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ATLAS Experiment

-

* A priority goal is to establish to what extent the SM remains valid at accessible energies

O Run-2 with largest dataset available for
barrel New Small Wheel (NSW) barrel toroid magnet phVSlCS: L = 140 fb_l at '\/E = 13 TEV

muon chambers muon chambers

2160 —
' \ "/ | —. F gT’FA?‘ s =13 TeV
endcap | v NG 45 140—Freiminary
muon chambers \| inner detectors o Delivered: 156 fb"

€120 :_ . LHC Delivered Recorded: 147 6
L !

D ATLAS Recorded Physics: 139 fb

[_|Good for Physics

80

endcap toroid
magnet

N
o

endcap calorimeters

UONEIGIED 6178

N
o

barrel electromagnetic calorimeter

Total Integrated Lumi

(o)}

o
III|III|III|III|III|III

solenoid magnet L

barrel hadronic calorimeter

30 12 0 10 8 N T T 1B 1®
Month in Year

YiYu ICHEP 2024 2



V + jets at hadron collider

=

<+ V(=W/Z) + jets production has the large cross-section and a broad kinematic range

O High order of Drell-Yan process accounting for 1/3 of W/Z productions at LHC

Status: June 2024

Standard Model Production Cross Section Measurements
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Goals of V + jets measurements

—
4 Perform perturbative-QCD (pQCD) studies at a wide P — N
kinematic range and jet multiplicities R x\
! J q
4 Increase our understanding of Parton Distribution 49 ;
. : initial state 17 0
Functions (PDFs) : q yIZ -
4 Improve background modelling in Monte Carlo (MC) ; _ b
simulation in New Physics (NP) searches 43 1 3
i | initial state yIZ — II
e — I TIE J
/ Stages of a MC event generator -y
| e HardScatter g b
. [ e Parton Shower (PS) gg ~
- Niniti 17 — 1]
! e Hadronisation (Had) > | initial state 4
. <
I e Colour Reconnection (CR) = ‘ 8 b
. | e Multiple Parton Interactions (MPI) WAl T \ . -
: ) Z + bb shown as example
\ Pythia 8.3 schematic event . ¢ P /
‘e s b e r b e f e 5 m— _— [ [ [ [ - / \ " . " = . m [ [ - . . — :
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* W production in association with
charmed-hadron
Phys. Rev. D 108 (2023) 032012

b-jets and with c-jets
Submitted to EPJC, arXiv:2403.15093

% Z production in association with 1 or 2 .

One or more jets
X MET production in association with jets

Submitted to JHEP, arXiv:2403.02793
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-22/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-43/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-55/




W + D Measurements

140 fb~1,\/s=13Te

=

4 Signal signature with opposite-sighed (OS) W and D-meson

S C S W~

V)

Exclusive D-meson decay reconstruction with fit K/
candidate tracks to the secondary vertex

Targeting at D¥ - K n*ntand D** - (K ™ )m~

with the charge conjugate modes
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. Highlights in Analysis Strategy

* Control the backgrounds with charge correlation S a0 e
@ ATLAS -
between W and D S 30004748 1oy, 1401 a L T
n - W(—Iv) + D(—Knmr), OS-SS N
: ) k) EANOA _. WD (bin2) -
o Backgrounds mostly have same contribution of OS E 25005 W inclusive, post-fit B WD (bin 3) :
and SS W+D “ 5000 =va+g EE'“ g; =
N + in 3
i.e. W+ cc (bb), tt = OS - SS strategy applied 15000 -ng:awh -
— - m W+jets -
u o tt + single top -
& i . . i 10001~ Other =
Differential cross sections measured with : w Mulijet .
likelihood fits ~00F E
O Binned profile likelihood fit of mp+ or (mp+ —mpo) g & E
in p? and |1 (1)| bins simultaneously in SS and OS = 1%%,{ A =
O 0. 93_ ................................................................................................................................................ _f
%* Results compared with state-of-the-art PDF sets 1717518 185 1.9 105 2 2 0'5$($' ;2'[1;5;3]2
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Inclusive cross section

=

4 Data obtained from the combination of W+D and W+D* measurements

o

'co III|II||I|I||I||I|I||II|III|III|III|II|

] | | | ] | ] | | 1 | I | I | 1 | .
ATLAS W*+D"(—Kn)
Vs =13 TeV, 140 fb'  W*+D* (—(Kn)r)

R.=0.971+0.006 (stat.)
--- Data [ Stat. Unc.

Pred.. aMC@NLO, full CKM, NNLO PD

ABMP16_5
ATLASpdf21_T3
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CT18
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O<-0
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PP 8O
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PDF Unc.

PDF4LHC21 40
NNPDF31_str

1 | | IPDIF @ I()(I:DI ®I ()lthler ILJnICI

+0.011 (syst.)
Syst. @ Stat.

Mol

1

1.05 1.1

115 1.2
R, (W*+D")

R;—’ with experimental precision ~ 1%

4 Consistent with PDF sets imposing a
symmetric s — S sea quark

= asymmetry small in the Bjorken-x
region probed by this measurement.

4 PDF fits that allow the s and s
distributions to differ have larger
uncertainties
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Differential cross section

q 30 2fias — gata ] - iglﬁh }ijJ1né:.5:
— =13 TeV, 140 fb" yst. @ Stat. o] 57
= : (% CT18 (e MSHT20 7
T ogb red: aVCONLO g PDFALHC21 40 s NNPDF31 3
8 O Full CKM, NNLO PDF g NNPDF31 sir  gmm NNPDF40
'-_.I fl ' ' i :
15 'BHBHﬂlE“Il' _ 3 T
10F i i i i =
5F i i 1 ! =
S .3 A e S
o E ! : : P 3
S 028 i i 3
— VeE : : : E
E L : o E."“f"‘:
SIS LT
S ES R T— |
3|8 ' '
c O
il
~
- —_

=

+ Systematic uncertainties for |n(l)| are small
providing good sensitivity to PDF variations

Shape
Only

+ Experimental sensitivity reduced by the

presence of pr dependent sys. uncertainties
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140 fb~1, \/s = 13 TeV, selections in backup

=

/Z + HF jets Measurements

*Inclusive and differential Z+21b, 22b, 21¢c x-sections and ;I;gtufrvke!a;eoﬁ;:m used
fwd/central ratio for Z+21c events with 139 fb! for flavour tagging
o Z+21b: Z p;, lead b-jet p; and AR(Z, lead b-jet) |
. Z+22b: m,,, A, AR (jet, hadron) < 0.3
’ _ _ truth match used to
« Z+21cC: Z p+, lead c-jet p+, lead c-jet x; and fwd/central vs Z p; categorize Z+b/c/l jets

Z
1I—>—)/ V! b/e ——/ NV = Test effect of missing higher order in QCD

Y
: Y = Investigate different Flavour-Schemes
> g >—b/c . . _—
e ; = Explore possible sensitivity to Intrinsic-Charm
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/+jets background and flavour fit

—D

% Z+jet with jet-flavour different from the one measured is the largest source of background

4 Maximume-likelihood fit to data based

Events / GeV

on flavour sensitive distribution

ATLAS
Vs=13TeV, 140 fb'

Z(—ll) + > 1 tagged jet

PR G e G—
=000 O
O v W s O

[Jz + b-jets [JZ +c-ets

. Other backgrounds

OJ7op

[Jz +tight jets

4 Bin-by-bin scale factors allow to correct both
normalization and shape of Z+flavoured-jets
contributions

% " ATLAS ~Z+bjets ]
o r /s =13 TeV, 140 fb™ =/ + c-jets N
= b Z(-l) + =1 tagged jet Z +lightjets
B L ]
1,51 i

L * ]

1 . ]
05— S
30 40 100 2x10° - 10°

leading tagged jet P,
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Inclusive cross-section results

Z+>1Db-jet Z+=>2b-jet Z+=>1c-jet

4 Good description from 5FS 4 AFS and 5FS agrees with data 4 5FS in agreement with data
4 4FS with large underestimation # much sizable MHOU for Sherpa 4 3FS with large underestimation

ATLAS
Vs=13TeV, 140 fb"’
Z(=ll) + > 1 cjet

ATLAS

s =13 TeV, 140 fb’

Z(=ll) + > 2 b-jets
---1.394 £ 0.006 £ 0.131 pb

ATLAS
fs =13 TeV, 140 fb”
Z(=ll) + = 1 b-jet

---10.49+0.02 £0.59 pb -- 2089007 +£2.77 pb

Data (stat.) Data (stat.) Data (stat.) [l Data (stat +syst.)
——
—_ Data (stat. @ syst. Data (stat. & syst. & MGaMC+Py8 FxFx 5FS (NLO)
- ( yst.) - ( yst. W Sherpa 5FS (NLO)
o A MGaMC+Py8 FxFx 5FS (NLO) A MGaMC+Py8 FxFx 5FS (NLO) A MGaMC+Py8 4FS (NLO)
Z hsntzzeriﬂacis E(iNZLbck)))4FS (NLO) ’ Y Sherpa 5FS (NLO) ; E’ﬁﬁ%ﬁf{ y i}m oo
a y pc
—U— O MGaMC+Py8 5FS (NLO) O MGaMC+Py8 Zbb 4FS (NLO) O NNPDF40 (LHCbZc + EMC)
A CT14NNLO
8 10 12 14 16 18 20 22 1 2 25 3 0 BHPST (9, = 0.6%)
o(Z + = 1 b-jet) [ph] ' o(Z + =2 brjets) [pb] & BHPS2 (90, =2.1%)

10 15 20 25 30 35 40 45 50
o(Z + 21 c-jets) [pb]

Results consistent with previous ATLAS measurement with 36 fb~ [ 2x better precision ]
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Differential Z+>= 1b-jet cross-section results

=

MC / Data MC / Data

MC / Data

— T I T T T I T T T T —
14— ATLAS NN Dsta .
- 1 =
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12_ Z(=ll) + = 1 b-jet —]
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10 . -
L N ]
8 N ]
6/— N b
- AN .
41— S .
2k ST =S —
- e awy -
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1.5 ks s 'Sherpa 5FS (NLO) —a— MGaMC+Py8 FxFx 5FS (NLO) ]
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| FESSERSAANY AN
0'5 s 3 A 2 ; 1 N =
1.5 Y ' NLO F.O. -+-INNLO F.O. l __o__l
1 | + Y 3 a0 ) \
= o
0.5¢ ; 1 | 1 — |
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ARy,

5FS: good description by both NLO ME+PS state-of-the-art

MCs (MGAMC+PY8 FXFX and SHERPA 2.2.11)

4FS: mismodelling of collinear and large AR(Z, b-jet)

..(E I N N R | L I I O B N B B B 1 T T
8 B —&— MGaMC+Py8 FxFx 5FS (NLO) ~ =——4— Sherpa 5FS (NLO) =~ MGaMC+Py8 Zbb 4FS (NLO) :
§ ﬁ |
Shape Onl
1 X W \ P y
0.8F AN
0 6 -_1_| L1 | L1 1 1 | I N | | L1 1 1 I i
0 1 2 3 4 )

Fixed-order: NLO discrepancies improved with NNLO.
Calculations suffer from divergences at AR(Z,b —jet) ~ 1t
uncertainties increase
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Differential Z+>= 2b-jet cross-section results

4 Adyy: good modelling by all predictions
4 my,;,: similar description by all predictions, with steep decrease for my;, > 80 GeV

none of the predictions in agreement with data in the full spectrum | shape only
T [ T A = E — T — T3 ol F — T — T
a | ATLAS RO s © [ ATLAS NS - 2] [ ATLas QR pst -
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I —r— K N _.—-—-- J O N = .
2 e N e 2 AN N\
AAANNANN RN NSARNNANNN S - AANMNNNREERPRNERENS S N \ R NN
i i i T 0.8 f T X
0.5+ — 0.5F — ——— ——
| | ' | 1 1 1 I 1 1 1 1 E_E 4 -F I 1 1 1 1 1111 I .6 4t_| 1 11 11 I 1 1 1 1 | —— - | I i
0 1 2 3 20 30 107 2107 10° 20 30 107 2x107 10°
A¢bb m,, [GeV] m,, [GeV]
YiYu ICHEP 2024 16



Physical Review Letters 128 (2022)
— Nature 608, 483-487 (2022)

Intrinsic Charm

* Intrinsic-Charm (IC) component in the proton ~ debated for 40 years
O c-quarks pairs are considered as part of the proton wave function at rest - valence-like structure

O upper limits on <x.> differ from 0.5% to 2%

u? = 10* GeV?

