Nik|het

: | s ool
“ . W\ N > X _\\ ) “ ‘%%%\“Q:‘;
AR DO ARE SRMROHA
LMY e <o =7, :’ “““‘ :;;'tf’

e’ - o.".o. -
] 4 ’ .. .~ ......

[ J
r
- o

VH, H—cc process in the
Lorentz-boosted regime



Introduction

Open questions in the Higgs sector

[Artwork by Sandbox Studio. Chicago]

o Standard Model incomplete
e 12/19 free parameters of the SM
relate to particle masses
 Might point at deeper physics related
to Higgs
* Experimentally probe the

mass-generation mechanism
e Using the ATLAS detector at the LHC
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Introduction

Higgs couplings and particle masses

100 + k. is a free parameter

e Studying Higgs boson key research goal

107

vev

Illlllll I IIIIIII| [ Illlllll IR

 Mass, spin, parity, natural width £
* Couplings to vector bosons s O G
* Couplings to third-generation fermions / — =
* Next goal: couplings to second-generation S I T el
fermions X
e Same as for third-generation fermions? ol : H ii :
* Affected by several BSM theories B T
* Evidence for Higgs-muon coupling IA detailed map of Higgs boson interactions by the
e This study: Higgs-charm coupling Q\,Zﬁé\vseffpﬁgﬂree?tztgngefor;?g%fhéﬁg.]
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Introduction

VH(—cc) process

* Measure Yukawa coupling to c-quarks
e H — cc decay rare: ~3%
 VH production mechanism

o Significant QCD multijet rejection Jet
e Splitin channels: OL, 1L and 2L

* Reconstruct jet Track
e Spray of hadrons

OL 1L 2L

Track

Track

Track
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Previous ATLAS results: legacy analysis

e VH(—cc) legacy analysis

o Used Run-2 data
 Constraints (95% confidence interval)  1ewen
O Il/lVHCC < 11 5 E;glz_tfsnxsm

* World-leading observed VH(—ccC) limit Combinaton

. | KC ‘ < 4.2 Obs.=12x SM

Introduction

ATLAS

Vs=13 TeV, 140 fb™

VH, H — bb/ct

— Observed
---- Expected
[ ] Expected = 1o
[ ] Expected = 20

95% CL limiton

VH(cC)

[ATLAS Collaboration. (2024). Measurements of WH
and ZH production with Higgs boson decays into
bottom quarks and direct constraints on the charm
Yukawa coupling in 13 TeV pp collisions with the
ATLAS detector. arXiv preprint arXiv:2410.19611.]
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Boosted VH(cc) o,

AR(jetl, jet2) ~

* Higgs boson with low transverse

momentum (pr)

 Decays into 2 resolved charm-jets
e Reconstruct as small-R jets

e Higgs boson with high pr

e Jets become merged (large-R jet)
e Requires different reconstruction
 Unexplored region in VH(cc) analysis
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VH(cc) search

Background contributions methods
S 1.4- ' :
—_ 5 't ATLAS Work in Progress Mo . .
l‘ l‘ é 1 o Physics process composition w1 Z + jets and W + jets
bt - B B vH(bb) ~
e B B vH(co) .
o 1 )
- 9 = vl
(Bb - b H 0.8 ZIW g q
W~ w* DI+
l+
0.4
large-R jet
large-R jet 0.2
0

OL 1L 2L

* Dominant backgrounds before additional event selection

e Top events (mostly 1)
e W/Z in association with jets
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VH(cc) search
methods

Flavour tagging
[Stamenkovic, M. PhD thesis: Charming Higgs bosons.]

b-jet c-jet light-jet
Displaced
secondary
vertex
b-hadron c-hadro light-hadron

b-quark c-quark light-quark (udsg)

=

t-lepton

* Further background suppression — flavour tagging
e |dentification of original quark flavour (b, c, light)

* Use different track structures within jet
e Use machine learning for optimal identification

* c-jets hard to distinguish

Sensitivity estimates of the VH, H — cc process in the Lorentz-boosted regime NiklThef
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VH(cc) search
methods

Boosted flavour-tagging

Subjet

large-R jet

Subjet

* We need to tag the large-R jet directly!
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VH(cc) search
methods

Boosted flavour-tagger: GN2X

Pooled graph

Transformer representatlon
Jet flavour

prediction

. . . Tracl_< origin
predictions

Conditional track
representation

Graph
Network

Node
Network

Combined Intial track
Inputs representation

Vertex
predictions

=
Q
22
W o

2

[Draguet, M. (2024). Flavour Tagging with Graph
Neural Network at ATLAS (No. ATL-PHYS-
PROC-2024-081). ATL-COM-PHYS-2024-795.]

