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Outline

© Charge flow.

@ Defects in n-collinear fragmentations.
o No perturbative contribution,
o Non-perturbative mechanism,
e Jet Gell-Mann—Nishijima relation:

<Qﬂow>f = I3,f + %(<Bflow>f + <Sflow>f) .

@ Tests with Monte-Carlo simulations.

@ Summary and outlooks.
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Charge Flow in Factorized Fragmentation

@ The cross section factorization takes the form

do[Qsow) ~ fa @ fo @ Tav— g J£[Qfiow]-

@ J¢[Qnow] is the charge flow jet function measured on the detectors,

T#[Qaiow] ~ (0&n,s W) Mg, flow Wi &n,£]0).

® Mg, fiow Measures the total charge of the hadronic final state | X):

M@ ow = Y Q8 (k™ — Px) | X)(X],
X

where Q|X) = Qx|X).
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Hadronic charge and quark charge

Does the measured hadronic charge equal the initiating quark’s charge?

® Event by event.
Qx is integer and Q) is fractional, so Qx # Q.

® Ensemble average.
An integer-valued charge can have a fractional mean:

(Qnow)f = Q-

Charge conservation alone does not establish this equality for the measured sector.
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Defects in the Fragmentation

The fragmentation contains Wilson lines that extend to infinity,
T¢[Qiow] ~ (0l&n,s Wl M@, nlow Wi €n.£0).
e Celestial sphere S? covers the angular
space of the factorized n-collinear sector.

® The Wilson line extends along 7; its
endpoint is the excluded puncture D.(n).

w,(0)

® Charge bound to this endpoint is absent
from the measured flow.

T @ﬂow = lim dQ2 @(Q)
e—0 SQ\De(ﬁ)

W)
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L —
Charge at the Wilson-line endpoint

Let x be the radiation’s fraction of the jet's longitudinal momentum.

® Radiations with larger momentum contribute to common measured charge flow.

® Zero momentum fraction, finite charge. The disk contain only extreme soft radiations
x — 0. Its momentum weight vanishes, but the charge measurement has no such weight.

® The Wilson line itself is neutral under ), B, .S; dynamical quarks dressing it can carry these

charges.
(Qrow)f + (@p)f = Qr Q=0Q,B,S.
——— —— ~—
measured hadrons  endpoint sector initiating quark

® A similar picture was proposed in different language by Collins and Rogers.
J. Collins and T. C. Rogers, arXiv:2309.03346.
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Perturbative cancellation at the endpoint

Can a finite mean charge survive in endpoint 0 < x < § as § — 07

® Pure virtual insertions carry no net Q, B, S.
® Singlet contribution is charge-even. Equal perturbative weights and opposite charges cancel
in the mean for a soft ¢q.

® The charge-odd nonsinglet contribution is integrable at = 0: its charge in the
shrinking interval vanishes.
For example, splitting kernel Pyg(x) only contain log divergent terms in z — 0,

)
/ drlnz =0lnd —§ — 0.
0

Thus, at leading power perturbative contribution,
(Qp)F™ =0, (Quow)™ = Q.
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Scale independence and flavor differences

The p dependence comes from ultraviolet renormalization, even when the matrix element
has a nonperturbative contribution.

Perturbatively, the bare (unrenormalized) charge sum rule gives <Qﬂow>?ert = Qy,
J. C. Collins and D. E. Soper, Nucl. Phys. B 194 (1982) 445.

d
“ (Qpiow) s = 0.

Even if hadronization can generate a nonzero endpoint charge:

(@p)r=Qr — (Qnow) f M@(
If we respect the light-flavor symmetry. The loss of initiating-flavor memory give

<QD>u = <QD>d - <Qﬂow>u - <Qﬂow>d =~ Qu - Qd =1.

Qp)r=0.
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Hadronization correlates the endpoints

e Consider a string breaking picture, the initiating u can bind to a neighboring 4. The
reversed ordering with a neighboring u is suppressed.

® The two orderings leave a d or a d at the endpoint.

¢ Confinement prefer ut (left) over uu (right). Therefore, unequal probabilities give a
nonzero net charge at the defect Qp.
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Color screening at the puncture

® Dynamical quarks and antiquarks combine with the
colored Wilson-line endpoint to form a color singlet.
These attached constituents form the screening cloud.

® Suppose attached quarks form the screening cloud: k
quarks and ¢ antiquarks.

