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* Introduction
* Only leading twist STMDs
* Processes with electromagnetic hard probe

e Parton Distribution Functions: STMD PDF
- DIS, DY, SIDIS

* Parton Fragmentation Functions: STMD FF

* Hadron production in e*e” annihilation: SIA, SIDIS

e STMD Fracture Functions

* SIDIS
* SIDY

 Conclusions
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QCD factorization: DIS
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Access to nucleon f,%%(x) and g™ (x) leading twist PDFs
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QCD TMD factorization: SIA

Access to q+ g fragmentation finctions D, (z,p?)

Two hadron production in opposite hemispheres: acces to Collins FF thq (z,p%)
Two di-hadron production in opposite hemispheres:
acces to H; (z), H, (z)and G, (z)
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QCD TMD factorization: SIDIS
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Access to leading twist nucleon TMD PDFs f(x, k), g (x,k?),h¥(x,k?)
and Collins FF H,(z, p?)
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SIDIS: CFR

YVVY

d GZ(I,/I)+N (Py,S)—=L(I")+h(P)+X d Gf(l,/1)+q(k,s)—>€(|’)+q(k’,s’)
_ hy
2 2 o 1tq,s/N,S ® 2 ® Dq,S’
dxdQ“d¢, dzd “P; dQ

) hy _ 2 Pr XS 'T 2 Measured in semi inclusive
Two FFs: Dq,s,(Z, Pr)=Di(z, pr)+ H,(z,pr) e*e’=> h;h,X annihilation (SIA)

h
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Twist-2 STMD qgDFs

f,h (X, kr)
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All azimuthal dependences are in prefactors. TMDs do not depend on them
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LO cross section in SIDIS CFR
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8 terms out of 18 Structure Functions, 6 azimuthal modulations
4 terms are generated by Collins effect in fragmentation
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Are there Collins-like correlation in TFR of SIDIS?

AK, Yerevan Transversity Workshop, 2009

: : \ AVAVAVAN //q’s q',S' ]
— v _
h ;th/N (%, Z)J

In contrast with CFR for hadrons produced in TFR of SIDIS

2(1-y)
1+(1-vy)
- the modulation induced by combined effect of

>
>

- the factor D,,(y) = > Will be absent in asymmetry

TFR

transversity and Collins-like correlation will be

different: sin(g, +¢,) — sin(¢, —¢,)
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SIDIS: Fracture Functions formalism for TFR

Trentadue, Veneziano 1994

Graudenz 1994

Collins 1998, 2000, 2002

de Florian, Sassot 1997, 1998

Grazzini, Trentadue, Veneziano 1998
Ceccopieri, Trentadue 2006, 2007, 2008
Sivers 2009

Ceccopieri, Mancusi 2013

Ceccopieri 2013

YYVYY

e x. <0

STMD fracture functions, Anselmino, Barone and AK, PLB 699 (2011)108; 706
(2011)46; 713 (2012)317
Both the nucleon and quark polarization are taken into account
as well as produced hadron and quark transverse momenta

dO_K(I,/I)+N(PN ,S)>L(1I")+h(P)+X dO_f(l,/1)+q(k,s)—>€(|’)+q(k’,s’) -

dxdQ*d¢. dZ d’P. BSIN.S dQ? Py
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Quark correlator for fracture functions

. 1 dEE ekl
B,kl,é/,PhL)—élé,J- (27[)6 ~ ZJ(ZE) 2E

<(P,S|@(O)|P,S,; XXP.,S,;: X |w(&F,0,E,)|P,S)
C'=y", vy, ic"y. < leading twist

At LO 16 STMD fracture functions. Probabilistic interpretation at LO:
Conditional probability of finding a quark q(x,k,) in the fast moving
proton fragmenting to h(¢,P, ;) moving in same direction = STMD CPDFs
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Leading twist decomposition of quark correlator
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STMD fracture functions depend on x, kr , &, P, K¢ Py

kt -Pr = kg B cos(g, — ¢q) — azimuthal dependence in fracture functions
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STMD Fracture Functions for spinless hadron production

Nucleon Polarization

Quark polarization

.
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mym,
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Nomenclature:

- subscript 1 <> twist 2
- subscript L, T <> long.(tran.)

target polarization

- U, <> unpolarized quark
- IA1 <> long. pol. quark

t, <> tran. pol. quark

1ok

he P
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Nonzero fracture functions u,l,t. Useful for modeling.
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LO cross-section in TFR
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yQ*
Oy (%,¢ B )sin(g, —¢s) +

(1+@-y)?)D el x

q

Lt (x. ¢, P?)cos(g, —¢)

At LO only 4 terms out of 18 Structure Functions,
Only 2 azimuthal modulations

No Collins-like sin(d,-d;) modulation

No access to quark transverse polarization
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Including Cahn and Sivers effects in the event generators

9 Ccrr

1ring
A8
TFR

target remnanr

(2+y)vT—yk,

Cahn: 1 —
1+ (1—y)* @

COS ©

Sivers: 1 4|8,

"II'\'II:]' (1) h(kJ—) Sin {F{}Sév

Generate the final quark azimuth
according to above distributions

Pol. SIDY, Trento, 8-Nov-17

Aram Kotzinian

{cos ¢,/ w,(y)

-0.15F

-0.25_'

0.2

0.15

0.1

0.05

-0.05}

-0.1F

0.2}

line: mLEPTO

EMC data
Z. Phys. C34(1987)27

-0.8 -06 -04 02 0 02 04 06 0.8

15



{ﬂ} O,M T T
Xk COMPASS i

- e & mLEPTO _I' % 1

—— Y THIA N

0.04 1~ & it compass

i el EPTO

| smmms &* mPYTIHIA

'ia.az
0 b
it
—0.p2 Ll Ll ——
.01 a1
X
(b) 908

T
#* bompass ' .
e Kl EPT s 7wl EPTO .
0.0 [ - P YTHIA s i mPYTHIA —

T T
| % hcombiss A

T T T T T T T T T T T T
{C} k4 KCOMPASS BBE B salEPTO -G sPTTHA
.04 & N OIS . T el EPT e Y TITA—]

0.5 1.0 15
Py (GeV)
Pol. SIDY, Trento, 8-Nov-17

—0.02

ﬂ-fﬂ T T T T I T T T T I T T T T I T T T T
[ ® K o T
| 4 K° ® *q"" ]
005 EIC: 5x50
s L
‘_‘_;F L
i
_ﬂ.ﬂj 1 I+I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
-0 —.5 (/] 0.5 1.0

rp

FIG. 13 (color online).

EIC model SSAs for 5 x 50 SIDIS
kinematics for charged pions and kaons versus xp. The Sivers
asymmetry is present both in the current and target fragmentation

regions.
E..zﬂ' T I T T T T I T T T T I T

s K o & 4
0I5 4 K* W g 11 =

<
010 - CLASI2 "1)( T

Lo
. 0.05 PP —
v i gsssseses?®

Sivers effect in the event generators
Matevosyan, AK, Aschenauer, Avakian, Thomas, PRD 92, 054028 (2015)

Then this correlation is transferred
to produced hadrons via
unpolarized string fragmentation .

Only correlation of target S;and struck quark k;
is explicitly parametrized using Sivers PDFs.
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FIG. 17 (color online).

Predictions for SSAs for charged pions

and kaons versus xp at CLAS12. The Sivers asymmetry is present
both in the current and target fragmentation regions.
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Double hadron production in DIS (DSIDIS): TFR & CFR

()
Three hadrons in game.

(1), A One (target) is polarized.

A J
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h
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do

Unintegrated DSIDIS cross-section
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dxdQ’d¢g, dzd*P.,d£d*P,,

a’ X

Q'y

(1+@-y)?)

a’X

Q'y

(1+@-y)?)

(6" @ D" + AD, (y)I" ® D"

A @PrxS H,"

I'T]h1 )

oy, +95,0, +S;0,; +

\

AD, (GLU +S, 0, + STGLT)

Pol. SIDY, Trento, 8-Nov-17

DSIDIS cross section is a sum of
polarization independent, single
and double spin dependent terms,
similarly to 1h SIDIS cross section.
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DSIDIS azimuthal modulations
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Structure functions F*® depend on x,z,¢, P’
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T1?

