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Outline

- Free parameter in the SM

- Determines all other
properties e.g. CP, branching
ratios, I'y

- Total Higgs decay width,
calculated ~4.07 MeV in the
SM at measured Higgs mass

- Sensitive to BSM
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https://cds.cern.ch/record/2929871
https://www.sciencedirect.com/science/article/pii/S0370269325000371?via%3Dihub

“ Yy _ \3YY
,{gj;@ Pr: = [Py’ X thrust,,| high p._ high p._
Mass: H — yy (:33’::) medium p_ medium p_ x
. . low Py, low P,
Events must have > 2 photon candidates (tight ID,
loose isolation). high p._ v high p._
- 105 GeV < m,,, < 160 GeV JWP | edump, | medump,
yy (O YCOHV)
- (p¥* > 035%x m,, )N (p)? > 0.25 x m,,) owp, owp,
Central-barrel  Outer-barrel Endcap
0-‘22'I"'I"'I."'I'"I"'I"'I"'I“':
Events split into 14 categories with higher/lower: 0.2F- ATLAS Simulation Utype, Contral Barel, High
0.18 dg =13 TeV / O MC == Signal Model
0.16 H_)YY’ rnH = 125 GeV C-type, Endcap

- Energy scale uncertainties

A MC === Signal Model

- m,, resolution

- Signal-to—background ratio

1/N dN/dm,, / 0.5 GeV

17% resolution improvement from splitting alone |




Mass: H - yy

Significant improvements from new photon
reconstruction algorithm and photon energy
calibration usingZ - ete”

Photon energy calibration: 320 MeV - 83 MeV
« Biggestimpact Z - e*e™ electron energy linearity fit
« Constrain E;-dependent electron energy scale

Background interference (1-2% shift): + 26 MeV

Overall x4 reduction of systematics
330 MeV - 90 MeV

Source

Impact [MeV]

Photon energy scale

Z — ete™ calibration

E~r-dependent electron energy scale

et - v extrapolation

Conversion modelling
Signal-background interference
Resolution
Background model
Selection of the diphoton production vertex
Signal model

83
99
11
30
24
26
15
14
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Total

90
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- Mass: H - YY

Signal modeled in MC with double-sided crystal ball func.

Non-resonant yy-background modelled by template fit to
m,,, sidebands. Systematics derived from templates of
background MC in 3 “loose-not-tight” regions.

o/00 -level precision in the Run-1+Run-2 combination

Highest precision on my in a single Higgs decay
channel!
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> .
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m,, [GeV]

T | LI | L T 17T L | L ‘ L | T

ATLAS —Total DStat. DSyst.

Total Stat. Syst.

I
Run1H—7yy | — e 126.02+0.51 (£ 0.43+ 0.27) GeV
I

I

(|
ATLAS + CMS Run 1 —#— 125.09 £ 0.24 (+ 0.21+ 0.11) GeV
Hoyy, H=ZZ2"—4l

1
Run2 H-yy - 125.17 £ 0.14 (+ 0.11+ 0.09) GeV

I
Run1+Run2 Hoyy -.» 125.22 £ 0.14 (£ 0.11  0.09) GeV
I

123 124 125 126 127 128 129
my, [GeV]
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Mass: H - Z7 - 41

High purity lepton quadruplet sub-channels
(4u, 2e2u, 2u2e, 4e) low stat. compared to H — yy

Systematics reduced multiple ways: E
« Lepton momentum calibrated from j/¥ - u*u~, and %
Z - 171~ events 5
x4 reduction in associated uncertainties -
» Kinematic refit of leading dilepton in m,
17% better m,; mass resolution

* my4; mass resolution enhanced by quantile regression

neural net (QRNN) 01: T : 3
Reduces total my uncertainty by 1% -

when included in the likelihood

70

30

Event-level resolution

60f
50L

40~

(QRNN)
AL L L RN BN
f_ ﬂ 1_-)L£2§ o 4| ; Eizgjgs boson (125 GeV)_f

C Ys=13TeV, 139 b

XX, VWV
~ 115 <m, <130 GeV

W B Z-jets, 1
? 722 Uncertainty




Mass: H - Z7 - 41

A classification DNN trained in each sub-channel

purifies signal from non-resonant ZZ backgrounds.