® For a ¢ initiated fragmentation, color triality requires

L —(k—4¢)=0 (mod 3).

initiating cloud
k—¢ 1
BD — T - § + m, m E Z,

® Triality fixes allowed quantum numbers; dynamics determines their probabilities.
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Allowed screening clouds

Screening cloud &k ¢ Bp Qp Biiow Qflow
qa 1 0 1/3 Qa 0 Qf - Qa
(Gav)s 0 2 -2/3 —(Qua+@) 1 QR+ Qu+ Qs

~

Higher clouds k

1/3+m ZaQaNa —m Qf_ZaQaNa

with N, = k, — £,.
® For example, in a w initiated jet,
® Another u flows out from the defect, now

Qﬂow = Qu - Qu =0, Bfow = By — By = 0,

® dd flows out from the defect, now

Qfiow = Qu —2Qg7 =0, Bpow =B, —2B;=1.
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Baryon flow and the channel probabilities

® Endpoint probability. Retain only the two minimal clouds. Then pg is the fraction of
endpoints screened by an anti-diquark, summed over flavors:

Plgl=1-pp,  P[(qq)s] = ps-
® The two clouds give Bpow = 0 and 1:
<Bﬂow>f:(1_pB)X0+ pp X1 =pg.
N——— S——
q screening qq screening

® Vacuum production ratio. 74, is the effective vacuum diquark-to-quark production ratio.
If screening weights are homogeneous, the endpoint samples the same ratio:

P[(qq)s] PB Tqq
~ = B ~ .
Tqq P[q] 1—pp ’ < ﬂow>f 1+ Taq
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Electric charge of the screening cloud

® Flavor average. Let the production rate u:d:s=1:1:rg, thus the mean charge

2 1 1 1 1 rs  1—rg
@ = §'1+1+rs_§'1+1+r5_§'1+1+rs_3(2+rs)'
u d s
® Channel average. Independent antiquark flavors give Q-- = —2@q:

(Qp)s = (1 =pB)Q, +p5(Qgg) = (1 — 3pp)Q,.
—_———— N——
q cloud qq cloud
® Measured flow. Subtract (Qp)s from Qf and use pp =~ (Biiow)

<Qﬂow> Qf - 2+ :s (é - <Bﬂow>f)

FlERRUET 13/30



Strangeness of the screening cloud

® Flavor average. Only the strange quark contributes, with S, = —1:
— r T
S,= Ss - d = —,
T 11+ 2+ 7,
-1 S——

strange fraction

® Channel average. Use the same probabilities as for electric charge, with S;; = —25:

(Sp)y =~ (1 —pB)Sq+pp(Seg) = (1 —3pp)S,.
—_————— ——
q cloud qq cloud
® Measured flow. Subtract the endpoint strangeness from Sy:

37 1
<Sﬂow>f - Sf + 247, <§ - <Bﬂow>f> -
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L —
The jet Gell-Mann—Nishijima relation

® Combine the charge deficit with the strangeness excess to eliminate r,:
20 —rs) +3rs (1
2(Qr — (Qnow) s) + ((Stow) s — Sf) =~ o <§ - <Bﬂow>f) :
=1
® Use By =1/3 and I3y = Q5 — (By + 5f)/2:

1
<Qﬂow>f =~ IS,f + §(<Bﬂow>f + <Sﬂow>f) :

® Equal mean u,d screening gives (I3 p)s ~ 0: the jet retains the initiating isospin.

Higher clouds can satisfy the same condition. GMN needs less than the two-channel
probability extraction.
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Monte Carlo

Monte Carlo setup for hemisphere flows

+

e

e —qq, q=u,d,s, T > 0.95

Hadronization models
Pythia 8.3

Herwig 7.3
Cluster hadronization

Ecw = 50,100,200, 500, 1000 GeV

Parton level Hadron level
After QCD final-state shower. After hadronization.
QED and weak showers off. Hadron decays disabled.
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Pythia: charge shifts and jet GMN