I:)Tzz and (PTl'PTz)

P.,-P;, = PP, Cos(Ag), with Ag =¢, — ¢,
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Twist two!
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A, asymmetry

Anselmino, Barone and AK, 713 (2012)317

F"" depend on x,z,¢, P, R, and (PP, )

Pr1-Pr, = P, P, COS(Ag), with Ag = ¢, — ¢,

One can choose as independent angles A¢ and ¢, (¢, =Ag+4,)
Integrating o, and o,, over ¢, we obtain

| dg,o,
Ay =% -
| do,o,
_Piby Ffﬁ“-Dl(X z,C PP’ cos(A¢))sin(A¢)
k1 EILNRE STRE P
m,my

Fo ™ (%, 2,4, P, P, cos(Ag))
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A, @ CLAS
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Courtesy of S.Pisano & H.Avakian
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Presence of higher harmonics indicate that o ,(A®) # o,,(AD)
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DY processes: QCD TMD factorization OK
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O & il Pyes Pacs
H,(P,. 5,) Hy(P,. ) A /
, ) /
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DY cross section: general expression
Arnold.Metz.Schlegel, PhysRevD.79.034005

d 2
o = (1 + coRO)Fyy + (1~ cosO)Ffy + sin2fcosg Py + sint 0 cos2 P
q

+ SHL{stH singF} 1Y + sin20 sin2 b Fipr ?) + S, (sin20 singd Fip? + sin260 sin2¢Fipy?)

+ |S.7llsing (1 + cos?@)Fhy + (1 — cos?A)F2, + sin26 cosd Fy TU + sin’6 cos?équM

+ cosd,(sin20 sing Fyy’ + sin?@sin2dFir ?)] + |Syrl[sind, (1 + cos?@)Fly + (1 — cos20)Fayp

+ 5in26 cosp Fen? + sin20 cos2pFomn?) + cosdy(sin20 sing Fiy? + sin2@sin2pFiry )]

+ S,.8p((1 + cos?)FL, + (1 — cos?@)F2, + sin20 cosdpFso? + sin’0 cos2pFio %)

+ S, 1Sprl[cosd, (1 + cos?B)Fiy + (1 — cos?A)F2, + sin26 cosp Fsn? + sin’f cos2dFion-?)

+ sin,(sin26 singd F33¢ + sin0 sin2 F32%)] + |S,71Splcosd (1 + cos?@)Fr, + (1 — cos?0)F3,
+ 5in20 cospFor? + sin20 cos2pFor %) + sing,(sin28 sind Fip? + sin?@ sin2¢ Fip-?)]

+ |87 1S prl[cos(b, + bp)((1 + cos20) Fip + (1 — cos?0)F2, + sin26 cospFen? + sin’f cos2dp Fop-?)
+ cos(b, — ¢p)((1 + cos?0)Fr; + (1 — cos’0)Frp + sin28 cosp Foor? + sin®6 cos2¢p Foor™?)

+ sin(d, + ¢, )(sin26 smq&F“"“ﬁ + sin# stq&F“"M

+ sin(¢p, — ¢, )(sin26 singg Fin? + sin26 sin2¢p Fim ¥) . 0, ¢: CSangles

48 structure functions ¢a’ ¢b . azimuths of SaT’ SbT
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do

DY cross section: parton model approximation

d4qu

1 - -
aﬂmx ol =Y f 2R rd? K, 7
N q
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DY-LO, transversely polarized target

LO 2
do_ 2 %n 5 £1.4D

d*qdQ Fq?
#5,[A sing, D, (A sin2g+ g) + A sin(2g - 4)) | }
T AT ¢S [Sin2¢9] AT S AT S

AS** cos 24

[sin% 0]

Lo f(0)

160 ™ 11 cos? @
)

LO
6, = F;(1+cos’ @), D

Only 5 structure functions F, ("%

4/26/2010, CERN Aram Kotzinian
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DY-LO asymmetries, transversely polarized target

