TECHNISCHE
@ UNIVERSITAT
DRESDEN

Faculty of Physics Institute of Nuclear and Particle Physics, Chair of Particle Physics

A SIMPLE ALGORITHM FOR POLARIZED PAR-
TON EVOLUTION

Mareen Hoppe
in collaboration with Stefan Hoche, Daniel Reichelt

MCnet Open Meeting 2025, CERN, 10th October 2025



Introduction ®co

Why do we care about polarization?

@ LHC:

B polarized vector bosons
- measurement of longitudinal polarization high
priority for HL-LHC
- Higgs rescues unitarity in longitudinal vector boson
scattering
- independent study of EW sector
- potential sensitivity to BSM effects

B polarized parton showers
- mainly classical effect — should not be discarded!
analogy: correlation between emission of radiation
from QCD dipole & its decay «+» copolarization between
sender & receiver
- essential to reach higher log (NLL & NNLL)
accuracies

D.M. Dobkin 2007
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https://arxiv.org/pdf/2310.14803
https://www.eetimes.com/rfid-basics-antenna-polarization/

Introduction ceo

Why do we care about spin correlations?

@ Future experiments (EIC): Towards a fully polarized framework in

sensitivity for polarization of initial- & Sherpa:

final-state for first time v/ initial state polarization frkrauss, APrice]

— measurement of polarized PDF, v polarized matrix elements including polarized
proton spin, polarized fragmentation ... intermediate States [MH, M. schonherr, F. Siegert 2023]

— polarization information necessary % polarized parton shower

to retain in all simulation steps — this talk [s. Hoche, MH, D. Reichelt 2025]

& polarized hadronization

polarization effects in parton showers
starts to matter, but only included in
H ERW|G [G. Marchesini et al. 1991, P. Richardson & S. Webster 2018],

PANSCALES (A arlberg et al. 2021, K. Hamilton et al. 2021]
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https://arxiv.org/abs/2310.14803
https://arxiv.org/abs/2508.19018
https://inspirehep.net/literature/315564
https://arxiv.org/abs/1807.01955
https://arxiv.org/abs/2103.16526
https://arxiv.org/abs/2111.01161

Introduction coce

The mathematical origin of spin correlations - what's the issue?

B factorization between production and splitting of an intermediate parton:
2
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B standard-solution: Shatz-Collins-Knowles algorithm . shatz 1983, .c. coliins 1988, 1.6. knowles 1988,
1988, 19901 — branching chain, spin information distributed by spin density matrices

Today: Different way of thinking about spin correlations & how to incorporate them

in parton evolution... (s Hoche, MH, D. Reichelt 2025]
So far spin information exchanged over the whole emission chain - necessary?
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https://www.sciencedirect.com/science/article/abs/pii/0550321383900020?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0550321388906542?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0550321388906530?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0550321388900922?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0010465590900637?via%3Dihub
https://arxiv.org/abs/2508.19018

The new algorithm @oooooooo

Where do we expect spin correlations?

B no spin correlations as long as parton doesn't split — analyze splitting part first
B factorization of n-parton QCD squared amplitudes in IR limits:
> soft limit soft gluon j emitted:

PiPk
n(l,..,nll,...,n), = —8rag 1 {1y gy ey T T — |1, sy M)
z%z " (plpj ) (pjpk) j ne1
— no spin dependence
> collinear limit partons 4, j after splitting collinear:
87rasP’\i>.‘/i(z)
(Lol )y = S0 et (Lo £G5); e fy ooy Ul D1 (65), ey ey )
AN =+ (pi +pj) - my; _

— spin dependence
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The new algorithm oeooooooo

Where do we expect spin correlations?

