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Motivation

* Polarized collisions probe differences between beam-
spin configurations.

 The measured jets are formed only after QCD
radiation, so parton shower effects can modify
polarized jet observables.

dAo /dpr [pb/GeV]

/77 POWHEG NLO

T PYTHIANLO + PS
#%a- 4 POLDISNNLO
T
;"A":
_ . :‘/:/&/.,; .
590%32 p<_c)22e <ﬁé§§)g(§/2 %Zm,/ - -
2
0.04 <y < 0.95 e A -

Pt >5GeV || < 3

Ratio to NLO
=

<
ot

10 15 20 25 30 35 40
Pr [GeV]
I. Borsa and B. Jager, JHEP 07 (2024)

See also: Mankiewicz, Schafer, Veltri 92
Richardson, Webster " 18



Motivation

* Conventional showers used in polarized predictions are generally helicity-
averaged: they generate the radiation without retaining a definite helicity history
through the branchings.

Goal: Retain polarization information throughout the shower evolution.




Outline

* Overview of the MC Parton Shower

* Final State Shower —with weights

* Final State Shower —with fixed helicity
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Overview of the MC Parton Shower

d 2
APg—pe = 52 _P&—ﬂ)c(z)

L— Random branchings
DGLAP Equation: Qi

].—Zl

C

d DZ(vaZ) B OéS(Q2) qq 2Nqug ? Dz(vaQ)
dn@? \ D (z,Q%) ) 2= \P, P, Dgy(z, Q%)

@ Can be compared to analytical solution

)

decreasing shower scale



Overview of the MC Parton Shower

e Sample z and Q°

NG T T D Ny PRV
a 7q - p_ q2 'LL2 Z27T CL—)CZ

Next branching scale

[7P(2)d~
fel_e P(z')dz

L— Daughter parton’s

momentum fractions

Shower Cutoff: z < € or Q¢ < Q(Q)

Each parton has: (f, 2,0, ¢)

3°03133

0.0

2.0f

0.5 4

R =10.05
R =0.10
R =0.20
R =0.40
R =0.80
* Analytic

»
.. =
. .
.. e
. .*
.....
"""""
-----------

"
. -
......
. .
------
-----------

-
. .
e .t
" W
. -
Na “*
- «w
--------
------------------
e
N
-
e
LS

.
"‘.
e
......
» -
.................................

»
» .
----

-

- .

----------
..........
...........................................

Q— QR

. »
O. "
.. ®
. il
........
------------

.
.. I‘
v .
- .
- -
. s?
L RS .
----
""""""""
-------------

.
-
......

- .

e "

. .
......
------------
--------------------------

D. Neill, F. Ringer and N. Sato, JHEP 07 (2021)




Polarized Parton Shower

« DGLAP Equation

d (ADz<x,Q2>> a,(Q?) (APéZ ) 2N; APy, >) , (ADz(x,Q2)>

D. de Florian, M. Stratmann and W.

d In QQ ADg (.CI?, QZ) DT Apé;r) Apg(g) ADQ (QIZ’, QQ) Vogelsang, Phys. Rev. D 57 (1998)
1+ 22
— 2
APW_Q(Z) = CF(Q — Z), > 0, 0.50]

APyq(2) = Tr(22 — 1),

1

AP, ,(z) =2Cy T

22+ 1],

 [wo possible solutions

@ Use weights

@ Use definite helicity kernels
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changes sign at z =
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Polarized Parton Shower — using weights

 Use a proposal kernel that is positive, |AP(2)|

« Sample z from |AP(z)| & generate a branching a — b + ¢

Target
e Assign weights such that, w= PTZ;Z;Z
* 2 sampling weights:
AP, AFeca(l =
Wy = Wy, bal?) and We = Wa -

APy q(2)] AP o(1—2)



Polarized Parton Shower — using weights

 The weights are multiplied along each branch

» Each parton has: (f,z,w)

* Fill the histogram bins as:

- 1 final
Bin content = N Z W,

events

1E€Dbin

Each edge:

Wd — Wa Wy W4
W, =W,w,w,
We=W,w. wy

W, =Wsw,w,



Polarized Parton Shower — using weights

Initial u

)

Initial u

103 102 10002 0.4 06 08 1.0

Initial g

Initial g

-__P—

e

1073 1072 10092 04 06 08 1.0
Z
Initial u: 10M showers for R =0.2, 5M for R = 0.6, 0.8; initial g: 1M each

Q=91.2 GeV - OR

logarithmic for 1073 < z<0.1; linear above 0.1

—— Weighted shower, R =0.8
— == Mellin, R=0.8
—— Weighted shower, R =0.6
— == Mellin, R=0.6
—— Weighted shower, R =0.2
— == Mellin, R =0.2
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Polarized Parton Shower — using weights

- welghted shower (frozen heavy quarks) — = plecewise Mellin DGLAP
Q=91.2GeV-0r=1GeV, R=0.010965; N¢:5 -4 - 3, frozen ¢, b counted — mixed logarithmic/linear z scale

Initial u: AJ2" Initial g: A/2"

101} \““1(

Could be
extended to NLL!

