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MEASURING PDFS WITH TRANSVERSE
MOMENTUM DEPENDENCE

e Measurement of the transverse momentum of the
produced hadron in SIDIS provides access to TMD PDFs/FFs.

e SIDIS Process with TM of hadron measured.
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TMD PDFs with Two-Hadron FFs

* Measuring two-hadron semi-inclusive DIS: an additional
method for accessing TMD PDFs.

e SIDIS Process with TM of hadrons measured.
' hy(P,)

o TMD PDFs
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SYSTEMATICS OF
DIHADRON FRAGMENTATION FUNCTIONS



Two-Hadron Kinematics

A. Bianconi et al: PRD 62, 034008 (2000).
4+ Total and Relative TM of hadron pair.
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Field-Theoretical Definitions

® The quark-quark correlator.

Aij(k; P Py) =Y / A4 (0144(O)| Py Pe, X) (PP, X |3 (0)]0)
X

e The definitions of DiFFs from the correlator. Quark Polarization
AV =Di(z,¢ k%, R% k- Ry) Unpolarised
— Ein zk ;
AY sl =T ]\§2 Lk Gf(z,ﬁ,k?p,R?p,kT - Rp) Longitudinal
h
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Field-Theoretical Definitions

® The quark-quark correlator.

Aij(k; P Py) =Y / A4 (0144(O)| Py Pe, X) (PP, X |3 (0)]0)
X

® The definitions of DiFFs from the correlator. Quark Polarization

T —

AY V=D (2, ¢, k2, R% kr - Ry) Unpolarised

related to “jet handedness”
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Fourier Moments of DiFFs

* Expanded dependence on Prx = YR — Pk in cos series

o

1
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cos(n - Y R) D[n](
1+ 50,77,
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F[n] — /dSOKR cos(nngR) F(COS(QOKR)>

* Integrated DiFFs and Fourier moments
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ACCESS TO TRANSVERSITY PDF From DiFF

M. Radici, et al: PRD 65, 07403 (2002).

* In two hadron production from

polarized target the cross section
factorizes collinearly - no TMD!

* Allows clean access to transversity.
e Unpolarized and Interference

Dihadron FFs are needed!

dot —dot > € hi(x)/x HY (2, M)
—— 7 < sin(¢r + ¢s) > 74 7 2
dol + do >, €q J1(@)/x Di(z, M)

e Empirical Model for D7 has been fitted to PYTHIA simulations.
A. Bacchetta and M. Radici, PRD 74, 114007 (2006).
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Moments of DiFFs in SIDIS

A. Bacchetta, M. Radici: PRD 69, 074026 (2004).

* Here transversely polarised DiFFs are admixture of cos Fourier
moments of both unintegrated DiFFs:

0 i
HESIDIS(ZvMI%I) = {Hf[ | + H [ ]}

Lo 1
HlJ_,SIDIS(ZvMIZJ) = [Hl O Hf[ ]}

e Generated by cos(¢ ri ) dependences of unintegrated DiFFs:
PRK = PR — Pk

dour ~sin(pr + ps)C |hi H* (cos(¢ri))|

+ sin(pr + ©g)C [hi‘HJ‘(COS(QORK))} + ..



Back-to-back two hadron pairs in e*e

D. Boer et al: PRD 67, 094003 (2003).
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® Can access both helicity and transverse pol. dependent DiFFs:
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Moments of DiFFs in e™e-

D. Boer et al: PRD 67, 094003 (2003).

* Entering the integrated cross-section expressions.

cos(ppr — gok) moment

/dﬁ/dsoR/d kr((kr - Ro) G (2. €, K R ko - Ry)

*Differ from SIDIS ! Might affect combined analysis.
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Helicity DiFFs in SIDIS

» SIDIS extraction in COMPASS

COMPASS
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+ ASn(Pr=¢R)) are convolutions of 917, and G5 !




