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Higgs boson decay width: motivation

 Higgs boson width (I'y) predicted by SM as a function of m
« Sum of partial widths for all (on-shell) decays

* [, measurements constrain invisible+undetected Higgs decays
 Important test of Higgs sector in the SM

* [', unconstrained in H production rates from on-shell decays

» A “flat direction” is present in the k-framework: 6 = g;,0q9Gecay/TH
» Possible to rescale couplings + total width keeping rates unchanged
» Dedicated measurements needed
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Measurements techniques: outline

1. Mass resolution of order 1 GeV in four-leptons and yy
 Limited precision for the direct lineshape measurement

2. Most precise results with off-shell techniques in ZZ and WW
« Using the comparison between on-shell/off-shell production rates

3. Recent constraint by ATLAS using four top production

4. New technique by CMS with signal-bkg interference in yy
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Direct measurement at CMS

 Fit lineshape with a Double Crystal Ball
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convoluted with a Breit-Wigner (explicit
[', dependence)

* Precision limited by resolution O(1) GeV

» Observed (expected) upper limiton I'y:
« T}, < 330 (640) MeV at 95% CL

* Pro: completely model independent
« Con: poor sensitivity to SM width

1-CL
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http://dx.doi.org/10.1103/PhysRevD.111.092014

Off-shell cross-section

2 2
E . YprodYdecay
o 2
ds  (s—m§) +mgTg

* Differential production cross section:

2 2
gprodgdecay

* On-shell (s ® mf): 0 o« ===
H

» Off-shell (s >» m%), 6 < g2.,a95ecay iNdependent on I

* Defining tyn—shep AN Uysr—sneyp @S Mmeasured rate / SM value
* Uoff—shell /.uon—shell X l_‘H
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Off-shell H - 7Z7Z

 First evidence for off-shell production in 2021:

0-00]. I I I I I I I I ©
« CMS-HIG-21-013 g >H—ZZ M | §
0.0008 My = 125 GeV 18
- o = 0.0006 | S, =08 To o
« Small signal, visible due to enhanced cross- 3 min. cuts g
section from Z bosons in decay and top quarks s 0.0004 ¢ 5
in the loop going on-shell N 0.0002 | 3
=
S 0
&)
 Gluon-gluon signal and background interfering ™ -0.0002 |
—— gg bkg.
0 7 ¢ z -0.0004 | x Whatwe - -
: measure
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H Mz 7 [GeV]

Interfering bkg
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Off-shell H — 7Z7Z model

l&x |p) = [# Vg * ps(x) + \/ﬁ v pix) i+ vg - pp(x) + vy - PNI(X)]

Events features

v(u)

U — EXp events

NI — Non-Interfering

backgrounds
Ps(x) ppx)
8 g gv Z 8 Z
pyi(x) = 2-Re j’%@,;:‘< X
8 Z g VA
ggF Signal ggF Background
oH=2Z=4¢ ATL-COM-PHYS-2024-930-2

Off-shell signal strength: u =
g gth: H GH—ZZ—~4¢

exp
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Off-shell H>ZZ in four leptons at CMS

PRD 111 (2025) 092014

138 fo' (13 TeV)

 Three kinematical discriminants built from matrix-
elements to tag VBF, WH, ZH

« Events separated in VBF-Tagged, VH-Tagged and
Untagged categories

 Two additional kinematical discriminants:

* Dyyq built to distinguish signal from background
» D, built to distinguish interference from background

 3D-binned fit with there observables:
* My Dbkg, Dy
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http://dx.doi.org/10.1103/PhysRevD.111.092014

Off-shell H>ZZ in 212v at CMS

« 212v not used on-shell because only ps is measured — m,;,, Not precise

* |n off-shell production, Z bosons are on-shell
« m%% (using only pss) is sufficient to observe the final states (no peak at m,, )

Nat. Phys. 18 (2022) 1329

~1
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* Fit performed with 2 or 3 observables:
. mZZ
T.
« pit®, to reject Z+jets bkg
* a kinematical VBF-tagger
* (only when Njets = 2)
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Combined off-shell H>ZZ at CMS

- First measurement with 50% precision on the width: ;= 3.0%9: MeV (Exp. 4.1 £ 4.0 MeV)

« Off-shell rate evaluated for both ggF (fermion coupling) and EW (boson coupling) Higgs
production modes using different categories

* Uorr—shen = 0 excluded at > 30 — Evidence for off-shell production

-1
CMS 138 fb~' (13 TeV) 5.0 g (12 1oV
2 s e B M L R ‘ 1
| —— 42 on- and off-shell + 22 2v off-shell ] 45 [ + BestFit '
18
| --- Expected el
151" 4¢ on- and off-shell Bl
S
C 12| --- Expected - E e
] ? 25
< g B>
Al | 250
| L
B 15
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————————— 7 1.0
680/0 CL et 0.5
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First off-shell H — 7ZZ in ATLAS

