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Measurement of A-spin through decay A° — pn-

Proton preferentially emitted along A-spin
In A rest frame: pol. decay distribution
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Transverse A polarization in pA: long history...

One of the first transverse spin effects at Fermilab (1976): p+Be—>A%+X
and many more follow-up measurements, also at CERN SPS (NA48), HERA-B
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A polarization was found
to be sizeable!



Measurement of A-spin through decay A° — pn-

Proton preferentially emitted along A-spin
In A rest frame: pol. decay distribution

dN dN N
P/ pol P/ unpol

T PA: Transverse Lambda Polarization

Transverse A polarization in pA: long history...

One of the first transverse spin effects at Fermilab (1976): p+Be—>A%+X
and many more follow-up measurements, also at CERN SPS (NA48), HERA-B
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+0.2 | (d) § : :
" ap . ] : A polarization was found
LA to be sizeable!

HERMES (2007, 2014): [0704.3133,1406.3236]

non-zero polarization in quasi-real photoproduction of AT off nuclei!




What about LHC? Is it feasible at a high energy collider?
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Recent ATLAS measurement at VS = 7 TeV
[ATLAS, PRD 91, 032004 (2015)]

Polarization small at mid-rapidity
A polarization at LHC possible

Can A polarization be useful for LHC physics?
Tool in particle physics?
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Simplest and cleanest process (like DIS): ete- — X

» OPAL at LEP on Z-pole [Eur.Phys.J C2, 49 (1998)]: N
Longitudinal Polarization, O 0.08a PINNing [0.2,0.2,0.4,0.5,0.7,0.9]
no significant Transverse Polarization o g'gii v anti-A
% 0 02F = A anti-A data ratio
» Preliminary Belle data: Transverse Polarization O .
[Yinghui Guan, SPIN 2016] a 0.02 "
— talk by A. Vossen -0.041 i ;
-0.06}
= o -0.08¢
= significant transverse polarization R T FR Y S R B R F R IR

(measured w.r.t. thrust axis !) ZA/A
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Perturbative QCD at leading twist: A fragmentation

},’ A parton — A + X transition:
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Perturbative QCD at leading twist: A fragmentation

>

},’ A parton — A + X transition:
4

(Pa, Sa; X[G(0)]0)

‘'square of the amplitude’

A (2) N Zi/ X =i (0| [oom, 0] q; (0)|Pa, Sa; X)(Pa, Sa; X| q; (Am)[Am, com)] |O>J

A fragmentation functions
at leading twist

FF of unpolarized g — A:
fairly known [fits by AKK08, DSV, ..

]

H=AJ/A, i=u, M =912 GeV
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A fragmentation functions

at leading twist

DA/q(Z)J FF of unpolarized g — A:

1 fairly known [fits by AKK08, DSV, ...]
A FF of longitudinally pol. A:

G! /q (2) 9 y pol.g=——

poorly known [attempts by DSV to fit LEP data]




Perturbative QCD at leading twist: A fragmentation

},’ A parton — A + X transition:
. . > X (Pr,Sa; X[ q(0) 0),

‘'square of the amplitude’

A (2) N 2/ X =i (0| [oom, 0] q; (0)|Pa, Sa; X)(Pa, Sa; X| q; (Am)[Am, com)] |O>J

A fragmentation functions
at leading twist

A/q FF of unpolarized g — A:
D; (Z)J | .
fairly known [fits by AKK08, DSV, ...]
GA/q( ) FF of longitudinally pol. g — A:
1\ J poorly known [attempts by DSV to fit LEP data]
A | FF of transversely pol. A
Hl /q (Z) ypo.q —

unknown, chiral-odd, hard to extract from single-inclusive processes
Candidate to explain large transverse A polarization?

————————————————————————



Collinear Twist-3 formalism

'intrinsic’ twist-3 FF with transverse spin: G%/q(z) Dfﬁ/q(z)
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Collinear Twist-3 formalism

'Intrinsic’ twist-3 FF with transverse spin: G%/Q(Z)J Dg/q(z)

V.