Intrinsic charm

le*x)octx)|
N

f* —— Baseline dataset N .
+EMC F§ L
==+ LHCb Z+c
—-= + EMC F§ + LHCb Z+c

02 0.4 06 08
X

O IC enhanced in x, > 0.1 accessible via V+HF in LHC
¥, = |luudcC >, ICnotviag — cC o LHCb reports an excess in high n region with Z + ¢

O NNPDF gives an evidence on the existence of IC

YiYu ICHEP 2024 17


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.082001
https://www.nature.com/articles/s41586-022-04998-2#citeas

Differential Z+>= 1c-jet cross-section results PhysRevD.92.034014

Feynman-variable x = 2p,/+/s

107

MGAMC+PY8 with several PDF sets testing different

g o ATLAS 3 Data
§ . s =13 TeV, 140 f5' —=— NNPDF40 (pch) IC-modeIs
o 10 EZ(-l) +2 1 cet &= CT14NNLO
104 —&— CT18NNLO
10° Intrinsic charm (IC) predictions
.2 —.— NNPDF4.0 (NNLO) pcH (no IC) 332100
e NNPDF4.0 (NNLO) 331100
10 et NNPDF4.0 (NNLO) EMC+LHCbZc —[25]
1 s
. avg CT18 (NNLO) (no IC) 14000
o MGAMC+PYS FxFx SFS CTISFC — CT18 BHPS3 14087
10 o g e CT18FC - CT18 MCM-E 14093
‘g 1; :-I- NNPDF40 {pch) =¥ NNPDF31 =¥~ NNPDF40 =&~ NNPDF40 (LHCbJrEMCl; CT14 (NNLO) (nO IC) 13000
S NN N CT14 (NNLO)IC — BHPS1 13082
= 08 e % CT14 (NNLO)IC — BHPS2 13083
© 1.4 — === CT14NNLO —— BHPSI1 ~f= BHPS2 \g
® 1.21= \\
Q 1
] NSSses AN - - ot
S o8 S 4 BHPS2 (with <x.>~2%) improves the description of data
0.6 , — c
1.4 —a CT18NNLO —— CT18BHPS3 —7— CT18MCME N . e .
& 125 N\ O In more realistic scenarios (NNPDF and CT18) the
5 SAAFERRRRRSRSSES Ny \ N . . . . . .
= o8 ARSI S improvement is still marginal related to the uncertainties
1072 | . "1(IJ_1 | T

Leading c-jet X
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MET + jets Measurements

=

miss

* Measurement of final state with large pT'*® and at least one energetic jet

4 Two jet-topology phase spaces to probe BSM
o Mono-jet region: pitss

O VBF region: pqmiss, A¢jj, mj;

miss

4 Signal region (SR): pT'*** + jets
O MET + jets

4+ Auxiliary measurements (AM): p7e¢°t + jets

O 2e +jets, 2u + jets
O e+jets, u +jets, y +jets

140 fb~1, \/s = 13 TeV, selections in backup

3 g YL ? )
\_ AN v
qf—»—wmwmm!] q 9 l+\
¢ 1 "

% Measure regions individually and as ratio R"™55: (SR) /o (AM)
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Differential cross sections

=

% Apart from the offset normalizations, data described well for p**>* and Agpjj in all SR/ARs

) L A A B A L R L L L L L L B
— 10 ATLAS —e— Data (Stat.) — 5000:_ ATLAS —e— Data (Stat.)
z M tjets, > 1 jet - - p™+jets, VBF
Gff, 10 P4 j NNLO o, 8| 5" 4000F- PT**+]

& ‘L‘L,: 3000E
107" Mono-jet
102 t‘% phase space 2000 |

|||I|II‘II|IIII|IIII|IIII|IIIIIII

,,,,,,,,,,,,,,,,,, 1000
- e VBF phase space
T4 I MEPS@NLOI(Stat.+Sysl) ~ NNLO Rew. (Stat.+Syst.) |—; 14 -] I MIIEPS@NII_O (Stat.l+Sysl) |
© _: © 1.2 :_ ...................................................................................................................................... _:
= s sl Ll el bl bbbt hrda o
'd 'D ...................................................................................
o [}
& a
C C ......................................................................................................................................
o 0
23 23
BE = —
€ 8 « 3 —_—
) . . -06 -04 02 0 0.2 0.4 0.6 0.8 1
p_rreconl _ p_rlljlss [GeV] A(b” [rad/m]
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Differential cross sections

=2

4 Discrepancy identified for m;; shape

= RN UL B B L B B e
— 1h ATLAS —e— Data (Stat.) i . . .
% fe-t3Tev, 140 1"/ Data (5t + ) E O better modelling given by a resummation
gle” 107 2+jets, VBF  hEy E prediction from HEJ
10° E o Both of mis-modelling effects and correlated
107 2 uncertainties cancel out in R™"*
10_4 10° =SARELEN UL B L L L L B
10° 4?1 E qu Z-1LSAT§V, 140 b : Data (Stat.) //// Data (Stat. + Syst.) E
= = = = = & - 2u+jets, VBF MEPS@NLO -
1.4 MEPS@NLO (Stat.+Syst) HEJ (Stat.+Syst.) | @ B _
RPN 2 e /MEQZ522?22?22?22522522Eééﬁééiéfﬁéﬁféifgﬁff
g 0.8 [t SN 8 E miss . s 5 ] E
R S pr > +jets /2u + jets ]
TS S s e -
CD% 10—1 ................................................................................................................................... Q
=22 B B
(_U E 10—2 ...................................................................................................................................... E
Dq:) 8 _3
10 1000 2000 3000 4000 5000 _ 6000 _ 7000 _ 8000

m. [GeV] ) . . ) ) ) ) )
L 1000 2000 3000 4000 5000 6000 7000 8000
m; [GeV]
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BSM interpretations

—D

®* Interpretation with two benchmark models for dark matter Sensitivity compatible with

o Z' model: extend SM with the new U(1) symmetry the MET-based searches!

o 2HDM+a model: involve an additional Higgs doublet and a pseudoscalar a as the mediator
) bb = a(—~ xi) + jet

— 1200 ——— — : .
> B Observed ] ¢ 7 é
L — serve = 4] N Imy>20% :
e _ I\L/‘ET!- ﬂﬁev 140fb-" === Expected 1T A :
= 1000 ol medi Expected +10 ] 101/ ATLAS : —]
L Axial-vector mediator [ EXPStied=io - - )/ V5 213TeV. 140fb-" : ]
= B Dira(§:2D5M . r Monojet 139fb~" (Obs.) H % 2HSDKA+a ev, .
B 9g=>.29, Qy=1- | —-= Monojet 139fb™! (Exp.) ] i My = Ma = My- =600 GeV 5 .
800 — All limits at 95% CL LS i A g ] i All limits at 95% CL g |
B ] B —— Observed : .
| ., _ ‘ -== Expected < |
600 3 i A Expected +10 :
- - “ . .
400~ ‘ - N ppoH-aZ i 'El: |
§ * - . S pp o HE > aW* = -
- % \ . 10005 X i : ]
200 — “(,:« ‘ — B \ ]
T TN P S S R S S SR SR R S ) . L] [ L £
500 1000 1500 2000 100 800
mz [GeV] pp - a(= x¥) + jet Ma [GeV]
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Conclusion

=

% EWK gauge bosons production associated with jets as an essential ingredient of SM
O Provide useful inputs for global fit PDF, sensitive to light, c-, b-quark, and gluon PDFs
O Serve as benchmarks for Monte Carlo simulations and theoretical predictions available at NNLO

o Allow to explore the sensitivity to new phenomenon, i.e. intrinsic charm, dark matter

< BSM searches can benefit from improved modellings of substantial EWK + QCD processes

Cosmological Neutrino r QCD  electroweak \ GUT Planck
constant scale . scale scale . scale mass

. W O

10°3GeV 107° 10’ 10" 10" 10"

Thank You!

YiYu ICHEP 2024 24



* Back up

Event display of
Z+>=2b-jets candidate from data
recorded by ATLAS




26



MC samples

Process

| ME generator

QCD accuracy

ME PDF

PS generator UE tune

HF decay

W+ jets (background modeling)

A reweighting procedure is applied to all MC

W+ jets SHErPA 2.2.11 0-2j@NLO+3-5j@LO NNPDF3.0nNNLO SHERPA Default SHErPA
W+ jets AMC@NLO (CKKW-L) 0-4j@LO NNPDF3.0nL0 PyTHIA 8 Al4 EvrGEenN
W+ jets AMC@NLO (FxFx) 0-3j@NLO NNPDF3.1nNLO_luxged PyTHIA 8 Al4 EvrGEenN sS4 mples to correct the Cha rmed had ron
W+D® (signal modeling and theory predictions) production fractions to the world-average
W+D® SHERPA 2.2.11 0-1j@NLO+2j@LO  NNPDF3.0nnNLO SHERPA Default EvTGEN values. The Change in the individual charmed
W+D® AMC@NLO (NLO) NLO NNPDF3.0nNLO PyTHIA 8 Al4 EvTrGEN . . .
W+D® AMC@NLO (FxFx) 0-3j@NLO NNPDF3.InnLo_luxqed PytHia8  Al4  EvriGen meson prod uction fractionsis as la rge as 20%,
Backgrounds depending on the MC configuration.
Z +jets SHERPA 2.2.11 0-2j@NLO+3-5j@LO NNPDF3.0nNLO SHERPA Default SHERPA
tr PowHEG Box v2 NLO NNPDF3.0nL0 PytHiA 8 Al4 EvTtGEN
Single-t, Wt PownEec Box v2 NLO NNPDF3.0nLO PyTHIA 8 Al4 EvrGenN
Single-t, t-channel PowHEG Box v2 NLO NNPDF3.0nLO PyTHIA 8 Al4 EvrGEenN
Single-t, s-channel PowHEG Box v2 NLO NNPDF3.0nLO PyTHIA 8 Al4 EvrGEn
1% AMC@NLO NLO NNPDF3.0nLO PyTHIA 8 Al4 EvrGEn
Diboson fully leptonic | SHERPA 2.2.2 0-1;@NLO+2-3j@L0O NNPDF3.0NNLO SHERPA Default SHERPA
Diboson hadronic SHERPA 2.2.1 0-1j@NLO+2-3j@LO NNPDF3.0nNLO SHERPA Default SHErPA
Category Normalization m(D ™) shape

EvtGen 1.7.0 is used to force all DO mesons to decay
through the interested mode

As the width of the D** meson is set incorrectly in
Sherpa 2.2.11, the mass shape in the D** channel is
taken from the aMC@NLO+Py8 (NLO) W+ D**signal

sample

W+D™ (D* channel)
W+D ™ (D* channel)
Wcmateh (p+ channel)
W4cmatch (D* channel)

W+ Cmis-match

W+ jets (D* channel)
W+ jets (D* channel)

