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The lifetime and the width

® The lifetime of the Higgs boson is ~107%%s, but is closely related to its decay rate
h
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® The decay rate is the width of the Breit-Wigner peak! Let's measure it
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® The lifetime of the Higgs boson is ~107%%s, but is closely related to its decay rate
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The lifetime and the width

® The lifetime of the Higgs boson is ~107%%s, but is closely related to its decay rate

Intrinsic Higgs
width 4.1 MeV in
standard mode

Detector resolution
~1000 MeV In

ATLAS detector
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The lifetime and the width

® The lifetime of the Higgs boson is ~107%%s, but is closely related to its decay rate

® The decay rate is the width of the Breit-Wigner peak! Let's measure it
What we see in the detector:

Intrinsic Higgs Width (Breit-Wigner)
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https://arxiv.org/abs/1712.02304

The lifetime and the width

® The lifetime of the Higgs boson is ~107%%s, but is closely related to its decay rate
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https://cds.cern.ch/record/2871702

Another strategy to measure the Higgs width

® Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width
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https://arxiv.org/abs/1307.4935

Another strategy to measure the Higgs width

® Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width
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Another strategy to measure the Higgs width

® Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width

OFF-SHELL REGION
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Another strategy to measure the Higgs width

® Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width
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Another strategy to measure the Higgs width

® Caola and Melnikov [1307.4935] propose another strategy to measure the Higgs width

| OFF-SHELL REGION

initial state final state

g In this analysis we measure the off-

: shell H - WW contribution
. [CERN-EP-2025-059]
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Combine with the legacy ATLAS run 2 on-shell H — WW
N analysis, shown by Robin Hayes yesterday! |
~_ [CERN-EP-2025-054]
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Analysis strategy

Dataset: Full LHC Run 2 collected by ATLAS experiment

Signal production modes: EW and ggF production of Higgs
® Split up into three jet channels, O] focusing on ggF, 2]
focusing on EW, 1j mixed

q
74
g 0000009, g "4
"> " < H<:
g 99090900 - 9 W
q

Two signal decay modes

® Same flavour H - WW decays (WW — evev/uvuv)
® Different tlavour H - WW decays (WW — evuv)

Three DNN bins per analysis region
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same flavour regions

Analysis strategy

Observed Composition

Dataset: Full LHC Run 2 collected by ATLAS experiment

Signal production modes: EW and ggF production of Higgs o
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Two signal decay modes . . =

® Same flavour H - WW decays (WW — evev/uvuv) * . E
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® Different flavour H > WW decays (WW — evur) mmmmm—gp 3. " el
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Results
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Conclusion

Presented the first ATLAS standalone H —- WW width measurement!

.............................
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® [',, competitive with state of the art, also large improvement over run 1 ZZ & WW

® Large improvement over run 1 H - WW standalone p ¢ .. Mmeasurement
® 3.4 obs. (4.4 exp.) @ 95% CL versus 17.2 obs. (21.3 exp.) @ 95% CL

® The lifetime is 7, = 7.0_55;.25'1 X 1072 s (z = A/T)
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https://arxiv.org/abs/1503.01060
https://cds.cern.ch/record/2842520/files/ATLAS-CONF-2022-068.pdf

Conclusion

Presented the first ATLAS standalone H —- WW width measurement!
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® [',, competitive with state of the art, also large improvement over run 1 ZZ & WW

® Large improvement over run 1 H - WW standalone p ¢ .. Mmeasurement
® 3.4 obs. (4.4 exp.) @ 95% CL versus 17.2 obs. (21.3 exp.) @ 95% CL

® The lifetime is 7, = 7.0_2%1 X 1072 s (z = A/T)
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Breakdown of uncertainties

Table 1: Breakdown of the observed impact of sources of uncertainties on the value of uog-shen1 at 68% confidence
level where ¢, .. . = 1. The values in the right column represent the relative difference in quadrature between the
best-fit pof-shenn and the uog-shenn from a fit where a set of nuisance parameters (6;) are fixed to their best-fit values 9. .

