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Transverse Single Spin Asymmetries (TSSA) |

* Left-right asymmetry of produced particles in collisions involving
polarized hadrons

p _NL—NR_daT—dal_ dAo
z N_NL+NR_daT+dal_2daunp

Ay~(S X Pp) - P ~ sin(¢p, — @5)
N

Naively T-odd quantity!

- Requires helicity flip > Ay ~ ;"—" > in pQCD there is no TSSA?
hl
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TSSAinp'A - hX - experiments
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TSSA as aquestforani

* By using CPT symmetry, the Dirac structure of the cross section has the
form:

0, ~a-+ yb

a, spin independent part, is real!

b, spin dependent part, is completely imaginary!
Spin always comes with y«

 Cross section is real 2 we need another i Loop corections are higher

orderin ag

* Twist-3 contribution to polarized cross section:
AO_NDZ®GF3®GZ®HpOl€+iD3®h2®G2®H+D2®h2®G3®HpOl€

* Real twist-3 ETQS functions for
polarized projectile

* Transversity PDF for polarized
projectile

* Transversity PDF for polarized
projectile and twist-3 in target

* Phase from propagator cut * Phase from imaginary part of
twist-3 fragmentation function

* Phase from propagator cut



Twist-3 FF in forward pA

* Hybrid approach: polarized proton described by transversity distribution, and target described by
Color Glass Condensate (CGC) (Q§ < A1/3)

dAo B 1
dy,d?P,, 2(2m)3

SO (K)
0K¢? _Pn
VA

d d
j Z—jTr[A(Z)S(O)(Z)] + f Z—jlm Tr [A%‘(Z)

K=

Zi7Z5 Zy 71

—1
dz dz 1 1 _
- j ; 22 P <_ - _> Im Tr[A% (24, 22)8q" (21, 25) + A% (23, 71)Se% (24, Zz)])

- P+SJ_i . —i
(P|1p1p|P) =®(xy) = — > hl(Xq)l)/SU + -
« SO and Sc(tl) are scattering kernels containing projectile and target distributions;
the twist-3 fragmentation functions are contained in A correlators:

Eikonalized
_ My My i ion!
INTRINSIC (0| |)X{|w]0) x A(2) = —el(z) - Z%%eﬂawphéﬂz) + - nteraction
KINEMATICAL  (0[a,9|)(|1|0) < AF = T ﬁy eAWPhE () 4 ... w? = Phase obtained
ue Pp-w=1 by taking
DYNAMICAL  (0|F, y|){|]0) o A% (21, 2,) = TNysgy erWPhE L (21,2,) + -+ imaginary

part of FFs!



* In forward region the polarized cross section is:

dAo M iy j dz,

=—=5,;€Y X hl(x) —Im é(z,) d F Phl
dypd*Pp, 2 zz "M dP/ /z, 9,

P,: (©dz A Im Ex(z,,2,) {2nNZ (FPri/z 1 P
+4—L 21 P 2 ’;( 1 22) < f Ldl F(xg,1,) + F(xg,—=
P? ), 7} 1/z, —1/z4 Nt -1 Ry Jo z1(1/z, — 1/2) Zy

* Distribution F (xg, Phl) Is Fourier transform of the CGC Dipole distribution

Z

Rz 1 ®
F(xg, KJ_) = (;Tn‘;z jr el XL N—Ctr(V(xl)VT(Ol)) V(x,) = Pexp [ig f_oodxﬂél‘(x‘,xl)]

» In forward region the TSSA scales as A~1/3 for P, < Qs (saturation scale)

Qsz‘ — Qsz‘oAl/ 3

* Nuclear suppression gets washed away by high energy evolution



CGC-odderon mechanism for TSSA

* Odderon in CGC =imaginary part of dipole distribution: TALK BY JIAN ZHOU

Dlxy,x,) = Nictr<v(xl)v+(xll)> D(xy,x'1) =Px,,x',) +

e Phase from odderon?

* Asymmetry calculated at parton level (up to NLO), i.e. qTA collisions

dAo
X i

Hr,r,,S,)

. . S

 Polarized cross section: C101361 Jklku -lelrll ai
[:P(rj_r bl)O(T 1 b,J_) — O(ry, bJ_):P(r L b,J_)]

r, :le__yJ_
b, =E(xj_+y_l_)

—-7/6
nuclear suppression: AN X A / ri=y -x)
1

* For P, = Qg the TSSA has significant

»In Wandzura-Wilczek approximation, odderon does not contribute to TSSA in pA
collisions!


https://indico.pnp.ustc.edu.cn/event/1119/contributions/17127/

This work: Combining FFs with the Odderon

* Combining the real part of twist-3 FF with the Odderon!
* Only dynamical twist-3 FF may contribute (they have real and imaginary part):

-1
dAO- 1 MN AawPy, deleZ 1 1 A~ #h (1L # =(1)L
= Pl——— X|Re Ez(z,2z,) X ImTr YaSy (21,23) + Sy (24,2
dynd2P, . 2(2n)3 € Z12Z22 Z, 2z 7(21,23) 7 Ya (21,22) + 73 2)’5 (21,27)