Initial u: Ay Initial g: Ay

1073 10-2 10102 04 06 08 1.0 1073 10-2 10102 04 06 08 1.0
4 4

1.000.000 showers pner initial state



Polarized Parton Shower — fixed helicity

» Decompose polarized kernel into ordinary helicity kernels

" Psame
Define, 5 5

Or, P — psame _|_Pflip and AP — pseme _ Pflip

* For one flavor channel, we can evolve the helicities separately,

A (Dfz,QY)\  a,(@) (Peme PlrN (Di@,Q*)) p=
e () = =B (T ) @ (e )

|
D
»
—

a

For 2Ny + 1 flavors, we have 4N, + 2 components.

: counts final partons of

flavor a with -

- helicity
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Polarized Parton Shower — fixed helicity

d B P B
d1n Q7 (D +Da) = %P(X) (Dy +D,) = The sum evolves with P
N——r
—D,,

d _ O _
- (Df —=D;)=—=AP® (D, —D;) = The difference evolves with AP
_AD,

The (D.,AD,) basis diagonalizes the evolution, while the (+/—) basis generates
definite helicity histories.
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Polarized Parton Shower — fixed helicity

 Every parton has: (f, 2, h = 1) b= 41

e Use P(z)for sampling =

* Assign daughter helicity using,

Pfl@'p(z) h. = £1
P(z)

Psame (Z)
P(z)

Prob(flip | z) =

Prob(same | z) =

Interpretation

P fixes the total branching rate. AP fixes the helicity asymmetry within that rate.



Polarized Parton Shower — fixed helicity

— fixed helicity ® weighted ---- Mellin DGLAP = R=0.8 R=0.6 =— R=0.2
Equal statistics: polarized showers versus Mellin DGLAP with statistical uncertainties — mixed logarithmic/linear z scale

Initial u: ADs | Initial g: ADs

I—le
e[ 1 Yo |

it +  Fill histogram bins as,

I
=
9
N
~— |
N —
L=

- ADG ! = o hi

Initial u: ADy Initial g: ADq
i Asz— 0, D" (2) ~ D (2)

ADy4(z)

- —— ' - ' -3 \—2 =y | | |
Z
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Polarized Parton Shower — fixed helicity

— explicit fixed helicity @ —=- piecewise Mellin DGLAP
Q0=91.2GeV-0Qo=1GeV; Nr:5-4 - 3, seed helicity +1

| Initial u: ADy | | Initial g: AD;
; =t ocC T T T T T T ]
100} ; - 10 ;
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: ol :
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e 0 | — _10-2}
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—~100t
] ] ] ] —101 i ] ]
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10t '
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4 Z

Initial u: 10,000,000 events; initial g: 10,000,000 events 16



Polarized Parton Shower — fixed helicity (probabillities)

* Propagate helicity probabilities

p" =Prob(same | z) and p~ = Prob(flip| z) (-pt+p =1)

random draw
> h

Explicit: (p™,p~)

no helicity draw \

Probabilities: (p™,p™)

f
same fi
(plj_) — 1 (Pbé_'a (Z) Pb(—pa(z)) <p2_> . : (p, p2)
Py)  Poea(2) \BL,(2) Fse(z)) \Pa ’ Q. .
g \le Fe
1
rob + _
ADEin B Nevents Z (pz s ) |

1E€bin
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Polarized Parton Shower — fixed helicity (probabillities)

— probabilistic helicity ® weighted shower ---- Mellin DGLAP == R=08 == R=06 = R=0.2

Ir\itial u: ADs Initial g: ADs
' 101 é =

1072 | |
é; ~1072 irr
: —10{
~10-1 |
T T T _100_ T T T
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Polarized Parton Shower — fixed helicity (probabillities)

—— probabilistic helicity (p+,p-) —=- piecewise Mellin DGLAP
Q=91.2GeV->0Q0=1GeV; Nf:5-4 - 3, seed helicity +1

Initial u: ADs Initial g: ADs
100 ' R S 1% ' S O
10_1— -I..I'I-'_ — 10—1_ -l_r'-'_ _"‘-l.l_LL_
i 102 g i
N 1072 N 0
w0 = —10-2
g o S
—1071
-1071
—100¢
—10°}
i 1 1 —101- i 1 1
Initial u: AD, Initial g: AD,
] | 102F — !
101_
101_
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10 100_ -
N 107 , N 107 L
Y 1072 é - 2 1077
—10-2} ' < _10—9
—1071} | —1071t
—100’ i —100_ :
103 102 100102 04 06 08 1.0 103 10-2 100702 0.4 06 08 1.0
4 Z

