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Why Probe H - uu?

77

\
\

» Higgs discovery by ATLAS and CMS in 2012

* Natural next step to probe properties of Higgs
boson e.g. Yukawa couplings (to fermions),
self-interaction couplings (di-Higgs)

other
0.2%
Br(up) = 0.000217%

+ Want to probe Higgs couplings to second
generation fermions

:vent :
2222222

Muons vs Charm Quarks Likely H = pp
Muons provide cleaner signature eve_n’F N PP
L Much better pr resolution y 90II|3|on data
in ATLAS
Tiny branching ratio makes for a A from 2024
challenging search @ (Higgs
L couples to mass) )
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Why focus on VH Higgs \

. . production?

Higgs Productions Modes - significant Production
Mode: ~3% of total Higgs
production

- Background rejection:
VH channel reduces
Drell-Yan leaving clean
Diboson background

- Everything Counts:
Push for 3o result

- Interesting Mode:
studies shown excess in
signal strength

q

- Splitting by lepton
multiplicity allows for
independent channels

which maximise
ttH sensitivity
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Preselection

This is what allows VH3L category to not
overlap with any other defined categories

7 R

Require 3 leptons as this is
what we expect from VH3L
\_

J

Disallow any b-jets

"~
Z 7
Fitting Region: m,,, € [110, 160] GeV 7
Signal Region: m,,, € [120, 130] GeV _ 7
WZ Diboson Irreducible

\ Background /
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Muon Assignment

(How do we assign which muon
originates from which boson?

The resolutions are derived from
the reconstructed object resolutions

\_
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VH3L BDT Training

In data from the ATLAS detector, this region
has a mixture of signal and backgrounds
which need to be distinguished

Train on similar signal region

Used 4 fold cross validation

e I O | B L B L B UL I I %) _ATLA.ISSIII I T E
S = ATLAS Slmulatlon " 4 S - imulation — Hi .
% L fs=13.6TeV Fiogs ] % 0-3:_vl§=13.6 TeV Hoge =
5 0-25__ H—up |:| Background ] S E H—up D Background
s T VH3L selection u S 0.25[ VH3L selection .
g E R z
\C C ] o 0.2:— —:
0.15— — . u ]
I ] 2 of the highest - E
0.1F ] ranking features = E
0.05-- E 0.055— _f
0: 3 E L I:. [ TS S T T TS T T N NS S r—— .
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A R(pp) m? [GeV]

Dimuon angular separation Three lepton invariant mass
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Event Categorisation Result [BDT was only trained and optimized ]
using 2022-23 simulation

Scanned through all possible BDT

boundaries selections to choose 0.0 s
boundaries which give highest 0.1 0.175
counting significance (S/vB) 02 0.150
303
E 0125,
o 0100 &
. . 0.5 - 4
We require enough weighted % =
events to help with modelling c Highest significance: 0 Wi ‘ 0.075 &
the background 8 07 Low region: [0.14, 0.73) " ‘ 0.050
R High region: [0.73, 1] T
0.9 ATLAS Simulation Work in Progress 0.025
: vs=13.6TeV, 59fb™!
. 10 0.000
- Low purity: 0.14 - 0.73 0.0 01 02 0.3 04 05 06 0.7 0.8 09 10
- H|gh purity: 0.73-1.00 High region cut value
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Signal Modelling

ttH + tH
0.2

ZH

After combining
both categories:

2.8
WH

(The signal is modeled using a double- )
sided Crystal Ball function (Gaussian
core with power-law tails).

\_We fit this to Higgs signal MC )
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ATLAS Simulation Work in Progress

%0.014.—llI'Illllll”lllllll IIIIIIII L Illll_
o C N
< C -
S002p fs=136TeV, 165"
€ C N
= 001 — -
n yield = 1.1 .
0.008[— —
0.006— p=1242| 3
0.004 -
C .\ 0 =34 ) 1
0.002F~ -
X ’
= 2 ———————————— -
w
o EAaA9 4 0077 aa p| 4 |
R TN dha o M0
I, ix iR, '.."l{l-ll' :'I"
'uri i P||