Unbinned profile LH fit is performed across sub-
channels - improves sensitivity and resolution

Systematic Uncertainty | Contribution [MeV]
Muon momentum scale +28
Electron energy scale +19
Signal-process theory +14
Final Hices ZZ, Reducible Expected  Observed S/B
state 1665 tXX,VVV  backgrounds total yield yield
Ap 785 387+£22  284+017 12045 115 1.89
22 534432 267+14  302+£019 83.1+35 94 1.80
22 412430 17.9+£13  344£05  625+£33 59 1.93
de 362427 157+16 2834035 548432 15 1.95
Total 20913  99+6 122409  320+14 313 | 188

Events / 2 GeV

- ATLAS
L H—> ZZ* — 4]
C Vs=13TeV, 139 fb™
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® Data

Higgs boson (125 GeV)
. zz

tXX, VVV
B Zijets, tt
744 Uncertainty

Illlll

I

LJ[IILJIIJI

110 120 130 140 150 160
m,, [GeV]
ATLAS —eo— Total
H— ZZ* - 4l —

Vs=13TeV, 139 fb"
B |
4e F

L

124.51+0.73 (+0.73 Stat

)
2u2e ——%— 12533 +0.50 (t 0.49 Stat.)
2e2u —— 125.01+0.29 (% 0.29 Stat.)
4p —e— 124.93 £0.29 (+ 0.28 Stat.)
Combined —— 124.99 £0.19 (+0.18 Stat.)

|
|
Runi+2 —— 124.94 +0.18 (= 0.17 Stat.)
123 124 125 126 127

m,, [GeV]



Higgs Boson Mass Measurements

High mass-resolution decay-channels, all Higgs
production modes considered (ggF, VBF, VH,
ttH, tHq, tHW, bbH)
* H-ovyy
» High-statistics and sensitivity

- Sensitive to non-resonant background modeling

« H—- ZZ — 4l (“golden channel”)
* Lower systematic uncertainty on my

* Lower statistics final state but very high purity

Y
T I T T | T T T T I I T | T T T T
ATLAS e Total Stat. Syst. | Combination

Run1: /5=7-8TeV,25fb !, Run 2: \/s = 13 TeV, 140 fb!

Total Stat.  Syst.

Runi1 H — v I o |  126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4¢ I o i 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run 2 H — +~ 125.17 £ 0.14 (+ 0.11 + 0.09) GeV

Run2 H — 4/
Run 142 H — ~v
Run1+2 H — 4(

Run 1 Combined
Run 2 Combined

Run 1+2 Combined T
| 1 | | | | |

I 1 1 1 1

124.99 + 0.19 (+ 0.18 + 0.04) GeV
125.22 + 0.14 (+ 0.11 + 0.09) GeV
124.94 + 0.18 (+ 0.17 + 0.03) GeV
125.38 + 0.41 (+ 0.37 + 0.18) GeV
125.10 £ 0.11 (+ 0.09 + 0.07) GeV
125.11 + 0.11 (+ 0.09 + 0.06) GeV

1 1 1 1 l 1 | 1 | I l | 1 1

I | I
123 124 125 126

\o}

127 128
my [GeV]

Phys. Rev. Lett. 131 (2023) 251802

Combining profile-likelihoods leads to high-precision measurement:| Iy = 125.

11 + 0.11 GeV



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Higgs Width

The Higgs (as measured from all production modes) produces a peak in data with an
experimental resolution ~0(103) MeV.