'’kinematic’ twist-3 FF with transverse spin:
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Collinear Twist-3 formalism

intrinsic’ twist-3 FF with transverse spin: G%/ q(z)J Df[\,/ q(z)J

'’kinematic’ twist-3 FF with transverse spin:

A%‘(z)=/.d2pr%A(z,sz) — GL(l)’A/q(Z)j DL(l)’A/q(Z)

1T 1T
'dynamical’ twist-3 FF with transverse spin: b a8
A% (z,2") ~ (0l g(Am) g (pm)| Py, Sa; X) (P, Sa; X1¢(0) 0) 12,4,_&—12
— ﬁg/Tq(z,z’), GA/}\?é?(Z,Z/) 1\_19},@9))/ 1 <2 < o0

complex functions: [F'F(z,2z) =0, |FF(z,0)=0] ZFr@z),




Collinear Twist-3 formalism

'intrinsic” twist-3 FF with transverse spin: G%/ q(z)) Df[\,/ q(z)J

'’kinematic’ twist-3 FF with transverse spin:
J—(1)7A/Q(Z)

8560 = [ s — G M) Dif

‘dynamical’ twist-3 FF with transverse spin:

A%(z,2") ~ (0] g(Am) gF™ (um)| Pn, Sa; X)(Pa, Sa; X | (0) |0)
— Dp(z,2"), Gt (2, 2))

FF(2,0) =0 ZFF2)

complex functions: F'F(z,2) =0

Relations: Equation of Motion & Lorentz-Invariance
[Kanazawa, Koike, Metz, Pitonyak, MS, PRD 93, 054024 (2016)]

D) + DTT(Z) _ /01 dﬁ%[DFT(Z,Z/ﬁ)l] :?[éFT(z,z/ﬁ)] DTZ( z) _ (1 B diz) DO () 2/01 dﬁ%[f)g;p_(zﬂ,;/ﬂ)]
. | 1
Gf:ﬁl)(z) _ GTZ(Z) /0 dj [DFT(Z 2/5)1] ?[GFT<Z?Z/B>] GTZ<Z) _ G12<Z> i (1 _ z%) G#l)(z) _ 2/0 dg [G(I;T_(ZB)ZQ/@]

Two equations, three functions — eliminate ‘intrinsic & kinematical twist-3’
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Single-inclusive
Hard Processes suitable for
AT - production

J




Al in pp - collisions (p p = A" X):

complete LO formulae not yet available, complicated!
[Koike, Metz, Pitonyak, Yabe, Yoshida, PRD 2017]
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Single-inclusive A - production (e p = AT X)

AT AT

U4 U4

o« o«

LO-formula (including EoM & LIR)

[Kanazawa, Koike, Metz, Pitonyak, MS, PRD 2016]
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Al in pp - collisions (p p = A" X):

complete LO formulae not yet available, complicated!
[Koike, Metz, Pitonyak, Yabe, Yoshida, PRD 2017]

Single-inclusive A - production (e p = AT X)

AT AT

U4 U4

o« o«

LO-formula (including EoM & LIR)

[Kanazawa, Koike, Metz, Pitonyak, MS, PRD 2016]

chiral-odd: my be small ?!

Physics opportunity at EIC with Pt > a few GeV!
might help to solve a 40-year old puzzle...



Unpolarized ete- — A X cross section

“Parton Model like” at LO
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Unpolarized ete- — A X cross section

“Parton Model like” at LO

MM
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Unpolarized ete- — A X cross section

“Parton Model like” at LO

MM

do 2 /g | 2P, - do
B BB, > e Dy (Zh)J = g (EAd3ﬁA>NLo°‘ / [ NS4 (00, 5/u?) D (2 0, )

q

_|_5_MS,g (w7 S/:U’Z)Dl /g<zh/wa :U’)]
W,

Typical NLO features:
« infrared safe (cancellation of 1/¢2 - poles in dim. reg.)