125 130 135 140 145 150 155 .160
L [Ge

0 115 120

VH3L High Purity




PRL135 (2025) 231802

Background Modelling

13.7
Top Bkg > F T T T T T T T T T
& 10 ATLAS Simulation @ Simulation
. N C -13. —— Total pdf
s [ Background model is 5 s fﬁfu”ev ........ coendt
* | combination of DY core £ ki VHaLHigh Category — Signal o
. 6 ™\ 2 - —
and functional component - % x il =20
4_
26.8 er
Diboson How much can the of
background imitate the signal? o 5 X 3 +—
3 L % |
. . a 1=
Perform signal + background fits on the ¥ F © i ¢ .
T o5 —— Empirical pdf _]
background-only template N A
= i
. B P T N W' ) PR
Vary the signal model mean across the scan R S 00 Yol T%0Y0 oo
0.5 _
- - - 110715 120 125 180 135 140 145 150 155 160
Extract the spurious signal, defined My, [GeV]
as the largest fitted signal yield VH3L High Purity
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U bl d d R It ( Simultaneous fit using all the )
noiindae eSUIts defined categories led to 3.420
3 2200 F T as” R aanaanitas (2.460) observed (expected)
~ fggg E (5 =13/13.6 TeV, 140/165 fo" — ;F;‘a';d;f 3 \Signiﬁcance y
2 E H- — Signal p E
g ligg E Inclusite, In(1+S/B) weighted +--- Background pdf - 3 r - N
3 1200 F E VH3L contributed 1.470 (0.180)
£ 1000 £ E
S oo 3 for observed (expected)
600 |- 3 . g
400 F- - L significance y
200 E
O T T T T T T T T T T T T T T T T T T T T
o5 ATLAS | Run2: = 13 TeV, 1401 Run3: ¥a = 13,6 TeV, 165 b
BE 5f H— pp —e— Total Stat. == Syst. | SM Total Stat Syst
§ :‘;i or Run 3 tiH categories i 1.3 £35 (+3.4,+1.1)
B I TR P P R R P R PR - R o Run 3 VH categories === 31+43 (£41, 213

m,, [GeV] ; |

Run 3 VBF categories —— 0.3 +0.9
Combined run 2 + 3 signal
strength falls within the

+09, +0.2

Run 3 2-jet categories —Ee==— 33+13 ,+0.6

Run 3 1-jet categories —=— 13 +£1.2

I
I+

)

)

1.2 )
+12,+04)
12 )
)

)

standard model prediction. ) |- i i — s goriacels s
: Combined Run 2 - 12406 (+06, 05
. . . : + +0.6 +
Largest uncertainty contributions: | |- comened NS sl 1606 (g5 %02
Combined Run 2 + Run 3 - 14 +04 (£04, £0.1)

- Statistics (analysis is stat limited)
- Spurious signal (bias due to bkg model)

1 1 1 P R Lo 1 1 1 1 | 1 1 L 1 | 1 1 L 1 |

-10 -5 0 5 10 15
Signal strength
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Summary Further Study Sneak Peak
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\_ signal tests)

[ Limiting factors: statistics & background modelling
| systematics

0.01

0.005

3 0.035 ATLAS Simulation Work in Progress —:

P Y5 = 13.6 TeV, mc23e 3

[AnaIySIS h Igh I Ig hts \ E 0.03|— Events with FSR photons: 7.0% of all paan: 119.7 Gev -
BDT categorisation — improved o Mean: 125.8 GeV ]
signal/background separation 0.025 RMS: 5.7 GeV -

g on . . . . RMS: 5.4 GeV -

- Events split into low/high purity — maximised ]
sen S|t|V|ty 0.02 [ Before FSR Recovery _:

! . . [55] Atter FSR Recovery ]

- Robust signal & background modelling (spurious 0015 =

NN N O N o

TTTT TTT [T TT T[T TTT[TTTT[TTTT[TTTT
°© [ [ | I [ [ |

Lt
115 120 125 130 135 140 145 150 155

P

[ Strong evidence for H — pp: 3.420 observed (2.460 | m, 2 lGeVT
_expected) Colinear FSR is recovered in

