® A broad program

v light pseudoscalar a (H—aa, 4-60 GeV mass — 02

B C g
range) ':'5_ 0.18 ATLAS - Expected -
v X—pp model-independent bump hunt (35-75 ~ if XM Bl Exp. 10 .
T 0.16 _ -1 Exp.t2 6 ~
GeV) o - Vs=13TeV, 140 fb p '
2 0.14F. NWA (T =0GeV) — Observed 5
v" Z'ldark-matter-portal searches = s All limits at 95% CL |
6 0.12F ; : ]
v charged-Higgs/LFV channels . :
0.1 ]
o : 0.08/- -
® No significant excess over SM background in any of ; ]
these ATLAS analyses . E
0.04- =
® Largest local excess: 2.30 local in X—pyp search at 1 : : i ¢
— _lllllillilllll lilJllllElllLllllllllilllilLllll_

m = 57.5 GeV 03540 47 50 55 60 65 70 75

New resonance mass [GeV]
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CMS BSM scalars: a busier excess landscape...

¢ The 95 GeV diphoton excess:
v 2.90 local / 1.30 global
v my =954 GeV
v the “well-known” excess...

CMS 132 b (13 TeV)

5\ _I TTT I TTTT I TTTT I TTTT TTTT I UL | TTTT l TTT l_
o 0 2: H— vy — Observed B
00.18F B Expected = 10
X - ]
’_\8 016 = Expected = 20 _]
= o140 TowxB
T C ]
T 012 —
a .F E
% 0.1: ]
B 0.08F 4
0.06 -
0.04 -

e b b b b b P by i

70 75 80 85 90 95 100 105 110
m,, (GeV)
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o(pp — X)B(X — YH — bbbb) [fb]

Hidden-sector X—YH —4b cascade excess:
v’ 3.470 local / 2.440 global

V" (my, my) ~ (600, 400) GeV, 4b final state
v one of largest local deviations shown...

CMS 138 b (13 TeV)
A . T T T T —————— T
ok my = 400 GeV 1t my =500 GeV L my = 600 GeV 1
il #_ _# L 4 ]
1o JE 1 i} 1 1 1 E 1 il 1 Il 1 1 1 3
o FLCO 1 R R T00 150 200 230 300 T00 T30 200 250" 300" 350 300

my = 650 GeV my = 700 GeV my = 800 GeV
mz% 1 1
sof ] \9-—7 w ]

700200300 20000 10020030 a00 500 700200300200 500630

my =900 GeV my = 1000 GeV my = 1100 GeV

10° 1 P 1
wk!—’ it rh-e/ 1
T S T R WO U IR © Foco pogr b gy p B o b o b o) g b |
1 1

Eopes b b g oy oons o8
700" 200 300 400 500 800 700 00 200 300 400 500 600 700 800 00 200 300 400 500 600 700 800 900

my = 1200 GeV my = 1400 GeV my = 1600 GeV
10°F 4F L

L

iE 1 I L I I |
200480500 B0 T000 200 400 600 800 1000 1200~ 200 400 600 B0 T000 120 TA00"
»

»
m, [GeV]

1

I 68% expected

----- Expected 95% CL upper limit

95% expected
Observed 95% CL upper limit
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Coincidences at ~95-100 GeV?

CcMS 132 b (13 TeV)
g L - e il S A 1CMSSupplementary 138 b (13 TeV)
T 4 ~ E g | Low-mass | High-mass ' N
2 y SEAV. ¢/ V S VY S AV [ iulo RS 1 16 ‘_§ F
S0 E &
8 F ] © 1
ke] L 126 g 107
B 102E = -
> = =
§ E H— vy E }
8 T 1 A 30 10
F — 2016 3
e 27 E 103
F — 2018 3 F
--------------------------------------------------------------------- 40
B r ——Run2 g ggo—tt
107 F E
SN NEEEE FEEEE R FEEE R S S 10—4:_‘.“1 . L ‘ i
LR mr% }OGSG\};O 60 100 200 1000 2000
H m, (GeV)
CMS H — 7 local p-value scan (132.2 f6™") [HIG-20-002, Fig. 7] Observed local p-value scan for gggb (bbeb profiled) [CMS HIG-21-001, Additional Fig. 31]
Channel / Experiment Mass Hypothesis Observed Excess Reference
CMS H — 7 100 GeV (95 GeV) 3.10 local (2.60) JHEP 07 (2023) 073
CMS H — vy 95.4 GeV 2.9¢0 local (1.30 global)  PLB 860 (2025) 139067
LEPete — Z(bb) ~ 98 GeV 2.30 local (1 — CLy) PLB 565 (2003) 61
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Run-2 search for extra neutral
scalars, 138 fb™', four tt decay
channels, mass range 60 GeV-3.5
TeV

Largest deviation at ~100
GeV: 3.lo local (2.70 global)

v At 95 GeV: 2.60 local
(2.30 global)

v" Broad m_, resolution: if you

want to dream, 95-100 GeV
difference could be consistent

with a common hypothesis

CMS Run 3 analysis ongoing,
but no public result yet...
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How wide the search really is?