SHERPA 2.2.11
AMC@NLO+PY8 (NLO)
MG+Py8 (CKKW-L)
SHERPA 2.2.11
LIS SuErPA 2.2.11
LIS Suerpa 2.2.11
LIS MG+Py8 (CKKW-L)

SHERPA 2.2.11
SHERPA 2.2.11
MG+Py8 (CKKW-L)
SHERPA 2.2.11
SHERPA2.2.11
SHERPA 2.2.11
MG+Py8 (CKKW-L)
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Object selection

D™ cut D™ cut value D** cut value (D% — (Km)7)
Ntracks at SV 3 2
SV charge +1 0
SV fit quality x> <8 x> <10
Track pr pt > 800 MeV pt > 600 MeV
Track angular separation AR < 0.6 AR < 0.6
: Lyy > 1.1mm (pr(D*) < 40GeV)
Flight length Ly >2.5mm (pT(D+) > 40 GeV) Lxy > 0mm
SV impact parameter |dp| < 1 mm |dy| < 1 mm
SV 3D impact significance osp < 4.0 o3p < 4.0

Combinatorial background rejection
Isolation

cos 6*(K) > —0.8
EprdR04/pr (DY) < 1.0

ZI)TAR<0'4/IJT(D*+) < 1.0

tracks

Muons

Features

| baseline | loose ‘

| baseline | loose | tight

DT — ¢n* rejection
D™** background rejection

m(K*K™) > [mg — 8| MeV
m(Knmn) — m(Km) > 160 MeV

PT

|AzBY sin(0)|
a2 for (B
Pseudorapidity
Identification
Isolation

>20GeV |

(In < 1.37)]](1.52 < |n| < 2.47)

>20GeV | >30GeV

< 0.5 mm
<3
7| < 2.5
Tight
No | Yes

DY mass — |my = —mpo| < 40 MeV
Tslow PT — PT > 500 MeV
Tslow angular separation —_ AR(7gow, D%) < 0.3
Tslow do — ldo| < 1mm

QCD background rejection

AR(D*,€) > 0.3 |

AR(D*,£) > 0.3

D™ pr
DY g
Invariant mass

8GeV < pr(D*) < 150 GeV
In(D*)] <2.2

8GeV < pr(D™) < 150GeV

[n(D™)| < 2.2

1.7GeV < m(D*) < 2.2GeV | 140MeV < m(D**—D") < 180 MeV

YiYu
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Event selection

(a)

Detector-level selection

(b)

Truth fiducial selection

Requirement W+D™) SR Top CR Requirement ~ W+D )
N (b-jet) 0 > 1 N(b-jet) -
EQ'sS > 30 GeV Ess —
mr > 60 GeV mr —_
Lepton pt > 30 GeV Lepton pt > 30 GeV
Lepton |7 <25 Lepton |7| <25
N(D®) > 1 N(D™) > 1
D™ p > 8GeV and < 150 GeV D™ pr > 8GeV
D™ |n| <22 D™ |n| <22
Yi Yu ICHEP 2024 29



Highlights in Analysis Strategy

* Control the backgrounds with charge correlation 3
between W and D g
O Backgrounds mostly have same contribution of OS and SS W+D &
i.e. W+cc (bb), tt = OS - SS strategy applied
< Differential cross sections measured with likelihood fits
O Binned profile likelihood fit of mp+ or (mps+ — mpo)
in p? and |1 (1)| bins simultaneously in SS and OS %
g
)

* Comparison with several PDF sets

% Integrated cross-section a(W + D)

* Normalized differential cross-sections in bins p2 and |n,|
* Cross-sectionratio R, = c(W* + D7)/ o(W™ + DY)

.
x10°

- ATLAS 4 Data -
30005 Z13 Tev, 140 o % SM tot. E
o gor WM + DK, 05-88 Wil gg ;; -
- W inclusive, post-fit m WD (bin 3) .
- B W+D (bin 4) -
2000 B W=D (bin5)
- W+ Cmac ]
1 500 :_ . W+ les match _:
- B Wijets .
- tt + single top -
1000 Other ]
-  Multijet .
500 -]
17_‘ 4 e P97 A1 4 7
¢ ? /7 /Vq’/ 7 ¢

1. 7' 1751818519195 2 205 21 215 ‘2 2
m(D") [GeV]

track-based truth matching used
to categorize reconstructed W+D(*)
events into signal, other meson or
decay modes and fakes

YiYu ICHEP 2024
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Exclusive D-meson decay reconstruction

* D mesons are explicitly reconstructed
o Tracks from the ID
o K/m assigned based on track charge
O Feed to Kalman Filter (KF) which fits tracks to SV
O Output is a set of D meson candidates

D Meson Properties

D Species D Mass [GeV] | Production Final State | BR (%)
Fraction (%)

D* 1.87 24.04 Kt 9.46

D*->Dmr* 1.86 60.86 (K1) 67.7

(D’ properties) (2.01) (24.29) % 3.95

Secondary vertex

(SV)

YiYu ICHEP 2024
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Likelihood fit unfolding

% Binned Profile Likelihood Fit performed on invariant

Normalized Detector Response Matrix

N . . 0 % ATLAS Simulation | |
mass m(D™), or mass difference m(D*- D”), to extract & =%|& ey
. ;- L WH+LD(— AT
cross-sections &8 40 - 80 o 015%
o Fit templates split in differential bins of pr(D)or [n(1)] = - . I
20 -40 0.32% 23.14% 0.17%
O Bin edges chosen to give approx. similar stat unc. in i M,
eaCh b|n 12 -20| oz2m% 0.29%
—| 15
o . o o o o 8 - 12 PREEEA 0.30%
* Truth bins distributed in reco bins as prescribed by . , | | ,
the response matrix o\ 2P 0 o ® L

. , . : D [GeV
O Response matrix very nearly diagonal in both variables Py [GeV] (reco)

(and for both D meson modes) the sum of all elements is 100 percent
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Inclusive cross section and differential in |n(1)]

Channel cOS=SS(W+D ™) xB(W — tv) [pb] (0] J oSS (W=+D*)[d(In(0)]) [pb] | 1/o [dop=SS(W=+D*)/d(In(€)])
3 N 4 [0.0, 0.5] | 12.27 £0.13 (stat.) tg'_gl (syst.)| 0.2446 + 0.0023 (stat.) +?) ?)%?3’2 (syst.)
Wb 20.2+0.2 (stat) 23 (syst.) (0.5, 1.0] | 1157012 (stat)  *063  (syst)| 0.2305+0.0022 (stat.) 00440 (syst)
W*+D~ 48.5+0.2 (stat.) 4—-2’3 (syst.) [1.0, 1.5] | 10.41 £0.12 (stat.) tg'g‘; (syst.)| 0.2075 +0.0022 (stat.) +?) ?)(())121 (syst.)
W=+D**  51.1+0.4 (stat.) *1-3 (syst.) [1.5,2.0] | 9.09+0.11(stat.) 09 (syst)| 0.1810+0.0020 (stat.) *000} (syst.)
W*+D* 50.0 + 0.4 (stat.) tllg (syst.) [2.0, 2.5] 6.85+0.11 (stat.) tgg% (syst.)| 0.1365 + 0.0020 (stat.) +?) gg%g (syst.)

RE = gOS-SS (WD () /50558 (W1 D () [do Q5SS (WD) [d(|n(6)]) [pbl | 1/ [do DS SS(W*+D™)/d(In(£)])

¢ fid fid +0.65 +0.0037
[0.0, 0.5] | 11.87£0.13 (stat.) T/ (syst.)| 0.2455+0.0024 (stat.) T 35 (Syst.)
RZ(D¥)  0.965+0.007 (stat.) £0.012 (syst.) [0.5, 1.0] | 11.55£0.12(stat.)  *000 (syst)| 0.2387 +0.0023 (stat.) *0.9%41 (syst.)
RE(D*™)  0.980+0.010 (stat.) £0.013 (syst.) [1.0, 1.5] | 10.09 +0.12 (stat.) i?)'_g-% (syst.)| 0.2087 +0.0023 (stat.) *00022 (syst.)
[1.5,2.0] | 8.60+0.12(stat.)  *043  (syst.)| 0.1779 +0.0022 (stat.) *0-002 (syst.)
RZ(D™) 0.971+0.006 (stat.) £0.011 (syst.) [2.0,2.5] | 6.25=0.11(stat)  *937  (syst.)| 0.1292+0.0022 (stat.) *09938 (syst.)
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Uncertainties on inclusive cross sections

D™ channel D** channel
Uncertainty [%] cOSTSS (WD) o XSS (WD) RE(DY) | o ¥ SS(W™+D*) o8- SS5(W*+D*") RE(D*)
SV reconstruction 3.0 29 0.5 2.3 2.3 0.4
Jets and E 1.7 1.9 0.2 1.5 1.5 0.4
Luminosity 0.8 0.8 0.0 0.8 0.8 0.0
Muon reconstruction 0.6 0.7 0.3 0.7 0.7 0.3
Electron reconstruction 0.2 0.2 0.0 0.2 0.2 0.0
Multijet background 0.2 0.2 0.1 0.1 0.1 0.1
Signal modeling 2.1 2.1 0.1 1.2 1.2 0.0
Signal branching ratio 1.6 1.6 0.0 1.1 1.1 0.0
Background modeling 1.1 1.2 0.3 1.3 1.3 0.5
Finite size of MC samples 1.2 1.2 1.1 1.4 1.4 1.3
Data statistical uncertainty 0.5 0.5 0.7 0.7 0.7 1.0
Total 4.6 4.6 1.4 3.7 3.7 1.7
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Uncertainties on differential cross sections in [n(1)]

Uncertainty [%]

dogy™S>(W+D) [d(In(0)]) (1/odo[dny)

dogy S (WD) /d(In(0)]) (1/ odor /dn)

|n(€)| bins [0.0, 0.5] [0.5,1.0] [1.0, 1.5] [1.5,2.0] [2.0,2.5]|]0.0, 0.5] [0.5,1.0] [1.0, 1.5] [1.5, 2.0] [2.0, 2.5]
SV reconstruction 320.1) 3.1(0.2) 320.2) 320.1) 330.2) | 3.1(0.1) 3.0¢0.1) 3.1(0.2) 3.000.2) 3.1(0.2)
Jets and ET‘““*‘ 1.6(02) 1904 1602 1506) 1704|1602 1.8(03) 1.8(0.2) 15(04) 1.9(0.5
Luminosity 0.8(0.0) 0.8(0.0) 0.8(0.0) 0.8(0.0) 0.8(0.0) 0.8(0.00 0.8(0.0) 0.8(0.0) 0.8(0.0) 0.8(0.0)
Muon reconstruction 05@0.2) 0.6(0.1) 0.8(0.1) 0.8(.1) 0.8(0.2) | 05.2) 0.6(0.1) 0.8(0.1) 0.8(0.1) 0.9(0.2)
Electron reconstruction 020.2) 0300 03@.1) 04@0.1) 04(@.1)020.2) 0300 031 040.1) 040.2
Multijet background 020.2) 02@0.2) 020.2) 03@.1) 09@.7)|0.2@0.3) 0.1(0.1) 0.1(0.1) 040.3) 0.7(0.6)
Signal modeling 32(0.4) 29(0.3) 39(1.1) 1.8(14) 240.7 3204 29(0.3) 39(1.2) 1914 250.7
Signal branching ratio 1.60.0) 1600 150.0) 160.0) 1.50.0)] 1.6(0.0) 1.60.0) 1.6(0.0) 1.7(0.1) 1.6(0.0)
Background modeling 1.500.8) 22(1.2) 1.70.7) 120.8) 2.1(1.3) | 1.8(0.7) 20(1.2) 1.7(0.8) 1.3(09 19(1.4)
Finite size of MC samples | 1.6 (1.3) 18(1.4) 21(1.6) 19(.7) 2724 | 1.7(1.3) 1815 19(1.5) 22(1.8) 3.0(2.7)
Data statistical uncertainty | 1.0 (0.9) 1.1 (1.0) 1.2(1.1) 1.2(1.1) 1.6(1.5) | 1.1(1.0) 1.1(1.0) 1.2(1.1) 1.3(1.2) 1.8(1.7)
Total 55(1.7) 5520 6023 5025 58@3.0) |5418) 5420 6.0(23) 5127 6.034)
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Uncertainties on differential cross sections in p(D™)