Ovirt T Oreal = O(l/E)J O_q/g X _lP /gq(w) T O(EO)J




Unpolarized ete- — A X cross section
“Parton Model like” at L O

MM

Ep do X Z e DA/q(zh)J S (EA do )NLO x / [ M8 (w, /) Dy (2w, )

d3PA q2 J d3 Py,

_i_a.MS,g (w7 S/:U’2)D1 /g<zh/wa /'L)]
W,

Typical NLO features:
+ infrared safe (cancellation of 1/e2- poles in dim. reg.)

fs-virt + Oreal = O(l/S)J 5.q/g X — P /gq( ) + O(EO)IJ

» MSbar renormalization of fragmentation functions — DGLAP evolution

x'. Fr’\ Ph\\ ””Ph Fr’:\\
1
2
p p p

DA/(] (Z) _ DA/q

1,bare 1 ,ren

O(1/e) cancels,
necessary condition for
one-loop factorization!




Transverse A polarization at LO

'intrinsic’ & ‘kinematical’ twist-3 FF: ‘dynamical’ twist-3 FF:

do (Sar) . Dy (zn) iy L SDrr = Gl /)]
i, do =C |SAT]sm(qu);e(2] [ Tzh — Dy 7 (zp) —|—/O dp 5
N . . do(Sar) : D2/ (zn)
¥ Equation of Motion: o dg — C|Sar|sin(@s) %363 [2 Tzh
do (S L' S[Dpr — Grr]P/e
or: dz(h gg) = C |SAT\sin(¢S)zq:eg [ 2D1LT(1)A/q(Zh) + 2 /0 ag Drr fi}ﬁ CZh,Zh/B)]
y

Single-Transverse A spin asymmetry
= Unique effect driven by a single fragmentation function Dt —
absent in DIS (1vy)
+ EOM needed at LO to preserve e.m. current conservation of

hadronic tensor (g, W"' = 0) (EoM not optional!)




Transverse A polarization at NLO

[Gamberg, Kang, Pitonyak, M.S., Yoshida, released soon]

Study the NLO dynamics for twist-3 fragmentation in the simplest process
Different compared to twist-3 distributions (no pole contributions)



Transverse A polarization at NLO

[Gamberg, Kang, Pitonyak, M.S., Yoshida, released soon]

Study the NLO dynamics for twist-3 fragmentation in the simplest process
Different compared to twist-3 distributions (no pole contributions)

Virtual & Real diagrams (qg/q - channel here, gg/g, agb/g not shown)

MMM
b e

Figure 6: Self-energy corrections

| B | p' | p' p-p'
q . q P’ q
p-p PVQ
i . I ]
T P a

Figure 7: Vertex corrections

| B | b op'| -
op )
9 6{6659 q 00 q v
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Figure 8: Box corrections

S h .

Figure 9: Real corrections

E.o.M. - relations are crucial:
Eliminate ‘intrinsic’ twist-3 contributions:
only then color gauge invariance at NLO! v/
Imaginary parts: In the dynamical
fragmentation process & loop diagrams
Infrared 1/e2 - poles cancel v
1/e - poles of imaginary parts of loops
cancel through E.o.M. v
1/e - collinear poles of real parts of loops
through MSbar - renormalization (?)




Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3

2 P,mlSh
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3

2 Py, mlSy
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3

do goM‘Z 202 N 2Mh€thlSh / LO
Ej, 1P (Sp) = (4m223)¢ P . (2v—1) x
h

kv"
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Complete structure of the NLO result
w/0 Intrinsic twist-3

do goM‘Z 202 N 2Mh€thlSh / LO
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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Complete structure of the NLO result
w/0 Intrinsic twist-3
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NLO

imaginary parts of loops



d EOM2
Ou
dd 1ph

Complete structure of the NLO result
w/0 Intrinsic twist-3
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' Dq el h (

