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* Processes to access the non-perturbative inputs Spin and Transverse Momentum Dependent (STMDs)

e Parton Distribution Functions in nucleon STMD PDF: SIDIS, DY
* Parton Fragmentation Functions STMD FF: Hadron production in e*e” annihilation (SIA), SIDIS, high p;hadron
production in pp collisions

e STMD Fracture Functions: SIDIS, DY
* String Fragmentation: LEPTO, PYTHIA
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SIDIS: CFR
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Twist-2 TMD PDFs
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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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At LO only 8 terms out of 18 Structure Functions entering in the general expression of SIDIS cross section
6 azimuthal modulations, 4 terms are generated by Collins effect in fragmentation
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SIDIS: 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
> X Ceccopieri 2013
o
X <0
daé(l)+N(PN )—=>L(1")+h(P)+X daz(l)+q(k)—>£(l’)+q(k’) é/ P- (1 )
=— X L—X
dxdQ?d¢ Man ( Q 4) dQ? Py

Fracture function M is a Conditional Probability Distribution Function (CPDF)
to observe the hadron h produced in target nucleon momentum direction in y*P CMS
when hard probe interacts with parton carrying fraction x of nucleon momentum.
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Collinear Frac.Func.: application to HERA data, 1
D. de Florian, R. Sassot, Leading Proton Structure Function. PRD 58, 054003 (1998)
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Collinear Frac.Func.: application to HERA data, 2
Shoeibi et al, Neutron fracture functions. PRD 95, 074011 (2017)
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SIDIS TFR: Spin & TMD dependent Fracture Functions
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S

h(P) XF < O

Anselmino, Barone and AK, PLB 699 (2011)108; 706 (2011)46; 713 (2012)317
Nucleon and quark polarization are included, produced hadron and quark transverse momentum are not
Integrated over. Classification of twist-two Fracture Functions and cross sections expressions.
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Quark correlator

—
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(27)°
x(P,S|@(0)[| R, S,; XXP,, S, X [w(£7,0,E)|P,S)
C=y", 77 i0" ¥

Probabilistic interpretation at LO:
the conditional probabilities to find an unpolarized (I =y ™), a longitudinally polarized (I =y~ ys) or a transversely polarized
(F = o'~ ys) quark with longitudinal momentum fraction Xz and transverse momentum k| inside a nucleon fragmenting into
a hadron carrying a fraction { of the nucleon longitudinal momentum and a transverse momentum P, | .
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Karl Linney: plants classification

Plants were divided by it into 24 classes and 116 groups on the basis
of features of a structure of their reproductive organs.
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For STMD Fracture Functions | was expecting
32 (Trentadue) independent structures.

f

Fortunately, we end up with only 16 of them at twist-2
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34 Cartilaginous,

Plate IV. Simple Leaves.

1. Orbicular.
2. Roundifh,
3. Ovate.
4, Oval.
5. Oblong.
6. Lanceolate.
4. Linear.
8. Subulate or awl-fhaped.
9. Reniform or kidney- fhapeds
10. Cordate or heart-fhaped.
11, Lunate or crefcent-fhaped.
12. Triangular.
13. Sagittate or arrow- -fhaped.
14, Heart-arrow- fhaped.
15. Haftate or halbert-fhaped.
16. Obcordateorinverfely heart-

fhaped.
17. 3-lobed.
18. Premorfe or as if bitten.
19. Lobed.
20. g-angled,

érod:d or gnawed.
22, Palmate.
23, Pinnatifid or wing-cleft,
24. Laciniate or jagged.
25. Sinuate or indented.
26, Tooth-finvate,
27. Runcinate or barbed.
28, Parted or divided.
29. Repard or ferpentine.
30. Toothed. :

(31, Serrate.

32. Doubly ferrate.
33. Dioubly erenare or fcalloped.

B3¢

Fig. 3;.

Acutely crenate or fealloped.

36, Obtufely crenate,

37.
38.

VOL. V.—B

Plaited.
Pandurzform or fiddle-fhap-
ed.