Uncertainty [%] do S 35(W-+D*) [d(pr(D*)) (1/odo/dpT) | do S~ SS(W*+D7™)/d(pr(D*)) (1/odo[dpr)

p1(D7) bins [GeV] [8, 12] [12, 20] [20, 40] [40, 80] [80, o) | [8, 12] [12, 20] [20, 40] [40, 80] [80, o)
SV reconstruction 3.1(1.2) 2.8(0.6) 3.2(0.7) 4.7(2.6) 57(4.3)|12.6(1.0) 2.5(0.7) 3.3(0.7) 45(2.5) 5.8(3.9)
Jets and E%“““ 1.8(0.8) 1.9(04) 1.9(0.5) 2.0(1.2) 34(2.4)|2.1(0.6) 1.9(0.6) 2.1(0.7) 2.0(1.2) 3.712.7)
Luminosity 0.8 (0.0) 0.8(0.0) 0.8 (0.0) 0.8 (0.0) 0.8 (0.0)|0.8(0.0) 0.8 (0.0) 0.8(0.0) 0.8 (0.0) 0.8 (0.0)
Muon reconstruction 0.8(0.2) 0.7(0.1) 0.6 (0.1) 0.5(0.3) 0.6(0.5)(0.8(0.2) 0.7(0.1) 0.6 (0.1) 0.5(0.3) 0.5(0.4)
Electron reconstruction 0.2(0.0) 0.2(0.1) 0.3(0.0) 04(0.2) 0.5(0.4)(0.2(0.0) 0.2(0.0) 0.2(0.0) 04 (0.2) 0509
Multijet background 0.3(0.2) 0.3(0.1) 0.2(0.1) 0.1 (0.3) 1.1(1.3)|0.1(0.1) 0.3(0.1) 0.2(0.1) 0.2(0.1) 0.1(0.2)
Signal modeling 1.5(3.2) 2.7(0.7) 46(2.7) 24(04) 3.0(1.2)|1.5@3.2) 2.7(0.7) 4.6(2.7) 23(0.4) 3.0(1.1)
Signal branching ratio 1.7(0.1) 1.6(0.0) 1.5(0.1) 1.6(0.0) 1.7(0.1)|1.7(0.1) 1.6 (0.0) 1.5(0.1) 1.6 (0.0) 1.7 (0.1)
Background modeling 1.7(1.4) 1.5(0.8) 1.8(1.2) 1.8(1.6) 1.8(1.7)|1.9(1.5) 1.6(1.0) 1.8(1.3) 1.6(1.5) 3.5(3.2)
Finite size of MC samples [2.3(1.7) 1.7(1.3) 1.6 (1.3) 2.1(1.9) 46(4.6)(2.4(1.8) 1.7(1.3) 1.7(1.4) 2.1 (1.9) 4.8(4.6)
Data statistical uncertainty | 1.2 (1.0) 0.9 (0.8) 0.9(09) 14(1.4) 40(4.0)|1.3(1.1) 1.0(09) 1.0(0.9) 1.5(1.5) 4.6 (4.6)
Total 5.1(4.0) 5.1(1.9) 6.5(3.3) 6.5(3.9) 99(8.2)|5.0(4.0) 5.0(2.0) 6.6(3.4) 6.3(3.8) 10.6(8.6)
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Dataset and event selection

* Dataset

O Full Run-2 data, L = 140 fb~1

o Monte Carlo samples

O NLO ME+PS state-of-the-art generators with high parton-multiplicity in ME
(MGAMC@NLO + PY8 with FXFX merging and SHERPA 2.2.11)

® Event selection

q——\/VVW\ Z

b/c —»—N\ N\ Z 2 good leptons: e+e p+u-

Y

2 9Q0Q/—>»——b/c 21goodjet

Define 2 Signal Regions (SR) based on the number of flavour-tagged jets:

1-tag: Z+21 b-jet and Z+21 c-jet measurements

2-tag: Z+22 b-jets measurement

with pr > 27 GeV, |n| < 2.5
76 GeV <my; <106 GeV

with pr > 20 GeV, |y| < 2.5
b-tagging DL1r @ 85%

YiYu
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Data-driven tt background

®* Dileptonic events represent the second largest background

o Using data-driven technique to avoid large modelling uncertainties (up to ~70% at high Z pT)

®* Method of the Transfer Factors
o opposite flavour ep CR enhanced with tt events (>90%)

obtained by subtracting other MC from data
o Transfer Factors as ratio of tt MC distributions in SR and CR

7SR __ CR—SR
[t ttData - |ITR

tt SR (€€/ﬂﬂ)
TFCR—)SR

tt CR (eﬂ)

® 10°

m105
Q10¢
]

_L_L_L
o R =

. —
. o
oL

Pred. / Data
©
(00] —_

—
1Tl

ATLAS

Vs=13TeV, 140 fb™
e*u* + = 2 tagged jets

® Data =
R &
|:| Single-top E
[l Non-top processes E:
N\ MC Stat. ® Syst. Unc.

E
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/+jets background and flavour fit

=

% Z+jet with jet-flavour different from the one measured is the largest source of background

4+ Fit performed in individual (optimized)

Events / GeV

bins of each measured observable

ATLAS
Vs=13TeV, 140 fb'

Z(—ll) + > 1 tagged jet

PR G e G—
=000 O
O v W s O

[Jz + b-jets [JZ +c-ets

- Other backgrounds

OJ7op

[Jz +tight jets

4 Bin-by-bin scale factors allow to correct both
normalization and shape of Z+flavoured-jets
contributions

% " ATLAS wZ+bjets ]
o r /s =13 TeV, 140 fb™ =/ + c-jets N
= b Z(-l) + =1 tagged jet Z +lightjets
B L ]
1,51 i

L * ]

1 . ]
05— S
30 40 100 2x10° - 10°

leading tagged jet P,

YiYu
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From detector to particle level

4+ Differential cross sections corrected to particle > 100
L - . . . S, - ATLAS _
level with iterative Bayesian unfolding: 3 [ fs=13TeV, 140" 107"
. Response matrix
. e » o . _ 4 102 L
selection efficiency, resolution effects and differences S ere} y(i]?igf;iﬁets
between detector level and fiducial phase spaces S 2d0°F
3 107
0 10° =
Object Selection | Acceptance cuts E E i
50 8
Lepton pr>27GeV, [n <25 20 -
2 same flavour and opposite charge, 76 GeV < mgr < 106 GeV 30 1 |.~3
b-jet pr > 20 GeV, |y| < 2.5, AR(b-jet, £) > 0.4 0 | =10
c-jet pr > 20 GeV, |y| < 2.5, AR(c-jet, £) > 0.4 J
Event Selection | Acceptance cuts . | o i
2 2 3
Z+>1b-jet | Z+ > 1 b-jet and a b-jet is the leading heavy-flavour jet S 10 210 10
Z+ > 2b-jets | Z+ > 2 b-jets and a b-jet is the leading heavy-flavour jets Hadron level m,, [GeV]
Z+ > 1 c-jet Z+ > 1 c-jet and a c-jet is the leading heavy-flavour jet
Rapidity regions | Acceptance cuts CE—— Z+21 b'Jet; Z+21 C'Jet and Z+22 b'JEtS
Central rapidity | Z boson rapidity |y(Z)| < 1.2 cross sections measured at particle
Forward rapidity | Z boson rapidity |y(Z)| > 1.2 level in fiducial phase space
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Uncertainties on the cross section measurements

—D

* x2 improved precision on Z + b-jets measurements with respect to previous ATLAS results

® Dominant uncertainty contributions from

flavour-tagging,

and unfolding

* Statistical uncertainty on data <1%
Differential distributions: total unc. <5% in Z+21 b-jet, ~10-15% in Z+22 b-jets and Z+21 c-jet for modest pr

>‘ 0.4J T ‘ T T T T TTT | T T T T 71T
Source of uncertainty | Z(— €€) + > 1 b-jet | Z(— €€) + > 2 b-jets | Z(— £f) + > 1 c-jet € - ATLAS .
[e] [%0] 8 0.35C Vs=13TeV, 140 b 7
o) - Z(>ll) + 21 b-jet :
Flavour tagging 3.6 5.7 10.3 § 0.3 — E%‘(’,ﬂr Boang e sty -
a 24 43 6.5 o [T, i fhmm ;
Lepton 0.3 0.3 0.4 © 0.25__: ggtfaoﬂlding e Z4jets background —
Exmiss 0.4 05 03 8 :
Z+jets background 0.6 1.5 1.6 Q F E
Top background 0.1 0.3 <0.1 g 0_153— —f
Other backgrounds <0.1 0.2 0.1 = .
Pile-up 0.6 0.6 0.2 o 0.1..... -
Unfolding 3.3 5.8 5.0 N ]
Luminosity 0.8 0.9 0.7 0.05p
Total [%0] 5.6 9.4 13.2
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Theoretical predictions

arXiv:2109.02653

Phys. Lett. B 843 (2023)

* Measured cross-sections compared with several predictions, test sensitivity to

Eur. Phys. J. C 83, 336

PhysRevLett.130.161901

‘ Generator/settings | Flav. scheme | PDF | LHAPDF ID
Main MC samples
] ] ] ] MGAMC+Py8 FxFx SFS NNPDF3.1 (NNLO) LuxQED 325100
Different FS in matrix-element calculation | suerea2.2.11 SES NNPDF3.0 (NNLO) 303200
Predictions to test various flavour schemes
MGAMC+Py8 SFS NNPDF2.3 (NLO) 229800
MGAMC+PyS8 Zbb 4FS NNPDF3.1 (NLO) pcH 321500
MGAMC+PY8 Zcc 3FS NNPDF3.1 (NLO) pcH 321300
Intrinsic charm (IC) predictions
NNPDF4.0 (NNLO) pcH (no IC) 332100
IC-component in proton PDFs NNPDF4.0 (NNLO) 331100
. NNPDF4.0 (NNLO) EMC+LHCbZc —[25]
MGAMC+PY8 FXFX with several PDF sets
. . . CT18 (NNLO) (no IC) 14000
with different IC-models (PDF reweighting) | MGaMC+Py8 FxFx SFS CTISFC — CT18 BHPS3 14087
CT18FC — CT18 MCM-E 14093
CT14 (NNLO) (no IC) 13000
] _ CT14 (NNLO)IC — BHPS1 13082
Higher order terms in QCD CT14 (NNLO)IC — BHPS2 13083
Fixed-order predictions with jet flavour dressing Fixed-order predictions [3]

: : NLO 5FS PDF4LHC21 93000
(infrared and collinear safe) NNLO gl PDFALHCA ] 93000
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https://arxiv.org/abs/2109.02653
https://arxiv.org/abs/2211.01387
https://arxiv.org/abs/2211.01387
https://arxiv.org/abs/2211.01387
https://link.springer.com/article/10.1140/epjc/s10052-023-11530-x
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.161901

Flavour Scheme JHEP07(2012)022

—D

®* V+HF production is characterized by and mass of a

O 4FS: massive b-quarks = b-quark appear only via gluon splitting
o power and logarithm corrections appear at fixed order explicitly

o suitable for Q*~ m;