[ Next steps: Things like more data, FSR recovery, ) the VH3L signal back into the

| vertex refitting, BDT re-optimisation ) muon which we assume it

radiates from
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XS vs COM Hiaas Productlon Modes
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Preselection This is what allows VH3L category to not

overlap with any other defined categories

~ R
Selection Require 3 leptons as this is
Primary vertex what we expect from VH3L
Common preselection Two opposite-charge muons f {
Muons: [n| < 2.5, p'd > 27 GeV, p5Plead > 15 GeV Disallow any b-jets
Fit region myy =110 - 160 GeV \‘ ‘)

pr >25GeV and || < 2.4

Jets or with pr > 30GeV and 2.4 < || < 4.5

pr > 25GeV and || < 2.4 Lepton from W POSQO IS
b-tagged jets or with pr > 30GeV and 2.4 < || < 2.5 required to be “tight” isolated

Tagging efliciency working point of 85% from hadronic activity
tTH categories At least one b-jet
itj i N0 b-jets

V H 3-lepton categories Exactly one additional e or y with pt > 15 GeV, no b-jets
V H 2-lepton categories No additional lepton, no b-jets, E“““ > 120 GeV Backgrou nds from Z decays are
VBF and ggF categories No additional lepton, no b-jets, Em‘“ < 120 GeV removed by not aIIOWing any Opposite

PRL135 (2025) 231802 Lcharged muon pair [80, 105] GeV
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BDT Features

Variable Description

péw Transverse momentum of the W-boson lepton
EITniSS Missing transverse energy

m?’ Transverse mass of the W boson

N; Number of jets

N, Number of muons

AR(p, ) AR between the Higgs-boson candidate muons
cos 0* 1~ decay angle in the Collins—Soper frame
m3¢ Invariant mass of the three leptons

p%' Transverse momenta of the leading jet

A (LL, tw) Azimuthal angle between the muon pair and the W-boson lepton
An (L, ty) Pseudorapidity separation between muon pair and W-boson lepton

Ap(LL, E%‘iss) Azimuthal angle between the muon pair and the missing transverse momentum
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Distance Correlation Between BDT Features

azimuthal_sep_H_MET

(Distance correlation used to )
capture both linear and non-
linear correlations between
BDT variables and our fitting

\variable m

w_lepton_pt

m_transverse

zimuthal_sep_H_W_lepton

eta_sep_H_W _lepton

i

J

met

leading_jet_pt

Muons_Multip

How much bias can
the BDT have?
All correlations against m,,,

jets_jet_multip.
H_Mudls_CosThetastar

<1%

dR_H_muons

three_lep_m_invar

mumu_minv_fsr

Large correlation between
number of jets and leading
jet pr expected (if there are
no jets there is no jet pr)
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ATLAS Simulation Work in Progress
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azimuthal_sep_H_MET
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100.00

002 100.00 jets_jet_multip
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. . BDT was only trained and optimized
Event Categorisation Result [ using 2022-23 simulation ]

0.0 gz

2 e R L R R I R RN RN R
01 0.175 % : ?%CL1A336 TeV, 165 b + Data, sidebands VH :
02 0.150 S 4L Hom Bkg. MC, SR .
%03 2 F 4 Bkg. MC, sidebands 3
Sen 0125 ,, g s , ]
% 05 0,100§ 10 - © p ) -
& E P e o 3
; e Highest significance: 0 S D050 C : ¥ Ve ]
5 07 e region: [0.14, 0.73) "% ' 0.050 = ¥t ) .
R High region: [0.73, 1] . 7 102 t o° +O +O fo i —
P ATLAS Simulation Work in Progress 0.025 E : ' f’ o f 3
Bl 5=13.6TeV, 59fb"! - : E o t }:
17000 01 02 0.3 04 05 0.6 07 0.8 0.9 1.0 0.000 0' = I()l-‘lI = I0!2I = I0-|:3I = I()-|4'I = b-lsl = IO!BI = I0!7I = b-lsl = b-lgl = 1
High i t val
igh region cut value PRL1 35 (2025) 231 802 VH3L BDT output
Scanned through all possible BDT _
boundaries selections to choose We require at least 5 - Low purity: 0.14 — 0.73
boundaries which give highest We'th?d event to help with - High purity: 0.73 — 1.00
counting significance (S/vB) modelling the background
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ATLAS Vs=13.6TeV, 165", H— uu