Statistical uncertainty 52%
MC stat. uncertainty 15%
Theory uncertainty 39%
- Theory background 22%
- Theory signal 34%
Experimental uncertainty | 25%
- Jets 19%
- Leptons 5.3%
- Others 6.8%
- Misidentified leptons | 3.1%
Background normalisation | 7.6%
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Why measure the Higgs width?

The Higgs decaying faster, or with larger width, might indicate decay to undiscovered

Pa rticles [2107.08343]
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Measuring off-shell Higgs boson production is by itself important
® As shown before: o,

nshel

B Rexo

couplings and width!

® This can be resolved in the offshell regime! 6., x g*
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http://www.apple.com/uk
https://arxiv.org/abs/1905.03764
http://www.apple.com/uk
https://arxiv.org/abs/2107.08343

Higgs width at the FCC-ee

One of the more realistic future colliders is the FCC, future circular collider

There are multiple options, but the FCC-ee would collide electrons,
which generally comes with lower collision energy than hadronic colliders, but
with the ability to more precisely tune the energy
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Higgs width at the FCC-ee

o [fb]

With a lepton collider we can tune the beam energy to exactly

m, + my and produce the Higgsstrahlung process with a very
high rate

Doing this we can target the Higgs width with minimal

assumptions as follows

The cross section of the Left with an explicit
Higgsstrahlung process dependence on the width

G(e—l—e— —>ZH)_ G(e+€_%ZH) N G(e*‘e_%ZH) T
BR(H —77*) T(H—2ZZ9)/Ty | TH—=2ZZ") |

The branching ratio of N pr—— .-
H— ZZ ohysics effects cancel in Higgsstrahlung, where the Higgs
this ratio — SM! recoils off a Z boson
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Takeaway is that few-percent
level precision is achievable!

Higgs width at future (?) colliders

International linear collider

Collider ol'y [%]

from Retf.
. . ILC»r50 2.3 —
Compact linear collider ILCs00 6 |5
N ILC 000 1.4 O
\’ CLIC3g9 4.7 ()-l
CLIC 500 2.6 O
CLIC3()()() 2.5 CQI)
/' CEPC 2.8 <
Circular electron-positron FCC-eepqp 27
FCC—66365 1.3

collider
(experiments in 20307)

The future circular collider (ee)
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A refresher: What is the width of a particle?

1
® The width, I', is defined as the decay rate ' = —
T

® Take a wave function, add an exponentially decaying term

w(t) = yoe w(t) = ye—Fre1T -
® Fourier transtorm to energy domain : refiviener
W(E) =Y, ; i NP S 1 ——
(E—Ep +5T
® Now ask, what is the probability to measure

mV

E,-T/2 Ey Egl/2

the particle with energy E?
1

(E — Ep)* + %W —

Width of the peak is intrinsically connected to the decay rate

MoriondEW 2025 /et Wolffs
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The H - WW channel for width measurements

’ " The decay probability of the

WW decay is significantly
larger than that of ZZ
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The H - WW channel for width measurements

/" The decay probability of the Expect more WW decays in

WW decay is significantly —» | HC, so this channel should
larger than that of ZZ be more sensitive
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The H - WW channel for width measurements

/" The decay probability of the Expect more WW decays in

= 1 | :§
S W & WW decay is significantly — | HC, so this channel should
S 8
- larger than that of ZZ be more sensitive
|21O-1_ iy ‘ 77 _}:
+ 4 ]
o .' - /
m i « i
7)) ]
810'2_— — o o o
s l: A However, In practice WW is
l less sensitive than the ZZ
10°%7 ' : measurement?
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The H - WW channel for width measurements

/" The decay probability of the Expect more WW decays in

WW decay is significantly —» | HC, so this channel should
larger than that of ZZ be more sensitive

/

However, In practice WW is
less sensitive than the ZZ
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The H - WW channel for width measurements

W bosons decay into leptons and neutrinos

H — WW signature H — ZZ signature

WW bosons decay to neutrino’s
which cannot be detected

— Results in “missing energy”
which is hard to reconstruct!
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The H - WW channel for width measurements