Ps S 20 am1as | —-ObeSwtony
- ~ C —— Obs-Sys ]
 Measurement ONN — 0.1 “ 13;‘H*a2244_|1+uw — Bosaon E
performed in 41 and 2I2v pp+ .1 Dnr i s w1155 Epsmon 10 ]
— Obs-Sys: 1.1ig:; ' Exp-Sys: 1.0i:2 ‘ ]
channels (Phys. Lett. B 846 (2023) 138223) 1o :
& af amas | S TR qof
o ] ] ] Lﬁ 105 s =13 TeV, 139.0 fb’ % i;fsfl;;tlc neenames 8 ;__
* Fitting discriminant from (gL o Sl Redton e e eands
classifiers for signal vs 10° — oz
interf./non-interf. bkg 107 o _
10 NI N NS RS R
1 156 2 25 3 35 4
« Updated with NSBI Hotsne
107

Flat NLL region implies sub-optimality

L% 150, baasen in regions with /¢ - p; > i - ps
-~ o 2L 2 4 $ —1 az .
S S T7%1 « Updated recently with neural
0L —la o S IR se————4%  simulation-based inference (NSBI)

o * Next slides
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Off-shell H - ZZ in ATLAS: NSBI

» Histograms do not simply scale linearly with p
« This happens for the interference in H>ZZ
« Flat region with traditional methods in test stat.

4¢ only --—- Exp Histogram

« Single S/B discriminant often optimal for LHC analysis ATL-COM-PHYS-2024-930-2
° ) h:- B ' * ' i 1 ' N ' ' 1 N ' ' ' I * ' ' ! 1 ! ! ' ' I ' i ' ' |
Signal vs. background - OK | ATLASPreiiminary be NSE] .
 Vs=13TeV,140 fb"" - VoS .
* Not optimal if the parametrization is non-linear ——= ExpNSBI ’
10 —-= QObs Histogram _

Illl\IIII

* Losses can be mitigated with approximations to
optimal observables by increasing the dimensionality
of histograms, and by reducing the bin width (CMS)

« ATLAS: neural-simulation based inference (NSBI)!

Huge sensitivity gain in H offshell

M Vs ps(x) + \/ﬁ ~ vy pX) + vg - pp(X) + Uy - P(X) interference rich regions
—— N Nyt Nt ——’ \/ﬁ . p;(X) > U - pS(X)

NI — Non-Interfering
backgrounds

plx|p) = 0D

U — Exp events
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Neural-based simulation inference

Full test statistic function for frequentist parameter estimation on parameter y

» Built a test statistic function with:

» Poissonian likelihood for the total
number of observed events in
categories

« Unbinned likelihood ratio using
the event probabilities p(x|u)

» Nuisance constraints part

p(x|u) is the sum over processes of
neural network discriminants

X ~ multi-dimensional
kinematic inputs

X~ p.
S=1

Pe
pref"‘pc

N AN AN
e

argmin L —» S0 =
W

x~prej
§S=0

Binary Cross-Entropy loss

Classification NN
Two hypothesis:

x) —»

. 2 N X X Nt A

f(,tt) —_2. 10g POIS(N(Jb.;lJu’ a) —2. ﬁ’j log p(xfl’u’ a)/prfL‘f) —7. Z log p.\'ubs(a)
POiS(N(Jbs | Jﬁs é’) i=1 P(X,' | Jﬁ’ &)/pkj‘@‘z) It - p.s‘ubs(&)
l parameter-

p(x; |, a) 1

sum over processes
c =38, B,etc.

independent ratio

p('(x.") ‘

pr{y‘(-x.f) 3 Z(. G[.((I) ﬁ(ﬂ) "l

Parameterized per-event ratios

Parameter dependancies are
factorized out

- "Mixture models"
P, §(x)
(x) =

T 1.0 = ()

pref

"Likelihood ratio trick" or CARL approach [1506.02169]
Many examples in ATLAS - HH4b backdground estimation, Omnifold, etc.

peand p,.; 22
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Factorized nuisance parameter «-dependence:

o) pox]ea)
glx|a)=
PLx)

E.g. in stat-only off-shell Higgs medel:

1 —
plx|p) = P [}4 - g ‘Em SRV [p,T,\)\ + g ((m + vy ',f,?-‘\,’fg“‘f?ﬂ
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Combined off-shell ZZ in ATLAS

« Combined with 2I2v, and with on-shell H=>4lI to extract the width
» Observed (expected) value: = 4.3%27(4.1%3:3) MeV