* Transversity and target distributions are contained in So(ll)L:

+

1 2 P _
S(gl)L(Zl,Zz) =03 W=D f dx,(2m)6 (ﬁ — qu+> (tre(Mg @ (xq) M)

* Amplitudes:

. (Pre_g ).
Mg(zl,zz) =1 J eLkJ'.xJ'el( 22 kl) leng((kJJ Z1, Zz)V(xJ_)thab(yl)

kix;y1

(T dkT 7. ¢ |4
quoc(kJ_rZLZZ) = lf (Zn))’+ p - 2 Vﬁ aﬁp 2 M = —ij
- (—h—k) + i€ (qu+k—Z—h) + i€ k
1



* Objectto calculate: color and Dirac traces

PhJ_ kJ_

e AAWPR Ty E S(l)L dx.h 21)8 P_+ — + plkix, l(m_kl) Vi —ik| x| l( Z ) Y1
Ys—VaSa  (21,22) 2 Xq 1(xq)( ) XqP e e e 2
ZZ Z(N 2 kJ.'xJ_JyJ_'kJ_JxJ_JyJ_

. i
EMWPhTr<(iV50_l)V+VSZ_hVA Taga (KL, 21, Zz)> (tre(VT(xDEPV (x DEt*)UP (y )
2

* Color structure calculated with SU(N) Fierz identitiy; Large N:

/ Imaginary part vanishes under

1
T(~! YD alyrba — 2 / _
<trC(V (x)E7V (x )t )U (yl)> ) (NCD(yl'xi)D(xl'YL) ) transverse integration: NO ODDERON

* Dirac trace is calculated in forward limit; keeping leading power of P,f:

P =
lb Ph+ N (Z_;l - k) , The support properties of Eg
eAaWPR T ((l)/ o )yt Vs~ )/,1 qga(kl,zl,zz)> —16 - et 5 ]2 » 1(0<z,<1,2z, <z < o)enabled
1 (ﬂ — kJ.) straightforward k™ integration
Z1



* After calculation of the mirror diagram (gluon on right side of the cut): 0

P
_ ijo . [Lh _
dAo _ M Ng jdzleZP i_l 1x n (x )ReE (Z Z) _ZZE Sll(Zl k>]
dy,d2P,, 2m2NZ—1) 2222 Z, 7y a1\ Xq F\Z1,22 }((Zl,zz,kl)—z—l (PhJ_ ; 5
k)
iPhi
J etkL T "z, CH (21,25, k D[P (r, b )0, b)) + P (', b )O(ry, b))l
k.L!rJ_rb.L'rJ_

 Fourier transforms of Pomeron and Odderon:

P(k,,A)) = j el Tielhrbrp(r b)) Oy, A)) = f ef1Tiethibi O(r b))
r

r.L;bJ_ J_!bJ_

* As a function of b, Odderon peaks around R, (small A, approximation)
TALK BY JIAN ZHOU

dAo M NZ jdzldzz p 1 1\" b, (o )Re By ) -
= ———] X X, )Re Ep(z4,z
dypd2P,, 2m2NZ2—1) 2222 " \z, z) ~¢ 'V Pz H=H(A,=0)+A,5—(4, =0)
/ 1
Py, Py, i
f HD(ke,,A,) [ (_;AJ_> (k,,A)—P(Kk,,A)) (_:AJ_ Yanlshes under angular
KA Z2 Z3 integral due to Odderon 3
cosine modulation H



https://indico.pnp.ustc.edu.cn/event/1119/contributions/17127/
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Separable Pomeron and Odderon

* We assume separable form of Pomeron and Odderon:
P(ry,by) =P )T(h,)

— 2
dT (b)) T (b)) is a profile function normalized as: jb T(b,) =Ry
1
de_ COS(¢T’b) 1

O(ry,b,) =R,0(r,)

* After performing angular integrations ¢,. and ¢, cross section becomes:

dAc My NZ €YS,;Py;

1 (0)e]
- A3T2(A,)dA
dy,d?P; 2 NCZ. —1 pﬁl 7T2R,¢31j0 1T#(A)dA,

Pp,y

1 dz, (*dz 1 1\ ' P z
j _22 _21P <— — —> Re Ep (21, 22)xqh1 (%4) 226G <%) Z1 Jo "y Fie)diey
Z

min 72 Y23 Z1 22 41 2

2

. R :
Fle) = Gz | €m0 {cos(a)G0e1) = sy | €470 cos(ra)
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Separable Pomeron and Odderon

Dipole-square piece from:

PhJ_

P
hl K_LF (r)dr,

2

dAO- NCZ' EUSJ_lPh] 1 jl de Joo le (1
z, 41

1\1
P|l——— ImEF(zl,zz)thl(xq)ZZ

//

2

dAo My N2 €YS,.P, .
o _ Mv Ne €70tk 1 j 3T2(A,)dA,

dz, [(*dz; 1

1 1\ 71
j — | —=P (— — —> Re Ep (21, 22)xqh1 (%4) 226G (Z) Zq jo KLF(KL)dKl

Zin 22 Jz, 21 Z, 71

2

. R .
Pl = Gz | e™mP () {cos(a)G0e1) = sy | €470 cos(ra)