H — WW channel has missing energy caused by the final state neutrinos

@ATLAS

EXPERIMENT

http://atlas. ch‘

Run: 204763
Event: 49333326
Date: 2012-06-09
Time: 16:08:25 CEST
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Yield as a function of POI
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Rg 8
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( ggF
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Mo ff—shell
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mu_on and mu off width
] . ggF
and couplings dependencies K, .. ¢
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Multi-POIl
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Neyman Construction for creating confidence intervals

 Neyman construction using toys can be used to correctly estimate the CI for the off-shell
 Three step procedure
* 1] Profile dataset
* Perform conditional fit (assuming particular injected value of POI) to data to obtain
best fit values of nuisance parameters (NP)
» 2] Generate toy datasets
* Given the injected u and NP, randomize the global observable according to the
PDF and generate a toy dataset
» 3] Perform unconditional and conditional fits for each toy to get test statistic distribution

for each hypothesis (more info in the backup)
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Tables

DNN inputs

Different-flavour lepton category Same-flavour lepton category

Variable ) o 1-jet 2-jet 0-jet 1-jet 2-jet
p‘f’ Vs v v v v 't

1
pt. Vs v v v v v I—l y
ok y y y y g y erparameters
n! Vs v v v v v
iy v v v v v v
¢2 4 4 v 4 4 Hvperparameter Different-flavour leptons Same-flavour leptons N FS
P 4 YPeIp O-jet ljet  2et  O-et  ljet  2-jet
A / / / Nodes in layer 1 256 128 256 256 256 128
A &t v v 4 v/ 0daes 1n l1ayer ]

Afbee y y y Nodes in layer 2 128 32 128 128 64 128 99> WW Topquatk Z—1r Z-U
Ath’ ‘/ NOdeS in layer 3 64 32 64 64 256 32 ¥ +0.07 +0.11 +0.06 +0.15
e p y p y p p Nodes in layer 4 16 16 16 16 Oget 1005 1005500 100000 100015
. : 0.15 0.08 0.12 0.21
Meg v v v v v v I:otqestl.n lai}:fr St 116 1 116 1 | | Expected  1-jet 1.00%5 1 1.00%5 0  1.00%5 75 1.0075%
W v v v ctivation function relu  relu elu relu elu relu o 1.0+0-6 1.00+0-05 1.00+0-41
max(mr , , y , Optimiser SGD SGD SGD  SGD SGD  SGD et 1% 1000 0002
Py Epochs 300 300 30 300 100 300 .

' O-iet 1.01+0.07 0.93+0.10 0.90+0.05 1.15+0.17
Py v 4 Batch-size 256 512 128 256 1024 256 ! ~0.07 ~0.09 ~0.05 ~0.15
n’ v v v v Learning rate 03 01 01 01 01 003 Observed 1-jet  0.90*jY,  0.97%G 09070, 1.08G7
n’! v v Learning rate d tio 001 08 001 0.3 1 1

. €arning rat€ aeécay ratio . . . . 2-iet 0.9+0.6 0'97+0.05 O.87+0'35
¢13) v v v Use Nesterov momentum? v ] 0.4 —0.05 ~0.23
m’ v v 4 v Dropout 03 0. 0.6 0.6 0 0
m” v v Momentum 08 09 0.1 03 095 03
ij'f ; :; L2 regularisation weight 0 0 00003 00003 0 0.00003

y
VHT v v v
Emiss v Vs v v v

T
¢pmiss / / / /

T .

S(EMiss) Vs v v v v
AR®0/0 v v
AR0J1 v v
AREL0 v v
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Tables

