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Significance of proton structure at high-energy scale

High-energy scale: negligible interactions between partons
— (proton + X) = Y (parton; + X;)

Pure physics of the structure of the proton
« Flavor asymmetry: i, d, s(5)

* Intrinsic heavy quark?

A global test for QCD

e perturbative QCD calculation, a; determination ---

Initial state description for hadron experiments

* PDF: leading systematic in many important topics:

!/

HIfo ! , my,, Higgs differential, Z', W’ ...

sin
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Significance of proton structure at high-energy scale

» Initial state description for hadron experiments

* PDF: leading systematic in many important topics:

Sineﬁf ! , my,, Higgs differential, Z', W' ...

sin6!”, CMS (2025): sin® 6 = 0.23152 £ 0.00010 (stat) & 0.00015 (exp) % 0.00008 (theo) + 0.00027 (PDF)

My, CMS (2024): Z', CMS (2021):
Impact on background [%]
Source of uncertainty ~ Impact (MeV) Uncertainty source meg > 1TV mygg > 3TeV
in my ee U ee L
Muon momentum scale 4.8 Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon reco. efficiency 3.0 . .
W and Z angular coeffs. 33 Muon trigger efficiency — 0.9 — 0.9
Higher-order EW 20 Mass scale 7.0 2.7 154 24
p¥ modeling 2.0 Dimuon mass resolution — 0.1 — 0.6
PDF 44 Pileup reweighting 0.3 0.5
Nonprompt-muon backgrot 3.2 ) -
Integrated luminosity 0.1 Trigger prefiring 0.5 - 0.2 o
MC sample size 1.5 PDF 3.7 3.0 9.4 10.2
Data sample tsize 24 Cross section for other simulated backgrounds 0.6 0.8 0.2 0.4
Total uncertainty 9.9 7 peak normalization 2.3 5.0 2.0 5.0
Simulated sample size 0.4 0.4 1.3 1.6
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Proton structure study and PDF global analysis

i * Non-perturbative parameterization at low Q:

...... Better experimental measurements

: |
I Better QCD global fit

| u@,E0,d®),d®), 50,5, 9@ | _ |

! €.8- f%(maQO) - aoxal_l(l o I)GQPi(y;a3va’4a )

 Perturbative QCD calculation:
Evolution to high Q

c(x),c(x),b(x),b(x) ...

* Other assumptions:

sum rules

SM assumptions
u=datx—0

fu—ﬁ=2,fd—a=Lf%,c,b—ﬁs,c,b:0

Better proton structure study

» Experimental measurements:

fit for the non-perturbative part

fit
o) . .
% not a direct reflection
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Better experimental measurements

* Previous experiments for high-energy scale proton structure:
cross-section measurements (DIS, Drell-Yan...)

parton density mix

ax’) (k')

DIS

Drell-Yan

q(x2P5)

* New measurements:

asymmetries due to electroweak interaction — different quark densities individually
(non-flavor: without big fragmentation uncertainty)

parton density difference

lower the mixing — closer to individual determination of each parton
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Parton density differences

proton _ [
: q
: s tiprot .
The first parton density difference : (or antiproton) Zly
* provide parton density difference between different flavors
° . . q
in single boson processes proton /
\ J\. v )
proton electroweak
The second parton density difference : structure parity violation

* provide parton density difference between different x regions
* in diboson processes

[N2
QT—+W.eiY
Vs

Bjorken variable x: the fraction of the parton momentum to the energy of the proton, x =

2.0

CT18 at 100 GeV
—s
—g/5 ]
—u

—d
—d
=

C
—b

0.5 \
0.0 gy 3 =
107 10 10 10 107 0.2 0.5 09
hadron collider: high energy — large x region mixing 1 "t
(qi(x1)q;(xs) + q;(x1)qi(xs)) Xsmater  ¥Larger

independent information at xg and x; in experiment
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.033001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051301

The second parton density difference

Phys. Rev. D 106, L.051301 (2022)