Theoretically T'y ~ 4.1 MeV, far too small to measure directly from line shape.
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Higgs Width (in V-boson channel)

Breit-Wigner parametrization of the Higgs mass spectrum:

2 2
dogg-n-zz 999-HIH-ZZ _
2 _ 2 5 10 | OFF-SHELL REGION (> 140 GeV)
2 2 2 2 i
AM (M3, —m§)” + m§T; a =
2 8- !
gz Hg%l ZZ % cl'\‘
Under the narrow width approximation: gon—shell o Z99°MTRDIZ 8 oo || psHELFEAK
gg mHFH ] ]'
= 1 WW PEAK
& 4= l i
2 2 [ | t PEAK
. " . off-shell _ 9gg-HIH-ZzZ 3 ' o
In the offshell regime, it's been shown that: o, 4,77 ~ ", § :
§ 125 : 2xmW 2xmt
8 0 ] - ] [] [] [ [] L}
If the on-shell Higgs couplings = off-shell Higgs couplings, T RNt MassoF HEFIMAL STATELGV)

Credit: Zef Wolffs

(model dependence)

then and the Higgs width is indirectly accessible.
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https://link.springer.com/article/10.1007/JHEP08(2012)116
https://indico.nikhef.nl/event/6240/contributions/24208/attachments/9322/13857/ATLAS_weekly_7feb.pdf#page=16
https://indico.nikhef.nl/event/6240/contributions/24208/attachments/9322/13857/ATLAS_weekly_7feb.pdf#page=16

Previous full Run-2 analysis: Phys. Lett. B 846 (2023) 138223

Width: H - ZZ* — 41

Large destructive interference in the off-shell regime -
nonlinear signal model p(x|w) ~ uPs(x) + Pg(x) + /it P;(X)

Binned likelihood fit sub-optimal to measure all possible
values of Hoff—shell

Neural simulation-based inference (NSBI) provides a
better estimate of the likelihood ratio (high-dim. probability
density ratio) w.r.t a reference distribution p,..r(x)

regions events

x|y, 0,a
—2InL(u, 0,a) = —2 z In[Pois(N,|v,)] — 2 z In pixp — )
~ : pref(x)
systematics
+ z (6a,,)?
m

See J.Sandesara’s talk from yesterday for more on NSBI

8

ggF interference

q

VBF interference



https://www.sciencedirect.com/science/article/pii/S0370269323005579?via%3Dihub
https://indico.in2p3.fr/event/33627/contributions/154601/attachments/95185/145693/NSBI_at_LHC_EPS_HEP_JaySandesara.pdf

Previous full Run-2 analysis: Phys. Lett. B 846 (2023) 138223

Width: H - ZZ* — 41

LLR (¢,) is not x* distributed — confidence intervals
defined by pseudo-experiments in the Neyman
construction

Combination with H - ZZ* - 212v an observed
(expected) sensitivity of 3.7a (2.40) is reached.

+0.62 (1 o +0.83

Hopf-she = 106 _ 5 4o (1'00 —0.83)
4 2t2.7 (4 +3.5

=Ty =4.377 0 (41757) Mev

Moving to a NSBI re-analysis yields a 20% better
precision w.r.t histogram-based analysis.

t)uoff-shell

tk,,

|||||||||||||||||||||||||||||

- ATLAS -
12 /513 TeV, 140 fbo-" Obs NSBI ~
3 -—— Exp NSBI .
10— — = Obs Histogram _
_ 4¢only --—- Exp Histogram i
8| A

6

4 ------------------------

2

0.0 0.5 1.0 15 2.0 25 3.0
M oft-shell

200 f/‘ET:- éﬁev,mo ot — Obs NSBI ]
175 —-—- Exp NSBI =
— = Obs NSBI stat-only i

15.0 --—+ Exp NSBI stat-only —
Ve

77

0.0 05 10 15 2.0 55 3.0


https://www.sciencedirect.com/science/article/pii/S0370269323005579?via%3Dihub
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Width: H - W~

H -> WW* - 212v is analysed in SF/DF channels

and O, 1, and 2 jet categories (ggF and VBF).