Yields

Process gegFB ggFS+1 EWB EWS+l ggWW Mis-IDlep. Z—-17 Z—>¢f Other H VV(V) Expected (i, §) Data
0-jet DF top CR 42 -4 1 0 5309 245 34 21 0 2 33 5684 + 92 5681
0-jet DF low DNN-score 972 2 5 0 1499 14705 1566 65587 2877 553 2212 89979 + 516 90008
0-jet DF medium DNN-score 1457 -53 10 -1 4470 12249 725 666 72 81 551 20227 + 156 20183
0-jet DF high DNN-score 522 -83 7 0 2152 2246 67 74 10 3 73 5071 + 43 5045
0-jet SF low DNN-score 775 -45 8 0 2609 7403 499 290 25046 47 5212 41844 + 476 41843
0-jet SF medium DNN-score 371 -54 4 -1 1562 1627 47 26 896 2 260 4740 + 61 4800
0-jet SF high DNN-score 107 -24 2 0 414 304 8 7 25 0 51 895 + 15 875
I-jet DF WW CR 58 -3 6 0 865 454 40 85 27 8 82 1621 + 67 1629
1-jet DF top CR 27 -3 5 -0 19338 175 89 6 1 2 44 19683 + 151 19670
l1-jet DF Z71 CR 90 -1 10 0 1244 1124 226 16404 316 285 653 20351 + 266 20352
1-jet DF low DNN-score 671 -34 48 0 13238 7765 543 1312 200 69 018 24730 + 406 24725
1-jet DF medium DNN-score 562 -62 51 -3 4394 3305 198 250 37 19 266 9018 + 87 9032
1-jet DF high DNN-score 119 -25 42 -6 656 455 30 14 3 2 32 1321 £ 16 1302
1-jet SF low DNN-score 381 -44 25 -1 5925 2628 172 134 9323 23 1799 20366 + 334 20351
I-jet SF medium DNN-score 115 -22 15 -1 931 506 20 5 298 1 101 1968 + 26 1969
1-jet SF high DNN-score 71 -19 29 -5 409 253 13 6 155 0 4 956 + 17 979
2-jet DF top CR 26 -4 56 0 33796 157 180 56 8 13 43 34333 + 217 34335
2-jet DF low DNN-score 246 -27 137 -6 7419 1544 180 472 60 48 255 10327 + 352 10311
2-jet DF medium DNN-score 10 -2 49 -3 149 53 6 5 1 3 10 281 £ 6 287
2-jet DF high DNN-score 10 -2 138 -12 116 39 5 4 1 3 5 307 £7 297
2-jet SF low DNN-score 71 -12 29 -2 1897 335 22 7 997 3 196 3542 £ 115 3532
2-jet SF medium DNN-score 11 -3 46 -3 186 50 4 1 42 0 12 347 + 13 374
2-jet SF high DNN-score 3 -1 42 -5 26 7 2 1 6 0 1 82 +5 83
: . . DF SF
O-jet 1-jet . 2-jet 0jet Tjet 2jet Oget | 1get 2jet
Different-flavour lepton category pre-selection Pre-selection Trigger selection and matching Trigger selection and matching
qq9 > WW Nb—jets = 0 2 DF oppositely-charged leptons 2 SF oppositely-charged leptons
B mee > 80 GeV B No additional leptons No additional leptons
Aoy < 1.8 p* > 27 GeV and pFed > 15GeV p > 27 GeV and p3FPed > 15 GeV
Mo — 91 GeV| > 25GeV Py > 40GeV
Top-quark Mp-jets = 1 Mp-jers = 1 Mp-jets = | Jet categorisation Ries = 0 Rigs = 1 Riets = 2 Rigis = 0 | n; SEEIT = 4n- >2
Pr,b-jet € [20,30] GeV PT1.b-jer > 30GeV PT,b—jer > 30GeV g0 Jels Jes — Jes = Jets — Jels — Jets =
> 100 GeV > 100 GeV > 70 GeV Orthogonallty Mmee > 100 GeV or Mer > 80 GeV Mer > 70 GeV AR([’J’) > 1.8
Mee © Mee © Mee > 1UTE (55GeV < mge < 100GeV | Aoy > 1.8 mee > 55GeV mee > 70 GeV
AT]([‘,[) <1.8 A¢((‘,(‘) > 1.8 Ce.ntral Jet veto and A¢([,() > 2) A¢([’[) > 1.8
outside lepton veto Top rejection Mb—jets = 0 Np—jets = 0
Z->1T nb—jets = 0 Background rejection Anee.e) < 1.8 central jet veto |mee — 91| GeV > 15GeV
- mee < 80 GeV - outside lepton veto central jet veto
m.r > 66GeV outside lepton veto
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