(a) Hemisphere charge flow (b) Gell-Mann-Nishijima relation
= SRR WAL CAARARRRRRRRS L 02F T — T T T T T T T T
X 1000 —] L g J
< E {Qriow)u = (Qniow)a =1 ] L P
2 075k 3 - S
I %g ............. .g ........................ g: - 0.0 | Flavor ,, _
2 050 3 N | ®u @d Os S J
& F @ hadron (Quow)t ] 3 i el ]
g 025 O parton {Qnow)t = /E o2k " Ecm i
> [ -@ hadron (Quow)u — (Quow)a ] S i ¥ V50GeV |
£ 0.00F # parton(Quowu—(Quowda < i et A100GeV |
= E ] L p €200 GeV |
2 —025F 3 —04F & 500 GeV
O: ?;}? ............. ? ........................ ?: | /, . 1000 GeV |
~ —0s50B 00t AT R R .
50 200 500 1000 —-04 -0.2 0.0 0.2
Ecm [GeV] ((Briow)t + (Snow))/2

Hadron level: ({(Qow)u; (Qfiow)d, (Qfiow)s) == (0.594, —0.403, —0.401).
Equal-weight mean over Ecy = 50, 100, 200, 500, 1000 GeV.
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Monte Carlo

Extracting the screening ratios

Scan hadronization parameters to test the linear Q—B—-S relations and extract effective screening ratios.

Baryonic screening Strange-to-light screening
<Bﬂ0W>f 1—rs <QHOW>f - Qf
Tog 2 —— _ ~
71— (Briow) s 3rs  (Show)s — Sy

Assuming two minimal screening channels

Hadronization parameters varied in the MC scans

Generator Strangeness Baryon production
Pythia probStoUD probQQtoQ
Suppression of s-quark production relative to u or d. Diquark suppression relative to quark production.
Herwig PwtSquark MesonToBaryonFactor
Weight for choosing a strange quark. Relative distance scale of mesonic and baryonic clusters.
SplithtSquark Reconnection model: BaryonicMesonic.

Strangeness weight in nonperturbative gluon splitting.

Ecnv = 100 GeV, T > 0.95; the two Herwig strange weights are varied together.
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Monte Carlo

Pythia: joint ), B, S correlations

(a) Charge vs. baryon (b) Charge vs. strangeness (c) Baryon vs. strangeness

T T T R o B e 0.35 T
g ] : —s=—0017__g 8] F PYTHIA 8.312 ]
0.000 g 0.000 = ‘9‘060\5\§ E 030 F By = 100 Gev ]
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=4 F E = . 2 ] & o ]
 —0.050 o | I 2N ® = | 020 B
= o ] ~ F) ] « F & ]
< F ] < N ] < o ]
£ 0075k B E—00sF T 3 Eoask o E
A : i < b 1 2 ¢ ]
—0100E L couD —: 0100 3 010 2 E
FC001 Oo08 E F probQQtoQ E ¥ E
—0125F 50217 0095 3 —0125 ¢ 0001 057 0.05 F E
FO05 ] F 00.081 €3 0.8 o s =0.016——g—0
050, 1 =050 Py, 0.00 E 1o

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

1/3 — (Bpow)r (Snow)r — St 1/3 — (Brow)r
1—rs (1 1—r, 3ry 1
(Quonds = Qs = =372 (3 = (Ban) ) (@uon)r ~ @ = =157 (Sao) = ) (Snondy = 7= 50 (3= (B )

Colors: probStoUD; markers: probQQtoQ. Ecy = 100 GeV, T > 0.95; free-intercept fits.
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Effective screening ratios

Strangeness: three projections of the same correlations

Generator / input r@-B r@-s ro-B
Pythia / 0.217 0.273(13) 0.2766(61) 0.2785(25)
Herwig / 0.2 0.2047(33) 0.1996(23) 0.1975(38)

Inputs: Pythia probStoUD; Herwig PwtSquark and SplitPwtSquark.

General-purpose event generators include more detailed nonperturbative models, e.g. spin-dependent diquark
production, popcorn, and cluster colour reconnection.

Baryonic screening With Pythia probQQtoQ= 0.081, we get

B
(Baow)y = 0.0922 = 714q _(Baowls  _ 1016,
1- <BﬂOW>f
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Extensions and Experimental Availability

Additional screening mechanisms What joint @, B, S flows can test

® Color reconnection and recombination ® Track strange and baryonic screening versus
Allow screening by surrounding partons. multiplicity in pp, pA and AA.

* Beam remnants and baryon junctions ® Strangeness and baryon-to-meson

. . enhancements motivate testing a possible
Modify B transport and Q—B correlations. Mot 'Ng a posst
thermodynamic limit.

Christiansen—Skands (2015); Fries et al. (2003);

Kharzeev (1996); STAR, 2408.15441. ALICE, Nature Phys. 13 (2017) 535;
PRC 99 (2019) 024906; JHEP 09 (2024) 102.

