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Significance of proton structure at high-energy scale
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• A global test for QCD

• Initial state description for hadron experiments

• perturbative QCD calculation, 𝛼𝑠 determination ⋯

• PDF: leading systematic in many important topics: 

𝑠𝑖𝑛𝜃𝑊
𝑒𝑓𝑓

, 𝑚𝑊, Higgs differential, 𝑍′, 𝑊′…

• Pure physics of the structure of the proton

• Flavor asymmetry: ത𝑢, ҧ𝑑, 𝑠( ҧ𝑠)

• Intrinsic heavy quark?

• High-energy scale: negligible interactions between partons

→ (proton + X) = σ(partoni + Xi)



Significance of proton structure at high-energy scale
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• Initial state description for hadron experiments

• PDF: leading systematic in many important topics: 

𝑠𝑖𝑛𝜃𝑊
𝑒𝑓𝑓

, 𝑚𝑊, Higgs differential, 𝑍′, 𝑊′…

𝑠𝑖𝑛𝜃𝑊
𝑒𝑓𝑓

, CMS (2025):

𝑚𝑊, CMS (2024): 𝑍′, CMS (2021):



Proton structure study and PDF global analysis
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• Non-perturbative parameterization at low Q:

e.g.

𝒖 𝒙 , ഥ𝒖 𝒙 , 𝒅 𝒙 , ഥ𝒅 𝒙 , 𝒔 𝒙 , ത𝒔 𝒙 , 𝒈(𝒙)

• Perturbative QCD calculation:

Evolution to high Q

𝒄 𝒙 , ത𝒄 𝒙 , 𝒃 𝒙 , ഥ𝒃 𝒙 …

• Other assumptions:

sum rules

SM assumptions

න 𝒖 − ഥ𝒖 = 𝟐, න 𝒅 − ഥ𝒅 = 𝟏, න 𝒒𝒔,𝒄,𝒃 − ഥ𝒒𝒔,𝒄,𝒃 = 𝟎

ഥ𝒖 = ഥ𝒅 at  𝒙 → 0

…

fit

• Experimental measurements:

fit for the non-perturbative part

not a direct reflection
of experiments

Better experimental measurements

Better QCD global fit

Better proton structure study

Zihan Zhao   |   CLHCP   |   Nov 1, 2025



Better experimental measurements
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• Previous experiments for high-energy scale proton structure: 

cross-section measurements (DIS, Drell-Yan…)

parton density mix

• 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

DIS

Drell-Yan
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Parton density differences
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The first parton density difference：
• provide parton density difference between different flavors
• in single boson processes

The second parton density difference：
• provide parton density difference between different 𝑥 regions
• in diboson processes

hadron collider: high energy → large 𝑥 region mixing 
(𝑞𝑖(𝑥𝐿)ത𝑞𝑗(𝑥𝑆) + ത𝑞𝑗(𝑥𝐿)𝑞𝑖(𝑥𝑆))

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

𝑥𝐿𝑎𝑟𝑔𝑒𝑟𝑥𝑆𝑚𝑎𝑙𝑙𝑒𝑟

independent information at 𝑥𝑆 and 𝑥𝐿 in experiment

𝑥 =
𝑄𝑇

2 + 𝑀2

𝑠
∙ 𝑒±𝑌
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proton 
(or antiproton)

proton

proton 
structure

electroweak 
parity violation

Phys. Rev. D 106, 033001 (2022)

Phys. Rev. D 106, L051301 (2022)

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
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Phys. Rev. D 106, L051301 (2022)

Diboson productions and boost asymmetry

• 𝑊𝛾, 𝑊𝑍, and 𝑊+𝑊−

• 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 :

provide distinct large and small 𝒙 region quark information
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p

p

p

p

Photon more forward 𝑊 more forward

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051301


• The boost asymmetry in 𝑊+𝑊− event can be defined as :

• 𝐴𝑏𝑜𝑜𝑠𝑡
𝑊𝑊 represents to the difference between :
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Boost Asymmetry in 𝑾+𝑾− process

𝑢

ത𝑢 𝑊−

𝑊+

𝑑

|𝜼𝒍+| > |𝜼𝒍−| 𝜼𝒍+ < |𝜼𝒍−|

𝑾+𝑾− 𝑢 𝑥𝐿 ത𝑢 𝑥𝑆 + ҧ𝑑 𝑥𝐿 𝑑(𝑥𝑆) ത𝑢 𝑥𝐿 𝑢 𝑥𝑆 + 𝑑 𝑥𝐿
ҧ𝑑(𝑥𝑆)

Phys. Rev. D 106, L051301 (2022)