® provide distinct large and small x region quark information

Diboson productions and boost asymmetry
s Wy,WZ,and W*W~
e dominant subprocess: u-channel and t-channel
comparison of the two bosons’ kinematics — comparison of the two quarks’ energies

* The boost asymmetry in VV' event can be defined as :

AV N(|Yy| > |Yy]) = N([Yy| < |Yy])
S N(Yyl > [Yvl) + N(Yy| < [Yv)

Photon more forward W more forward
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051301

Boost Asymmetry in W+ W™ process

Phys. Rev. D 106, L051301 (2022)
* The boost asymmetry in W*W ~ event can be defined as :

ww _ NUng+| > |ng-1) = N(ng+| < |np-1)
Boost = N(|np+| > Inp-1) + N(Ing+| < Ing-1)

u wt d wt

<l
5
Q
S

« AV . represents to the difference between :

| mel> e el < Ime-|

WW™  u(e)ulxs) +d(x)d(xs)  wle)ulxs) + d(x)d(xs)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051301

First Measurement of the Boost Asymmetry

[HEP 08 (2025) 142

* The boost asymmetry in W*W ~ process :

Ac = —0.004 £+ 0.008 (stat.) +0.006 (syst.)
NNPDF3.0NNLO prediction = —0.023 = 0.003

o T T T i O T T 7

< 01 ATLAS ¢ Data ] < 05F ATLAS ¢ Daua E

3 _ -1 Total uncertainty b E _ -1 Total uncertainty E

i Vs = 13+Te:\/, 140b & MINNLO+Pythia8 (*) ] 0'4; s = 13+TeY’ 140 fo &  MINNLO+Pythia8 (*)

[ pp — evp'y (*) + Sherpa 2.2.2 gg—WW x 1.7 03f PP — ey (*) + Sherpa 2.2.2 gg—->WW x 1.7
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Difference between Xq and Xg in the initial state
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https://doi.org/10.1007/JHEP08(2025)142

Event selection in signal regions

[HEP 08 (2025) 142

* The number of events is reduced by rejecting background :

Requirement Criteria

pT > 27 GeV

|| € [0, 1.37) U (1.52, 2.47) _
Electron Identification TightLH working point W+ W_ - eivﬂ-l_v

Isolation Gradient

Impact parameters |do/og,| < 5; |20 - sinf| < 0.5mm

pT > 27 GeV
] < 2.5
Muon Identification Medium working point
Isolation Tight_FixedRad
Impact parameters |dg/og,| < 3; |20 - sin@] < 0.5mm
pT > 20 GeV
b-jets I <20
Pile-up suppression jet-vertex tagger [91] for pr < 60 GeV and || < 2.4
[ b-tagging DL1r, 85% efficiency working point
DT > 30 GeV
. . _ _ Jets ] < 4.5
Re]ectlng tt prOdUCtlon Pile-up suppression jet-vertex tagger [91] for pr < 60 GeV and || < 2.4
(the largest background) 1 electron and 1 muon of opposite electric charge;
Leptons no additional lepton with pp > 10 GeV, Loose isolation,
Event and LooseLH (electron) / Loose (muon) identification
[ Number of b-jets 0
Mey, > 85 GeV
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https://doi.org/10.1007/JHEP08(2025)142

Other Motivations for W*W~ Analysis

[HEP 08 (2025) 142

« W¥W ™ production is a key process to test S o0 e e e v
self-couplings predicted by the EW sector : ATLAS Freliminary o °
Vs =7,813 TeV 2
of the SM e
 Stringent tests of physics BSM b
« Sensitive to new physics via aTGCs ¢
 Interesting test for QCD corrections 5°
* Important to verify and tune the & LHE pp VE 13T
simulation tools used to describe EW & = o
processes produced in association with s° _‘r
jets oF T e
_ a® =
e Important background in other SM and , o
BSM measurements (eg H - WW) 10 107 10% 102 1071 1 10! 10° 10° 10° 10° 10° 10" 0.5 10152025
Status: February 2022 a [pb] data/theory
q W+ q W+
q’ .
Z[y
qr W-q W-
t-channel s—channel non-resonant gg fusion ]
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https://doi.org/10.1007/JHEP08(2025)142