Model for P(r,) and O(r )

solution of Balitsky-Kovchegov equation from:

0.3Y

exp(=Cq17))

(C271)C3

0.2

0.8

Oy(r) = Ae‘BY(Cr)3(1+VY)ln<

Gt 1) (Gev )

—-2.5

1 Agcep

For r, dependent part of the Pomeron and the Odderon we use a fit to our

r1Agcp

12

exp(—Cq17r])

2 0.15Y"
N > - %CooAl/sln( L +e)e (C2r s
ele

Maximal A (SU(3) constraint) (1 +32)(1-2)%—-6(6P + (1 -P)?)0*—-30*=0

(valid forallr, and b,)

0.2

C, = 0.80 GeV

C, = 1GeV

Cy = —0.77

B =0.13

C =1.21GeV

y = —0.04

Coo = 0.1 GeV?
AQCD - 02 GeV

Cop = 0.087 GeV?2 -

Fitting

- parameters



Estimation of nuclear dependence of TSSA

* At initial condition and for outgoing hadron transvesre momenta around saturation

scale: P, « +/(CopAl/3 , polarized cross section scales as:
hl 0P U
Ryx A

1 P L P,
hl Z1 _ . L -1/6

n1 Ra Z2
Pp,

fZ:L K'J_F(KJ_)dKJ_OCAZ/B
0

* Unpolarized cross section is:
D(z,) is a twist-2 FF, and

do.unpol dZZ PhJ_ PhJ_ > . . .
_ | =22 Thi _hL) o 41/3 f(x ) is a collinear twist-
dypd*Pp, f 222 D(ZZ)xqf(xq)F ( ) > < F ( ) ) 2 PDqF
e TSSA scales as: dAO- —7/6 Same nuclear scaling as in:
Ay x A

dgunrol



Setup for numerical calculations

* Due to support properties of twist-3 FFs we approximate:

Phi Pry

Z1J - Kk F(ry)de, = sz - Ky F (e )dicy
0 0

* Remaining z; dependence is of the form to use QCD EOM relation:

é1(z3) ©dz; 1 ~
=—| —= E
Zy 2 le P<1/Z2 _1/Zl> Re F(ZLZZ)
o . . . . . —bz/Ri
For the profile function we take the Gaussianform: T(b,) = e
e Polarized cross section used for numerics is thus: JO AIT?(A)dA, = 2m?
.. PhJ.
dAoc NCZ~ EUSJ_iPhj 1 1 dz PhJ_ z
=M — 8 Z,PZXhX,PZG—j x, F(x,)dxk
el s I LAV AL Gl I CRLS

» All FFs and PDFs evaluated at the transverse momenta of produced hadron! Same in unpolarized case!

14



Used PDFs and FFs:

= Collinear twist-2 PDF:
CJ12 dataset

= Twist-2 fragmentation
function: JAM17 global
analysis result

= Transversity PDF:
JAM22 global analyis
result

Fragmentation function é;(z)

= Chiral odd FF usually studied in the context of
double spin asymmetries

= Can be used to measure transversity distribution in

processes like: [p' = hX |
Mass of constituent quark

A

= Chiral quark model: é;(z) = i%D(Z)
- N

= Recent input by

H(z) -

n ~ M ®dz; ImEx(z,z

é,(2) =< 0 H(2) :_MNZJ 221 177 F_(l/zl) JAM22!
—H(2) vz A !

15
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= Chiral quark model: é;(z) = i%D(Z)
- N

= Recent input by

n @ ~ M ®dz, Im Ez(z, z
é1(2) =< 0 H(z) = M—sz — 17z F_(l/zl) JAM22!
—H(2) vz A !
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Preliminarly results for pr > 1T X

» TSSA grows as a function of Feynamn-x
0.02 |
» This mechanism is significant for low transverse
momenta of produced hadron
» Smaller P;, than STAR and PHENIX

0.01 |/~

______ » TSSA obeys a sign change! Consequence of the node
’ in the Odderon (small change of node position is
consequence of k; = Py, /2)

—-0.01¢
— xF — 0.25
T, — 0.45
—0.02} o oo

-, — 0.85

0.25 0.5

0.2 0.4 0.6 0.8



-l x A

—1.00325

10

Preliminarly results for nuclear dependence |

» Obtained nuclear dependence scales as:

—1.00325
Ay x A

» Since fitting parameter C has dimension of GeV,
at higher rapidities the Odderon scales as:

2

4 —1/6-(1/2)yY
5+3yY x A
hl

G(k,) x

> For RHIC energies (x; ~ 10™*) TSSA scales as:

On RHIC energies the
suppressionis not as
strong as A~7/6

AN X A—1.07

7



Summary:

5.

. Completely new contribution to TSSA coming from the combination

of the real part of genuine twist-3 FF and the Odderon
Cross section calculated in small-A approximation
TSSA changes sign as a function of Py,

TSSAis largest for P, < ()5 (saturation scale)

Numerically confirmed nuclear scaling

18
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