. Spatulate or fhaped like a

battledore.

. Obtufe.

. Acute.

z Acuminate or pointed.

. Obtufe with a point.

. Acutely emarginate or notch-
d

ea.

. Cuneiform or wedge-fhaped.
. Retufe.

. Hairy.

. Downy.

. Hifpid or covered with ftiff-

ifh briftles.
Ciliate or fringed.

. Rhombic.

. Veined.

. Nerved.

. Papillous or pimpled.

Parabolic.

. Acinaciform or fcymetar-

fhaped,

. Dolabriform or hatched-

fhaped.

. Deltoid.

. Triangular,

. Channeled.

. Furrowed or grooved,

. Cylindrical or without an-

gles.

Plate
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STMD Fracture Functions for spinless hadron production

Quark polarization
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TMD Sum Rules
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Quark transverse spin in hard /-g scattering

AK, Transversity workshop,
Yerevan, 2009
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If only one hadron in TFR of SIDIS is detected there is no final quark polarimetry.
— No access to quark transverse polarization dependent fracture functions.
No Collins like modulation.
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LO cross-section in TFR
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At LO (twist 2) only 4 terms out of 18 Structure
Functions in SIDIS,
Only 2 azimuthal modulations

No Collins-like sin(d,+d<) modulation

No access to quark transverse polarization
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MC event generators (LEPTO, PYTHIA): Hadronization Function

String
Fragmentation
v YVYY

do™"™ =3 £ (%, kZ)®@da" ®H Y, (X, K5 X, )
g

Hadronization Function modeled
by Lund String Fragmentation

Almo Collegio Borromeo, Pavia, Italy. May 23 — 27, 2022 Aﬁ&%‘;{,“i{é{’}lﬁpan

15



Quark dynamics in MC even generators

- Before Y e e e U W U —< .{—

- After hard scattering (Ud), C———s U

- Include k; with isotropic azimuth //

Modified, mLEPTO and mPYTHIA
Include k; with anisotropic azimuthal modulation according Sivers function

do™ ™ :Z(fq(x, K2)+

q

K, xS;

f(x k%)j @0 ®H, (% Kyi%, ,pl)
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Sivers effect in the event generators

Matevosyan, AK, Aschenauer, Avakian, Thomas, PRD 92, 054028 (2015)

e e e A e
[ e K I ]
[ 4 K* - N P _
o5 [ EIC: 5x50 Only correlation of target S;and struck quark k;
2, i is explicitly parametrized using Sivers PDFs.
o Then this correlation is transferred
to produced hadrons via
R A T T unpolarized string fragmentation .
—1.0 —.5 /] 0.5 1.0
xF

FIG. 13 (color online). EIC model 55As for 5= 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 k P
. Kk o p ~h 2y (A2 ah, My Kok, o
5« k% & <Y U (X5, ¢, B5) —Id Kp U + > Uy
0.10 - CLASI2 ,*xi'é my, PTZ
X
At

X

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

P, P,

P,S , P,S

Handbag diagram for dihadron production; lower
blob contains Fracture Functions and upper blob
contains the FFs.
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dXdQ2d¢s dZdZPTldé/dZPTz NS sz 4

xS
D™, (z,p;) = D,(z, p$)+'°Tm I H,(z, p2)
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Unintegrated DSIDIS LO cross-section: accessing quark polarization

d O_€(|,/1)+N (Py,S)—>L(1")+hy (R )+hy (P )+ X
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DSIDIS cross section is a sum of
polarization independent, single
and double spin dependent terms
similarly to 1h SIDIS cross section.

_ y(@2-y)
D, (y) = 1+ (1—y)?