Experimental starting points

Identified-hadron measurements at LEP, RHIC and the LHC provide a basis for joint-flow studies.
DELPHI, EPJC 17 (2000) 207; SLD, PRD 59 (1999) 052001; ALICE, JHEP 09 (2024) 102.

Recent work measures electric-charge flow at DELPHI and proposes heavy-flavor flow measurements.
Zhang, Lee, Moult et al., 2608.14779, 2608.15357, 2608.15367; Lee—Moult, 2609.13366.

=R (EEXE) FlERR 21/30



https://arxiv.org/abs/1505.01681
https://arxiv.org/abs/nucl-th/0301087
https://doi.org/10.1016/0370-2693(96)00435-2
https://arxiv.org/abs/2408.15441
https://arxiv.org/abs/2608.14779
https://arxiv.org/abs/2608.15357
https://arxiv.org/abs/2608.15367
https://arxiv.org/abs/2609.13366

Summary

® Conserved currents provide a perturbative baseline.
At leading power, charge-flow shifts measure nonperturbative endpoint screening.

® Joint (), B, S flows resolve the screening content.
With minimal clouds and common flavor weights, B fixes 74, and correlated @, S shifts fix
rs. Pythia and Herwig support these relations.

Jet GMN follows from isospin-symmetric screening

(Qnow) s ~ I35 + %((Bﬂow>f +(Snow)f)  ({Is,p)f =0).

A further test with heavy-flavor jets Net charm and bottomness survive hadronization. With the
same light-flavor screening, before weak decays,

<Qﬂ0w>c =~ <Qﬂow>u7 (Qﬂow>b =~ <Qﬂow>da Q= Qa B: S.

Thank you!
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Herwig: charge shifts and jet GMN

1.00

0.75

0.50

0.25

0.00

—0.25

(Qﬂow)f and (Qﬂow)u - (Qﬂow)d

—0.50

Hadron level: ({(Qow)u; (Qfiow)d, (Qfiow)s) == (0.611,

(a) Hemisphere charge flow

(Qﬂow)u - (Qﬂow)d =1

@ hadron {Qqow)r
O parton {Quow)r
-@- hadron (Qgow)u — {Qnow)a
% parton (Qpow)u — (Qnow)a

50 200 500 1000
Ecym [GeV]

(b) Gell-Mann-Nishijima relation

0.2

Equal-weight mean over Ecy = 50, 100, 200, 500, 1000 GeV.

T T T T T T T T T T

| Herwig 7.3, default model .-

[ ra

- ,/ -

<« 00} Flavor /’ ]

- c ®u @d @s P4 E

| - Vil E

o | 7 i

7 ez2f / Bow

o% < e V50GevV |

= | e A100GevV |

L 7 4 €200 Gev |

—04F X W 500 GeV |

F ® 1000 GeV

AT IRTI RS BN

—-0.4 -0.2 0.0 0.2
((Bﬂow)f + (Sﬂow)f)/z

—0.379,—-0.379).
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Backup

Herwig: joint ), B, S correlations

(a) Charge VS. baryon (b) Charge vs. strangeness

. L FT T ]
0.00 ’?\gw‘iﬁ.ﬂ- 0.00 5= 0,047 ]
L S= ~0.2; i [ B |
5 —0.05 8 1 5 - Q3 1
o 1 o —00sf AN 5
I F I i g ]
P 4 S v
< 1 = i \ PwtSquark,
£ 010 ] £ —0.10 [P A SplitPwtSquark 7]
o [ MesonTo- 1 2 t{n w ]
I BaryonFactor g L] ©(0.01, 0.01)
[ pary i (b ©(02,02) |
—01sf 005 O2 . —01sf 005,05 ]
- 0133 83 1 - ©(0.9,0.9)
L. L L 1 L L L L 1 L h L by 1
0.2 0.3 0.0 0.1 0.2 0.3
13- (Bﬂow)f (Sﬂow>f - sf
el Qs — Qr =~ (Sthon)s — 1)
(Qsiow) r — Qs o\ (Bfiow) 1 flow) re s ({Sgow) f — Sy

(c) Baryon vs. strangeness
—_——

(Stiow)r — St
=
s

Herwig 7.3 BaryonicMesonic
Ecm =100 GeV

(Stow) s — Sy =~

0.2 0.3
13- (Bﬂow>f

3ry 1
- — — (Biow
oo (3 - Buon )

BaryonicMesonic; matched strange weights; varying MesonToBaryonFactor. Ecy = 100 GeV, T > 0.95.
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Charge correlators: the OPE connection

The OPE in the perturbative small-angle region gives

(Q(0))f ~ Ky(0) (Quow)s,  2=Q,B,S

® [Cy(0) is the common perturbative angular function decided by OPE and Sudakov
evolutions, see W. Li, X. Liu and D. Y. Shao, arXiv:2607.16392.

