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J& F 2543 5SU(2) flavor asymmetry
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NuSea/SeaQuest 52 B
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NuSea/SeaQuest experimental results
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> NMC inclusive DIS > NAb51 Drell-Yan process

> HERMES semi-inclusive DIS
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Muon 90-280GeV on H2/D2 targets
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Phys. Rev. Lett. 66 (1991) 2712
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— A IR TN R, Zik—K

LHCb pp @ 13 TeV

Discrepancy observed ( > 20, preliminary)

ATLAS pp @ 13 TeV

Consistent at small x region (preliminary)

CMS pp @ 13 TeV
Discrepancy observed at high ZY region

ATLAS pp @ 8 TeV (preliminary)
Discrepancy observed ( > 20)

CMS pp @ 8 TeV
Discrepancy observed ( > 40)

DO pp @ 1.96 TeV

Discrepancy observed (>3.5¢)
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SR T 553 5 Az 5k B g KT LA

W F Rl A d/n i l, RZXEFEKESUR) flavor asymmetry

arXiv: 2510.08941

d(x,Q)/d(x,Q) @ Q = 100.0 GeV
1.6 Deuteron data analysis (NuSea+SeaQuest)

——— Proton data analysis (R-parameter measurements)

= AR FEM: AL A HRQCDILE 2 5

= AL B AR R P AZ 42 S A B TR AR L

d(x)/d(x)

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
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M AZAZ RRL (BT A% 45 47) 69 F 4k

2

BT RME N T AL ESH

(z,Q%) = Z/ —LMDF(z)}'N( ,Qz)

= KM AR T a4 ZAE A s (B.E. ~2 MeV)
= 2050 i F-F FAAR, FoMMEREE

LMDF in classic picture
(z,Q?) = Z / d LMDF(z) FN ( Q) s5;
30 -
T ? B
Overall distribution of quarks PDF of quarks in nucleons (proton) 20!
15+
10+
Distribution of nucleons in st

the deuteron J \

1 1 1 1 1 1 L L 1 1 1 1 1 1 1 1 1 1 1 z
0.0 0.2 0.4 0.6 0.8 1.0
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— Fit from proton data PDF
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MAM-% LA vs i F-% 5244 PDF global fit

(JZ-96p/]Z-96D, preliminary)

o(p) = Z fq(z, Q%) ® HardScattering(q; =, Q?)

q
o(D) = Z qu (z,Q?) ® HardScattering(q; z, Q%)
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e &iis 5 B A5
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f(x)
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15F
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/

LMDF fitted from NuSea/SeaQuest data: %

Deuteron breaks into quarks

0 = lolle

E866/NuSea data

E906/SeaQuest data

proton data PDF without LMDF, NuSea Kin.
proton data PDF without LMDF, SeaQuest Kin.
proton data PDF with LMDF, NuSea Kin.
proton data PDF with LMDF, SeaQuest Kin.
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LMDF fitted from electromagnetic form factors:
Deuteron overall shape Phys. Rev. D 113, 054008 (2026)
1
,_\0100
S
z 3%0.010
0.001
10E)A.01 0.05 0.10 050 1 5 10E)A.01 0.05 0.10 050 1 - 5
0? [GeV?] 0% [GeV?]

16



B — 6 LI =

#1 A Drell-Yanit 42 9 % & 6 & T4 B
——
Drell-Yanit 22 gg Ry, 7 YA it 9 RiA
b=, RITFERSHMZNR RELIX g g 89L& F

Drell-Yanid 42 : T &M HA LFITHR

aK) b v(K)
k)

\w@
\\

X(Px)
> N(P)
S— —

DISigf2: AL+

17



Thanks

® [ight quark ratio measurement achieved in pure proton data

® Discrepancy compared to deuteron experiments:
No SU(2) flavor asymmetry? Non-classic nuclear structure?