Back-to-back two hadron pairs in e’e

D. Boer et al: PRD 67, 094003 (2003).

® Can access both helicity and
transverse pol. dependent DiFFs:

h2 lepton frame

< 2\ 77 < | 1 NAL = g2
ACOS<SOR‘|'SDR) H M )H ( y Acos(Q(goR—ng)) N Gl (Z7Mh)G1 (ZaMB)
< 2 j 2 B = 2
Dl( ,Mh) Dl( Dl(z,Mh) Dl(z,Mﬁ)
4 BELLE results.
Phys.Rev.Lett. 107 (2011) 072004 PoS DIS2015 (2015) 216
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Back-to-back two hadron pairs in e’e

D. Boer et al: PRD 67, 094003 (2003).

® Can access both helicity and
transverse pol. dependent DiFFs:

h2 lepton frame

HE(» M2)H<( |
Dy (z, M}) Dl( ‘

Gy (2, My)Gy (2, Mj))

| jcos(onton) E
‘ Dl(va}%) Dl(zaMg)

Acos(2(pr—¥R))

4 BELLE results.
Phys.Rev.Lett. 107 (2011) 072004 PoS DIS2015 (2015) 216
0.012 —

cos(2(dg chz))
o o
o o
2 8

Jet A

............................................................................ 0.012% %304 05 06 07 08

0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 0.2 0.3 04 05 0.6 0.7 0.8 0.9 ( I 3




Re-derived ete Cross Section

H.M., Bacchetta, Boer, Courtoy, Kotzinian, Radici, Thomas: Phys. Rev. D 97, 074019 (201 8).

® An error in kinematics was found:

OLD
h _
1 y
+
(P €
/II Ph e
AT o
hz lepton frame

e The new fully differential cross-section expression:
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Re-derived ete Cross Section

H.M., Bacchetta, Boer, Courtoy, Kotzinian, Radici, Thomas: Phys. Rev. D 97, 074019 (201 8).

® An error in kinematics was found:

OLD
h _
1 y
+
(P €
/II Ph e
AT o
hz lepton frame

e The new fully differential cross-section expression:

do(e*e™ = (haha) (haho) X ) . B
ParddedondM2dzdedp ~dil2dy S s Ze D$D;
T prdM;dzdédpgdM;dy  mQ

F[UJDOJD&] — /koTdQET (52(kT + ET — qT)w(kT,ET,RT,RT) D® D¢, J

e — . e —
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IFFs in ete-and SIDIS.

H.M., Bacchetta, Boer, Courtoy, Kotzinian, Radici, Thomas: Phys. Rev. D 97, 074019 (201 8).
* The asymmetry now involves exactly the same integrated IFF
as in SIDIS!

1 B(y) >a.a Cai (2, Mj)H*(z,
2 A(y) S _€2D¢(z, M?)D}(z, M?

a,a ~a

Acos(brteRr)

D1 (z, M7) EZQ/koT/dSDg()](Zaga‘kT‘a‘RT‘)
,10 1,
Hle+e (2 ,M}%):HfHJrHl = = H{ g1prs(2 , M7)

* All the previous extractions of the transversity are valid !

|5



Helicity-dependent DiFF in e™e

* The relevant terms involving G- :
(RT X kT)g (RT X ET)g 1 —la,/ = _
= G1(Rr - kr)Gr* (R - kT)}
Mj, Mj,
* Note: any azimuthal moment involving only Yr, ¥R is zero.
Break-up the convolution: / d*q 6% (kr + kr — q7) { decouple kr on

dULN]:[

both sides

Using: ©r — g&;f + OR, /d2kT sin(yy ) cos(neyg) = 0

(f(¢r,vRr))L =0

* The old asymmetry by Boer et. al. exactly vanishes!