Total cross-section

[HEP 08 (2025) 142

e Tevatron:
« [CDF 1.8 TeV][CDF 1.96 TeV][D0 1.96 TeV]

 LHC:
« ATLAS: [7 TeV][8 TeV (0-jet)][13 TeV, 3 fb~1][13 TeV, 36 fb~1][13 TeV (> 1-jet), 139 fb~1]
« CMS: [5 TeV][7Z TeV][8 TeV][13 TeV, 35.9 fb~1] [13.6 TeV, 34.8 fb~1]

« Most precise W W ™ cross section measurement in hadron-hadron collisions:
Ototal = 127 £ 1 (stat.) £4 (syst.) = 1 (lumin.) pb

13 TeV, 140 fb~1

l T I T T 7T | 1T 1T 71

ATLAS = Theory prediction

Vs =13 TeV, 140 fo' [ POF uncertainty
pp — W*W" [_] Total uncertainty

—e— Measurements
MATRIX 2.1 nNNLO QCD ® NLO EW
123 £1 (PDF) + 2 (scale) pb

This measurement
127 £ 1 (stat.) £ 4 (syst.) pb

CMS 36 b ' [1]
118 £ 1 (stat.) £ 7 (syst.) pb

ATLAS 36 fb'[2]
137 £ 2 (stat.) £ 10 (syst.) pb

[1] Phys. Rev. D 102 (2020) 092001
[2] Eur. Phys. J. C 79 (2019) 884
1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 | |

80 90 100 110 120

1 1 I 1 1 1 1 I 1 | 1 1
130 140 150
Total cross-section [pb]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.78.4536
https://arxiv.org/abs/0912.4500
https://arxiv.org/abs/0904.0673
https://arxiv.org/abs/1702.04519
https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/2103.10319
https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/2107.01137v2
https://arxiv.org/abs/1306.1126
https://arxiv.org/abs/1507.03268
https://doi.org/10.1103/PhysRevD.102.092001
https://doi.org/10.1016/j.physletb.2024.139231
https://doi.org/10.1007/JHEP08(2025)142

Data-driven backgrounds

[HEP 08 (2025) 142

Top background: b-tag counting Fake lepton background: fake factor

* Determine both number of tt events and * Prompt leptons are well-modeled in MC.
probability ¢, of finding b-jets from event | _ : S .
yields in one and two b-tag CRs * loose = Loose selection but rejecting Tight

 Fake factor for electrons and muons
separately, and computed from Dijet CR

from data in bins of (p%, |n!)):

« Estimate yields in each bin of 0-b-jet region
by extrapolation

Nt = N . Cye?

- b)

. . | Dijet event selection |
Ny = N™ - 2g, (1 — Chey) fake GRL

Nis
Ntf _ Ntf 1 9 C 2 f - ;;itt Trigger
06 — ' ( — e+ beb) Nioose vc Trigger matching
Dat rom - ¥
" " 9 o Ntlgh%_Nl%osep Ne =1 a]rifd Pr > 15 GeV
_ Cb (Nlb + QN%) _ _ - yData _Nprompt MC ~ Njet > 0
» Nop = 7 — Nf, — N3, loose™Tloose pBt S 925(30) GeV
Nop I[8iet < 2.5 (2.5, 4.5)
| |A€(l,j)| > 2.8
. Emlss,trac + < 50 GeV
* Corrections Cj, from MC are needed T b_jefgto
* Correlations between finding 15t and 274 jet ID or AntilD lepton
* Modelling uncertainties evaluated on ¢,
tt artt fake _ Data prompt MC
C, — 4 - NMCNQb,MC L 4 Ntight = fe (Ntight—u,loose—e - Ntight—u,loose—e)
- _ _ 2 Data prompt MC
(Nfg,Mc +2- Né’i,mc) +fu (Ntight—e,loose—u - Ntight—e,loose—u
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Validation regions for Data-driven backgrounds