Less ggWW background interference but

higher non-interfering (top, qqWW, fakes)
background contamination.

A DNN is trained to
separate signal and non-
interfering background to
define signal- and control-
regions

Events in SR are binned in
terms of an my,,, proxy
variable V5.

Events / GeV

Data / Expected(ji, §)

q
W
g q 114
H o
g H
w q
W
q
ggF EW
q
g 0909000, W 1%
\
W
q
g 0009000/ W
q
o &5 & i m W il ATLAS
o o ok ® 8 ®] +/s=13TeV, 140fb""
........ o IS - - Q| H - WW - tvbv
1 . Post-fit High DNN-score
O ] ¢ Data
Wt
. g9 WW
. Zly >r
) - Yy
y -

101

1.2

11

1.0

0.9¢

0.8

—> V31 = 0.3 * My +mT

V34 bin ranges [GeV]

Em Other VV(V)
Misidentified Leptons
Other H

qq - (H" - )Wwwjj
. g9 (H -)Ww
Uncertainty

¢ Data
Uncertainty

_— Expected(p:0.0,é)
— Expected(p=3.4,é)
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Previous Run-1 analysis: Eur. Phys. J. C 75 (2015) 335

Width: H - WW*

Off-shell H > WW* is constrained to

Hoff—snen < 3.4 (4.4) at 95% confidence.

+0.9 +2. 3)
—0.3 —-1.0

Poff—sheu = 0.3 (1.0

= [y, < 13.1(17.3) MeV at 95% confidence

+3.4 +8.3
—-0.9 —3.8

My =0.9"0(4.1775) Mev

First width interpretation in H - WIW” using
full Run-2 dataset.

Roughly ~500% improvement over Run-1
measurement!
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https://link.springer.com/article/10.1140/epjc/s10052-015-3542-2

Width: tttt + ttH

The recent 4-top analysis has significant contributions
of off-shell ttH diagrams

When combined with the recent on-shell ttH
measurements, an interpretation of I'y is possible

Z o [L o T o T _
without the same model assumptionsasin H - VV - —— 68%CL i
[ e 95% CL
2 — —
. o, +110 :
Best-fit value: Iy =86 49 MeV (20 away from SM) 5L -
Upper limit: Ty < 160 (55) MeV at 95% confidence -

| Tx .......... Vs=13TeV, 36.1 - 140 fb"! _:
. . . . \ ; ; e -+ Best fit X SM |
This result is the first interpretation of I'; in Higgs-Top ] TR

processes distinct from H — VV final states 1 10 10°

SM
r/Trs

Phys. Lett. B 861 (2025) 139277



http://dx.doi.org/10.1140/epjc/s10052-023-11573-0
http://dx.doi.org/10.1140/epjc/s10052-023-11573-0
http://dx.doi.org/10.1140/epjc/s10052-023-11573-0
https://www.sciencedirect.com/science/article/pii/S0370269325000371

Conclusions

How heavy is the Higgs?

Higgs mass measured to per-mille level of precision
« H - yy provides the highest precision measurement in a single channel

Soon, we can start asking “How is the Higgs?”

« H — ZZ channel is statistically limited, improved with Run3/HL-LHC data! Image generated by ChatGPT 40

v

Homing in on Higgs width with indirect measurements
« Re-analysis of H —» ZZ* with NSBI provides 20% improved precision

How wide is the Higgs?

* First interpretation of I'; in H - WW*, approaching the precisionof H —» ZZ~
« Ty probed in tttt for the first time, with more to come in Run-3 and HL-LHC!