Initial u: 10,000,000 events; initial g: 10,000,000 events



Polarized Initial State Parton Shower

For proton helicity H = £1 & parton helicity h = +1

7 (x,Q%) =

Define,

=

1

— fz :fj‘l‘fi_

We use:  fi(z, Q%) =
Af@(vaQ)

LT
21

fi(aijZ) T HhAfz( 7@ )

and fi =1 ﬂ%nQ%

and  Af;=H(f;" = f;)

fNNPDF4 OMC LO( T, QQ)

__ AszDSSVQKL (CIZ’, QZ)

J. Cruz-Martinez et al., JHEP 09 (2024)

|. Borsa et al., PRL 133 (2024)
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Polarized Initial State Parton Shower

The forward contribution from parent (a, P, %) to child (b, ks, x) is,

dphb|H( ) ~ drdz thb<—aha (Z) pZG‘H(m/Zv Qz)v

Converting forward DGLAP into backward branching probability,

he |H 2
a x/z,
dPph. —yan, = dz thbeaha(Z)p (/2 &)

>0 = |JAfl<f

where p!

H _ ajfh|H

hb‘H( (%) .—»Z / / -o——
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Polarized Initial State Parton Shower

Enforcing 1A il < fi,

Afzeff (x7 QQ) _ Chp (AfiBDSSVQll (Qf, QQ)’ —098 fZNNPDFZL.OMC LO (ZE, QQ), _|_098 fiNNPDFZL.OMC L.O (ZU, QQ)) .

Before: raw input After: clipped input
T -BDSSV o £ ™
Afi7770 ] > 0.98f; cap magnitude
A +0.98 f; l +0.98 f;
_______ I AR A
O"’ ~~~‘~
Lo’ allowed band %«
- > 1
‘
“
$‘ e
‘ s
T Oeey, T TTTTTTTTTTTS ’\/ | " 098, /
outside band cap magnitude

same zero crossing, same sign



Polarized Initial State Parton Shower

Full-ensemble fixed-helicity backward ISR: Qy =91.2 GeV — lower scales

all flavor/helicity hard states; 2,200,000 histories

—o— (0=1.01 GeV Q=10GeV  =-=- independent Mellin DGLAP
—— Q=3GeV —— Q=30 GeV ® Dbackward ISR histories

ut +u~ =u (unpolarized) ut —u~ =Au (polarized)
100 Bl k| 04- g ===
. ——I—-|_ _ P — ' | l
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Complete Shower

ISR FSR

<2
Qa hl,ﬂfl (C .4‘<:

hard
scattering
-0 @ T

z)Q

1I111

] ( L1,

pt + py Zpé“rpﬁé,

* pp collision here and can be adapted to the ep collisions at the EIC.
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Complete Shower

* Helicity resolved hard process supplies all four correlated helicities and defines
the boundary conditions for both showers.

hi|H 2\ pho|H 2 b—cd 2
daHlHQ X Z fal‘ 1(&71,@ ) b2 2('1727Q ) }Mﬁlg;%ghél(q)w dP
a,b,c,d
hi,ha,hs, hy
(aa hi, 331) (C, h:‘s)
ISR Boundary conditions: ~ ®~___ — “SR Roots:
(av hy, xl) (b7 ha, $2) scattering (C, hg) (d, h4)
o o
(b, ha, 9) (d, hy)
Evolve to Evolve to Evolve forward Evolve forward

proton 1 proton 2 through FSR through FSR
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Complete Shower

The parent continues backward, while the sister becomes an FSR root.
FSR from ISR sisters FSR

11|H1

ASR .A<
_ I‘Aa hi, 1) (¢, h3)

hard
scattering
— ’be o <d"h4><:°w<:
1 2| Ha ;

Final state leaves: FSR from hard outgoing partons + FSR from ISR sisters

Soyez, JHEP 04 (2008).

Cluster the final state leaves together into jets with E-scheme anti-k7. M. Cacoiar, G. P Salam and G
6



Complete Shower

do™ —dot™

++ g - _
Jet spectra, do™ ", do"” = App = T —

Helicity-resolved pp — jet + X at v's =200 GeV

Preliminary

n| <0.5 0.5<|n/ <1
0.08 A -
—— [ O+PS, anti-kr R=0.6
Monte Carlo 1o ~
0.061 3+ STAR 2009 .
W STAR 2015
0.04 A _
33
< 0.02 A -
0.00
—0.02 A -
9 10 15 20 25 30 35 D 10 15 20 25 30
parton-jet pr [GeV] parton-jet pr [GeV]

L. Adamczyk et al. (STAR), PRL 115 (2015); M. S. Abdallah et al. (STAR), PRD 103 (2021)



Conclusion

A helicity-resolved framework consistently connects the polarized hard process with

ISR and FSR.

Helicity information is propagated through the complete shower history.

Study which jet observables and kinematic regions are most sensitive to
helicity-dependent radiation.

The framework can be extended toward a more complete and realistic simulation of

polarized collision events.

ISR

jet
ALL

28



Thank you