B particles emitted collinear to each other: @LO three possible splittings

a

1+ (1—2)? no correlation between
/ —_—
! (5[Pogls’) = Cr z . q production & splitting

. k'ukl/
Psle) = To (<o 4s(1 - )45 )

— second term introduces spin correlations, but only for the splitting gluon

1—2z z

K kY
_ Ny o o 1L
(| Pyglv) = 20A< [ — 1—,4 22(1 — z) e >

— second term introduces spin correlations, correlations over many

emissions possible
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The new algorithm oeooooooo

Where do we expect spin correlations?

B particles emitted collinear to each other: @LO three possible splittings

a

1+ (1—2)? no correlation between
/ —_—
! (5[Pogls’) = Cr z . q production & splitting

NOTE: )
We are talking about spin correlations
without helicity amplitudes! e splitting gluon

EnY 4+p¥nt o k,ﬂ kv
[___SJILV 4+7 p y4 } VAN :}::,X &;Aéffi | Z) 1 .Lj)

g
bn 2
g . J kl
— second term introduces spin correlations, correlations over many

emissions possible
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The new algorithm coeocooooo

Basic idea, great benefits ...

* Back to basics: Der Stroo  The Current of Dirac’s Rtheorie.
* Gordon decomposition Electron Theory.
of fermion current By W. Gordon in Hamburg,
Der Stron (Received July 3, 1928.) zerlegt.

The current is decomposed into
charge and polarization current.

i
* In modern notation: F—’_‘//

p+d [ ic"Fqy T ]
B Tet = T2 SH(p,q) + —
(a2 | (p+q9)? (p+aq)?
(2p + q)*
S*(p.q) = —(p T q)? Leading term is scalar Interaction!

[Campbell, Hoche, Knobbe, Preuss, DR "25]

[talk of Daniel Reichelt on Tuesday] 6/18



The new algorithm oooeooooo

Spin-dependent gluon-gluon splitting function

Gluon propagator times triple-gluon vertex can be rewritten: gm. campbel et al. 2025]
(pliispz)? ifee (g”"(pl —p2)’ + 9" (2p2 + p1)" — " (2m +p2)”)
—1o)P a<b
(1 p2)2 W}Jr( pagy )
(p1 +p2) P1 <> P2

scalar decay

1 . = LV
(p1 + p2)? igs f*PT* P (pr,pa) =
(2p1 +172)1’ P

(p1 + p2)?

scalar radiator

v\ﬂgﬂﬂjtziiij — qTQi;;;i {— uaéffij {— q\QQjUL,<::::
— great: spin correlations only introduced by parts of the vertex & stop after splitting is
done - but that's only amplitude-level...

c a 1
=g Te(T°(T", T 1){ -3
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https://arxiv.org/abs/2505.10408

The new algorithm oooceocooo

Spin-dependent gluon-gluon splitting function - amplitude squared

Tree-level g — gg splitting function with d,,,, polarization tensor:

o,a A — KaA T v —
Pyt (p1,p2) = R d* (pr2, ) T (p1, p2)T777 (p1, p2)d’s (p12, 1) =
~ = a al
/ ' S ) :JV / ) /! /!

N L N . _ / o B

9 @ §— 9 < NP, g @ "\,,‘x",!,/’/
’ AN AN ’ AN ’ AN

g 9 7 9 9 g

can be decomposed into

po,a3 _ po,af3 ’ >po a3 op,Ba
Pg_;gvﬂV(pl’pQ) - Pg—\q,/ly,(S) (phpZ) + P;/ »‘(/./u/,(i)(j” 1 P2) + Pz/ -;/‘////.(iwu” '1)2) :
PV, B,p4>0 Symmetric interference terms

— interference terms present > O(a?) effect, only relevant for N*LO accurate PS o)1



The new algorithm oooocoeooo

Spin-dependent gluon-gluon splitting function - symmetric terms

The remaining symmetric terms

Ca 5 [(2p1 4 p2)®(2p1 + p2)?

