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Introduction ATLAS

Decays of a 125 GeV Standard-Model Higgs boson

charm/anti-charm, 2z YWY Z¥Y others

0 } 20, 0.2% _0.2% o
tau/anti-tau_.%\é '.‘:M'x I,.v‘_'.-~---"‘0'64’

Many theories predict modifications to the earlier-generation quark Yukawa 6%

couplings. Of these, the charm coupling is the most accessible one. Age

bottom/anti-

» Standard Model Branching Ratio ~ 3%
» c-jet identification
» High background rate

» Different possible channels through selecting the vector boson decay
» QCD background suppression

» Exploiting production cross-section dependence from Yukawa coupling
to c-quarks

EXPERIMENT
Run: 303892
Event: 4866214607
2016-07-16 06:20:19 CEST
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VH(bb/cc) Run 2 Analysis LRI

O-lepton 1-lepton 2-lepton

» Three channels _ 1) I+
Vi
* Z(vv) + H(bb/cc) q L’ V) q 1’171(1/1) q L l
« W(lv,)) + H(bb/cc) z @ w N z N
 Z(I*17) + H(bb/cc)
; . \\Tb/c ; - \\Tb/c . H \Tb/c
> Topology b/c b/c b/c
Flavour
 Exploit similarities between VH(bb) and tagging [
VH(cc) topologies for the full Run2 dataset »v\"/vvllpr<epm
c-tagging ., J-.| c-tagged
« Resolved and boosted topology considered for < .
VH (bb) e IS s EEEEEEEEESR
W\NXH.< - m .
V
« Orthogonality ensured with py > 400 GeV b-tagging WA H b tagged E é g
’ b-tagged oosto N
* Resolved reconstruction only for VH(cc) —_—
75 GeV 150 GeV 250 GeV 400 GeV 600 GeV prY
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Resolved topology . 3ansizo] At

Manually Optimised Trained

» Flavour tagging:
 DL1r tagger: high-level tagger exploiting low-level ones Low Level (RS sv1 JetFitter W RNNIP DIPS

IP-based Vertexing Vertexing Track NN Track NN

* The DL1r tagger output nodes are combined into a 2D
b-/c-jet tagger

« Bidimensional pseudo-continuous calibration
orthogonal between b-tag and c-tag, with optimised c- High Level
tagging calibration for analysis

c-tag score

» Main background

c-tight (Ct)

q ' q
b-jet: 4.8% B
c-jet: 24% A
/ light-jet: 0.9%
V+jets effict
J c-efficiency c-loose (Cy,) b-70-60% b-60%
v b-jet: 12% b-jet: 11% b-jet: 58%
|4 c-jet: 21% c-jet: 5.2% c-jet: 2.7%

light-jet: 6.5% light-jet: 0.13% light-jet: 0.05%

=

45%

b Pt
: g " c-efficiency Untagged (N)
b-jet: 15%
w . Top c-jet: 48%
t W light-jet: 92%
p b w 70% 60% b-tag score

b-efficiency b-efficiency
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Signal and Control Regions AEDR

70% b-tagging

Signal Regions, Total 59 (27 VH(bb), 32 VH(cc)): N b-tagged
ks efficiency

For BB: Two central jets b-tagged (BB) < ,
For CC: Two central jets c-tagged (CtC) - o-tight
For CC: One c-tight tagged jet (CtN) ”é oloose
» C(lassified for: 2

- Resolved or boosted regime = non-tagged

- pY

- AR(jll ]2)

Control Regions, Total 97:

The CRs are designed to target the main background V+jets and Top. Higgs candidate jet 1

Relevant for H(cc): > VH(bb) enriched
1. AR-based CRs

- High - ARCRs » VH(cc) enriched
2. Tagging-based CRs » Top enriched

- CLN CRs (V+light jets)

- BCt CRs (Top enriched) > V + lights enriched
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EXPERIMENT

A Machine Learning approach

» The Boosted Decision Tree (BDT) is trained for each of the SR categories: BB, CtCt, C+Cp, and CtN to discriminate the
corresponding signal sample from the sum of the expected backgrounds.

» In the signal regions, the BDT output is used as the likelihood binned fit variable.

» First time in ATLAS using Machine Learning classifiers for VH(cc) and boosted VH(bb). VH(cc) significance improved
by ~40% !