* New boosted flavour-tagger  Expect VH(cc) improvements
e GN2X  Higher background rejection
e Transformer-based architecture  Higher VH(cc) efficiency

* Track-level input  Motivates boosted analysis

Sensitivity estimates of the VH, H — cc process in the Lorentz-boosted regime N iEE] i
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Analysis
development

L L L L
ATLAS Work in Progress [ JHee
GN2X Hcce-discriminant distributions [JHeb

Event selection

10"
10°

Events

10°®

* GN2X provides probability scores il
®* PHcer PHbb ptap’pQCD 1((;: - T
e Construct 1D discriminant
e Cut on samples using discriminant Eﬁ”/ :
e Working point (WP) corresponding to ¢,,.. . g
e Tight WP: high background rejection Working| |, bk Top | Multijet
e Loose WP: high signal efficiency pott
10% 10% 0.06% 0.09% 0.10%

* 30% was found to be optimal

D 30% 30% 0.57% 0.95% 0.82%
Hcc )

DHes = log(
GN2x — tO8 1 _ N
JrppPrvy T JiopProp + (1 = frpy — Jrop)PocD 50% 50% | 2.3% | 42% | 3.3%
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Analysis

GN2X-tagged invariant mass distributions development
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B 500 Invari\?nt mass distribution WiDiboson 1 Y7ok Invari\?nt mass distribution WiDiboson ] W Invari\?nt mass distribution WiDiboson
- = - " Top . - — - W Top : 10 W Top -
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* Higher VH(cc) purity
* Lower statistical power
* Lower sensitivity
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Analysis
development
. Event-level Subjet-level
 Use Boosted Decision Tree (BDT)
my s

BD T variable selection studies

 Enhance signal-to-background separation
* Apply optimized event selection v i
. . P Pt
* Input variable selection J j
2
* 6 event-level variables P Pt
o Up to 40% improvement MET AR(];,],)
* 6 subjet-level variables N(add . jets) N(matched jets)
e Additional 2%-14% improvement
op(V,J) Colour

Sensitivity estimates of the VH, H — cc process in the Lorentz-boosted regime N iEE] ef
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Discriminating power of variables

Events (normalized) Events (normalized) Events (normalized)

Events (normalized)
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Analysis

development

Discriminating power of variables
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 Due to Higgs resonance
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Analysis

Discriminating power of variables development
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Analysis

Discriminating power of variables development
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o Reflects correlation with m;
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Analysis

BD T distributions development

(7)) [ | [ I [ | [ | [ I [ | L L | [ I L (7)) F [ I T T I [ I T T 1 I [ I T T I L T T 1 I L I T IE (7] = [ | [ I L | L | L I [ | [ L I T T I [ [f
£ 10° | . . = . - = . :
© . ATLAS Work in Progress men ] ¢ 10" £ ATLAS Work in Progress ~ M S 10° = ATLAS Work in Progress — M
E . . . - . . . - - . . . .
R MVA:score distribution MiDiboson “'10° F MVA-score distribution WiDiboson - * o5 L MVA:score distribution WiDiboson ]
10" £ 1L, p = 250-400 GeV oo 105 b 1L, py = 400-600 GeV aop ] ¢ 1L, po>600 GeV aop
10° 3 W Zmf E 4| W zmi : 10" ¢ W zmi E
10* & Zl - 10 3 rd 3 3 [ 74 -
e : B Whi ; 10° b M Whi ] 107 = B Wht E
E W Wmf = = 0 Wmf - 1 Wmf ]
. Wi - 102 £ W:11 ] 10° WIm
107 ¢ —VH(cc) x50 3 — VH(cc) x50 ] 10 — VH(cc) x 50
10 | £ 10 F 3 —
1 g 1 E 1
107 ‘ 3 107 E [ 3 107
S 01 8 01 8 0.1}
80.05 | e 80.05 ' 80.05 | =
g 0 : : —_— e : “g,’ 0E . : '_!..l : qé 0E . - - —_— ] ]
5 -1 -08 -06 04 -02 0 02 04 06 08 1 s -1 -08 -06 04 02 0 02 04 06 08 1 s -1 -08 06 04 02 0 02 04 06 08 1
MVA-score MVA-score MVA-score