~ 0.012
o

e Explains the BELLE results. % oo
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New way to access G DiFF in e¥e

H.M. , Kotzinian, Thomas: arXiv:1712.06384.

e The relevant terms involving G- :
RT X I{tT)g (RT >_< kT)
Mj, Mj,

* Need a gr-weighted asymmetry to get non-zero result

doy ~ f[( “GL*(Rr - k)G (R - ET)}

g% (3sin(p, — ¢r)sin(p, — @) + cos(e, — ©r) cos(py — ¢r))
My, My,

].2 2A a a ~_lLa a
_ 1207 dly) 5 (G0 - Gl (Gl - o),
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New way to access Gi DiFF in e¥e

H.M. , Kotzinian, Thomas: arXiv:1712.06384.

e The relevant terms involving G- :
RT X I{tT)g (RT i< kT)
Mj, Mj,

* Need a gr-weighted asymmetry to get non-zero result

<q% (3sinlipy — pr)sin(py — pr) +cos(g — @r) cos(py — ¢r)) >

doy ~ f[( “GL*(Rr - k)G (R - ET)}

My My,

12 2A a a ~-La a
_ 120740) 5 (G0 - Gl (Gl - o),

e A new asymmetry to access G * = Gf w0 _ L
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New way to access Gi DiFF in SIDIS

H.M. , Kotzinian, Thomas: arXiv:1712.06384.

e The relevant terms involving G- :

krRrsin(pr — ©R) & ~la
Mi 911, G1 }
GlwfiD = /deT/koT(SQ (kT — pr+ P;LL)

X w(pT7 kTa RT)fq(x7pf2F)Dq(zaga k?P? RCZZU kT ’ RT)

doyr ~ SLQ[

» Weighted moment accesses same G7 as in e*e" .

<PM sin(op, — YR)

) s Y el gtyle) = G e M)
h UL .
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e The relevant terms involving G- :

Consider a polarized beam.

C'(y) g [T () 2 G1(2, Mj;)
A'(y) X2, fi(x) Dy(z, M)

19



CONCLUSIONS |

%* DiFFs provide information on the polarization of the fragmenting quark.

“* Two problems appeared recently:

e Inconsistency of IFF definitions in SIDIS and e*e” asymmetries.

e No signal for the helicity-dependent DiFF from BELLE.

*»» Re-derived cross section for e*e" resolved both issues.

< New asymmetries to measure Gy in SIDIS and e*e".
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PART Il

Dihadron Correlations
In Polarized Quark Hadronization:

The Quark-jet Framework

Phys. Rev. D96 074010, (2017); Phys. Rev. D97, 014019 (2018).



Current Challenges

) Phenomenological Extractions of DiFFs.

» Unpolarised DiFFs from PYTHIA Radici et al: JHEP JHEP 1505 (2015) 123.
» Still Large Uncertainties. 1oy —
. o o . . 0.8}
» Simplistic Approximations. |
0.6}
» Limited kinematic region. N T
o *—-:,IE::ZZ;:: ---------------
[ :::::ﬂé:::::::::::::: ____________
0.0 —ee—=lIEE
0
2) Full Event Generators: z

» No Mainstream MC generator includes spin in Full
Hadronization yet: PYTHIA, HERWIG, SHERPA...

» MC generators are needed to support mapping of
the 3D structure of nucleon at [Labl 2, BELLE II, EIC.

22



The Quark-jet Framework



THE QUARK JET MODEL

Field, Feynman: Nucl.Phys.B136:1,1978.

Assumptions: v Y v
Vi V. v
» Number Density p //{ % //{
: ! 7 4 4
mterpretatlon _)_._)_‘_)_‘_)_
q Q Q] QH

» No re-absorption

» 00 hadron emissions

24



THE QUARK JET MODEL

' Field, Feynman: Nucl.Phys.B136:1,1978.

Assumptions: v Y v
v Y v
» Number Density p //{ % /
(] [ / // //
interpretation > O > o > g —— =
q Q O! QH

» No re-absorption

» 00 hadron emissions

Probability of finding hadron  with mom. The probability scales

frac. in a jet of quark with mom. fraction

Dg(z)dz o afg(z)dz / cfff(y)dy ' D%( )

Prob. of mom.