Top background: b-tag counting

[HEP 08 (2025) 142

Fake lepton background: fake factor

s =13 TeV, 140 fo''
Top enriched

T I —].* > — I

+ Data EH 3 350F Ar1as
[ITop 3¢ < 300F
CJWwW EE (2 -
[]Fakes 13 @ =
W WZ,2Z,Vy s T
[l Drell-Yan E ‘E 200

Stat.@syst. uncr 3 3

Vs =13 TeV, 140 fb’
Same-sign VR

¢ Data = S
[]Fakes e
WWz,2Z,Vy 33
[ JWw =B
[]Top J&
[ Drell-Yan 43

Stat.®syst. unc* 33
e

; — = .
1.2 | | B 2 =
> 3 E = E E
o Vi, + 2 [ Loy Bl 3
8 0.9F f = S 090 ] +‘ H * | + ‘ =
0.8:_ \ | | | | — 0-8_1 | | L | [ =

L 2 £ . < 30 40 60 80 10?2 2{(?

Number of jets (p, > 30 GeV) py e [GeV]
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Differential distributions

[HEP 08 (2025) 142

Mgy,
Cross-sections are measured 32005 amas  vowm 3
differentially as a function of : B o00E P e Sor

B 3
Wz zZ vy i

. lead. lep.
+ the transverse momentum of the leading lepton, pp*® ", Stat. ®syst. unc!

« the transverse momentum of the sub-leading lepton, pf’}lb'lead' lep.

+ the transverse momentum of the dilepton system, pr .

.1 . 0 :
« the absolute rapidity of the dilepton system, |ye,/, < 127 ' T 3
o 1.1 E
. . . B 1= ® e ® * s " . 1 | E
« the invariant mass of the lepton pair, me,, T oo L |E
o 09 E
. . 0.8E1 . . Ll =
« the azimuthal separation of the two leptons, Age,,, 102 3
m,, [GeV]
o |cosB*| = [tanh(Amn,,/2)|, which is sensitive to the spin structure of the W-boson Baye51an unfoldlng .
pair [23],!
: miss feal . . ~miss : . : = ! b K =
« the magnitude EF" of the missing transverse momentum p"'*, defined as the negative 8 12| ATLAS ; !, Tota uncertainy Hiote
vectorial sum of the transverse momenta of all visible particles, & | 1s=13TeV, 14067 1 Sweps2220)
g [ PP ety . a8 (¢
£ PP 4 GENEVA+Pythia8 () .
) S 105  nNNLO QCD 410
o the scalar sum of E}"** and the lepton transverse momenta, H}FP"LMET, 5 e i TNNLCQCD ®NLOEW
o (") + Sherpa 2.2.2 gg—>WW x 1.7
. ; 'rﬂ" ) +Snerp32212EWq?:4WWj[; )
« the transverse mass of the dilepton system and the missing transverse momentum,? 1; “’”_m__ 310
M eus 10 ,_ e Jio
e the scalar sum of all jet and lepton transverse momenta, St, and 23 ceevsbaDs ]
10 3 ,,,‘an'iarg‘]
e the jet multiplicity. § 141 ) .
12F .
IS . o o e |
B aalas o amas e Jﬁ-é-—
T 08F ' .
i 06_ L IL ]
10? 2x10°  3x10° >8.5x10°
My, [GeV]
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EFT constrain

[HEP 08 (2025) 142

(5) (6)
e SMEFT Lagrangian:  Lsugrr = Lsum + Z o 4 Z 10 ©4. ...