 Qutput BDT: MVVA-score
* Demonstrates enhanced separation
* Up to 50% sensitivity improvement
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Conclusions

* Improvements across lepton channels PN | pY [GeV] | Resolved | Boosted |Difference
e Significant improvements in OL and 1L
e Sensitivity decrease Iin 2L

e Limited training sample for BDT OL >400 | 0.0580 | 01220 -
* Larger py shows larger improvements IL | 250-400 | 00980 | 01180 | +20%

e |Larger abundance of merged jets

Comparison to Run-2 resolved VH(—cc)

OL 250-400 | 0.101o 0.1360 +35%

| | 1L >400 | 0.061c | 0.1260
* More useful for higher merged jets
e Shows great potential in high-py 2L | 290-400 1 00830 | 00800

2L >400 0.0470 0.0680 +44%

Sensitivity estimates of the VH, H — cc process in the Lorentz-boosted regime N iEE] ef

Jurjan Bootsma | 07-11-2025 | NNV Lunteren



Conclusions

COn CI US|OnS Measuring the charm Yukawa

coupling important test of SM

First sensitivity estimates of VH(—cc)

in the Lorentz-boosted regime
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Conclusions

COn CI US|OnS Measuring the charm Yukawa

coupling important test of SM

First sensitivity estimates of VH(—cc)
in the Lorentz-boosted regime

Previous Resolved
Analysis

* Small-R jet flavour-tagging
e Optimal in low-p;regime

Sensitivity estimates of the VH, H — cc process in the Lorentz-boosted regime NiklThef

Jurjan Bootsma | 07-11-2025 | NNV Lunteren



Conclusions

COn CI US|OnS Measuring the charm Yukawa

coupling important test of SM

First sensitivity estimates of VH(—cc)
in the Lorentz-boosted regime

pr > 400GeV

Previous Resolved New Boosted

Analysis Analysis

+100%
e Small-R jet flavour-tagging  Large-R jet flavour-tagging
* Optimal in low-p;regime e Optimal in high-p,regime
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Conclusions

COn CI US|OnS Measuring the charm Yukawa

coupling important test of SM

First sensitivity estimates of VH(—cc)
in the Lorentz-boosted regime

pr > 400 GeV New Boosted
Analysis
+100%

Previous Resolved

EGWEWSTE
e Small-R jet flavour-tagging  Large-R jet flavour-tagging
* Optimal in low-p;regime e Optimal in high-p,regime

Using boosted jets in the high-p regime is crucial
for probing the Yukawa charm coupling!
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OUthOk Outlook

New data

HL-LHC

Significance: 1.20

Expected sen.sitivi.ty of the ATLAS experiment to H — bb ahd H — cc deéys in the VH
production mode at the High Luminosity LHC. Technical report, CERN, Geneva, 2025.
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OUthOk Outlook

Boosted Additional
topologies prions

New data Flavour tagging

Significance: Do
>1.20

Expected sen.sitivi.ty of the ATLAS experiment to H — bb ahd H — cc deéys in the VH
production mode at the High Luminosity LHC. Technical report, CERN, Geneva, 2025.
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OUthOk Outlook

Boosted Additional

New data Flavour tagging topologies productions

HL-LHC

Significance: D€o

FCC-ee

Precision: 1.6%

Expected sen';i‘ti\;;'.tky of th; A?[Aéexperiment}g H7—7> bb é;d H —> cc de;ys in the VH M SIa i Bodel ‘ V J E srman Pro ects in elt ak
production mode at the High Luminosity LHC. Technical report, CERN, Geneva, 2025. Higgs angc? t’op physics’ at FCC. }éloi 1 0:20.25-2056 2025, wear.
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Backup