_ 2(-y)
Dnn(y) _ 1+ (1_ y)2
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DSIDIS azimuthal modulations

oy = D.,

~ 2(1-y)

D,.(y)

1+ (L)

C[I\7I -Dw] :Zesjdszdsz5(2)(ZkT +Pr _PTl)I\’/\Ia(Xié/’k'l?’ PT22’kT'PT2)Da(Z’ pTZ)W

_|_

{

P AJ—_H

- Fktél 1€0s(24,)
mlmN

PP, o
—LT2 E T cos(d, + ¢,)
m1m2

AK @ DIS2011
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Structure functions F*® depend on x,z,¢, P73, P, and (P;,-P;,)
PriPr, = P Py, COs(Ag), with Ag = ¢, - ¢,
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A, asymmetry

Anselmino, Barone and AK, PLB 713 (2012) 317

y 1~SinAd

(1—y+ 55—2) Fuu
|P1L||PayL| ya1—1%) C[stlmﬂl]sinﬁq&
My M3 (1 _y_+_y;} C[ﬂlDl] |

Sin A¢

Ay =—

PP, i :
dpo Fo ™ (x2,£, P4, P, cos(Ag) )sin(Ag)
== =—2 N = p,SIN(A@) + p,SiN(2Ag) +---
ho | d,ou, Fo ™ (% 2,4, B3, P, cos(Ag)) PLEINAG) T P Sn(EAd)

F"° depend on x,z,{, R, P, and (PP, )

PriPr, =P R, C0S(Ag), with Ag = ¢, — ¢,

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

Timothy B. Hayward, H. Avakian and A.Kotzinian Talk at

» Observed linear dependence on the product of
transverse momenta is consistent with expectations.
: ) ) 1 1L
* Non-zero asymmetries are the first experimental |p7r+ ’ \pp’ “ 1 h
. ) ) ) . FLU = C w5l1 D1
observation of possible spin-orbit correlations between MMy
hadrons produced simultaneously in the CFR and TFR.
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Timothy B. Hayward, H. Avakian and A.Kotzinian
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Polarized SIDY

H(I(R17 S(l)

STAR@RHIC?

Hb(Pb: Sb)
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SIDY cross section
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After integration over lepton scattering plane azimuth alangle ¢

only first term survives and gives access to the fracture function I,
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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 accessible at twist-two

* SSA contains only a Sivers-type modulation sin($,-d.) but no Collins-type sin(db,+s) 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. Access to all fracture functions.

Polarized SIDY cross section (p + p—> 'l + h + X ) at LO contains 2 azimuthal independent, 20
lepton plane azimuthal angle independent and 52 lepton plane azimuthal angle dependent
terms. In total — 74 terms.

The ideal place to test the fracture functions formalism and measure these new
nonperturbative objects are JLab12, EIC facilities and COMPASS using Camera detector
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Additional slides : LO SIDY cross section
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Convolutions & tensorial decomposition
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Structure functions
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Structure functions of o, 6, O7
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Structure functions of 6, 6,
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Structure functions of o,
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Structure functions of o,

- 2 1 .lh 1 .1lh
FCOS(¢a‘¢h)_ LN O TS . N TR SN T
TL _M_a al 2m|\/|a|\/|b ab2 mMaMb ab4
- 2 1 .lh
FCOS(¢a)ZiF91T"1L+ Prar o frdip
TL Ma az2 ZmMaMb ab3
2 .1 .lh
FCOS(¢a+¢h)_ Prar - fp0ip
TL _ZmMaMb ab2
2 1 alh
cos(dy-24)_ Pray _fip gy
= - F
TL omM_M, ab3
a’'b
_ 3 L th 3 p ;L
,:TCI‘_’S(2¢+¢a 3n)_ P FhlI'IlT Pr Fhl'tl)'lllT
2 aa 2 laa
2mMm 2 2M2M,
2 1L
FC05(2¢+¢a‘2¢h)_ Prar bl
TL _ZMZM aab?2
a'b
3 1
TL oM 2M aab3
a'b
oL *h
FCOS(2¢‘¢a‘¢h)_PL,:h1"1T B P