Thank you for your attention! ’
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Mass: H - yy

Events split into 14 categories with higher/lower:

- Energy scale uncertainties \

m,, resolution (m) £

- Signal-to-background ratio ——

Nsignal

Category splitting based on the di-photon system

Gerror

high P, high P,
C-type , ,
yP medium P, medium p
(>0 YCO"V )
low p,, low p,,
high P, high P,
U-type , ,
0 yp medium P, medium p
( Yconv)
low Py, low P,
Central-barrel ~ Outer-barrel Endcap
Width w/ 90% of signal
P
Category 090 [GeV] | Syo Byy  foo [%]  Zgo
U, Central-barrel, high p1J 1.88 42 65 39.1 4.7
U, Central-barrel, medium pJ. 2.34 102 5H9 154 4.2
U, Central-barrel, low pl] 2.63 | 837 13226 6.0 7.2
U, Outer-barrel, high pJ.] 2.16 31 83 27.4 3.3
U, Outer-barrel, medium pJ 2.63 ) 108 981 9.9 34
U, Outer-barrel, low pi.! 3.00 | 869 22919 3.7 57
U, Endcap 3.33 759 29383 2.5 4.4
C, Central-barrel, high pJ.! 2.10 26 44 373 3.6
C, Central-barrel, medium pJy 2.62 62 389 13.8 3.1
C, Central-barrel, low pJ.! 3.00 | 508 9726 50 5.1
C, Outer-barrel, high pJ! 256 | 34 103 250 3.2
C, Outer-barrel, medium p.J 3200 114 1353 7.8 3.1
C, Outer-barrel, low pJ, 3.71 914 30121 2.9 5.2
C, Endcap 4.04 § 1249 52160 2.3 5.9
Inclusive 3.32 | 5653 128774 4.2 15.6
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Reduction in photon energy scale
uncertainty from with E;-dependent
linearity fit across all analysis regions

O O O O O O O
O OO O OO O
O OO T OAN

o

100

[ABIN] 10edwi ajeos ABisus uoloyd

~ electron energy linearity fi
« Constrain electron E;-dependent energy scale

Significant improvements from new photon

reconstruction algorithm and photon energy

calibration using large Z — e*e™ data set

Photon energy calibration: 320 MeV - 83 MeV
e 7 -oe'e
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O1OO_IIII[IIITIIITT'IIII}IIIT IIITlIITIlITIIIIIIIlTIII_
- ® Data
S : ﬁz‘.gzs* 4 = ;Egs boson (125 GeV) :
Mass: H —» ZZ — 4l B g by B
L cC —115<my < e +iets, —
ass. g B z Enlcelartatltnly ]
m - .
60— =
Non-resonant ZZ backgrounds separated from signal i » :
40 -
by a classification DNN, trained with p3!, n*!, and a e i + ;
: AW///)« -
2€5ig|° " >
[ ] ] [ ] [ ] Si 7/////_
matrix-element discriminant: D,, = In| —Z5 ;
| M prgl 0
0 0102030405060.70809 1
Dyw
ATLAS —e— Total >
H % ZZ* ﬁ 4| Stal Only T T | T LI ‘ T 1T T T T T | Iaa\. T T | T LI i
Vs=13TeV, 139 fb™ G Sys. Only CGDJ L ATLAS* * gic_;:gs boson (125 GeV) -
B ] c\]120_H—>ZZ e4l_1 -z —
[ y F Vs=13TeV, 139 1b Ry .
4e | ‘o i 12451+ 0.73 (+0.73 Stat.) P C / ——_—— ]
— | — CICJ 100 B % 74 Uncertainty ]
2u2e F——®—1 125.33 + 0.50 (* 0.49 Stat.) T C f ]
- ] 80% —
2e2u |—L—| 125.01+0.29 (+0.29 Stat.) i . ]
- | - 60} ' ) :
m —e— 124.93 +0.29 (+0.28 Stat.) C 1 ]
Combined I—l—l 124.99 +0.19 (+0.18 Stat.)
Run1s+2 124.94 + 0.18 (+ 0.17 Stat.)
I‘...I....I...‘I....I....I....I..‘.I‘...I....I. L
123 124 125 126 127 0 110 120 130 140 150 160
m,, [GeV]

m,, [GeV] 20



g? Method of NSBI is analogous to the matrix-element method (MEM)