¢ 179 scoped BSM-analysis entries (98 CMS / 80 ATLAS), 42 unique references with >2.40 local deviation

Two more named excesses beyond the 95 GeV one

v ATLAS X—SH—bbyy: (mX,mS) = (575,200) GeV, 3.50 local / 2.0c global
v' CMS X—HY—-yybb: (mX,mY) = (650,90) GeV, 3.80 local / 2.80 global

Yy + b . VY / MET (joe, (m//
vy + W == coverage includes Run 3 X\j' %
B b/ multib + VW Y%  XoYH local deviation > 2.40; mH=125 GeV %
. vy + TT *  X-HH local deviation > 2.40; mH=125 GeV [ ((\*
Tt + b/ W *  A-ZH local deviation > 2.40
— .tttz
% 103 1
2]
w
w
©
€
L
[7]
o
=
[=)
=]
©
g 10?1
2 - -
c . g
© =
O / X=>YH
0 | (650,90) GeV
I’,
4
1
10* T
2 x 10?2 3x10? 4 x10? 6 x 102 103 2x103 3x103 4x103 6x 103
ATLAS & CMS Parent mass [GeV]
T1R7/7A
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Asking the right question: when and how observed excess
should drive future search!?

1

Global context

How much does
the look-
elsewhere effect
reduce the local
feature?

Marco Delmastro

2

Internal
stability

Does the feature
persist across
years,
categories, and
reconstruction
choices?

3

Independent
test

Can the other
experiment test
the same mass
point and signal

hypothesis?

Living with a teenager Higgs boson

4

Physics
coherence

Do other final
states imply
compatible rates
and quantum
numbers?

5

Independent
new data

Does new data
(e.g. Run 3)
reproduce the
feature with a
predefined
strategy?
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A concrete checklist for Run 3

A decisive update uses a fixed signal hypothesis and an independent dataset. Nearby structures remain supporting information.

FEATURE

95 GeV
light scalar

X—>YH
(650,90) GeV

X->WwW
650 GeV

X—ep
146 GeV

A—ZH—Zhh
(420,320) GeV

2 EVIDENCE

CMS HIG-20-002: yy 95.4 GeV, 2.9 (1.3)0
CMS HIG-21-001: Tt 95 GeV, 2.6 (2.3)0; 100 GeV, 3.1 (2.7)0

CMS HIG-21-011: yybb, 3.8 (2.8)c

CMS HIG-20-016: 3.80 local
Global: 2.60 for VBF-only; 2.40 with floating fVBF

CMS HIG-22-002: 3.8 (2.8)0

ATLAS arXiv:2210.05415: Z4b with TA/mA = 20%, 3.8 (2.8)0

INDEPENDENT INFORMATION

ATLAS arXiv:2407.07546: yy at 95.4 GeV, 1.70
ATLAS tt searches cover the region without a comparable
maximum

ATLAS arXiv:2510.02857 tests the same point with Run 2+3.
The fixed-point result gives po = 0.5.

ATLAS CONF-2022-066 covers 300-4000 GeV with no feature
near 650 GeV. Production categories are not identical.

No exact ATLAS ep scan in the inventory. ATLAS H125—et/pt
is complementary, not a replication.

No CMS A—ZH—Zhh—Z4b counterpart is recorded in the
inventory.

DECISIVE RUN 3 TEST

Run 3-only fits at fixed 95.4 and 100 GeV. Keep yy and Tt separate. Combine only under
one specified signal model.

CMS full Run 3 update. ATLAS full Run 3-only result at the fixed point with the same
narrow-width hypothesis.

Match ggF/VBF categories, spin-0 width, event selection and trial range before
comparing the Run 3 results.

ATLAS ep scan over 110-160 GeV and CMS full Run 3 update. Retain 146 GeV as a
predefined test.

CMS 2D scan with narrow and 20% width hypotheses. ATLAS full Run 3 update at the
same coordinate.

Numbers are local (global) significance. Different production, spin, width or daughter-mass hypotheses are not treated as confirmations.