™ ™ T Q O 7]
- 50 ® Data — - 5 ® Data o - ® Data —
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| 10'E 150 GeV < P, < 250 GeV B Zemf — T} ) 150 GeV < p. < 250 GeV Top(ba/qq) E 150 GeV < p; < 250 GeV 1 Top(bb) 3
= SR, Post-Fit Z+Il = 10" £~ SR, Post-Fit [T Top(bb) = [ SR, Post-Fit I Z+hf ]
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» The fit is always performed including all VH(bb) and VH(cc) SRs+CRs, and with 10
. . . _ 0XBR
the signal strengths freely floating = Signal strength y = - j

» The search for the H — cc decay yields an observed (expected) upper limitat -5

95% confidence level of 11.5 (10.6) times the Standard Model prediction. ~10
_ {5~ Observed 95% CL o SM .
---- Expected 95% CL + Observed best fit

IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

. . . . e . . . o bb 11°¢)=(0.92,1.0
» From the upper limit on p, the charm coupling modifier is constrained resulting 20 —gfsggjggg//gt Whirs Hup=( )
in |k.| < 4.2 at 95% confidence level. 0 SN AR AR AU INRPININ IR RPN Y
04 06 08 1 12 14 16
—~~ 4.5 T T T™\Y T T T T T T T T T T T T T T T T T T T T T
L ML L B L L B B B - F | | | | ] bb
A TLAS —— Observed \6 4 :_ \ ATLAS _: uVH
(s=13TeV, 140 fo B Fopoctod + k) - /s =13TeV, 140 fo" i
VH, H > bblcS [ Expected £ 20 < 350 VH, B> bbiee 4 = 3 times better than first full Run
0 lepton C 95% CL Intervals: ] '
Exp.217><SM 3E — Observed: [-4.2, 4.2] E 2 results!
Obs.= 14> SM C - - Expected: [-4.1, 4.1] ]
2.5 -
1 lepton C ] .
Exp= 17 SM 2E95% Ch Yoo e 4 2 Mostly coming from the
2lepton 15 3 optimised flavour tagging scheme
Exp.= 18x SM C ] .
Obs.= 22 SM = 1 and BDT, also benefit from better
Combination 0.5 88%.Cl i N 4  background control!
Obs.= 12x SM C ]
O 1 1 1 | 1 1 1 I 1 1 1 |—J-—‘| 1 1 1 | 1 1 1 I 1 1 I_
-8 -6 —4 -2 0 2 4 6 8
95% CL limit on uVH(_) K
CcC C

15/07/2025 - Greta Brianti Higgs Hunting 2025



Indirect search: H(yy) + c production ATLAS

» First direct search for inclusive production of a Higgs boson in association with at c H
least one charm jet (H + c) exploiting the Run 2 data. //
C /
.: V4
» A fraction of the H + c inclusive process is y. — sensitive, the dependency o(pp —
H + ¢) o yZ is exploited for the y, probing!
g &

% =
§ 450 -
© 400 — . . . . .
3 3503 i » Atleast one charm-tagged jet is required in the event selection. Charm
5 Loof 5 tagging is performed using DL1r.
T 300; --- Signal (pre-fitx5) E
250 ----Resonant background (pre-fit)
- ATLAS ----Non-resonan round (pre-fit) 3 . . . .
200[ {5=13 TeV, 140 " ot e (oot (pe“)—; » The background is modelled using a data-driven approach, the Gaussian
= c-tag signal region — Total signal+background (post-fit) J .
150 Unconany E Process Regression (GPR).
100 ¢ Data =
50" I E > Best fit-value of the inclusive H + c cross-section:
@ 1?__ e e e Oope = 5.3 + 3.2 pb (SM expectation: 2.9 + 3.1 pb)
(2] o E - " g . .
g 09 + +‘ ,+ L » No significant excess over the Standard Model prediction observed, and
© 120 121 122 123 124 125 126 127 128 129 130 the observed (expected) significance is 1.70 (1.00)!

m,, [GeV]
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New landscape of coupling modifiers ATLAS

PERIMENT
|[ATLAS-CONF-2025-006]

| Nature 607 52 (2022)] [ EPS-HEP 2025 | X
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>> B T T lllllll T T lllllll T ] >5 1__]]] T T ||||.|||. T T L T T LI ||| | &
g2 B ATLAS Run 2 g2 = ATLAS Preliminary .
o TE = b ~  (5=13TeV, 36.1-1401b™' t 3
= - S k=x - - ~ my=125.00GeV, ly | <25 ]
LL°> ‘o :_ + «_is a free parameter _: LL00>J 0 $ k. =x, |
g |°>’ = SM prediction = S = + «x_is a free parameter =
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<
Conclusion and prospects ATLAS