Rep. Prog. Phys. 88 (2025) 057803

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

tk,,

- E ATLAS Preliminar E 20.0 ATLAS =
o5l Vs-13Tev. 140 —— ObsNSBI e Vs=13TeV, 140101 — ObSNSBI -
- --- Exp NSBI i 175 ~=~ Exp NSBI 3
e Obs NSBI stat-only . —-= Obs NSBI stat-only .
20— e Exp NSBI stat-only — 15.0 --—+ Exp NSBI stat-only 2
- - /7
- S 12.5 7/ /—,_-
15 H — ZZ — 4¢ NSBI S _ R
. + R
10 H—ZZ > 26 g
P
SIENG . L e g
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H->WW off-shell

« Similar to the H>ZZ off-shell 2|12v

measurement ::D <W
9 W g 99992000/

* Gluon-gluon fusion + VBF signal (+
interfering backgrounds)

q W q
» Main background: tt (= WWhbDb) W
production (non-interfering) } " W
w

A
=

Y
=

q

* Measured by both CMS & ATLAS
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CMS fully leptonic H>WW

138 o' (13 TeV)

c —— T T T T
5 CcMS ggF on-shell 0-jet
6
; 10 & Data Top quark
= . WwW pm Nonprompt
O 10° Drell-Yan s Other background
Lﬁ I ggF on-shell mm VBF on-shell
B Other Higgs ggF off-shell S+B+I
10* Total uncertainty

—_
Om

- —
o %

-

—ry

Data / Pred.
[=- IV

o

Lo 4
T“T T

0.6 0.7 0.8 0.9 1
DNN score

o
2]
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Events / bin

Data / Pred.

138 o™ (13 TeV)

— L I
CMS ggF off-shell 0-jet
106 & Data Top quark
. WwW m Nonprompt
105 [ Drell-Yan B Other background
Il ggF on-shell B VBF on-shell
I Other Higgs ggF off-shell S+B+I
10% &= —— VBF off-shell S+B+l Total uncertainty
................
e S
........
10%
10
1
12 F =
15 R A TN
08 =
0.5 0.6 0.7 0.8 0.9 1
DNN score

cus

S/B/S+1 modelling for H>WW->212v to measure off-shell rate

Categorizing based first on jet number and DNNs in a second step
» Separating off/on-shell ggF/VBF, tt and non-resonant WW

Fitting DNN score in on-shell/off-shell categories as observable
Obs: I'y= 3.9727MeV (Exp. 4.1711%2 MeV)

CMS-HIG-24-011

138 fb~' (13 TeV)

— Observed
— Expected

My=3.937 MeV N
Mh=4.1*1%2 MeV |
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ATLAS H>WW

» Categorization similar to CMS analysis (jet multiplicity + DNNSs)
* Fitting I’3;, = 0.3 - m;; + 1 - m as observable, as a proxy for my,
» Observed (expected) upper limit on I'y: 13.1 (17.3) MeV

- . . . R Phys. Lett. B 870 (2025) 139898
o o [a] o [a] w
9 ‘i §§ E -‘01 E ‘i \/E:13Tev, 140fb_1 ¥I i E Trrr l Trrr l | = o= = I lllllllllllll l Trrr ' T 7T 'l.'t,_l L l-
2 ceegtase 3 s - - & & AW b «~ 101 ATLAS = XD, i o
S ol e % | Post-fit High DNN-score - 4 ,I; J
& + paa - Vs=13TeV, 140" -~ Exp. stat-only £
- ww ¢ ’ ]
) e 8 1 HoWW-lvlv — Obs. P o
10 . 4 VS 7
[ ] . & S al
= Other V(1) [ i Rgg=1, R\=1 == Obs. stat-only ,” - i
Misidentified Leptons |« ’ ¢ |
Other H 6 " 2 S P
10- 49 (H =) WWj C 4 i &
gy (H - )WW B 5 . L vannmcnnaan VRAy
o 12 Uncertalnty 4 :: R JPELL ph /_. 7 S 959,
> L M Seecccnccccnnnennes P . . -
2 4 |, P X2 o i
E L ¢ Data I T - # 7 J
S 1.0FE Uncertainty = :‘ ‘_. _______ ’ - ]
153 —— Expected(p=0.0,6) N (Y P B L i G A
w09 -~ Expected(u=3.4,6) LS ---.’.f'_’_ ______ --""__-—‘,"’ ,—” T 68%
o S\ D N = -
© 0.8 o N N o, .
[a} 5 0 -
0 05 1 15 2 25 3 35 4 45
SESSENsEenoekeeIIs Rt ) _ SM
V3¢ bin ranges [GeV] KH — FH/FH
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ATLAS four top measurement

Phys. Lett. B 861 (2025) 139277

* Measurement of:
* On-shell Higgs production
* 4 top production (mediated by off-shell Higgs)