O 5FNS: massless b-quarks = b-quark allowed via intrinsic PDF
o (mp?/Q?%)™ pushed to higher orders
o In(Q?/m$) resummed to all orders into b-quark PDF > collinear logarithms resummation

o adequate at Q% » m3 increases in high Bjorken x and Q

O Several key processes at LHC sensitive to FS assumptions: top, Higgs, V+jets
o discrepancy among flavor schemes converge with increasing pQCD order
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https://arxiv.org/abs/1203.6393

Inclusive cross-section results

=

o(Z+>1 b-jet) =10.49 + 0.02 (stat.) = 0.59 (syst.) pb
o(Z+>2 b-jets) = 1.39 + 0.01 (stat.) £ 0.13 (syst.) pb
o(Z+>1 c-jet) =20.89 + 0.07 (stat.) = 2.77 (syst.) pb

Z+>1Db-jet Z+=>2b-jet Z+=>1c-jet
4 Good description from 5FS 4 AFS and 5FS agrees with data ¥ 5FS in agreement with data
4 4FS with large underestimation # much sizable MHOU for Sherpa 4 3FS with large underestimation

ATLAS ' ATLAS

ATLAS )
VS =13 TeV. 140 fb” s =13 TeV, 140 fb" Vs=13TeV, 140 fb”
Z(=ll) + > 1 b-jet Z(—=ll) + > 2 b-jets Z(=l)y + 21 cjet
---1049+0.02+059pb ---1.394£0.006 £ 0.131 pb -- 20.89+0.07+277 pb
Data (stat.) Data (stat.) Data (stat.) [l Data (stat.+syst.)
—_—— Data (stat. @ syst. Data (stat. @ syst. A MGaMC+Py8 FxFx 5FS (NLO)
- ( yst) - ( yst) W Sherpa 5FS (NLO)
o A MGaMC+Py8 FxFx 5F$ (NLO) A MGaMC+Py8 FxFx 5FS (NLO) A MGaMC+Py8 4FS (NLO)
; fnrgrf\)ﬁacil;s E(ENZLth)))4FS (NLO) ’ v Sherpa 5FS (NLO) : L"ﬁ?“a”&f{ y i)cc e o)
a 1% o pc
—T— O MGaMC+Py8 5FS (NLO) O MGaMC+Py8 Zbb 4FS (NLO) O NNPDF40 (LHChZc + EMC)
A CT14NNLO
. \ . . \ . \ . . & BHPS1 (<x>_=0.6%)
8 10 12 14 16 18 20 22 1 , 2 25 3 & BHPS2 (" = 2.1%)
6(Z + = 1 b-jet) [pb] S(Z + > 2 b-jets) [pb] , e

10 15 20 25 30 35 40 45 50
o(Z + 21 c-jets) [pb]

Results consistent with previous ATLAS measurement with 36 f b~ [ 2x better precision]
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» An updated CTEQ paper on IC PDFs: PLB 843 (2023) 137975
» All PDF sets available at web page(4, also included in LHAPDF
» Baseline no-IC PDF to be used: CT18NNLO (14000)

» Uncertainties: 58 eigenvector variations

» Four variants including IC:

1. CT18 BHPS3 (14087) — similar to earlier BHPS variants, different amount of I1C (?7)
CT18 MBM-C (14090) — meson-baryon model (confining), asymmetric cC contributions

2.
3. CT18 MBM-E (14093) — meson-baryon model (effective-mass), similar to 2, but more constrained
4. CT18X BHPS3 (14096) — same as 1, but using CT18XNNLO fit as a baseline (with DIS data
fitted using x-dependent pr to model small-x saturation)
» For each of them — two variations with Ay? = 10, 30
» Ay’ =30 - standard CT 68% CL tolerance
» Ay? = 10 — more restrictive, compatible with MSHT20 tolerance
» Options suggested by Tim Hobbs:

» Minimal: use CT18 BHPS3 and CT18 MBM-C in comparison to nominal CTI18NNLQO, evaluate
uncertainties with Ax® = 30 variations
» |deal: test all options (note that for CT18X BHPS3 need a different nominal CTI8XNNLO)
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Event selection

—
Attribute p%‘iss+jets e+jets | 2e+jets | p+jets ‘ 2u+jets y+jets
Lepton or photon lv| < 1.37 or v <2.5 ly| < 1.37 or
rapidity - 1.52 < |y| < 2.47 Y22 1.52 < |y| < 2.47
Leading lepton or
photon pr [GeV] - > 30 > 80 > 17 > 80 > 160
Sub-leading
lepton pt [GeV] a a >7 a >7 a
Dilepton mass, B B Mmee € B mee € B
mee [GeV] (66,116) (66,116)
(Additional) muons None with pr > 7 GeV, |n| < 2.5
(Additional) electrons None with pt > 7 GeV, |n| < 1.37 or 1.52 < |p| < 2.47
mr [GeV] ~ mr € _ _ _ _
(30, 100)
P [GeV] > 200 > 60 - - - -
p?‘c‘“l [GeV] > 200 > 200 > 200 > 200 > 200 > 200 Attribute > 1 _] et VBF
A (jet, p'°) > 0.4 for four leading pr jets
Hadronic 7-lepton None with pt > 20 GeV,
In| < 1.37 or 1.52 < |n| < 2.47
Leading jet pt [GeV] > 120 > 80
Sub-leading jet pr [GeV] — > 50
Leading jet |y| <24 <44
Sub-leading jet |y| - <44
Dijet invariant mass m;; [GeV] — > 200
|Aij| - > 1
In-gap jets - None with pt > 30 GeV
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SM contributions with MC simulation

Final-state event selection

Production process p%ﬁ33+jets 2e+jets 2u+jets e+jets u+jets  y+jets

Z — vv + jets 55% - - - - -

Z — ee +jets - 94% - - - -

Z — uu + jets - = 95% = 2% =

W — ev + jets 6% - - 68% — —

W — uv + jets 9% — — — 67% —

W — 1v + jets 20% = — 5% 7% -

Y + jets = = - - - >99%

Top 7% 3% 2%  25% 21% —

Multi-boson 3% 3% 3% 2% 3% <1%
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. Highlights in Analysis Strategy

* Background contribution
o Non collision background: jet identification + data-driven approach with time differences
o Mis-calibrated/identified multi-jets: A (jet, pf**sS)+ jet smearing/fake factor methods
O Other SM processes: shape taken from MC with normalization from fit in dedicated CRs

% Detector effects correction
o Z — vv measurements = correct data subtracting all backgrounds
o inclusive pI**SS measurements = correct data subtracting fakes only
% Quantitative comparison to the latest-of-art SM predictions
O Likelihood fit with uncertainties treated as covariance matrix or nuisance parameters

o x?/d.o.f.< 2 for the post-fit agreement between SM and all measurements except m;j
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Unfolding
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Relative uncertainties as a function of p
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Re

lative uncertainties as a function of R
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Z(— vv) measurement results
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Ratio measurement results
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Statistical Test

% Test statistic is defined as -2 times the log of the likelihood ratio
Let’s call the “SM only hypothesis” HO and the “BSM hypothesis” with signal strength mu=1 H1.
®* To calculate the confidence level (CL) of exclusion

O we need to know the underlying distribution (p.d.f.) of the test statistic;
- to obtain this we generate pseudo-experiments (toys) where we fluctuate data within statistical
and systematic covariances.

O For the observed limits, we fluctuate experimental data to obtain a p.d.f. for the test statistic
under signal hypothesis H1, and ultimately, we calculate the excluded level of CL (in fact CLs) by
plugging in the observed value of the test statistic from the experimental data that was actually
measured

O For the expected limits, we only use theoretical predictions instead. We fluctuate the theoretical
predictions of hypothesis of H1 to get the p.d.f., and then evaluate the expected CL by plugging in
the prediction for HO, which answers the following question: “If we measured precisely the SM
(background) only prediction with our experiment, how (un)likely are we to exclude this particular
model?”
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2HDM+a

tan B

T 7 T T T T I
/
,l
’ F/imy>20%
1
/ Vs =13TeV, 140fb™"

/

InE S

2HDM+a
Mmy=ma=my: =600GeV
All limits at 95% CL

—— Observed
—== Expected
Expected +10

Mg+ My ]
_["T',‘a N

700 800

m, [GeV]

2HDM+a, Dirac DM, sin6 = 0.35, m = 10 GeV, g,= 1, m =m,=m, =600 GeV

el PR 'v'/l i T —_— E;"iss+h(b5), 139 fb™!
C B . JHEP 11 (2021) 209
S ATLAS K . Emis ¢ 130 1"
- Vs =13 TeV, 139 fb’ : T +th(yy),
101 : Limits at 95% CL ! HEP 10 (2021) 13
i . — Observed « — ET5+Z(Il), 139 fb™’

-
- Expected N PLB 829 (2022) 137066

ETS+tW, 139 fb™!
arXiv:2211.13138
ET'**+j, 139 fb”
PRD 103 (2021) 112006
tbH(tb), 139 fb”

JHEP 06 (2021) 145

— titf, 139 b’

arXiv:2211.01136
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. TriirrrELeLes aniv:2301.10731
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ATLAS summary plot [2306.00641]
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2HDM+a

—D

The scan reveals two major regions of sensitivity:

tanB

A e For tan § < 0.7, masses of the pseudoscalar a up to 520
0. 200 GeV are excluded because of loop-induced production of a

101 __’;' ATLAS | andits subseclue.nt decay into DM pz.a\rticles,

L/ oHDMs+a § § 1 pp = al=> yx)+jets. The sensitivity is larger at m, > 350

[ Al imis at o5 oL 1 GeV=2my,, because here the a can be produced

N — (I;)?;sg‘tl:: 1 resonantly from top quarks.

f‘\r Expected +10 % | . . cpe s

_‘.\ & S | Fortanf > 10, there is a second island of sensitivity because

\‘ é é‘ of b-quark induced production of a and its subsequent

(o0l \\ | decay into DM particles.

A ]

: 1 ¢ At small ma, the expected exclusion limits are generally

(AL ELET AL L LS b A v rge s e bl az 2 | stronger because of processes almost independent of tan £,

m,[Gev] ©8-Pp—>H->aZandpp->H* > aW=. However, the
sensitivity to these processes is not large enough to close
the sensitivity gap between small and large values of tan £.
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2HDM+a

tanB

Is there any idea why the observed exclusion limits for the
-  2HDM+a model are significantly worse than expected at
¥ > 20 low ma values?

£ ATLAS

7 Vs =13TeV, 140fb!
2HDM+a

Mmy=ma=my: =600GeV
All limits at 95% CL

10’

- In the SM-only case there is pre-fit a significant
difference between measured data and SM prediction.

IlIIIl

ILRES

Mg+ Mg
Mg
|

i — gbsentfeg y This gets considerably reduced post-fit but at the price of
-== Expecte | ]
T‘ Expected +10 a number of large pulls to some nuisance parameters
B ” - (even for Rmiss).
\ = <
-y g .