Width: H - ZZ*

Neural simulation-based inference (NSBI) model is trained in SR

Variable Definition
mae quadruplet mass
mz, Z| mass
mz, Z> mass
cos 8* cosine of the Higgs boson decay angle [¢; - n;/|q;]]
cos cosine of the Z; decay angle [—(q2) - q11/(|qz| - |qi1])]
cos 6> cosine of the Z> decay angle [—(q1) - q21/(|q1] - |q21])]
(O] Z1 decay plane angle [cos™ (n1 - ng) (q1 - (n; X ng)/(|q1] + [n1 X N |)]
) angle between Z;, Z, decay planes [cos™!(ny - np) (qp - (n; X ) /(|qq] - [m; X ng|)]
p?'rf quadruplet transverse momentum
yH quadruplet rapidity
Rjets number of jets in the event
m;; leading dijet system mass
Anjj leading dijet system pseudorapidity
Adj; leading dijet system azimuthal angle difference

Ensembles of fully connected NNs are trained w/ 10-fold cross-validation (80:20 training split per fold)
~10-70 ensembles are trained to estimate probability density ratios w.r.t. a reference PDF.

Dref(X)~Ps(x) (signal model) is chosen to ensure numerical stability of the model in the SR.

21
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Width: H - ZZ*

The NSBI method directly
estimates the probabillity

density ratio on a per-event

basis.

Comparing the NSBI
prediction directly with a
binned likelihood estimate
of the same, a calibration
curve can show it is an
unbiased estimator.

MC estimate log [p(u = 0.3)/prei]

Pull

0.0
-2.5

6
4
2
0

-2
4
6

-8
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- ATLAS Simulation

— Vs=13TeV '
- .w’*'”ﬁ%
: p(u = 0.3)/prer calibration test Mﬁ li
Iy _
_ M -
@M W i p“‘L WM ’WW"#@

NN predlcted Iog[p M =0.3)/pr f]

Interference dominated
off-shell signal model

MC estimate log [p(u = 1.7)/pref]

Pull

-6+
Fﬁ” ' ]

| ET@* *“Wﬂ#nﬁwﬁwﬁwﬂi ﬁ _

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

- ATLAS Simulation
— Vs=13TeV

- P(K = 1.7)/prer calibration tes;.,,/"f’/ ]
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Width: H - ZZ*

The interference in the signal region
generates double-minima in the likelihood
function.

This degeneracy can be lifted within the NSBI
prescription, as a multi-dimensional phase-
space is used in estimating the probability
density ratio.

In H - ZZ*, toy models are used to generate
the precise confidence intervals using the
Neyman construction.
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Width: H - W~

The V;; mass-proxy variable relates the lepton pair
transverse-momenta, invariant mass, and
transverse mass

Events / GeV
2-jet DF
2-jet SF

Voy =xmy +ymy

i 2 .
where m; = \/(E%l — Emiss)” _ |pll — pmiss

Data / Expected(}, 6)
¢ o = :
© o

y e
——
I

—
46)} ———e—t

V3¢ bin ranges [GeV]

The V;; variable has x=0.3, y=1.0, tuned to give the
best proxy of the true my,,, (smallest bias with
highest correlation to my,,)

ATLAS

V/s=13TeV, 140fb-"
H* - WW - ¢vév

Post-fit High DNN-score

¢ Data
/Wt

. g9 WW

. 2y T

. Zly -

B Other VV(V)
Misidentified Leptons
Other H
qq - (H" - )WWj

. gy (H -)Www
Uncertainty

¢ Data
Uncertainty

—_ Expected(p:0.0,é)
-—— Expected(p=3.4,é)
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