po,af3 _ P = o =
Pg%g,/,;.y,(s>(p17p2) - 2 P12 (p1 +p2)4 dp, (p127n)d1/ (p127n)
(2p2 + p1)?(2p2 + p1)° N _
+ d,(p12,n)d,)” (p12,n
(p1 +p2)* w'l v )
+due(p12,n)dur (pr2, ) (pr — p2)"(p1 — pg)fgpo‘gaﬁ

become after contracted with on-shell gluon p;, p; in the collinear limit:

5 2 two scalar radiator
v v _ v _ <+
Pl o (0s)(P1:P2) = 2C4 K@d“ (p1,7m) + Zd” (P2, n)) pattern

2 ) v 1 v
+ 1974(/’411)4/2 — 22p7) (2105 — 22pY) ]4— scalar decay
12

K kY
— split g — gg into two separate splitting functions
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The new algorithm ocooocooceoo

Summary - when do we need to take spin correlations into account?

Only for intermediate gluons, and only if:

q

( Kk
J (i{Pol) = Tie (<9 + 4210 57 )
1
! kM kv
d _ L7Vl
g IPE™I0) = 20amazs ey

with &} = z1ph — zoplf

+ if splitting done, no spin information of intermediate gluon required
anymore!

— just need to reconstruct production current, when splitting should be done!
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The new algorithm ocooooocoeo

Gluon production -q¢ — qg/ @ — qg

gagg-vertex times g-propagator .M. Campbell et al. 20251:

DB g | 200 TP io"pa,  V'm
(pr+p2) " Yl prtp2)? (prtp2)? (o tp2)?
—— —— ———
scalar radiator magnetic interaction subleading

squaring the amplitude:

subleading

~ =

y C 2p1 +p2)* (2p1 +p2)¥  C y by
(Py%4(p1,p2)) = Cr 2, @m . P2)" (2p1 > P2)’ | O | _guvsy - £2r
2 P12 P12 2 Pi2

scalar radiator

fermionic remainder

gluon production current (after split of splitting function into scalar radiator & remainder):

i o ettt (i tof
scalar radiator: ~ 24 @5 19)

remainder: none

(emission from QCD dipole)
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https://arxiv.org/abs/2505.10408

The new algorithm ocooocoocooce

Gluon production - g — gg

Gluon propagator times triple-gluon vertex can be rewritten .M. Campbell et al. 20251:

1 . abc 17 gS . aoc v v v
g 90T ) = i (0 ) 2 ) = 2 pa))
— g tn(reprt, 7o) | PP e Al e | ( it )
) ’ (p1 +p2)? 2 (p1 + p2)? p1 <> p2
scalar radiator scalar decay
scalar radiator:
@pi+*  @pita)*

- radiation: same current as for ¢ — qg: ~ T .70
- emitter: polarization tensor in axial gauge remains same, production current uninfluenced
decay:
- spin of emitter decoupled from FS particles — no production current
- FS gluons connected — first splitting current determines production current for partner
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https://arxiv.org/abs/2505.10408

Validation eoo

3.00 3.00 1 2.0
14
2.00 2.00 1
. 15 .
B 1.00 12 12 1.00 4 S
” 85 8§
N / ) £ 0.00 10 R < 0.001 10 B
e -1.00 08 5f -1.00 &
5 B Sg 0.5 °f5
— -2.00 06 © -2.00 1 ®
-3.00 ! -3.00 4 0.0
-n —; 0 ; n -n —% 0 % n
3,0 o soft corvections X AV,
3.00 7 3.00
1.04 1.04
2.00 2.00 {
5 00- 1.00 1 1.02 1.00 4 1.02
' s ' S
s 2 0.001 1005 £ 0.001 oo %
-1.00 4 0.98 -1.00 4 0.98
3.0 T m— —_— -2.00 1 -2.00 A
- —m/2 0 /2 m- 0.96 0.96
Ag® 3004 —— 3.004——
—-n 7§ 0 % n -n 7% 0 g n
[K. Hamilton et al. 2021] A%z A2
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— natively included in our algorithm  — good agreement with analytical ME for ag = 0.01
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https://arxiv.org/abs/2508.19018
https://arxiv.org/abs/2111.01161