2p, 2k

Z — 2Dz, )+2/ B prl(en
q=u.u,.. 14—)8/

/ / dg {a;gf‘:ﬁ‘ Dy (%)
Zh

/LO

NLO
%ark correlation w/ EoM
NLO

2-gluon correlation w/ EoM

2 (w) Dyp () + 65
i o SR 2 ona o SICRIE2) NLO
g‘cngEpTM( ,B) -5 o=+ 68 (w, B) -3 - Fq-gluon-q correlation w/ EoM
017w, ) (D — O + (1 -9 HEFI(5 35) NLO
+639E My B)S[(1 — &) DYy + G99 + = I?,%%](%, 2 triple-gluon correlation w/ EoM
o (5 omiss) < | ol
g=u.d,.. ;
R[DL., -G%T](w,wﬁ : e NLO
+a5(w, B) -5 + O(A*)s), dqg-gluon correlation w/ EoM

All partonic factors calculated in
Feynman gauge & Light-cone gauge,
both calculations agree!

-

NLO

imaginary parts of loops



If we assume that twist-3 factorization holds...




If we assume that twist-3 factorization holds...

read off evolution equations from collinear divergences for quark twist-3 FF D+(2)

811?;12 DT(z u) / dw/ dp

(D — Gi51(E. Biw)
1-p

1 1 1 1
P j(w) DV (2ip) + Pl (w) DP9 (2 )

1.f—g

28D (%, B; 1)
(1-5)°

1 1
+ Py}, o (w, ) + P, (w, B)

+ Y PN LB S & awl+ Y B w8 SIGH (2. B; )
fI:qI q' fl—-ql q'
SINS(5. 8] | pin SINS(3.8:m)] |, pin S[N1(3. B )]

+ Pll] 7,f—vgg(w’ ﬁ) Bg(l IR 5)2 8f—)gg( :B) BQ(I . B)Q ]

6f—>gg(w B) B2(1 — B)2

ordinary DGLAP splitting functions

1] B Cras 1+ w?
pl,f—s»f(w) = —2 o ((1 . —5(1 —w))

1 Cras {1+ (1 —w)?
Pll}—»g( w) =4 27],8( w )

Others: more complicated



If we assume that twist-3 factorization holds...

read off evolution equations from collinear divergences for quark twist-3 FF D+(2)

sinr (D) / /dﬁ

(D — GFrl(E: B: 1)
1-5

1 1 1 1
P (w) D (25 p) + P (w) DiV9 (25 )

1,f—g

23[DI%)(2, B; )
(1-p8)?

1 1
+P?!,_}'—)fg(w~ﬂ) +Pf£,}—)fg(wn8)

+ 3 PN A S G A+ Y P (w8) SICHE (2.8 )
f'=q'.q fl=q'.q'

S[N3(Z, 8; )] S[NS(Z, B; )] 3[N1(Z, B; )
+ P g3 B) i + Pl (0, 6) = =+ P (w.B) =~ ]

ordinary DGLAP splitting functions

1] B Cras 1+ w?
Pl,f—»f(w) = —2 o ((1 . —5(1 —w))

Others: more complicated

1 Cras (14 (1 —w)?

Final proof of one-loop factorization:
Need to derive evolution equation directly from correlator!
Previous work on unpolarized chiral-odd twist-3 fragmentation:
[Belitsky, Kuraev, NPB 1996; Ma, Zhang, PLB 2017]

“The Gribov-Lipatov reciprocity fulfilled for two-particle cut-vertices only!”




Summary & Outlook

A Polarization: Long history, measured in pp-collisions, recently at
ATLAS — feasible at a high-energy collider

Recent measurement at Belle in e*e: clean processes to determine
polarized A fragmentation functions

Theory for ete: Transverse A single-spin asymmetry through (LO) Dr,
consequence of missing T-reversal — unique feature

Outlook /Implication: NLO completed,

— calculate ‘splitting functions’ for polarized A fragmentation function
— Double Spin Asymmetry Arr equally important...

Then: extension to other processes, e.g. ete- to be studied (A+n - final
state)