Marco Delmastro
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“Future might seem far away,
but adulthood is not that far”

What's next

Living with a teenager Higgs boson
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International consensus, and a decision point by 2028

® ESPPU (European Strategy for Particle Physics Update) recommends the e*e™ Future Circular Collider (FCC-ee) as
the preferred option for the next CERN flagship collider

¢* Approved by CERN Council in June 2026. Goal: assemble all material for a construction
decision by early 2028

¢ CEPC (China): no longer pursued as a standalone competing project, repositioning to “continue CEPC while
looking forward to being a major partner of FCC”

Start accelerator commissioning Start detector commissioning
End of HLLHC Start detector instalaion “Our clear aim is to be ready for a
Start accelerator installation - . "
i m— decision on FCC-ee in 2028
u and component uction Detector component production
Technical design & prototyping completed Fourdetector TORS completed DG, plenary ECFA, Amsterdam, 9/7/26
Start of ground-breaking and CE at IPs Detector CDRs (>4) submitted to FC?
End of HL-LHC upgrade: more ATS personnel available End of HL-LHC upgrade: more detector experts available What this means is that all material for a
FCC Approval: Start of prototyping work >= 4 Experiment Eols, FC? formation, call for CDRs o
decision needs to be assembled by early
amnmum.m_ﬁccummm . .
EEEEE—— 2028 — dictates current planning.

{ FCC-ee Accelerator ( Key dates J FCC-ee Detectors ]
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Why an e*e" Higgs factory after (HL-)LHC?

* A (partial) selection of FCC-ee

Hi ggs results Coupling HL-LHC FCC-ee = FCC-ee + FCC-hh
v' Higgs mass to 3.97 MeV via the recoil- Kz (('(7;)) ig: g-;g 8-;2
+ - . e e rw (70 . . .
mass method (e’e” — ZH, clean initial b (%) 2.5¢ 0.38/0.49 0.33/0.45
state; dominated by beam-energy- kg (%) o 0.49/0.54 0.41/0.44
spread systematics) K (%) 1.6* 0.46 0.40
. ke (%) - 0.70/0.87 0.68/0.85
v' ZH cross-section (and so gHZZ) Ky (%) 16" 11 030
model-independently to 0.28% at 240 Kzy (%) 10* 4.3 0.67
P Y ¥ .
GeV and 0.49% at 365 GeV (and from it EZO; Z'i* ;; 8'471;
. . . . K . . .
this, model independent Higgs width at ke 129 +29
ineep &6 s (%) - i 5
O(5%) precision) Ty (%) - 0.78 0.69
, -2 x —4 —4
v’ Most couplings reachable at O(0.1- Biny (<,95% CL) 1.9 x 10 5 x 10 2.3 x 10

o ) ) Bunt (<,95% CL) 4x1072* 6.8x1073 6.7 x 1073
0.5)% precision, including second- =

generation quarks for the first time! Feasibility Study Report Volume | | Physics, Experiments, Detectors |

* Higgs precision at FCC-ee will translate into indirect limits on Higgs-coupled
BSM for scales A > 5-100 TeV
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mailto:https://arxiv.org/abs/2505.00272

HL-LHC and FCC-ee are complementary! An example

¢ HL-LHC measure k) directly via HH production,
but will stay at O(1) precision even by the end
of HL-LHC

¢ FCC-ee has no direct self-coupling reach, but k,
enters radiative corrections to e'e”—H:
combining the two improves overall k precision
from ~28% (FCC-ee alone) to ~18%

® A high-luminosity FCC-ee scenario (double
luminosity at 240/365 GeV) could reach ~15% in
combination with HL-LHC

Marco Delmastro
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L3sscev (@b™")

¢ Radiative corrections to e'e” 2 H involve k),
® Corrections several % in SM at 240 GeV and depend strongly on c.o.m. energy!

v" Sub-percent precision of FCC-ee cross-section measurements at 240 and 365 GeV
exploits energy dependence to disentangle NP in the HZZ coupling from «,

10,

FCC-ee + HL-LHC

5 10 15 20 25 30
-1
Losocev (@)
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Fourteen, and counting

AREN'T YOU
GETTING A

LITTLE OLD

Out teenager Higgs boson grew up fast St TALH

v" Run 3 catching Run 2 (and there’s more data to analyze)
v Evidence-level rare decays

v" A real (if not yet significant) HH excess

v" A new question on the table: entanglement

v" A lot of cutting-edge technologies enabling all this!

°* What hasn’t changed since childhood...

v Still no crack in the SM picture (but we have a plan, or at
least a checklist. And EFT...)

v" The Higgs potential’s true shape is still an open question (but
we might get some answers already with Run 3 data, and
most certainly at HL-LHC)

® Thanks to the organizers, and to everyone whose slides made this summary possible
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In memoriam — Francois Englert, 1932-2026
v o -~ | ®
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