Validation ceo

Validation - a new observable for validation of spin correlations s ns

1,2 , , . 2
Current-current correlator C; " = (jp (pi, pj; P12)dd,p(p1,p2))” With
- dominant production current: Jh(pispjip12) = Jf;(plz)/\/—Jig(p12)Jij,(p12) with

e I3
2phpiy  2P5 Py
JU (p12) = (pitpi2)? (pj +1"12)2

- decay current: j5 (p1,p2) = K //—F kL
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https://arxiv.org/abs/2508.19018

/alidation ooce

Validation - a new observable for validation of spin correlations s ns
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https://arxiv.org/abs/2508.19018

Conclusion / Outlook @

Conclusion / Outlook

Summary...

v careful analysis of origin of spin correlations allows for the construction of a new
spin correlation algorithm with linear scaling!

v eliminates problems of Shatz-Collins-Knowles, esp. includes soft-wide-angle region
included

v applicable to any shower type

v easy to implement

Next steps...
% extension to initial-state radiation / massive quarks
% matching to hard process A
% application to QED/EW showers SHERPA
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Conclusion / Outlook @

Conclusion / Outlook

Summary...

v careful analysis of origin of spin correlations allows for the construction of a new
spin correlation algorithm with linear scaling!

v eliminates problems of Shatz-Collins-Knowles, esp. includes soft-wide-angle region
included

v applicable to any shower type

v easy to implement

[ Thank you for your attention!

Next steps...
% extension to initial-state radiation / massive quarks
% matching to hard process A

% application to QED/EW showers SHERPA
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Backup eo

How to handle spin correlations in QCD evolution?

B Yes - Standard method since many years: Shatz-Collins-Knowles algorithm p.p. shatz 1983,
J.C. Collins 1988, I.G. Knowles 1988, 1988, 1990
B Shatz-Collins-Knowles - in short (here: final-state evolution):

- assumption: collinear branching tree, branches evaluated after each other
- within one branch: spin information between subsequent decays exchanged by spin density

atrices:
) 1 ) " . &
p]A,A’. - pZ)‘i iAj A-A-(z’d))[ ! YV (Z’¢) EM-,«/\’
irj N, ik k
- pQCD —— i

previous shower history production of parton j branching history of splitting partner

- among branches: spin information exchanged by decay matrices:

; 1 ik ik j k
D} = —V/ 2, VI (2 D’ D /
XN, NDQCD /\i>\j>\k( 7¢) AN ( ad)) PUR Aks Al

splitting of parton ¢ subsequent branching history

- information not available: spin averaging, correction by reweighting (¢tr(N,gcp), tr(Npgep) =
1), when information available
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https://www.sciencedirect.com/science/article/abs/pii/0550321383900020?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0550321388906542?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0550321388906530?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0550321388900922?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0010465590900637?via%3Dihub

Backup oe

Spin-dependent gluon-gluon splitting function - interference

B in strongly-ordered soft & collinear limit @leading power, if
at least one gluon does not decay (here p;):

-
Py be (91, p2)d S (p2, )d ) (P2, ) dpo (1, 70) &

1
2CAP%2Z[(Z2p1 —z1p2)’d, (p12,7)—

(22p1 — 21p2)"d,* (p12, )] (22p1 — 21p2)”

— vanishes due to physical gluon production tensor symmetric in u, v
— same result for

9" LR (p1,p2)d 5 (p2,)d ) (p2, R)d /) (p1, YA (p1, 1)

(gluon produced by fermionic remainder)
B outgoing gluons can also further radiate

B remaining contribution: only if both outgoing gluons
further decay (>4 FS particles)
— no soft enhancement, neglectable for current PS accuracy
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