® Hadronization modifies total measured charge flow.

® The common factor cancels in flavor ratios. The integrated @, B, S relations therefore also

govern the angular distributions.
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https://arxiv.org/abs/2607.16392v2

Charge correlators and momentum acceptance

<§(9)>f1 ~ <Qﬂow>f1 0 <1
Q

(9)>f2 a <Qﬂ0w>f2’

_ (Q(9)) f.pmn
(a) Parton level, pin = 0 (b) Hadron level, ppin = 0 () psss = (@(0)) 10
2 ———rT ——— ] 2r — T ——] I0Y et —
F Qa/Q,=1 F' ais=1.0030 2 0.0008 1 puw 1
1 1 F
[ ] [ 099 | M |
o -0-Ecu=5TeV, wd —o Ecy=10TeV, wd B F ] 101 T T T T
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g -0 Ecu=5TeV, dis s Ecy=10TeV, dis 1 E 1 Ppaa 10 F i
= F E o 1 r win = 0.25 Ge’ win = 1Ge’
5‘ -1r 1 1 wd=-14588+0.0009 E 099 f N e‘v‘ . ‘”“H.rv Lo mtow
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Y . NPT BN | ] of i .
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(a, b) Flavor ratios (c) Hadron acceptance momentum

u/d, ufs: —2 — ~—1.46; d/s~1. Pmin = 0, 0.25, 1 GeV.
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A differential test of the GMN relation

(E(0))s | (BO)s+(50)y

~
~Y
CM
(a) hard u (b) hard d (c) hard s

. F ————7 0.025F ——y ] T
% 0.125 FPYTHIA 8.312 o ke A g 1 0.00 1
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E F = : F i -0.02 —§- T3, rx 2(8O)/Ecy ]
i 10025k ] : £ [BO) + (SO ]
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s 1-0050F 1 5 - (QO)r 1
E ] F 1 —0.06 e
‘g_ J-0075F ] [ ]
3 ke Ao, ] o ] I ]
g ek ] 3 1 -o0sf E
ST S h ) S E
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0 [rad] 0 [rad] 0 [rad]

Energy-correlator normalization at LL accuracy. EFcy = 10 TeV; no thrust cut.
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Backup: Pythia strange-screening ratios

probStoUD r&B rd® g
0.010 0.0217(59)  0.01105(61)  0.01080(69)
0.217 0.273(13)  0.2766(61)  0.2785(25)
0.500 0.560(15)  0.566(11)  0.5771(31)
0.800 0.8489(64)  0.8477(61)  0.8381(57)
0.950 0.952(17)  0.952(16) 0.948(11)

® The three determinations show broadly consistent trends.

® The effective ratio tracks the input, with visible model-dependent shifts.

Parentheses: propagated one-standard-error uncertainties.
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Backup: Herwig strange-screening ratios

Matched strange weights r?'B r?'s rf‘B
0.01 0.0177(65) 0.0110(16) 0.0104(14)
0.2 0.2047(33) 0.1996(23) 0.1975(38)
0.5 0.479(27) 0.483(23) 0.486(16)
0.9 0.876(35) 0.878(34) 0.876(34)

® Matched weights: PwtSquark = SplitPwtSquark.

® The correlations test a common screening description across two generators.

Parentheses: propagated one-standard-error uncertainties.
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Backup: Pythia baryonic screening and topology

oy ~ T3 = <Bﬂow>f r _ P(Bﬂow = 1)
" 1- <Bﬂow>f’ tepology P(Bﬂow = 0)
probQQtoQ <Bﬂow>f B Ttopology
0.010 0.0139  0.01410(9)  0.01526(9)
0.081 0.0922 0.1015(3) 0.1102(3)
0.500 0.2790 0.3869(7) 0.4215(6)
0.800 0.3298 0.4921(8) 0.5341(8)

® probQQtoQ weights eligible local steps; rp includes the full fragmentation history.

® rp and Teopology agree within 9%, supporting the two-channel approximation.
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