1k E PRL135 (2025) 231802
u = = 3—s/B
Event Categorisation 1 o
102 | 4—B(x109)
Result
g K
By the end of event Ol
categorisation, we end up with § . | ggF+bBH
different contributions of signal é.’ , -_-zﬁF
and background in each category )3 L o HeH
g
? ] For VH3L:
5 1T I I = Background iS mOStIy
2 osfF 3 Diboson
v . .
S 06 P mzver \ - Signal is mostly VH
2 04 I Diboson
_g% 0.2 ' : M Top
g o
55885588558855887555555
siasslzzalngalag asaiel
S I

Analysis categories
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Dimuon Invariant Mass Resolutions per Category
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Background Modelling Details

| VH3L High | VH3L Low

PDF HixEpoly2 | HixEpoly4
max(SS/dS) [%] 24.7 27.3
Lmax(SS.,./dS) (%] 11.7 13.7_]
max(SS) 1.59 5.74
Ssm(125) 1.14 2.81
Tpars 2 4
C PO r Simutnsion DO | 187 136 _)

Requirements:
1. Max spurious signal / stat error < 20%
2. prob(y?) > 1%
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Unblinded Results

Category Expected Significance [c] Observed Significance [o7]
Stat. only
VBF 1.13 0.38
Higgs-2Jet 0.85 2.86
Higgs-1Jet 0.85 L12 Uncertainty source Au
Higgs-0Jet 0.82 1.61
VH-4L 0.12 0.00 Statistical uncertainty -0.55 +0.55
VH-3L 0.19 1.51 . .
VHAL 011 0.00 Systematlf: unce?rtamty -0.18  +0.24
H 031 0.38 Spurious signal -0.14 +0.15
Combined 1.88 292 Theory -0.08  +0.13
Stat. + Syst. Luminosity -0.04 +0.08
VBF 111 0.38 Muon -0.03  +0.07
:ﬁgjﬂz g'gz %Z; Jets, flavor tagging  -0.02  +0.03
Higgs-0Jet 0.77 1.51 Other -0.04 +0.07
VH-4L 0.12 Q.00
VH3L 018 0}‘1 47 Total -0.57 +0.60
VH-2L 0.11 oY 0.00
ttH 0.29 AG(\ 0.37
Combined 182 & 281

Vv
Run2 165 . @& 2.01
Run2 + Run3 246 % 342
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T T T T | T T T T ‘ T T T T I T T T T | T T |
ATLAS Run2:Ys=13TeV, 140fb"  Run3:Vs=13.6 TeV, 1651b"
Unblinded Results o — e o
- |
Run 3 tiH categories —TE— 13 £35 (+34,+1.1)
Run 3 VH categories | 3.1+£43 (£4.1,+£13)
H H Run 3 VBF categories —— 03 +£09 (+09, £0.2)
Combined run 2 + 3 signal
. . Run 3 2-jet categories —— 33+13 (+£1.2,+06)
Strength fa"S Wlthln the Run 3 1-jet categories —4|ﬁ— 13+12 (£1.2,+04)
i i Run 3 0-jet cat i ——— 20+13 (+1.2,+05
standard model prediction. un 3 0jet categories : ( )
Combined Run 2 - 12206 (£06, " 97)
. +0.6
Combined Run 3 i—l 1.6 £06 ( _g5,+0.2)
I
Combined Run 2 + Run 3 =z 14 +04 (+04, £0.1)
Il 1 1 1 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 L | Il 1 Il 1 |
-10 -5 0 5 10 15
Signal strength
> E T T T T T T 3 > 22F T T T T T T T =
& 70F ATLAS ¢ Data 4 & s ATLAS ¢ Data E
~ E (5=136TeV, 165" — Total pdf 3 & JgE 15-136TeV, 165" — Total pdf 3
% 60 E Howm — Signal pdf E % 16E Houm — Signal pdf 3
¢ 50F VH3L-Medium Category -~ Background paf o € 14F VH3L-High Category -+ Background pdf 3
M a0k 3 " g E
E 3 10 & E
o E 8 3
20 3 6k E
E - 4 F E
10 ? E 2F -
oE . . . . . . L . E ok . .
L T T T T T T T T 10 = T T T T T T T T T p=
2 10| + + + 4 @ +
T ol 1+ljﬁt ++ J.JT.++ L B 7
g gt e OIS - SR X N Y WU DA
e -or R, 1 o °f+? " +TT$?¢‘I’"T! +—
E 1 Il 1 L Il 1 1 Il 1 1 1 1 L .
110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160
My [GeV]
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Further Studies: FSR Recovery and Vertex Refitting