A

FC°5(2¢‘¢a) G by

TL Mb b2

Almo Collegio Borromeo, Pavia, Italy. May 23 — 27, 2022 Aram Kotzinian



cos(¢a—th )
P

= cos(¢a+¢h—2¢n)
T
F_I_C_l?s(ﬁja*% +#h)
FTCTOS(¢a+¢b ~¢n)
Fooslda—tbsh)
€0S(24~¢a~¢p+én)
Frr
CoS( 2 p—¢:
FTT ( a+tb)
E cos(24+pa+dp—4¢n)
TT
c08(2 p—¢pq —
R (2¢~¢a—¢p)
E cos(24+¢a—gh—2¢n)
TT
E cos(2¢+pa+dp—2¢n)
T
cos(2¢+ga~¢n—¢h)
Frr

2+ha—
FLo(20+4a %)

Almo Collegio Borromeo, Pavia, Italy. May 23 — 27, 2022

Structure functions 6,

2 1 \h 2 h 2 1 oagal 2 p
R My R oMy B My P gprAMyg
2mM, al 2mM al 2M M, abl 2M M abl
¢ E ik M . @ caramP 1 _gEmd 1 F o -aM
ab2 ab2 ab4 ab4
2M M, 2M M, MM, M M,

a

2 1 h 2 h 2 1oyl 2
PT E flT -M PT nT -AMT n PT flT -MT PT uT -AM1P

T+
2mm, 2 2mm, & 2M M, 1 2M M, 1

Pror Ffﬁ""'{r Pra Fng'AM¥+ Prar ,:fﬁ'MTL_ Pray Fng'A'VHP
2mM, 2 2mM, 22 2M, M, *3 2M M, 3

Pror - frmMp, Prtr _arreamy cos(da+b) _ of T MY of o7 -AMF
Faz + Fa2 » Frr Fao Fab2
2mM, 2mM, 2M,M, 2M,M,

Prar paramf_ Pl phrte oozosasn) Pl phoarvis!

oMM, 23 oMM, 3T 2mM, ®

P_riFm-ATM-lJ—‘h FTC$5(2¢+¢&+¢D)

Of  php ottt Coos(zpdadrn) __ PrOP i ariie!
b2 ! T
2mM,,

4Ma2|\/|§ aabb3 J __4mM§Mb aab3

6 hearhit  Ccos2-gard-om)_ PP Ceari B _marmidt
Zsz bb2 v UTT 2m2 0 2Mb2 bbl

3 1L 5 lh
Frar hi7 -ATMy
aab2

4 - 4 -
P pnpearat R CnhearhiEt cos2gidadb3h)
BRIV A2y q 2 aabbl o T =

1
4am?m2* IVEIVE: 4mM2Mm,

. 2 . 2 . 2 . ;
_phoathir, B Fm.ATM$h+ Py Fm-ATM#Jr o hl-ATMTMJr 1 Fhl-ATMTLl
-0 2'0 M2 bbl 2|\/|2 bb2 |V|2 bb3

b b b

2 L y )4 L 5 hh )4 L all )2 L aLll 242 L all

T Fh]T-ATMT T hJT-ATMT T h]T-ATMT T h]T-ATMT T qT |E|T-ATMT

M aal 1 M aal AM2M aabbl 2M2M aabb5 IM 2M aabb2
: IZ a2 g g g g § g

a

2.2 - 2.2 - 2.2 D
Prar F"li'ATthPTQT F*‘ljgb'ATM%_LFPTQT F*‘ljgb'ATM%‘L
2 4

4m’m2 @ 4MEIME aMEImE

3 L, yilh 3 L, _ylh
Prar Fhlg'ATMT __ Pror Fh.LJ'ATMT
3 2
4mMm2im, * 4mm2im, *
2 i ; 242 1 5hh 4 i GLl 242 i GLl 2 i Gl
ATM R ATM ATM R ATM -ATM
Ur phip-arMr B Gr phiparMer o O phipArMee B Or phpeArMeT G by eATMg

= aa2 aa2 aabb3 aabb4 aabb6
2Mm2 4m*m 2 4M2M? 4M2M? 2M2M2

Aram Kotzinian

50



Almo Collegio Borromeo, Pavia, Italy. May 23 — 27, 2022

Aram Kotzinian

51