ҧ𝑑

𝑑 𝑊−

𝑊+

𝑢+

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051301


• The boost asymmetry in 𝑊+𝑊− process :
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First Measurement of the Boost Asymmetry
JHEP 08 (2025) 142

𝜂𝑙+ − 𝜂𝑙− 𝑚𝑒𝜇

NNPDF3.0NNLO prediction = 

Difference between 𝑥𝑞 and 𝑥 ത𝑞 in the initial state

𝑒𝜇 opening angle &  𝑒𝜇 energy

https://doi.org/10.1007/JHEP08(2025)142
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Event selection in signal regions
JHEP 08 (2025) 142

c

• The number of events is reduced by rejecting background :

Rejecting 𝑡 ҧ𝑡 production

(the largest background)

Rejecting Drell-Yan production

(the second largest background)

𝑾+𝑾− → 𝒆±𝝊𝝁∓𝝂

https://doi.org/10.1007/JHEP08(2025)142


• 𝑊+𝑊− production is a key process to test 
self-couplings predicted by the EW sector 
of the SM

• Stringent tests of physics BSM

• Sensitive to new physics via aTGCs

• Interesting test for QCD corrections

• Important to verify and tune the 
simulation tools used to describe EW 
processes produced in association with 
jets

• Important background in other SM and 
BSM measurements (e.g. 𝐻 → 𝑊𝑊)
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Other Motivations for 𝑾+𝑾− Analysis
JHEP 08 (2025) 142

https://doi.org/10.1007/JHEP08(2025)142


• 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][7 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:
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Total cross-section
JHEP 08 (2025) 142

13 TeV, 140 𝑓𝑏−1

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


• Determine both number of 𝑡 ҧ𝑡 events and 
probability 𝜀𝑏 of finding 𝑏-jets from event 
yields in one and two 𝑏-tag CRs

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

• Corrections 𝐶𝑏 from MC are needed

• Correlations between finding 1st and 2nd jet

• Modelling uncertainties evaluated on 𝐶𝑏
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Data-driven backgrounds
JHEP 08 (2025) 142

Top background: 𝒃-tag counting 

• Prompt leptons are well-modeled in MC.

• loose ≡ Loose selection but rejecting Tight  

• Fake factor for electrons and muons 
separately, and computed from Dijet CR 
from data in bins of (𝑝𝑇

𝑙 , |𝜂𝑙|):

Fake lepton background: fake factor

𝑓 =
𝑁tight

fake

𝑁loose
fake

=
𝑁tight

Data−𝑁loose
prompt MC

𝑁loose
Data −𝑁

loose
prompt MC

𝑁tight
fake = 𝑓𝑒 𝑁tight−μ,loose−𝑒

Data − 𝑁tight−μ,loose−𝑒
prompt MC

+𝑓𝜇 𝑁tight−𝑒,loose−𝜇
Data − 𝑁tight−𝑒,loose−𝜇

prompt MC

https://doi.org/10.1007/JHEP08(2025)142
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Validation regions for Data-driven backgrounds
JHEP 08 (2025) 142

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

https://doi.org/10.1007/JHEP08(2025)142


Cross-sections are measured 
differentially as a function of :
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Differential distributions
JHEP 08 (2025) 142

Bayesian unfolding

𝑚𝑒𝜇

https://doi.org/10.1007/JHEP08(2025)142


• SMEFT Lagrangian :
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EFT constrain
JHEP 08 (2025) 142

Measured 𝑚T,𝑒𝜇 differencial

• Constrain :

Comparison with SMEFT predictions

https://doi.org/10.1007/JHEP08(2025)142


Backup
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Proton structure study at high-energy scale
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A series of experiments that the current model cannot explain.

Main physics questions:

• SU(2) flavor asymmetry: 

(ത𝑢, ҧ𝑑) comparative density

Current theory: ത𝑢 = ҧ𝑑

Experiment: ഥ𝒅 > ഥ𝒖

• SU(3) flavor asymmetry: 

(𝑠, ҧ𝑠) vs (ത𝑢, ҧ𝑑) comparative density

Current theory: 𝑠 + ҧ𝑠 = ത𝑢 + ҧ𝑑

Experiment: (𝒔 + ത𝒔)~
𝟏

𝟐
(ഥ𝒖 + ഥ𝒅)

~ [0.33, 0.59]

• Intrinsic heavy quark: 

(𝑐, ҧ𝑐) vs (ത𝑢, ҧ𝑑) comparative density

Current: perturbative QCD dominant

Experiment: may have non-
perturbative contribution

Current theory
QCD improved parton model

𝜇+ → Fe 

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?
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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

𝒙𝑳𝒙𝑺

𝑥10−5 10−4 10−3 10−2 10−1

？
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