® A new frontier:
Proton structure from proton interactions
New experiments on deuteron
Phenomenology studies
First principle calculation/Lattice QCD/Confinement

18



Other indirect experimental hints

® | .MDF fitting: large smearing
consistent results from quark-level interactions and electromagnetic form factors

N

f(x) / LMDF fitted from NuSea/SeaQuest data:

; Deuteron breaks into quarks S SUUTUOOUETVTSTIUOONOTSESUUITY OSTIOON
25 5 K
20f
15}

LMDF fitted from electromagnetic form factors:
101 Deuteron overall shape
0.5
_0.100
S
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — z °L)QO.(HO
0.2 0.4 0.6 08 1.0

-4 -4
0.01 0.05 0.10 050 1 5 0.01 0.05 0.10 050 1 5
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More about PDF

Lack of constraints due to quark mixture

mixed quarks T range
v DIS u(z) + @(z) + 3d(z) + 1d(z) + O(s,¢,b, - - *) z ~ 0(0.001) to O(0.1)
Z DIS u(z) + @(z) + 1.2d(z) + 1.2d(z) + O(s, ¢, b, - - -) z~0(0.1)

(lower precision)

Wt DIS
(lower precision)

uw(z) + d(z) + O(s, ¢, b, - - +)

z ~ 0(0.01) to ©O(0.1)

W~ DIS
(lower precision)

u(z) +d(z) + O(s,¢,b,- - -)

z ~ 0(0.01) to O(0.1)

4 Drell-Yan Target

w(z1)d(z2) + a(z1)u(z2) + 1.2d(z1)d(z2) + 1.2d(z1)d(x2) + O(s, ¢, b, - - -)

z1,2 ~ 0(0.1)

Z Drell-Yan LHC

w(z1)@(x2) + @1 )u(zs) + 1.2d(x1)d(22) + 1.2d(z1)d(x2)
+ct(z1,z2) + 1.255(z1, 22) + 1.2bb(z1, 22) + O(gg, - - -)

z1 ~ 0(0.01) to O(0.1)
@2 ~ 0(0.0001) to ©(0.01)

Z Drell-Yan Tevatron
(lower precision)

w(z)u(z2) + a(z1)a@(z2) + 1.2d(x1)d(z2) + 1.2d(z1)d(x2)
+c&(z1, T2) + 1.283(x1, z2) + 1.2bb(z1, x2) + O(qg, - - -)

1~ 0(0.1)
o ~ 0(0.01)

Theses are quark sums. Where is quark ratio ?

The experimental inputs are not enough to constrain a “complete”
PDF global analysis, making the current PDF highly depends on

various assumptions

W Drell-Yan LHC

u(@1)d(w2) + d(z1)u(z2) + c(x1)3(z2) + 5(z1)e(z2) + O(a:d5, 99, - *)

z1 ~ 0(0.01) to O(0.1)
22 ~ ©(0.0001) to O(0.01)

W~ Drell-Yan LHC

d(z1)a(z2) + @(z1)d(22) + s(z1)e(z2) + c(x1)5(22) + O(9:d5, 99, - *)

z1 ~ 0(0.01) to O(0.1)
z2 ~ 0(0.0001) to ©(0.01)

W Drell-Yan Tevatron

w(@1)d(x2) + d(@1)a(z2) + c(21)s5(22) + 5(21)e(22) + O(9: 55,99, *)

z1 ~ 0(0.1)
z2 ~ 0(0.01)

W~ Drell-Yan Tevatron

d(z1)u(z2) + wx1)d(z2) + s(z1)c(x2) + &(z1)5(z2) + O(0: 5,99, - )

1~ 0(0.1)
o ~ 0(0.01)
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More about PDF

More observable, not higher precision

o8, ~ Nugu(r)a(za) + Nygd(zr )d(z2) + -

T T T T T 1
N dy(xQ) at Q =100.0 GeV 90%C.L. |

;;;;;;;

ORI CTISNNLO

PDF Ratio to CTISNNLO
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More about PDF

How did we come to this

, Total unc. on PDF-induced
Experiments 020 o
_ sin20y uncertainty
i f, 2cos9W Z@bz Y (gY — 947°) i Zu
” | LEP/SLC 0.00029,/0.00026 i
g%/ =l3[, (Z) - 2Qza
f; 7. 934 Et3L (Z) 3
’ Tevatron 0.00033 0.00018
0.00034 (CT14)
expected. ~0.00010
LHC

for stat. and syst.
0.00038 (CT18)
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What do we learn ?