- 2HDM+a signal points are generally very broad and not
peaky. This means we can reduce remaining
(L ELILTALL L LS L L LML L TEEL L L LELL LT norm_a/{zat{on d/screpa'nC/es between data _and SM
m, [GeV] prediction in many regions at once, rendering an
a . .
exclusion unfeasible.
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* Back up

Event display of
Z+>=2b-jets candidate from data
recorded by ATLAS




The Large Hadron Collider

Snowmass White Paper Contribution:
Physics with the Phase-2 ATLAS and CMS Detectors

The CERN accelerator complex
Complexe des accélérateurs du CERN

ALICE s /\ North Area

LHCb

TT42

\/ AWAKE

SPS

T 1976 (7 km)

HiRadMat
k66

[ ISOLDE
[ 1999 (162 m) |
=
T ' e R0z REX/HIE
g —| East Area |
sl
. LINAC 4
H 2017
LINAC 3 LEIR
s,
[ 1994 |
P H (hydrogen anions) p (prolons ) ions ) RIBs (Radioactive lon Beams) P n (neutrons) P p (antiprotons) P e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiprolon Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials

CERN-GRAPHICS-2019-002

=

* Frontier particle physics @ TeV scale

O Higgs physics: Yukawa coupling, self interactions
= mass origin of matter particles

= evolution of vacuum and universe

o SM precision: bosons, top, fundamental parameters

= confront with PDF, electroweak and QCD theory

o New physics: dark matter, exotics, symmetry breaking

= search for BSM interaction and particles directly

cear %8 Why New PhYSiCS?

o Neutrino mass, baryon asymmetry, dark matter
inflation = experimental challenges

o Fermion/Higgs hierarchy, gauge unification, vacuum
stability ® theoretical motivation
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https://inspirehep.net/literature/2071542
https://inspirehep.net/literature/2071542
https://cds.cern.ch/record/2684277

ATLAS Experiment

-

* A priority goal is to establish to what extent the SM remains valid at accessible energies

New Small Wheel (NSW)
muon chambers

barrel

arrel toroid magnet
muon chambers b tore 8

endcap

muon chambers inner detectors

endcap toroid
magnet

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet

barrel hadronic calorimeter

o Onion layer structure:
inner detector — calorimeters = muon spectrometer
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Hard QCD and EWK at ATLAS Muon: Eur. Phys. J. C 81 (2021) 578

-e E/y:]JINST 14 (2019) P12006
FT: Eur.Phys.]).C 83 (2023)

* Hard interactions are challenging at LHC

O Excellent analysis results depend on the precise modelling, experiment performance, analysis strategies
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V + jets at hadron collider

=

<+ V(=W/Z) + jets production has the large cross-section and a broad kinematic range

o High order of Drell-Yan process with accounting for 1/3 of W/Z productions at LHC

Standard Model Production Cross Section Measurements

Status: June 2024

—
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& o
o
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QYR

I+
A r

(a) Leading Order {b) Next to leading or-

der

A\

{c) Parton shower

{d) Next to leading
parton shower

Kinematic coverage

Fixed-target DIS

Collider DIS

Fixed-target DY

Collider gauge boson production
Collider gauge boson production+jet
Z transverse momentum

1074 a

105 1 Top-quark pair production
Single-inclusive jet production
Di-jet production
¢ Direct photon production
@ Single top-quark production
105 4

10~ 10-3

107!
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Goals of V + jets measurements

4 Perform perturbative-QCD (pQCD) studies at a wide

kinematic range and jet multiplicities

4+ Increase our understanding of Parton Distribution
Functions (PDFs)

4 Improve background modelling in Monte Carlo (MC)

simulation in New Physics (NP) searches

g m
*

Stages of a MC event generator

Hard Scatter

Parton Shower (PS)
Hadronisation (Had)
Colour Reconnection (CR)

Multiple Parton Interactions (MPI)

o W N m——

q9
initial state

qq
initial state

99
initial state

_ b
q _
b
vIZ = Il
q
g b
vIZ = 1l I
g _
b

*Z + bb shown as example

vy
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/ + HF jets Measurement

F ~
N : i : SR SOk > .
Inclusive and differential Z+21b, 22b, 21¢ x-sections and q 7 b/e— e NANNZ
fwd/central ratio for Z+21c events with 139 fb-! , y
o Z+21b: Z py, lead b-jet p; and AR(Z, lead b-jet) _
q
o Z+22b: my,, AD, p : gm—>— b/c
e Z+21c: Z p+, lead c-jet p+, lead c-jet x- and fwd/central vs Z p;
* > -. > -' . L L L lIIIlIIlIIIIIIIIII'III
Z+21 b-jet and Z+22 b-jets: ATEAD
update 36 fb~! results with larger statistics, Vs=13 TeV, 35.6 fb
new FT algorithm and optimized strategy for s Zislly+=1 bl
. -- 10.90+0.03 + 1.08 + 0.23 pb
main backgrounds Data (stat.). Data (stat.+syst.)
. . . . © m Sherpa 5FNS (NLO)
P Z+21 c-jet: first time in ATLAS! 4 MGaMC+Py8 Zbb 4FNS (NLO)
v MGaMC+Py8 5FNS (NLO)
oo . ] A O Sherpa Zbb 4FNS (NLO)
= Test effect of missing higher-order terms in QCD , O Sherpa Fusing 4FNS+5FNS (NLO)
A Alpgen+Py6 4FNS (LO)
: : _ ; g —_ o Alpgen+Py6 (rew. NNPDF3.0lo)
= Investigate different Flavour-Schemes in predictions — 5 MGG P8 SFNS L0)
=> Explore possible sensitivity to Intrinsic-Charm 6 8 10 12 14 16 18 20 22 24

6(Z + > 1 b-jet) [pb]
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Analysis strategy

Event selection:
select Z(— pu,ee)+ flavour-tagged jets candidates

|

Background estimation:
- data-driven ¢7 in dedicated CR
 Z+jets from fit to data (“flavour-fit’)
« other minor backgrounds from MC samples

|

From detector to particle level.
correction for resolution and efficiency effects with
Bayesian unfolding

[ Cross-section measurements

|

[ Comparison with theoretical predictions

4 Z+HF events categorized at both reconstructed and
particle level

o Single jet flavor classified as B, C, L

using cone-based (AR<0.3) matching | correct place to replace W|th .
l IRC safe jet-flavour algorithm I

between truth hadrons and jets

o Event flavor classified as 1B, NB, 1C, NC, L

according to the leading jet flavour and number of HF-jets

For the background estimation and detector effect corrections

to the dedicated HF processes, such as Z+>=1b [1B+NB]
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“ -
-~ '. L]} 3 o
T
. me ; -
. | :
e

SR: 2 leptons (e*e  or y*p’) with 2 1, 2 flavour-tagged jets

e Loose 85% WP DL1r flavour-tagger to allow a fraction of c-jets

o Z+jets determined by bin-wise flavour fits

* Clear trends of scale factors correct both of shape and norm.

o tt estimated with transfer factors from e*u™ CR
* Data-driven uncert ~ 25% (7%) of modelling uncertin Z+1b (Z+2b)

o QCD multi-jets validated by simultaneous fit of anti-iso CR and

* Permillelevel in SRs hence neglectedin the analysis

o Central and forward Z pT unfolded at meanwhile to keep correlations

* Smallforward <« central migrations

YiYu tCHEP 2024
Yi Yu ISSP

ATLAS Internal Onc [One [Jic @18 [u
fs=13TeV, 139.0fb"

E 10° - ATLAS Intemnal ® Deta
= g8 BUGH LY B Stat. @ Syst. Unc
% 10" E e*y” Selection W v
.-E 104 DSmg\e-Tup
. [l Hon-top processes

Pred. / Data

20 30 107 2x10? 10°
m,, [GeV]

U
/

Data / MC

T T T T T T

()

ATLAS Internal
fs=13Tev, 139t

Response matrix
MG+Py8 FxFx
Ziy (= ) + = 1 c-jet

eV] in bins of

10°

Detector level Z

e | M W FETE PR RRTE FET FReE i Ly
0 200 400 600 800 100012001400160018002000
Hadron level Z P, [GeV]in bins of [Y(Z)]



Dataset and event selection

* Dataset

O Full Run-2 data, L = 140 fb~1

o Monte Carlo samples

O NLO ME+PS state-of-the-art generators with high parton-multiplicity in ME
(MGAMC@NLO + PY8 with FXFX merging and SHERPA 2.2.11)

® Event selection

q——\/VVW\ Z

b/c —»—N\ N\ Z 2 good leptons: e+e p+u-

Y

2 9Q0Q/—>»——b/c 21goodjet

Define 2 Signal Regions (SR) based on the number of flavour-tagged jets:

1-tag: Z+21 b-jet and Z+21 c-jet measurements

2-tag: Z+22 b-jets measurement

with pr > 27 GeV, |n| < 2.5
76 GeV <my; <106 GeV

with pr > 20 GeV, |y| < 2.5
b-tagging DL1r @ 85%
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Flavour Tagging

< DL1r =
o High level neural network algorithm operating on e

outputs from intermediate and algorithms

the b-, c- and light-jet probabilities A o ¥
pb racks )
b Je pe+ (1 —=fo - Diighs) -~ ’

< b-tagging based on Dp; 1,

b-hadron decay signature

O DL1r discriminant calculated from JNZQ .

displaced tracks

secondary vertex

high-track multiplicity
longitudinal impact parameter
semi-leptonic decays

£ I I I I I I 1 E
[ ATLAS Simulation Preliminary - DLAr b-jets  —— GN1 b-jets |

DL1r c-jets GN1 cjets ]
lssewp DL1r I-jets —— GNI1 ljets ]
] E

o Selections provided with 60%, 70%, 77% and 85% b-tagging efficiency = 10 FEERS

O Flavour-sensitive distribution available 1100
with 5 exclusive bins obtained with different b-tagging selections 1°

% DL1r @ 85% WP retains 85% b-jets and
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Data-driven tt background

* Dileptonic events represent the second largest background

O Using data-driven technique to avoid large modelling uncertainties (up to ~70% at high Z pT)

** Method of the Transfer Factors

o opposite flavour ep CR enhanced with tt events (>90%)

ATLAS ® Data
Vs=13TeV, 140 fb” I8

0 F '
e'p’ + 2 2 tagged jets []single-top

obtained by subtracting other MC from data
o Transfer Factors (TFs) as ratio of tt MC distributions in SR and CR

- Non-top processes
N MC Stat. ® Syst. Unc.

Events / GeV

ﬂSR _ ﬂD . TRCR—>SR

ata =
a
a 20 30 102 2x10? 10°
1ty 7oR (ee/ﬂﬂ) 4 Systematics: My, [GEV]
TFCR_Z’SR CR( ) Strong reduction of detector-level systematics propagated through TFs
e _
ﬂ H CR->SR extrapolation uncertainty derived via MC v.s. DD tt in VR
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/+jets background and flavour fit

=

% Z+jet process with jet-flavour different from the one measured is the largest source of background

1-tag SR

2-tag SR

Analysis Z+=1 b-jet Z+=1 c-jet

Z+jets bkg Z+c, Z+l Z+b, Z+l

Z+1b, Z+c, Z+|

Z+=22 b-jets

— Correct Z+jets flavour components and constrain
systematics with flavour-fit

Maximume-likelihood fit to data based on flavour
sensitive distribution

Example for 1-tag SR:

Fit of flavour-tagging score (DL1r) in calibrated bins
3 free parameters corresponding to Z+21 b-jet, Z+21 c-jet

and Z+2light jets normalization

0.15

0.05

-
o
a

Pred. / Data
o
[{e]
o

x10° I . .