 Extracting top coupling and I'y (from off-shell)

o [ T T ]
- — 68% CL i
» 2D constraints in k, vs T; plane, assuming kt [Tk -
Is the same for on-shell and off-shell :
* 1D constraint: limit I'; < 450 MeV (expected 75) 15 .
* Obs./exp. difference driven by o(4 top) :

measurement that is 1.8c over the SM value e ) ]
« If only SM particles assumed in ggF production, T fs=13TeV, 36.1 - 140167
H—yy and H—Zy production, limit becomes 160 o Bt XS

MeV (exp. 55 MeV) 1 10 102

/M
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CMS diphoton on-shell technique

« A different technique, purely on-shell, is possible for H — yy
* Proposed in th. papers: Martin (PRD, 2012) & Dixon, Li (PRL, 2013)

box
* Interference between bkg gg — yy (4;) and signal gg — H — vy (Ag )

» Signal: |4s|* = c5, /TyS « uS, Interference: 2Re(AsAg) = ¢4yl = \/MFH/F,f,MI

g9 — H — ~~ prod. | non-res. gg — v~

* |As + Ag|? = |As|® + 2Re(AsAp) + | As|?

|
H ! G .
_—— : A "-5»}( g Cg~y 1
Cg C’Y | FH -
' " "
signal ' background e 7 modifies m., spectrum
(gluon-gluon fusion) « 7 XS is the handle to measure I'y
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Interference modelling

* Interference is negative in a large range

Sy + AU TV T + 3 1sSi+ B =
i#ggF

[ T [ T
(:“F - MFpTﬁ[) SggF + /‘FFTIJ{\[(SWI" +I)+ pv Z Sv;+B
H H jE{VBF, VH}

. J

0for y=TgM

» Using the S+| shape to extract the interference o« |ul}y, /T3

(9]
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M, = 125 GeV, I',=4.1 MeV
Resolution effects included
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CMS diphoton results

- Fitting m,,,, spectrum in categories based on diphoton pT / BDT score

« Fitting using analytical functions (DCBs) + background from data sidebands
« Feldman-Cousins obs. (exp.) limit: I'; < 92 (140) MeV, best measurement purely on-shell

CMS-PAS-HIG-25-004

. . o -1
700 CMS Preliminary 138 o' (13 TeV) 1 CMS Preliminary 138 fb' (13 TeV)
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Summary

Limited precision for the direct lineshape measurement
« CMS with Run2 data: I'; < 330 (640) MeV at 95% CL obs. (exp.)

Most precise results with off-shell techniques in ZZ and WW

+ CMS with Run2 data (2Z): Ty = 3.0%) - MeV (Exp. 4.1 + 4.0 MeV)
« ATLAS with Run2 data (ZZ): Ty= 4.3*3]MeV (Exp. 4.1*35 MeV)

« CMS with Run2 data (WW): I';= 3.9727MeV (Exp. 4.171L2 MeV)

« ATLAS with Run2 data (WW): T;= 0.973¢MeV (Exp. 4.1783 MeV)

Recent constraint by ATLAS using four top production
* Ty <450 MeV (Exp. 75 MeV)

New technique by CMS with signal-bkg interference in yy
* Ty <92 MeV (Exp. 140 MeV), purely on-shell
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Backup [diphoton int. XS]

Looking at: LHCHWG-2026-003 draft
» Appeared after CMS preliminary result

At 13 TeV NNLO total XS 70% higher than NLO

Applying same cuts at Buccioni et al:

XS of sample used in the analysis: -0.52fb with 7% QCDscale
error from SHERPA 2.2 at NLO with Catani-Seymour PS

* Applied a sqgrt(1.4)~1.2 k-Factor for signal amplitudes (minnlo / NLO-
SHERPA) - -0.63 fb

Not possible to apply these results in the analysis (custom
private generator employed, and no diff. distributions public)

The analysis results is a limit: we now know that it is
conservative (we employed a 70% smaller XS w.r.t. NNLO)

Order 0[] 0y ()] 8 [%)

Vs =7TeV

LO  9.018%39, —0.033709)9 —0.36

NLO  20.73%3¢7 —0.26.009  —1.23

NNLO* 25.93%220  —0.44.09  —1.70
/s =8TeV

LO 11197331 —0.0420912  —0.38

NLO 25947370 —032005%  —1.2

NNLO* 32.73*297  —0.55005  —1.68
V/s=13TeV

LO  23.00%377 —0.100700%  —0.43

NLO  55.047110 i—0.67;g;}2 i —1.22

NNLO*  69.99*¢40 i—1.12;3;§’§ J -1.61

V5 =13.6 TeV

LO  24.47'370 —0.109.9922  —0.44

NLO 58.77%4%] —0.737020  —1.24

NNLO* 74717272  —1.2170%  —1.62

pr,>20GeV,  /pr, Pr,,>35GeV, |y,|<25 AR, >04
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