-0t , ! ' L L
» Direct constrain from VH(cc) Run 2 analysis S i _ ATLAS Simulation GN2 |
8] : VE=13.QTeV, tt events ~—— DL1d 3
2 k.| <4.2 @95% CL -?2—)-104;2O<pT<250GeV,|n|<2.5 ]
-8 ;‘~\.\. :
. . . . s . S .8 Sl N
» H production cross-section in association with charms probed o0 F ST
with observed significance 1.70 T e N
@ ;\ ............ ;
10" E_ ............. \ ~~~~~~~ e
What,s neXt? 0 g ---; -------------- I..............; ..............
10 —— —t— —t— —— !
» Outstanding improvement in Flavour Tagging with GN2 ! 15t E
> New potential channels: VBF H(cc) and ttH(cc) e lghtens
» The Run 3 data set is growing with > 200 fb~1 already recorded S Y [ W bmeepepe]
— | ] | T
A N N A ‘r-jets
g 50 - -
i T
Thank you for your attentlon! o %: 02,,,,0|.3 ............. 044,,....0.5 ............ 6 A

c-jet efficiency
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DL1r c-jet calibration

The tagging efficiencies are measured with a data-driven
method following the approach summarised here.

1. Selection of jets from W — cs in tt events

2. Measure of €4,1, and €yc in pt bins

Nmistagged C—jet
Niot C—jet

3. Extraction of the SF:

SF(py) = emc(Pr)

€data (pT)

The results are used to correct the MC simulation.

15/07/2025 - Greta Brianti

c-jet Mistagging Efficiency

c-jet Mistagging Efficiency

Higgs Hunting 2025

———
¢ Data

(7)) | LA LA AL A L
QO s[ ATLAS (s=13TeV, 139 fo"
- PFlow Jets, DL1r 0-85% W-jets:
: . 1 \TLAS
10° 85% 77% 70% 60% =::. g'l
4 S It other (PERIMENT
10 [INon tt
----SF unc.
103 777 Uncertainty
102
10
1

3 L
| It T2 P AT, 07, T e YA A

%G

Data/Pred.
o
(42

—+— Data (stat. unc.)

.\ Data (tot. unc.)

— fiMC

| | | 3
85-100% 77-85% 70-77% 60-70%  0-60%
DL1r Tagging Interval

E T T T T ]
— ATLAS Vs=13TeV 139 fb” =
I PFlow Jets 65<p <140 GeV =

—+— Data (stat. unc.)

\\\ Data (tot. unc.)

E ffMC E

E 1 | 1
85-100% 77-85% 70-77% 60-70%  0-60%
DL1r Tagging Interval

0 > 4 6

8

0 12 14

W-jet DL1r Discriminant

c-jet Mistagging Efficiency

c-jet Mistagging Efficiency

= T T T T E
= ATLAS Vs=13TeV 139 b =
= PFlow Jets 40<p <65 GeV =

—+— Data (stat. unc.)

N\
\

| Data (ot unc))

ftMC

| E
60-70%  0-60%
DL1r Tagging Interval

E 1
85-100% 77-85%  70-77%

= T T T T E
= ATLAS Vs=13 TeV 139 b =
= PFlow Jets 140<p <250 GeV =

—+— Data (stat. unc.)

. Data (tot. unc.

ftMC

| I
60-70%  0-60%
DL1r Tagging Interval

E 1
85-100% 77-85%  70-77%
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BDT input features ATLAS

Table 2: Variables used for the multivariate discriminant in each of the channels. The v/ symbol indicates the
inclusion of a variable. The BDTy ow-Ar cr Uses the same variables as the 1-lepton resolved Hbb category as described

in the text.
Resolved VH, H — bb, c¢ Boosted VH, H — bb
Variable O-lepton 1-lepton 2-lepton | O-lepton 1-lepton 2-lepton
my v v v v v v
M jajs v v v
py v v v v v v
pr v v v v v v
pr v v v
Y pr.i>2 v v v
binpy, . (1) % % % % % %
binp,, ,, (j2) v v v v v v
pY = ET' v v = ET"® v v
ET'SS v v v v
Eguss /\/ﬁ v
|[A¢(V, H)| v v v v v v
|Ay(V, H)| v v v v
AR(j1, j2) v v v v v v
min[AR(jz, j1or j2)],i > 2 v v
N (track-jets in J) v v v
N(add. small-R jets) v v v
colour ring v v v
|An (J1, J2)| v
Hr +EX' v
m};v v
Miop v
min[A¢ (¢, ji or j2)] v
Py v
(5 - EF™)/p] v
mee v
cos0*(£7,V) v v
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VH(bb/cc) Run 2 Analysis: Control Regions