- e Daia -
- ATLAS 4 CZ+bijets 3
— Vs=13TeV, 1401b 0 Z + cets —
- . Z + lightj -
= Z(-l) + > 1 tagged jet % Toenets E
- 43GeV< pT(leading tagged jet) < 60 GeV @ Other backgrounds -
C - S\ MC Stat. @ Syst. Unc.
— 85-77% 77-70% 70-60% <60%
— ® =
- g .
= ! =
E --rProfitMG FxFx_ v PostfitMG FxFx & Postfit Sherpa s===s===m==s===--3
EE‘-.\!.;{le.\!‘{&gs;{.{&&l}\&_\\ﬁz\m&,\k\,g........................................‘E‘\.\.\:\.\‘\.\‘\.\‘\.\.\\.\,é
e R -

1 2 3 4

b-tagging discriminant bin
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/+jets background and flavour fit

< Fit performed in individual (optimized) bins

Events / GeV

of each measured observable

ATLAS
Vs=13TeV, 140 fo’
Z(—ll) + > 1 tagged jet

[(Jz + brjets [z +cjets

[Jtop [ Other backgrounds

[Jz +light jets

=

*®* Bin-by-bin scale factors allow to correct both
normalization and shape of Z+flavoured-jets
contributions

Scale Factor

1.5

£

0.5

ATLAS

s =13 TeV, 140 fb™ = Z + c-jets N
Z(—ll) + > 1 tagged jet Z +light jets
—_—
.

|

L1 I |

|

-+ Z + b-jets

|

4+ Systematics

30 40 10°

2%10°

10°
leading tagged jet P,

detector-level systematics affect Z+jets templates - repeat flavour fit

uncertainty on Z+jets background yields from comparison of two MCs
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Uncertainties on the cross section measurements

—D

* x2 improved precision on Z + b-jets measurements with respect to previous ATLAS results

® Dominant uncertainty contributions from

flavour-tagging,

and unfolding

* Statistical uncertainty on data <1%
Differential distributions: total unc. <5% in Z+21 b-jet, ~10-15% in Z+22 b-jets and Z+21 c-jet for modest pr

>‘ 0.4J T ‘ T T T T TTT | T T T T 71T
Source of uncertainty | Z(— €€) + > 1 b-jet | Z(— €€) + > 2 b-jets | Z(— £f) + > 1 c-jet € - ATLAS .
[e] [%0] 8 0.35C Vs=13TeV, 140 b 7
o) - Z(>ll) + 21 b-jet :
Flavour tagging 3.6 5.7 10.3 § 0.3 — E%‘(’,ﬂr Boang e sty -
a 24 43 6.5 o [T, i fhmm ;
Lepton 0.3 0.3 0.4 © 0.25__: ggtfaoﬂlding e Z4jets background —
Exmiss 0.4 05 03 8 :
Z+jets background 0.6 1.5 1.6 Q F E
Top background 0.1 0.3 <0.1 g 0_153— —f
Other backgrounds <0.1 0.2 0.1 = .
Pile-up 0.6 0.6 0.2 o 0.1..... -
Unfolding 3.3 5.8 5.0 N ]
Luminosity 0.8 0.9 0.7 0.05p
Total [%0] 5.6 9.4 13.2
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Theoretical predictions

arXiv:2109.02653

Phys. Lett. B 843 (2023)

* Measured cross-sections compared with several predictions, test sensitivity to

Eur. Phys. J. C 83, 336

PhysRevLett.130.161901

‘ Generator/settings | Flav. scheme | PDF | LHAPDF ID
Main MC samples
] ] ] ] MGAMC+Py8 FxFx SFS NNPDF3.1 (NNLO) LuxQED 325100
Different FS in matrix-element calculation | suerea2.2.11 SES NNPDF3.0 (NNLO) 303200
Predictions to test various flavour schemes
MGAMC+Py8 SFS NNPDF2.3 (NLO) 229800
MGAMC+PyS8 Zbb 4FS NNPDF3.1 (NLO) pcH 321500
MGAMC+PY8 Zcc 3FS NNPDF3.1 (NLO) pcH 321300
Intrinsic charm (IC) predictions
NNPDF4.0 (NNLO) pcH (no IC) 332100
IC-component in proton PDFs NNPDF4.0 (NNLO) 331100
. NNPDF4.0 (NNLO) EMC+LHCbZc —[25]
MGAMC+PY8 FXFX with several PDF sets
. . . CT18 (NNLO) (no IC) 14000
with different IC-models (PDF reweighting) | MGaMC+Py8 FxFx SFS CTISFC — CT18 BHPS3 14087
CT18FC — CT18 MCM-E 14093
CT14 (NNLO) (no IC) 13000
] _ CT14 (NNLO)IC — BHPS1 13082
Higher order terms in QCD CT14 (NNLO)IC — BHPS2 13083
Fixed-order predictions with jet flavour dressing Fixed-order predictions [3]

: : NLO 5FS PDF4LHC21 93000
(infrared and collinear safe) NNLO gl PDFALHCA ] 93000
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https://arxiv.org/abs/2109.02653
https://arxiv.org/abs/2211.01387
https://arxiv.org/abs/2211.01387
https://arxiv.org/abs/2211.01387
https://link.springer.com/article/10.1140/epjc/s10052-023-11530-x
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.161901

Flavour Scheme

- JHEP07(2012)022

® V+HF is characterized by and mass of a

O

pQCD calculations contain both powers of m?/Q? and ln(Qz/mlzj) for g/q collinear splitting

3 Variety assumptions on dealing with heavy quark masses in ME calculations

@)

O

3FNS: massive c-quarks = c-quark appear only via gluon splitting

4FS: massive b-quarks - b-quark appear only via gluon splitting

o power and logarithm corrections appear at fixed order explicitly

o suitable for Q2~ mZ

5FNS: massless b-quarks = b-quark allowed via intrinsic PDF
o (mu%/Q%)" pushed to higher orders

o In(Q?/m?2) resummed to all orders into b-quark PDF

o adequate at Q% >» m%,

Collinear logarithms resummation affects several key processes in LHC-> Impact increases in high Bjorken x and (

O amounts to adding different O(a?“) higher-order terms at a fixed order n in perturbation theory
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Differential Z+>= 1b-jet cross-section results

do/dp__ [pb/GeV]

MC / Data MC / Data

MC / Data

-
(@)
N

T
—_

E_I l T T T l T l‘v‘g
= ATLAS 1 NN Data -
:E /s=13TeV, 1_40 fo ——=— MGaMC+Py8 FxFx 5FS (NLO) E:
= Z(=ll) + > 1 b-jet 3
E Sherpa 5FS (NLO) =
= SERRARRRA .
T g =
o) =
b o -
—
= o =
- —— -
:E e E:
- R
=3
_rgl I 1 1 1 - I 1 1 1 1 1 1 11—
o . ——a— Sherpa 5FS (NLO) —a— MGaMC+Py8 FxFx 5FS (NLO) ]
e _
#-_-Fw_-_
— H
M e MGaMC+Py8 Zbb 4FS (NLO) : s MGaMC+Py8 5FS (NLO) i
s ann S S
_‘_—'-"'—0—-‘—\49
. ri
— ! e
B NLO F.O. =& NNLO F.O.
R — -
L e i S 2
iy " | " o p—
8910 20 30 40 102 2x102 10°
p.(2) [GeV]

5FS: good description by both NLO ME+PS state-of-the-art MCs
(MGAMC+PY8 FXFX and SHERPA 2.2.11)

4FS: similar modelling of 5FS, but large underestimation of data
- no log term resummation in PDF evolution!

II|I| I T T T T

—m— MGaMC+Py8 FxFx 5FS (NLO)

\'E NN -
SN
—_—— N

$¢:+;E
IIII| I_{I__I‘_III\I

10° 2x10? 10°

—&— Sherpa 5FS (NLO) —— MGaMC+Py8 Zbb 4FS (NLO)

—
N

—
/IIIlTII_,

¥

MC / Data

Shape Only

o
oo
I”IVIllI

T T T

810 20 30

0.6

Fixed-order: Large divergences founded in the high p; region for all predictions.
Uncertainty related to the correction scale factor for different jet algorithms.
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Differential Z+>= 1c-jet cross-section results

; 102 L I | Za B | I T
2 ATLAS NN st
X 1oL fs=13TeV, 140 fb"
o) —=— MGaMC+Py8 FxFx 5FS (NLO)
Q Z(=ll) + 21 c-jet
Q_'_ 1 s Sherpa 5FS (NLO)
NI NN
% 1 ; m"‘m
-
-3

1072 T

10_3 NG N

10-4 NN N

AN NN N

107°

10° | -
% 15— ——a— Sherpa 5FS (NLO) —s— MGaMC+Py8 FxFx 5FS (NLO) —
(=] : -
B —
= 05— —
% 15 s MGaMC+PY8 Zcc 3FS (NLO) g MGaMC+Py8 4FS (NLO) —
0
a 1 N S \A-)A—o—*—o—\....h,_—o-_.__._‘_.___._
= 0.5 jmm—— ————— .
§ 150 77 NLO F.O R ™ NNLO'FAO

1 SO
o SN i ™ T P RN
(S) o 5 - <>
8910 20 30 40 102 2x10? 10°
p.(Z) [GeV]

5FS: soft pT spectra well described by NLO ME+PS state-of-the-art MCs
(MGAMC+PY8 FXFX and SHERPA 2.2.11)

3FS: large underestimation of normalization by a factor ~3

- no log-term resummation in PDF evolution!

MC / Data
- N

¥

o
oo

0.6

T T 1

N

N

—m— MGaMC+Py8 FxFx 5FS (NLO)

Illlll I T T T T 17T

—4— Sherpa 5FS (NLO) —— MGaMC+Py8 Zcc 3FS (NLO)

Shape Only

IIIII| L 1 ]

810

20 3

0

10° 2x10°

Fixed-order: at high p; NNLO calculations in worst agreement than NLO ME+PS.

NLO predicts softer pr spectra, which is slightly improved with NNLO
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Differential Z+>= 1b-jet cross-section results

F o
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Differential Z+>= 1c-jet cross-section results

'T'
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do/dp_, unit area

Differential Z+>= 1b-jet cross-section results (Norm.)
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Differential Z+>= 1c-jet cross-section results (Norm.)
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Differential Z+>= 2b-jet cross-section results (Norm.)
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Eur. Phys. J. C 83, 336
SM@LHC 2024

High-order QCD calculation

—D

% The complexity of V+HF processes requires calculations with high order precision in QCD

O State of the art with matrix-element (ME) calculations at ,
interfaced with for the description of the soft QCD emissions
theoretical predictions available up to in QCD

o Effect of missing higher order terms not negligible

o IRC-safe jet flavour algorithms = soft flavored pairs clustered without ambiguity

anti-kr jets (R=8.4) pp— Z+ b-jet . e o .
: . . . 3 4+ partonic ~ hadronic jet-flavour duality
LO £ NNLO

1ot L 1 1 57 ambiguous starting from NNLO

NLO 3 NLO+PS G/
- — — “‘ ““‘ ] ————————————————— T T T T T T T T e e e
: ‘H_I_‘_L‘_ | (g/ q Consider a soft g = bb emission

| |
I |
| |
-4 L LHC 13 TeV | 1 . . 1
dress [o-2] . O If one of them is clustered in an unrelated |
l ) . ) )
' hard jet, while another one forms its own jet !
|
| |
| |
| |
| |
I |
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NNPDF3.1
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N - NN R R I S S

= kinematic is unchanged but the flavor is

UL L
K

1.
S 1.
=1
81 Illustration courtesy of (SO called as IR unsafe)
2 g, _ ref. arXiv:2306.07314 = > T T TTTTTToooooooooooom oo o s e
& 8T , . . ] Direct comparison of NNLO with data unfeasible:
8 50 168 268 560 1600 z anti-kt jet algorithm used at LHC is flavor-blind to cluster hadrons

pr? [GeV]
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Differential Z+>= 1c-jet cross-section results
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do /dp_ [pb/GeV]
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ATLAS WIP

]
éw’ TeV. 140 fb ™ == Data (Parton, FD, ZHFé
o ~ —=— FlavDress (NLO)
S-antik, jets, R=04 —=— FlavDress (NNLO) =
— p>20Gev, Iy <25 —
e :
= =ﬁ=__‘_|$= =
= == =
= == =
% == —é

Z(—=ll) + =21 c-jet

==

—=— FlavDress (NLO)

—=— FlavDress (NNLO)

e -
e NN
L L L | L TR |
| = FlavAlg Corr. -+ Hadron+MPI Corr. - -4 Rhorry]