Measured mr,, differencial Comparison with SMEFT predictions
= , + Data o = T T ] =
3 10°f ATLAS olal uncertain 3104y 3 - ATLAS U e ; 4100
g | -13Tev, 1401 v %h:j::ﬁ)z.zﬂi E:é ] i° 2 Bl e TeV, 140" L e oo Ew)imd °
Z ok PP — vy ¢ G‘ENEVAfﬁPY;n;iaB((z) 107 & et pp — efvp'y [ Theoretical uncertainty ]
E > nNNLO QCD 3 g 10 - Gy/A = 0.10 TeV? 51'33
% ........ resnannan — »ﬂ' nNNLO QCD ® NLO EW ] % s Gyl A% = 0.20 Tev® ]
! "SRR o S CE e o
ol . Jio . e
102F e —1 wH o s £1
i
g 14f T 1 o 2 l 3
= ] a
5 4 Aa Q..o °D$ ,,,,,,,, [ o E 1.5 N
% 0.&;— e S ) {°°+ » FH : ] g
= 06} | L g & .
102 2x10° 3x10° 10° =z 1.2¢10° 102
my g, [GeV]
e Constrain :
O(A~2), individual O(A~%), individual O(A~%), profiled
Expected Observed Expected Observed Expected Observed
ew [-3.5,3.2]  [-3.5,34]  [-0.16,0.16] [~0.18,0.18] [~0.17,0.16] [~0.18,0.18|
CHD [~8.9,9.8] [—11.8] [—7,21] (—8,21] [-7,21] [-8,21]
CHWB [-8.4,9.2] [—-10,8] [-1.5,1.7] [-1.7,1.9] [-1.7,1.7] [—1.8,1.9]
cg; [—2.5,2.4] [-2.2,2.8] [-0.27,0.24] [-0.29,0.27] [-0.29,0.29] [-0.31,0.31]
cg; [—0.69,0.66] [-0.7,0.68] [-0.28,0.22] [—0.31,0.24] [—0.3,0.27] [-0.34,0.29]
CHu [-3.2,3.0]  [-3.0,34] [-0.31,0.29] [-0.35,0.32] [—0.32,0.31] [-0.35,0.33]
Crd [—11,11] [—11,11] [—0.45,0.46] [-0.5,0.51] [-0.49,0.49] [-0.52,0.53]
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Backup
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Proton structure study at high-energy scale

Main physics questions:

A series of experiments that the current model cannot explain. _
QCD improved parton model

« SU(2) flavor asymmetry: < SU(3) flavor asymmetry: * Intrinsic heavy quark:
(i1, d) comparative density (s, 5) vs (&, d) comparative density (c, ¢) vs (i, d) comparative density
Current theory: i = d Current theory:s+5=u+d Current: perturbative QCD dominant
Experiment: d > u Experiment: (s + 5)~ 1 (i +d)  Experiment: may have non-
2 perturbative contribution
1 2 < 2 d :’rp o 0% >16ev?
s o = b M) S N a3 5 H T
"I % SeaQuestE906 Jo ¥latx, u?) + d(x, p)ldx ol + i
:|:|Syst. uncert. l,l e d Fe
2 [~ NuSea/E866 Experiment (year) QCD order Ks
[ENAsL CDHS (1982) Lo 0.52 £ 0.09 o T
1.5 CCFR (1993) Lo 0.37310945 + 0.018
e [ CCFR (1995) NLO 047710530 -0 030
= T CHARMII (1999) LO 0.38870.07% 4 0.067 Aty 1
e T el NOMAD (2000) L0 0482507012
s CTIE T —
B NuTeV (2001) LO 0.38 +£0.08 +0.043 o
0.5 o + NuTeV (2007) NLO
b CHORUS (2008) NLO 0.33 £0.05 £ 0.05
- A NOMAD (2013) NNLO 0.591 4 0.019 o . o
. 1 R B E— TN
SeaQuest: Nature 590, 561-565 (2021)  Review: Prog. Part. Nucl. Phys. 79 (2014) 95-135 EMC: Phys. Lett. B 110 (1982) 73
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https://www.nature.com/articles/s41586-021-03282-z
https://www.sciencedirect.com/science/article/pii/S0146641014000568?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0370269382909558#section-cited-by

What is our long-term plan?

An independent full analysis of hadron collider data aims to determine a set of
specific proton structure information.

* Physics difference between old DIS data and hadron collider data

0(Z),0(W"),0(W")
PM(ALHC) Pd(ALHC)

Pu(A Tev armn) Pd(A Tevatron

Wiy AWy AWW
boost' * “boost’ © "boost
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