Control Regions: » VH(bb) enriched

The CRs are designed to target the main background :g tnsged

V+jets and Top. 5 ctight » VH(cc) enriched

1. AR-based CRs =

- High - AR CRs (V+jets enriched): Events with larger ::Z c-loose » Top enriched
AR(jlr ]2) than SRs éo non-tagged

- Low-AR CRs(Top enriched): Events with AR(j4, j,)
outside the SR window

2. Tagging-based CRs

- CLN CR (V+light jets): 1 c-tagged + 1 non-tagged
jet

- BCT CR (Top enriched): 1 b-tagged + 1 c-tagged jet.

3. Leptonic-flavour CR

» V + lights enriched

ATLAS Simulation
Vs =13 TeV, 140 fo

- 1 . 1 . 1-lepton, 2 jets, BB-tag
el CR (Top enriched): electron and muon with , Totepton, 2]

opposite sign

+ Boosted topology CRs for H(bb) and jet multiplicity
selections exploited to target different backgrounds.

Low-AR CR

.
150 300 350 400 450, 500
py [GeV]
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VH(bb/cc) Run 2 Analysis: Control Regions

Control Regions:

The CRs are designed to target the
main background V+jets and Top.

1. AR-based CRs
- High - AR CRs (V+jets
enriched)
- Low-AR CRs(Top enriched)

2. Tagging-based CRs
- CLN CR (V+light jets)
- BCT CR (Top enriched)

3. Leptonic-flavour CR
- ep CR (Top enriched)

07/2025 - Greta Brianti

. A
Flavour tagging
Hcc
>1 tight c-tag 2 jets 3jets > 4 jets 2 jets 3jets > 4 jets 2 jets 3jets >4 jets
Lepton flavourep | Topeucr Top e CR Top ey CR Top el CR Top ey CR Top eu CR
2 jets 3 jets >4 jets 2 jets 3 jets > 4 jets 2 jets 3jets >4 jets
1 no tag a CR CR CR CR
1loose c-tag | - cR cR CR CR CR CR
(CwLN tag)
a CR CR CR CR CR CR
2 jets 3 jets >4 jets 2 jets 3 jets > 4 jets 2 jets 3jets >4 jets
_ SR SR SR SR
1 no c-tag © High AR CR High AR CR High AR CR High AR CR
1 tightc-tag |- SR SR SR SR SR SR
(CTN tag) | High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR
_ SR SR SR SR SR SR
NI High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR
1 loose c-tag 2jets 3jets >4 jets 2jets 3jets >4 jets 2 jets 3 jets >4 jets
i _ 4 SR SR SR SR
1 tz(g:héc ttag) © High ARCR ! | High ARCR ! High ARCR* | High ARCR1
al . =
ToLtag _ SR SR SR SR SR SR 1 Note: High AR CR split into 1 loose c-tag + 1
+ | HighARCR' | High ARCR* High ARCR' | High ARCR ! High ARCR ' | High ARCR ! tight c-tag and 2 tight c-tag regions
2tightctag | SR SR SR SR SR SR
(CtCrtag) | HighARCR! High AR CR 1 High AR CR 1 High AR CR 1 High AR CR 1 High AR CR 1 2Note: 4+jets in 2-lepton, =4 jets everywhere else
Common Top CR
- 2 jets 3jets 4 jets 2 jets 3 jets 4 jets 2 jets 3jets 4 jets
1 tight c-tag
1 b_tag S Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR
(BCrtag) |,
=| Top(bc) CR Top(bc) CR Top(bo) CR Top(bc) CR Top(bc) CR Top(bc) CR
Resolved Hbb Boosted Hbb
2 jets 3jets >4jets 2 2 jets 3jets >4 jets 2 2 jets 3jets >4jets 2 ( \
- - - - - - SR SR
a3 SR SR SR SR SR SR 3
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR Top CR Top CR
2 b-tag
Low AR CR Low AR CR Low AR CR Low AR CR Low AR CR Low AR CR SR SR
(BB tag) SR SR SR SR SR SR =
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR Top CR Top CR
R SR SR SR SR SR SR SR SR SR d SR SR
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR
75 GeV 150 GeV 250 GeV 400 GeV 600 GeV PV
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VH(bb/cc) Run 2 Analysis: Control Regions