11 ‘
10°
pT(Ieading c-jet) [GeV]

—D

Two scale factors used to correct data for a fair comparison with parton-level
fixed-order predictions obtained with flavor-dressing algorithm (IRC-safe)

o Jet flavour algorithm correction ~ 50% (40%) in high pT region for Z+c (Z+b):

o ratio of FD-alg. to Exp-alg. predictions
(obtained with NLO+PS, hadron-level)

o Hadronization and MPI effects ~ 20% in low pT region:

o ratio of parton-level to hadron-level predictions
(obtained with NLO+PS, FD algorithm)

SFs derived with MG+ Py8 FxFx (for FlavAlg Corr), Pythia (for Hadron+MPI Corr.)

consistent with the one derived with MG+Py8 (for both) from Rhorry Gauld for
Z+c process

Cons.:

* Additional uncertainties for the SFs should be been taken counted for the
universal purpose

 Not sure if the SFs derived at NLO+PS suitable for NNLO predictions
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Differential Z+>= 1b-jet cross-section results

=
gy T T T T T T T T '—'18I""I“ frrriyrrTrTrTTTT T T T T T T T T T T T T H H
3 1P C_ATLAS WIP z(_\)") +21bjet -.é 16__ATLAS WIP z(_\)") +21 bjet ‘1 SFs derived with MG+ Py8 FxFx (_for
S (o2 o 18TV, 14010 = Data“’ﬂ”‘(’;fo[;' ZHF) @ Pl 18Tev, 14010 = Data“’ﬂ”‘(’;fof;' Z4F1 | FlavAlg Corr), Pythia (for Hadron+MPI
o — | o a ]
e 10 antl—ktjets, R= 2t4 —=— FlavDress (NNLO) 2 14_ antl—ktjets, R= ]2:1 —=— FlavDress (NNLO) N COI'I'.)
] p'>20GeV, ly “| <25 B 1ol PF'>20GeV,ly"|<25 ]
8 Ee, ol 7 inconsistent with the one derived with
107 — — —
ot e sl \ | MG+Py8 (for both) from Rhorry Gauld
e T - . -+ for Z+b process
= 6— = —
10 —— B B
4— 1 —
105 =a= B B e 5 ) ) . .
106 2— s —— — As it contains one additional correction:
| 1 1 1 L I |.| OF%F%T Tl ' | | I—A—-—J—'T:T—I_ . .
15 —=— FlavDress (NLO) —— FlavDress (NNLO) 15 —=— FlavDress (NLO) —— FlavDress (NNLO) Jet CIUStermg a" partICIes after b-
- — | - [ _\17_
g 7] N Iy _1_ \\ hadron decay (ATLAS)
] 17*—%*7.-"1-__«\_?_\ NUURRNNNNY ,&\\\ o SO TN NN \\\\\\\\\\ N
._6 Lo ¥ ¥ v _v_-zw_-—= e \,? N \:;\ N \\_; -—O_. L~ \_}:‘"\"."‘\"\\: \_1|_ &l\ ~ : < \\J\K N : __>
= —Youmys] = T e
05— — 05— 1 —— _ _
¥ o —!——— Jet clustering other particles and stable
5 1.5 = FlavAlg Corr. -+ Hadron+MPI Corr. -+ -% Rhorry | 5 1 5_-——. FlavAlg Corr. -~ Hadron+MPI Corr. -+ -¢ Rhorry | b-hadrons (R.G.)
5 S i
F F e ———— v Sizable effects for only Z+b results
q) q) Fr e e O T O T RO D™ O T L O
S T G " from b hadrons have more cascade
w w
0-57 1111 I L 11| I 1111 I 1111 I | I - - { | - | 1111 ‘ | - | 11 \I_ decays than C hadrons
10 05 1 15 2 25 3 35 4 45 5
pT(Ieading b-jet) [GeV] AR(Z,b)

YiYu ICHEP 2024 86



Differential Z+>= 1c-jet cross-section results
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Interesting point:

the
relevant to the high pr rathern

components

HF-quark mass dependent..
High-Q dependent..

We can image the dynamical origin of
IRC-unsafe components are mostly
those collinear splittings with the type

In(Q*/myg)
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Differential Z+>= 1c-jet cross-section results
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Differential Z+>= 1b-jet cross-section results
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S) + NLO EW Correction

e Data: full Run 2, 140 fb?

e MC samples
» MGaMC@NLO with FxFx merging - up to 3 partons in NLO ME!

s Sherpa 2.2.11 - up to 2 partons in NLO ME

a Besides the QCD-only nominal, Sherpa provides on-the-fly weights including approximate NLO
electroweak corrections using up to three different approaches

= additive, multiplicative, exponentiated

4 )
Approach that yields the smallest overall correction with respect to the QCD-only curve as the nominal prediction

Assign the difference to the curve with the largest correction from other approaches as a (symmetrised) uncertainty

g J
*backup

% Yi Yu for Z+HF team SM Closure 90




do /dp_ [ph/GeV]

MC/Data

T

EW Correcti o%

E

7+21b

o Good agreement for both of MG FxFx and Sherpa 2.2.11, with the former giving better modelling
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e NLO EW correction is negligible, with difference from QCD-only only visible in the high p# region (~ 10%)
o Withthe uncertainty taken from different EW virtual correction approaches at 10% ~ 20% at the most
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EW Correctlowzelc =
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e NLO EW correction is negligible, with difference from QCD-only only visible in the high p# region (~ 10%)
o Withthe uncertainty taken from different EW virtual correction approaches at 10% ~ 20% at the most
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EW Correctiof: Z+22b =

e Perfect modelling for the shape of A¢,;, and overall agreement for m,,

o  Sherpa gives much larger theoretical uncertainty as the case in Z+1b
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e QCD scale uncertainty (for missing higher order effects) reduced largely for pZ (fw | cen)
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Proton PDFs

Eur. Phys. J. C (2022) 82

-
4 V + HF expected to effect at medium G 35 arLAs s+5 | @ N: ATLAS

and high Bjorken x and momentum [ af Q=19GeV Rs=17a L Q"= 1.9GeV"

2 g %4+ ATLASpdf21, T=1 0.08% %% ATLASpdf21, T=1
transfer Q 2 &7 ; : :
.-E’, o % No 8 TeV V+jets 0.06 N No8TeV V+ijets

o Unique access to s-, ¢c-, b-quark and gluon * b 0.04 \

PDFs in proton B \

P 1.5 0.02 \\\

o Allow to determinate the PDF shape and
constrain uncertainties further
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o Vjets play a key role in the R, and x(d — %) PDF determinations
in the high x regions - ATLASpdf21
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https://link.springer.com/article/10.1007/JHEP07(2021)223

. . Physical Review Letters 128 (2022)
Intrinsic Charm Nature 608, 483-487 (2022)

=

* Intrinsic-Charm (IC) component in the proton ~ debated for 40 years (upper limits on <x.> differ from 0.5% to 2%)

O c-quarks pairs are considered as part of the proton wave function at rest - valence-like structure

u? = 10* GeV? O B e e
1 E=] C
LIJ == |uudCE >' IC not Via g - CC_ Nf: 0 WZ.OO% E :[Z«-c—jels]fmwwd —nominal —BHPS1
P F ol v TR, Ry e
c Z w = 3.0% 2? 7:
// 1o 155 —;
2 , —
102 b~ '-\. . i L
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10 Q y4 =
e L
10 = H 0"91:_ B S SR s oo
LHCbdata | Default charm | Perturbative charm 4 N iy 0845200 300 400 500 600 700 800" 900 7000
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008 Y D g
< W- _ s = ) ) . .
T 5 .l O ICenhanced in x. > 0.1 accessible via V+HF in LHC
H ' =
g::s *_— “ yooo LHCb reports an excess in high n region with Z + c
.04 1 o — aseline datase N -
--- +EMCFg S v . . .
005, : oz NNPDF gives an evidence on the existence of IC
0.02 . ‘ : . - 0 i + & i * , ] .
20 25 30 - 35 40 45 02 Ge o 08 ° X.>= (062i 028) % with peak|ng at~ 04
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.082001
https://www.nature.com/articles/s41586-022-04998-2#citeas

[1] PLB 93 (1980) 451
[2] PRD 92 (2015) 034014

Intrinsic Charm @é\v{

* |dea of intrinsic charm (IC)! contribution to proton PDF debated for ~40 years

* Initially introduced to describe enhanced charmed hadron production at ISR
« Still no reliable experimental confirmation/exclusion

Valence-like c quarks have large x = 0.1, unlike perturbative charm with smaller x
* Understanding of heavy quark PDF is very important for Higgs and BSM background modelling
 Studying charm associated production with Z or y more sensitive than inclusive charm production?

e 20y .
« IC sensitive in x, > 0.1, where x, = x\ = ZLsinh(n,)

NG
* Selection criteria - hard c-je! vard region
“* CT14 and NNPDF
* Provide PDF sets with inclusion of IC in the fits according to BHPS model
* PDF reweightingis used to model the IC effect with Z+jets NLO sample

| w(luudee))  (x)ic new (. 2)fNew (. (2
BHPS]. 11% 06% W(XIJXZJ Q) = fl Old - fj’old =
BHPS2 |  35%  2.1% fio7 (e, Q) f7F (2, Q%)

xc(x, 1)

u? = 10* GeV?

10"

10° 3

W=0.0% seeeees
w=10% ===~
W=20% —:— |

10°

102 10 10°


https://www.sciencedirect.com/science/article/pii/0370269380903640?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034014

» An updated CTEQ paper on IC PDFs: PLB 843 (2023) 137975
» All PDF sets available at web page(4, also included in LHAPDF
» Baseline no-IC PDF to be used: CT18NNLO (14000)

» Uncertainties: 58 eigenvector variations

» Four variants including IC:

1. CT18 BHPS3 (14087) — similar to earlier BHPS variants, different amount of I1C (?7)
CT18 MBM-C (14090) — meson-baryon model (confining), asymmetric cC contributions

2.
3. CT18 MBM-E (14093) — meson-baryon model (effective-mass), similar to 2, but more constrained
4. CT18X BHPS3 (14096) — same as 1, but using CT18XNNLO fit as a baseline (with DIS data
fitted using x-dependent pr to model small-x saturation)
» For each of them — two variations with Ay? = 10, 30
» Ay’ =30 - standard CT 68% CL tolerance
» Ay? = 10 — more restrictive, compatible with MSHT20 tolerance
» Options suggested by Tim Hobbs:

» Minimal: use CT18 BHPS3 and CT18 MBM-C in comparison to nominal CTI18NNLQO, evaluate
uncertainties with Ax® = 30 variations
» |deal: test all options (note that for CT18X BHPS3 need a different nominal CTI8XNNLO)
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Differential Z+>= 1c-jet cross-section results (ICs)
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—— ——  MGAMC+PY8 with several PDF sets testing different IC-models
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Differential Z+>= 1c-jet cross-section results (ICs)
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Differential Z+>= 1c-jet cross-section results (ICs)

Feynman- varlable Xp = ZpZ/ \/_
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Conclusion

=

®* EWK gauge bosons production associated with jets as an essential ingredient of SM
O Provide useful inputs for global fit PDF, sensitive to light, c-, b-quark, and gluon PDFs
O Serve as benchmarks for Monte Carlo simulations and theoretical predictions available at NNLO

o Allow to explore the sensitivity to new phenomenon, i.e. intrinsic charm, dark matter

< BSM searches can benefit from improved modellings of substantial EWK + QCD processes

Cosmological Neutrino f QCD electroweak \ GUT Planck
constant scale scale scale scale mass
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* Back up

Event display of
Z+>=2b-jets candidate from data
recorded by ATLAS
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