Measurements on deuteron in Drell-Yan process

Hadron beam — deuteron target

Probing anti-

Why Drell-Yan? quarks in deuteron Hadron — deuteron collision

boosted toward deuteron direction
With high energy hadron beam (ot boosted forward

kinematics), it is easy to individually probe anti- Deuteron beam — hadron target

quarks and quarks inside deuteron Probing quarks in

deuteron

Hadron — deuteron collision

boosted toward hadron direction
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I/ > A Sl -2

d/u %) =255 =

HERA? Tevatron? LHC? No!

> HERA/Tevatron/LHC do produce light quark interactions, but not d/i

> The observed cross sections of DIS/Drell-Yan processes are mixture of all light quarks, experimentally

indistinguishable

Drell-Yan, typically at Tevatron/LHC

DIS, typically at HERA

Bo6



NuSea/SeaQuest 52 B
= AE R F-mAR /R TR T AT R SR R

AE I F &R (800 GeV/120 GeV) % & m de vs. &3

>

ﬂn\

d"o = dra Z eg [q(xb)q(z¢) + q(xb)q(zt)]

dxp dxy 9sxp xs
q

OpD Opp + Opn —14 Opn

Opp Opp Opp

Auplly + dpdy . duyd, + dpiy
dupuy + dpd, dupuy, + dpd,

1+

Q

High energy proton beam and stationary target —> Anti-quarks come from target

Kinematics designed at the peak of valence quarks x, ~ ©(0.1) —> s, ¢, b, g contributions suppressed

~10 GeV high energy interactions, y-exchanged —> u/d contribution suppressed

B7




Factorization on A,

Proton structure parameters defined in the observed A, spectrum

£osf g Fosr
F T T e T o Ay = CLu(0; 0] X Aftglsin® 6] + C ld(x); d(0)] X Agkglsin® 6]
°— ___=_='E:_ o— __:E=—_ i > Observed Apy = combination of A%, and AgB
jf;_::::___' ::j;______::::‘:‘ > Weighted by the structure parameter C, and C,
*"";‘::‘—": ':':5::-—-‘__ > Strictly holds at all orders of QCD
B R o e T T
€13, = [uxDi(xy) — aGepulxy)] #, C. 01 = [uCeu(xy) — i(x))ia(xy)] A, Ch Phve C 45
‘ % s (400G + 70| A, % s [40DI00) +GCDTE)] A, inese Phys. C 45 (2021) 053001
o ) Eur. Phys. . C82 (2022) 368
Cy1, %) = doxdxy) — drdey)| 4 iy ) = LA — de )| Phys. Rev. D106 (2022) 033001
Z,Fu,d’s,c,b la(e)g(x) + glx)g(x)] A, a2 Z‘Fu, dsch [a(x)a(x) + G(x)g(x)] A, Yo REV:
For LHC’s pp collisions For Tevatron’s pp collisions
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Factorization on A,

_ Cy ~ d(x))d(x;y) — d(x;)d(xy) N d(x)) — d(xy) N d . VM2 + Q% o LY
Co  ulxu(xy) —ulx)u(x;)  ulx) —ulx) o Vs
2.0 L | b ¥ T T T T
. . . . . CT18 at 100 GeV
> Light quark distributions are consistent at x, < 0.01 so that x, terms .
: : : : 1sp — g5
cancelled in the ratio. The R parameter is dominated by the x; ~ 0.1 N —e
~ 1 -
information ol ! —a |
ol
> Contributions of s, ¢, and b quarks are significantly suppressed ost N
. . . . . ' A
as they have consistent anti-quark and quark distributions "
0° 107 10 05 09
< 0.3_—
In conclusion: R is an experimental - -
. . . 01— =
observable in pure proton interactions -
L .. - o e +
which is very sensitive to d/u - - ~— bacron eve
o1 - e il st
L - —— b quark initial state
02— -
6;‘ = I7|0I = I8|0I = ‘9|0I = I1(|)0I = I11‘0I = I120
M, (GeV)
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Other indirect experimental hints

> ATLAS W*-asymmetry measurement.
Reaching large x at TeV high m

JHEP 07 (2025) 026

- : : : :

= " ATLAS Total unc.