Table 3: A schematic of the fit variables used in the control regions. In the signal regions, the BDT output is used as g ATLAS | w | EmVibcgoma | ezt g ATLAS | W EEvzoscrows Bzt
the fit variable. The ‘Norm. Only’ label indicates that only the event yield is used in the fits and ‘— indicates that ki B=13TeV, 140167 1y [ Sngletop tiochan - Toploataa) | g VS = 13 TeV, 140 fb" el [ Snletoptechan |
. . : b 0 lepton B Wht z4l [ Zemt B p 1 lepton 0 Zemt I Z+ht Wit h
the region is not used in the fits. § 150 GeV < pt <260 Gev M2 2 Uncertainty 4 § 250 GeV < pY <400 Gey " Vem! E W 2 Uncertainty -
& 1 & -
. [*] | [*]
Channel ‘ Region ‘ BB ’ CtN ‘ CrCp ‘ CrCr ‘ BCr ’ CLN & ] &
| High-AR CR | Norm. Only | — 7
0-lepton ‘ BCr Top CR ‘ — ‘ mj j, —
\V+lfCR \ — |N0rrn-0n1y o R R A A A ! O T R I S R
& 1osE /} i | Lo | | 4 & 10sf N | ! Lo | o
S hetiggre ol b S il D e,
- E | I | | | | g | | | = Z g 1 [ [ L 22 !
‘ Low-AR CR ‘ BDTrow-arCR ‘ — AL L . L i S ossft 1 )( BN A
S Y Y SR R PR B A N A P R S
. \74 A R A A A A NI A A RN NI N R AL
igaRCR| et | e | = FEI R HHIE R I
1-lepton Byl B2 opE| BgpEl BE By PRl 2R RZIE g 2R o8
| BCr TopCR | — i | — IR T £ gy HEE R 5y 30
v 2jets 3jets 4 jets 2jets 3jets
‘ V+IfCR ’ — ’ Pr
(€Y (b)
| High-AR CR | pY | omu | — . . o o
Figure 5: The relative background composition in the signal and control regions with (a) 150 GeV < p¥ < 250GeV
2-lepton ‘ Top e CR ‘ - ’ Norm. Only ‘ - ’ — in the 0-lepton channel and (b) 250 GeV < p¥ < 400 GeV in the 1-lepton channel. The ratio of the data to the total
‘ ¥ CR ‘ ’ v signal-plus-background (S+B) prediction is also shown. The background predictions are adjusted with the results
V+ifC _ Pr of the VH fit to data described in Section 9 and the uncertainty band corresponds to the overall uncertainty in the

background predictions.
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Uncertainty breakdown

Table 7: The breakdown of contributions to the uncertainty in the fitted value of the signal strengths (c7,) for
VH,H — bb, WH, H — bb, ZH, H — bb and VH, H — c¢. The sum in quadrature of uncertainties from
different sources may differ from the total due to correlations. In cases where the upward and downward systematic
variations have different values, the mean of the absolute values is shown.

Source of uncertainty - = g =
VH,H—bb | WH,H—>bb ZH,H—bb | VH, H—c¢
Total 0.153 0.204 0.216 5.31
Statistical 0.097 0.139 0.153 3.94
Systematic 0.118 0.149 0.153 3.57
Statistical uncertainties
Data statistical 0.090 0.129 0.139 3.67
tf ey control region 0.009 0.014 0.027 0.08
Background floating normalisations 0.034 0.049 0.042 1.24
Other VH floating normalisation 0.007 0.018 0.014 0.33
Simulation samples size 0023 | 0033 0030 || 1.62
Experimental uncertainties
Jets 0.027 0.035 0.030 1.02
ET™® 0.010 0.005 0.021 0.23
Leptons 0.003 0.002 0.010 0.25
b-jets 0.020 0.018 0.026 0.29
Flavour tagging | c-jets 0.013 0.017 0.012 0.73
light-flavour jets 0.005 0.008 0.008 0.66
Pile-up 0.008 0.017 0.002 0.23
Luminosity 0.006 0.007 0.006 0.08
Theoretical and modelling uncertainties
Signal 0.076 0.074 0.101 0.72
Z + jets 0.042 0.018 0.081 1.77
W + jets 0.054 0.087 0.026 1.42
tf and Wt 0.018 0.033 0.018 1.02
Single top-quark (s-, #-ch.) 0.010 0.018 0.002 0.16
Diboson 0.033 0.039 0.049 0.52
Multijet 0.005 0.010 0.005 0.55
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