BSM impact on Yukawa couplings
2HDM model — AhHI__IH+
Potential: V(¢, @)

Example impact:
Particles couple to both scalar fields

M = yguMsin(ﬁ —a) + y;]ucos(ﬂ — )

Qu-Yu

Enhanced coupling possible for certain mixing and y
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Estimating sensitivity using the invariant mass

w N D L L (D0-12_'|"'|"'|"'|"'|'--|lll'lrllrnru-_
S 600 ATLAS Work in Progress b - < - ATLAS Work in Progress -
i - BOOSged VH(cc) é;":?“ 3 S 0.1} Boosted VH(cc) -
500 OL, p_ =250-400 GeV =z - <, i OL, p_ = 250-400 GeV :

- i - D 0.08- -

400:_ '3."" —: B ]

- [CJHcc x 250 = 0 06 __ __

300 E ﬁg 08 B :
—— - 0.04 —

200 __4 ] . — - a

N Gbln B . 3

100 = \/S+ B 0.02- F’_I’ —

0 | | ‘ i — - O;I—lgg 11111111111 | 11 j?‘—v—gglgg_‘_l_‘_‘_‘_l_‘;

60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240

m, [GeV] mJ [GeV]

=E*—|pI’
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e Multivariate Approach (MVA) — improve signhal-to-background separation

Estimating sensitivity using a BDT

* EXxploit additional discriminating variables

o Use MVA-score as discriminant (instead of 1)
» Use Boosted Decision Tree (BDT)

. ¢
o e + o ®

)’

\ o
Q Q Q 0 @
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Tagger parameter optimization

Optimal WP: 20%-30% Jupp = 0.0 increases sensitivity No impact from Hbb-veto

()] 02_ T T 1

Q - b = Jrvp —> 5., WF 1 L=
g 0.180 ATLAS Workin Progress | —somwen 3 f ) 58  F ATLAS Work in Progress oHeo
= 0165 optimization hn 0 - e Q 10 2D discriminant distribution OHbb  —
g) . - e P > e - - .
& 0.14F E 0.45 St E
0.12F = WP 30% F -
oL = 0.35 -2.5% 0 =
0.081- E 0.25 Standard 51 E
0.06F- - 3 E
0.04}- = 015 +1.1% : -
0.025 = 5 5 —15F E
" I T T N NN RN N N A R N N NN S S ' . 0005 +2o1 A) -009 /0 [ | | _
0 0.1 0.2 0.3 0.4 0.5 BU T S v ——— 10
Working point pGN2X

Hbb

D Empty veto region

DHee = log( £ )
GN2x = 108 > threshold

JavoPrpp t+ JropProp + (I = frpy — Jrop)PocD
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b-tag?

Top control region

/
Top-quark decay

. No Yes
Signal Control
t || ||
g Reg lon Region
W ?, 9005 ATLAS Work in Progress | | =:§|§ —§ 7002— |A TL/-I\S Wlork inI Proglress | | | =:§|E =
b 800— Boosted VH(cc) = 3 - Boosted VH(cc) Sty ]
_ 700 1L, p = 250-400 GeV =2 3 800 41, pY - 250-400 GeV ma
q 600 i E e
500 ; = 400 = Dmc x 250
* Constrain top backgrounc - wo-
: : : 200
O _ 200
Create top-rich region s ool
e | ook for add. b-jetS 0760 80 100 120 140 160 180 200 220 240 O_élo' ~80 100 120 140 160 180 200 220 240

m, [GeV] m, [GeV]

Nik[hef
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Signal and control regions

T T T T T 1 T T ]
1.4

- B _
: : '% - ATLAS Work in Progress L Mm
e O Sig nal regions & .o Signal and Control Regions = =D.:oso,. =
-.QC-; : -VH:cc)) :
T

e Added as my; distributions
e Added as MVA-score distributions 08

: 0.6
* 06 control regions 0.4

 Top background control 0.2
e Shows high top purity (orange)