/ Tracks from a decay are\

fitted to a common
vertex using their
measured parameters
and covariances

- A x? fit is minimized to
find the vertex position
best matching the tracks

- Refitting updates track
parameters - improves

invariant mass
k resolution /

Queen Mary

University of London

oo oo )
Before vertex refitting - larger After vertex refitting — mass
spread in m,,, due to track distribution tightens, showing
vertex misalignment improved mass resolution
= 160 = 1601
8 15557ATLASSimuIation Work in Progress 8 15557ATLAS Simulation Work in Progress
£ [L=108fb" Vs=136TeV £ FL=108fb" Vs=136TeV
1501 (W)H—up SR 1505 (W)H—up SR
145 1451
140f— 140:—
mop 1o T e I 130 e
125§|j ﬂ +*+ + + *’,*“WM.;.W R HM + ﬁ 125; 4++ Pt Awﬁ
12& 1 H“W _ - NWWM * 120% #
118.2)6 I Lolo:tl ‘ ‘—0!02I-‘ I 0(|)4<‘jp[ I0.]6 118.66 I |—0‘04‘ I I—0ﬁ02-I - g — ‘0.‘02| I ‘0.2)4;“ ‘[ ‘0.106
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CMS Signal Strength Plots

CMS 138 fo~! (13 TeV)
o Observed |  SM expected
my = 125.38 GeV HH 68% CL (stat @ syst) == 68% CL (syst-only)
psm = 0.03 (per-prod. and decay) M p":68% CL (stat & syst) u':68% CL (stat @ syst)
1121999 1.06:312 1.05:33 1.45:3% 1.20:38 1.35:33%
vy i o
103913 1.03:913 0.38:352 0.00*384 7.3174%8 0.00:383
z 1 o ol
099733 0.92:4] 0.82:43¢ 2.38°373 1.8870%2 1.45:338
ww K I K o] ‘ o
0847313 | 061785 0.86731% J 140738 - 1.88:3% 033735
L Fod F ‘
1.02:318 2224153 165:3% 128498 111588 0.39:4
bb £ [ p— O
{ T I L |
1157041 0.40°387 1.4579% . 2.9373%
HH| He o o | 27 =
l L I |- | vvvvv
245738 361778 -3.36738%
Zy o )T‘(
I\I\\I\Ill\|III\\I\I|I\I\|\\\ III\|\\
0 1 2 0 1 2 0 1 2 0 2 4
Inclusive ggH VBF WH
W=1.01:488 HeH=0.99:388 pVeF=0.87:81% p=1.51:35 W2 =1.36:35} ptt=0.93:817
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Further Studies: FSR Recovery and Vertex Refitting

% (TTTT I TTTT | TTTT I TTTT I TTTT | TTTT I TTTT I TTTT TTTT LI

O [ ATLAS Simulation Work in Progress ]

@2 05 s = 13.6 TeV, mc23e _

c UL -

2 L Mean: 124.2 GeV ]
i1}

B Mean: 124.5 GeV ]

04— RMS: 4.2 GeV —

= RMS: 4.1 GeV -

0.3 __ :] Befere FSR Recovery o VerlexPeRt |

: B After FSR Racovery + Verlex Refit :

0.2— —

0.1— |

5 Lo tp t il I | | l I N I Il 1l I Ll I L1l I 111 I_

P10 115 120 125 130 135 140 145 150 155 160

muu(‘n [GeV]

Comparison of before and after applying
FSR recovery and Vertex refitting
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VH3L Category Efficiency vs. Pileup

Signal Acceptance Efficiency Background Rejection Efficiency
> 1- > 1
g & B ————]
:g 0-9} « Low BDT Region :8 0.9:_ « Low BDT Region
= - = C
L - w -
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B E . .
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