AT C[(Z(h Kk, )(nk, ) -k, Kk, Jh R }/I\/I M, F

. LO . .
A?MS = A?MS = C[h ka 1:1 flTL]/M F
_ LO
A?m(2¢+¢s) = —C (Z(h ka)[Z(h kaT)(h ka) kaT ka] kéT (h- kaT) ]/4|\/| |\/| F

AS(20=45) i hk, h'h |/2M, F)

R= C 1T, h=
C[wikyr k) 1T, | = -3 e [d%k, 0%k, 6P ar —Kyr Ky WK, Kyr)

N q
[ o k2 13 0 ka)+fq(xa,kiof;(xb,kéa}

4/26/2010, CERN Aram Kotzinian
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SIDY processes

Ho(Fa Sa)

D

O ==
Hy(Fy, Sp)

Generalisation of Arnold.Metz.Schlegel formalism to the case when
one hadron with low transverse momentum is detected in coincidence with dimuon.
We will consider only LO contributions
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Disclaimer: factorization analyzer

For low p; hadron production arguments against factorization have been given by
Collins, Frankfurt, Strikman, PLB 307 (1993) 161, Berera, Soper, PRD 50 (1994) 4328, Collins, PRD 57 (1998) 3051.

Ceccopieri, Trentadue, PLB 668 (2008) 319,
Semi-inclusive Drell-Yan Process as a Factorization Analyzer

‘It is therefore highly desirable to have a standard perturbative framework
which can be used as a “factorization analyzer”..

Example: Ceccopieri, https://arxiv.org/abs/1606.06134
Predictions for Single-diffractive Drell-Yan pair production at the LHC

p(Py) +p(P2) = p(P) + 4" (— 1" (p3) + 1 (ps)) + X

obtained using the fits to HERA leading proton data
[(k) + p(P) — I(k) + p(P") + X(px)
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https://arxiv.org/abs/1606.06134

s

WA11 Collaboration, Pietrzik et al, PLB113(1982)105, |

Thanks to Jen-Chieh Peng for pointing to this article oo
\\L

1-x, -13, 3¢

>

: I
CERENKOV l E}‘;‘* Be BeT'H ¢ A ™ geam
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Fig. 1. Experimental layout. H represents a scintillator hodoscope; u is a muon beam halo detector. a // //_ ' '
_ Naive expectations:
1 (dN*  dN P |
Charge asymmetry: — -1/3 for y>0 in DY production

Ne, L dy dy -1 for y>0 in J/U production by gg fusion
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WA11 Collaboration, Pietrzik et al, PLB113(1982)105, I

= 3 " 3

F ]J Integrated charge of produced at y>0 hadrons
J L | ;EiL DY production: —0.36 £0.05
e L] L Close to expected —1/3

1 2 3 4 1, 2. 3 4,

s fpPtance corrected J/y production: —0.60+0.08

(1/N)(dN*—dN"/dy)

, l Jly produced mainly by gg-fusion
LT 7N > hX: —-0.76+0.1
L‘ | Charge "leak" at y=0
- l:._lq_l._ S N T N —

rapidit
charge flow P

Fig. 3. Distribution of charge versus the rapidity of every particle. (a) Distribution correctad for acceptance (dashed line) and not
corrected for acceptance (solid lined. (b), (¢} and {d) Data corrected for acceptance (solid line), d quark MC (dashed line), and 0
quark MC (dashed —dotted line),
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Polarized SIDY cross section in parton model approximation

do _ QX% 1 - .-
d’qdQdcd’P. . 29° N 2., [ @ker d%er 8 (G —kir — ke )
T c q
(1+ cos2 9)(q)q[y ]MW + I 75]Mq[7 m) One of the simple quark
correlator is replaced with
CoS 2¢(5‘1511 _ 5‘2512) fracture function correlator
x| +sin” @ (DQ['G 75]Mq[5 75l
+5in 245757 + 516 7)
HD <> &, M > M¥+0O(1/Qq)

p
Ouu +OpL0UL +OpT OuT )
aem X, X,
T +3aL0 Ly a1 OpLOLL H O SpTOLT l
HOa1 0Ty T Sa1 SpLOTL + 94T ST 01T
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oTy < (1+00329) +FTU
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CONCLUSIONS

New members of the polarized TMDs family -- 16 LO STMD fracture functions
For hadron produced in the TFR of SIDIS, only 4 k.-integrated fracture functions of
unpolarized and longitudinally polarized quarks are probed.