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

250-400 GeV
400-600 GeV
600+ GeV
250-400 GeV
400-600 GeV
600+ GeV
250-400 GeV
400-600 GeV
600+ GeV
250-400 GeV
400-600 GeV
600+ GeV
250-400 GeV
400-600 GeV
600+ GeV

sn | on [ s [ on | v

OL 1L 2L
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Asimov fit: md vs BDT

ATLAS Work in Progress
VH(cc) Asimov fit

* Performed VH(—cc) Asimov fit _ vl
e Fit to simulation samples NF_lets_250_400 110005 10005

. . : . NF_Zjets_400_600 1.00%2 1.00%"

* Enables combination of analysis regions

_ S _ NF_Zjets_600 ! 1.00%7, 1.00%7,

 No systematic uncertainties included NE_ Wiets 250400 R

® VH ( — CE) Slgn al Strength NF_ Wijets 400 600 1.00%°" 1.00%7
NF_Wijets_600 * 1.00%"2 1.00%"

° mJ-based' 100 T 599 NF Top 250 400 . 1.00%%, 1.00%°%,

e BDT-based: 1.00 £ 4.59 NF_Top_400_600 1.00%%, 1.00%%
e 23% uncertainty reduction NF_Top 600 ) - 100G, 10045

5.99 4.59
MyvHce 1.00% 59 1.00, 54
: I I | | [ 1 1 |

| |
-5 0 5 10 15 20
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In-situ GN2X Hcc calibration

* No calibration of Hcc-tagger yet S 5 ATLAS Workin Progress oy
e Correct for different tagging performance on ] ook g(L(fC;sz"zbsrgffgodgg\i/bUﬁOn Evé())’) _
simulations and collision data o i -
* In-situ calibration o S
e Use calibration region in our own sample -
e m; < 105 GeV to not affect VH(—cc) o
* FitZ(—cc) S os [L wsoncace-tss
* Derive flavour-tag scale factor §°° 05550 1oo1201401601802002;0[(32;3;
J

 EXxplored feasibility across lepton channels
e 2L channel optimal
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Calibration impact on VH(—cc) fit

Events

Significance

T | [T 1 | 1T 1 | I T 1 | I T 1 | T 1 | T 1 | [T 1 | T 1 | | | [
-5 ATLAS Work in Progress —rhi
- Z(cc) calibration distribution o V(o) -
- 2L, p¥ = 250-400 GeV = vZ() ]
20— T VW(qq) ~
-  Top -
i B Zht : . —
15 s Fit Z(—cc)
_ I Wh ]
7 Wmf =
5 —
_ ; SF: 1.00+£0.69
O | L1 1 L1 1 L1 1 I_I | I_I L1 I_I [
o - ..'.... ............................................................................................ -
= total significance = 1.65
05:_ ................................................................................................................................................................................................................................................................................. __
0—80 80 100 120 140 160 180 200 220 240

m, [GeV]

NF_Zjets_250_400
NF_Zjets_400_600
NF_Zjets_600
NF_Wiets_250_400
NF_Wiets_400_600
NF_Wijets_600
NF_Top_250_400
NF_Top_400_600

NF_Top_600

MyvHce

* Uncertainty from flavour-tagging: 69%

 VH(—cc) uncertainty increase: 8.5%
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| | T | |
ATLAS Work in Progress
VH(cc) Asimov fit |
— Uncalibrated
— Calibrated
! 10082, 1.005%
: 10031, 1.00%%
; 1.00%% 1.00%%
* 1.00%%, 1.00%%
+ 1.00%% 1.00%%,
;_ 1.00%'% 1.00%%,
+ 1.00%%, 1.00%%,
* 1.00%% 1.00%%,
; 1.00%%, 1.00%%
10045, 1005
| L]

-5 0 5 10 15 20
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Comparison to resolved VH(—cc) GN2

m;-based
* High-p,region (>400 GeV) LePtOn | oY [Gev] | oo | Boomed I ifference
e Significant improvements across lepton ot | 250.400 0104 | 0103
channels
 Low-p;region (250-400 GeV) o Saaal Mhetadll Mt
 Comparable significances L | 250-400 1 0099 1 0.080
 Need more investigation in this transition | 400 | 0076 | 0094
regime!
2L 250-400 0.064 0.066 +3.9%
2L >400 0.035 0.055 -
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Comparison to boosted VH(—cc) DLAr