GE) 1.00_— Vs = 13 TeV, 140 fbo- ¢*---corr.unc |

E | highm!, ¢ t  Data "

o L Powheg+Pythia8 |

< s ---- Sherpa2.2.11
0.75¢

0.50! ' i -
i - ‘T. ' 4
025 :M...J“'“F_'M- |

> Correlation study of W/Z-asymmetry at hadron colliders:

::!1_ I IIIIIIII I IIIIIIII e T I IIIIIIL
. d ]
[+ DO 1.96TeV R ]

0.5~ - CMS 8TeVR o
- ATLAS 13TeV AY -
[ R e Rnr oy CT LY LP TP T TP PP

I'IIIIII

_1- | IIIIIIII | IIIIIIII | IIIIIIII | IIIlIIII |-

107 10 10° 1072 107" 1

Chin. Phys. C 50 (2026) 023107

B10



E IS FA g
S35 WL 5] 49 A pp 5 PDFA 15 £

—ull — ete”
—dd —ete

08 Ll

o Ly L
50 100 150 200 250 300
M [GeV]
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o 02
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L
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=

CMS 8 TeV pp collision data
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o
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e RTHFE T REGPDEA R
B AR: AT 23 I w5 AX S e R F A% 2 36 3B

RFEEM:

TR AR K
%3 B #r: SU(2) flavor asymmetry, SU(3) flavor

> asymmetry, intrinsic charmZ & kA% =8

A TR TR
PDF

RT%EMN:
T 4 F A PDF &g 45 £ My B 50

B12



H

A T 26m T R &) PDEAT 50

A 303842
1 B R =

FINFT 89 i F RO &

X ARPE#T M &

¥R RDISE A

o(DIS Z/y*) ~ u(x) + d(x) + w(x) + d(x) + - - -

W*W-it£boost asymmetry:
AWW ~ q(x)g(xy) — g(x)q(x;)

# %, 7 DISiH 2 (e p#A)
o(DIS W) ~ u(x) +d(x) + - - -

W wRDISHA (epiH)
o(DIS W7) ~ d(x) + @(x) + - - -

Wty(W*Z)it#2boost asymmetry):

Ab‘:;srfwv ~ u(x)d(x,) — u(xp)d(x;)

%t #Drell-Yanid 2 (pp) *3 3%

G,y (DY Z/7*) ~ u(x)i(xy) + u(x)(x)) + d(x)d(xy) + d(x)d(x;) + - - -

¥ b #iDrell-Yanid 2 (ppst3%) :

o-W(DY ZIy*) ~ u(x)u(x,) + d(x)d(xy) + - - -

W-y(W~Z)it#2boost asymmetry):

AV TV~ d(x)iE(x) - dx)iE(x)
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# %, 7% Drell-Yanid £2 (ppst %) :
0, (DY W¥) ~ u(x))d(xy) + - - -
6,;(DY W) ~ u(x,)d(x) + - - -

FHRAZ B R AR EH SR (pprtie):
Dpp(AFB) ~ u(xu(xy) — d(x)d(x,)

Spp(Ap) ~ 419 |1y — 0DIOD | s

# 7% Drell-Yanit #2 (ppst 3#) :

6, (DY W*) ~ u(x))d(xy) + u(xp)d(x;) + - - -
6, (DY W) ~ d(x))ii(x,) + d(x)i(x)) + - - -

PR E R AR LA S B (pprt )
Cop(App) ~ u(x)i(xy) — u(xy) (x))
deﬁ(An;) ~ d(x))d(xy) — d(xp)d(x;)
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