* SSA contains only a Sivers-type modulation sin($,-d.) but no Collins-type sin(d,+ds) or
sin(3¢,-d). The eventual observation of Collins-type asymmetry will indicate that LO
factorized approach fails and long range correlations between the struck quark
polarization and P; of produced in TFR hadron might be important.

DSIDIS cross section at LO contains 2 azimuthal independent and 20 azimuthally modulated
terms.

SIDY cross section at LO contains 2 azimuthal independent, 20 lepton azimuth independent
and 52 lepton azimuth dependent terms

The ideal place to test the fracture functions factorization and measure these new
nonperturbative objects are JLab12 and EIC facilities with full coverage of phase space and
polarized SIDY

PQCD factorization issues (SIDIS, DSIDIS, SIDY).

* Structure of Wilson lines. SIDIS «— DY universality: sign changes of
some fracture functions? Higher twist. Polarized hadron production.
Phenomenology: parameterizations , simple models.

« Application to other processes:
P+P - n+ X, PM+P — m+jet+X ...
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Convolutions & tensorial decomposition
C[M-Dw] :Zejjdszdsz 59 (zk; +p; =P )M, (X, &, k2, P, Kk, Py,)D, (2, pP2)W

C[M-D]=F""®
C[M-DK']= PR, Ry +P,R5®
C[M-Dp'l=P,Fi®° +P,Fl®
C[M-Dk'k']=P PIFM? L pi pI EMD 4 50 FND
C[M-Dk'p']= P\ PL RN + PP, FeLC + (PP, —PLPL )Rl + 5T FLS

kp3

CIM DK’k p*]= P/, PLREFMP + PLRIPS FMD 4 Bl pLRK FND

T1 ' kkpl

i i pk =MD k cij =M-D k cij =MD
+P;, PP For + Prid” Faos + P58 Fos

T1" kkp4 kkp5

where FM® depend on x,z,¢, P2, P2, (Pr,Pr,)
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Pol. SIDY, Trento, 8-Nov-17

Structure functions

(PTl'PTz)(PTz'k) - (PT1'k)PT22 ]
2
(PTl'PTz) _P'I'21P'I'22

(PTl'k)(PTl'PTz) - (PTz'k)PT21 jl
2
(PTl'PTz) - P'I'21P'I'22

(~2(Pr k)" + k7P )P, +(2(Py k) ~kPE, ) (2(PP, )~ PEPZ, )

4(PT1'PT2 )2 ((PT1'PT2 )2 - PT21PT22)

(Z(PTl'PT2)2 - P'I'ZlPTZZ)(PTl'k)Z T P'I'Zl(PTZlPTZZ _(PTl'PTZ)Z)kZ _(PTz'k)2 PT41

2(PT1'PT2 )2 ((PTl'PTz )2 - PT21PT22)
((PTI'PTZ)Z + PT21PT22)k2 _(PTz'k)2 PT21 _(PTl'k)z PT22

2(F)Tl'l:)Tz )2

Aram Kotzinian

47



Structure functions of o, o, Oyt
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Structure functions of o, O,
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Structure functions of o
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Old &> New Notations
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JLab CLAS, preliminary (courtesy of Silvia Pisano)
7" in CFR, 7 Iin TFR,
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Silvia Pisano, LNF - DiHadron analysis summary
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JLab Very Preliminary

| Beam-Spin Asymmetry with e1f data - Integrated [pPhisHelRatio Beam-Spin Asymmetry with e1f data with 0.0 <z < 0.22 l hiziBHelRatio
—— 104 8
B Mean 3.999 0.025 Mean 2693
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Beam-Spin Asymmetry with e1f data with 0.22 <z < 0.32 [ hizZBHelRatio Beam-Spin Asymmetry with e1f data with 0.32 <z < 0.6 rh'Z3BHe|R3“°
— 33 o 134
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Presence of higher harmonics indicate that o, ,(A®) # o,,(AD)
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