. . BDT-based

* Improvements in both regions

. ~100% vmony | Y 1oev1) Boed | B pierence
* Demonstrates GN2X advantages in

Lorentz-boosted regime oL | 290-4001 0070 1 0156
e Algorithm: DNN — Transformer
_ _ OL >400 0.059 0.122
* |nput: More low-level information
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Sensitivity improvements at ¢,,.. = 30%

| cL::r:z:I pTV [GeV] | Single-WP | Double-WP | Continuous
* (Pseudo-)continuous scheme leads to [ || [ .cos00 | owe | s
significant sensitivity improvements o | 200600 | or0s | ame
e Double-WP: +11% |
OL >600 0.066 +6.7/%
e Continuous: +19%
. . I 1L 250-400 0.118 +13%
* However: calibration difficult
e Statistics too low for traditional | 4000001 ©105 flere
Z(—>CC_') CalibratiOn 1L >600 0.070 +7.4%
o Requires new methods 2L 250-400 | 0.080 +7.9%
2L 400-600 0.058 +8.1%
2L >600 0.035 +0.59%
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Advanced MVA approaches

* This study: BDT

* EXxploring advanced MVA approaches
e DNN: +1%
e Transformer: +5%

* Developments ongoing

* Need fit with full systematics to choose optimal MVA
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Run-3 data

(7)) __Il||I|I|I|||I|I|||||||III|III|III|III|I__ (7)) I|III|III|III|IlllllllIllllllllllllllll o _I|I|I|III|I|I|I|I|I|I|I|I|III|III|III|I_
< 140 = = [ ]
c L . . o - . . o .
¢ [ ATLAS Work in Progress By - ¢ 20 - ATLAS Work in Progress M ¢ .t ATLAS Work in Progress M
W 120 Run :\3/ (2022-2023) Wi Diboson ] 18 - Run :\3/ (2022-2023) I Diboson E = - Run % (2022-2023) I Diboson
B — - . Top ] r — - . Top 7 - " Top i
1001 OL, P, = 250-400 GeV . - 16 g OL, o 400-600 GeV e ; o F OL, P, > 600 GeV —He :
- W Zmi . 14 W Zmi ] - W Zmf
- ZI . z : . z !
801~ I Whi - 12 ¢ I Wh E 1.5 F B Whi ]
B I Wmf i 10 F I Wmf - - W Wmf i
60— wi - - wi ] - wi -
= —VH(cc) x50 - 8 —VH(cc) x50 10 — VH(cc) x 50
6 —;
4 . 0.5
2 -
0 0
S 0.06 80.06 80.06 :
B — 1 = B
3 0—60 80 100 120 140 160 180 200 220 240 & 0 60 80 100 120 140 160 180 200 220 240 B 0 60 80 100 120 140 160 180 200 220 240
m, [GeV] m, [GeV] m, [GeV]

e Study focused on Run-2 (140 fb™')
e Including partial Run-3 data (52 fb~!)

e |ncrease statistics — increase sensitivity
e Increase from 2022-2023: +20%
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GN2X flavour-tagging advancements

70

60

C-jet rejection
W S @)
o o o

N
o

—_—i
o

o

3_\/_3 =13 TeV
C tfjets, £, = 70%

DL1

2017

Sensitivity estimates of the VH, H — c¢c process in the Lorentz-boosted regime

DL1r

I B L
2018 2019 2020

- ATLAS Simulation Preliminary

Year

Run 3 reco

DL1d

2021

GN1

2022

2023
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Comparison MC simulations with data

(/) _ _
e /0 —
o - ATLAS Work in Progress mteo -
L 60F Monte Carlo vs data T
505 —
_ ZI _
40 = Wit —
u wi —
30 e S
20 =
10 +_+_§
X T
5 A ——
g 2 T
S 1E_,_+ """""""""""""""""""""""""""""""" S 0 e E
© 0 ............................. T
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m, [GeV]
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 Exploit difference in color-flow between gluons splittings
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