Prob. of emitting at step

transferred to jet at step




INCLUDING THE TRANSVERSE MOMENTUM

'H.M., Bentz, Cloet, Thomas, PRD.85:014021, 2012

/
A // pi
A /. -
P -~

> o -
7 ,

S

» TMD splittings: d(Z, pl) *\\

(- )
\P — +zk)
CkJ_:PJ_—|—k/J_j

» Calculate the Number Density

-

\_

D} (z, P})Az mAPT =

~

ZNSims NC?(Z’Z_I_AZ?PJZJPJ% —I_APJQ_)

NSims
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POLARIZATION IN QUARK-JET FRAMEWORK

H.M.,Bentz, Thomas, PRD.86:034025, (2012). H.M., Kotzinian, Thomas, PLB731 208-216 (2014).

® Extend Quark-jet Model to include Spin.

y 7 \P
A A3
7 Ol ¥~
Q Q ?
*\\
2 APJQ_ h ) 2 2 2
Dyt (2, P2, 0) Az =L Ap = (NI (2,2 + Az PR PR+ AP 0,0+ Ag)

° Input Elementary Collins Function: Model or Parametnzatlon

// —= == — — _ — =L S — =N

® \Calc. Spin of the remnant quark: S’ #1p,

| Previously: constant values for spin flip probability: Psr

Q=v

|

oY i
|

|

S

|

——— s e = ——

+ Use fit form to extract unpol and Colllns FFs from Dh/qT
CF Co,C1) = Co — Cq sm(gpcD

pist .
(D (v 0) = DY/4(e.pt) = o2 22 i)




SPIN TRANSFER

Bentz, Kotzinian, H.M, Ninomiya, Thomas, Yazaki: Phys.Rev. D94 034004 (2016).

+NJL-jet MKIII:
» The probability for the process ¢ — (), initial spin S to S

Fi7%z,p1;s,S) =as+ 0, S S
7 M
» Intermediate quarks in quark-jet are unobserved! Q

Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii: QUANTUM ELECTRODYNAMICS (1982).

Fq_@(z, P1;s,S) ~ Tr[pS/pS] ~14+S"-S /” .
A v _ -7
b, /
S/ _ IBS Ly - o Q"
Olg AN

» Remnant quark’s S’ uniquely determined by z,P1 ands !

» Process probability is the same as transition to unpolarized state.

FQ%Q(Z7PJ_;870) — (g 27



REMNANT QUARK'’S POLARISA[}TION

4 We can express the spin of the remnant quark S’ —
in terms of quark-to-quark TMD FFs.

28




MC SIMULATION OF FULL HADRONIZATION

- H.M., Kotzinian, Thomas: Phys. Rev. D95 04021, (2017)
4 We can consider many hadron emissions.

/,
v

Y
A

v -
-

* v

>
1l
q

Q Q
RN

AN
S

Q

4 We can sample the £, Z,pi, ©p using

fq_>h(z7p3_7 Ph, ST)

4 Determine the momenta in the initial frame and calculate

AN = <N£1h2(z, 2+ Az, 0,0+ Ap,...))
Bs

4 Calculate the remnant quark’s spin: S" = —=
O5S

4 We only need the “elementary” splittings.

s
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ELEMENTARY SPLITTINGS

H.M., Thomas, Bentz: PRD. 83:07400; PRD.83:114010, 201 1.
> Quark—quark correlator:

détd? _
Z / g £J_ eng X <O‘U(OO,§) wi(‘g)‘haX>out out<h7X’¢j(O) Z/{(O,oo)‘0> '

Azy (Z pJ_
2N 2 £ =0

» One-quark truncatlon of the wavefunction: ¢ — Qh

//'l \‘\\
1 Py [\\ P

dh( 7pJ_) §TT[AO( 7p3_)7+] —> Q/;:p I::\\. - o

» Use Nambu--Jona-Lasinio (NJL) Effective quark model:

LnjL = @q(ia — Mq)thg + G@J%V 081
0.6

T 04t
—> G 0.2




TWO HADRON CORRELATIONS:
DIHADRON FRAGMENTATION FUNCTIONS



Number Densities

* The full number density:

F(vaakTaRT;S) — Dl(zvak%vR%akT ' RT)
(RT X kT) . Z
M;;

sT X Rr) -2
( o MhT) Hf(zagak%vR?l’akT'RT)

st X k1) - Z
( 2 MhT) Hlj_(zaka%vR%va'RT)

+ SL G%(zagvk%aR’_vakT'RT)

* The differential number of hadron pairs:

AN = F"" (2, & kr, Rr; 8) dz d§ d’kr d> Ry
32



UNPOLARIZE

B

DIHA

DRON FRAGMENTATIONS

'H.M., Thomas, Bentz: PRD.88:094022, (201 3)

v

//h1 / 2

AN
&

* The probability density for observiﬁg two hadrons:
Py = (zn1k™, P, Py,1), P{ = My,

Py = (22k™, Py, Py 1), P§ = Mj,
* The corresponding number density:

[Dglhz(z,Mg) Az AM; = (N} (2,2 + Az; M7, M + AM%)}]

Z =21+ 29
e Kinematic Constraint.

M; = (P + Py)°

[legMz — (21 —+ ZQ)(ZZM}%l —+ 21M22) > Oj

* |n MC simulations record all the pairs in every decay chain.



Effect of VMs on Unpol. DiFFs

Ior——T 7T 1 T T T e 10 I S R
N I U->r T ] % - U->-T T -
o I F u.ll Final State: = Full Final State
= j0f === Primary | NEQ = === Primary .
N0 1 S _
N 1w 7 _
Qx 0.5 — E: ]
= i _
Q. N B 7] ~ Nsls‘ 7]
\Q - - -
ol 1 P N H N SR
0 02 04 06 08 10 12 14 0 0.2 04 0.6 0.8 1.0
d
. . 1
i 7K -
N 12+ -
’\ | 00000OCGOO ”K _
QN
E'Q : [ ”'K-I':
) adoammo® g 0_
N 0.8_— T K ]
é\l - -
<, |
% c\]0.4_— —
D N 000000000
S B ’ooo.......
\ B ’o—_o=o/ Ny
0 Al s bt ol At ] Wb s A
04 0.6 0.8 1.0 1.2 14 1.6
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= === Primary

' +
U= T
Full Final State

Effect of VMs on Unpol.

DiFFs

1.0

% o

] T T T
Integration range: [z73, 2]

[02,03] T
[04,05] |
[0.6,0.7]

- T
U->72 T
Full Final State
= === Primary .




Longitudinal Polarisation
in DiHadron FFs



DIFFS FROM THE NUMBER DENSITY

H.M., Kotzinian, Thomas: Phys. Rev. D96 074010, (2017) |
4 Can only calculate number density form MC simulations.

4 Extract DiFFs from specific angular modulations.
F(Za ga kTu RT; SL) :Dl (Z, fa k%? R%) COS(SORK))
Rrkrsin
g TMQ(SORK) G%(Z, Sa kCZZU RCQZU COS(SORK))
2
4 Unpolarized DiFF: straight forward integration of number density.

[ Dl(vaf%) :/d§/d¢R/d2kT F(ZagakTvRT;SL) ]

4 Need Cot(go R K) to extract helicity dependent DiFF!

GJ_ [n /df/d2k RTkT J_[n] gakTvRT)

i cos(n
[Gf’[ (2, M df/koT/dsﬁR . SORK) (ZagakTaRT)j
S111 SORK

- - 1
Ot =G = - [at [ @k [ doncotiono Pz & ke, Fr) 36




DIFFS FROM THE NUMBER DENSITY

H M., Kotzinian, Thomas Phys. Rev. D96 074010, (2017) |
4 Can only calculate number density form MC simulations.

4 Extract DiFFs from specific angular modulations.
F(Za ga kTu RT; SL) :Dl (27 fa k’%? R%) COS(SORK))
Rrkrsin
g TMQ(SORK) G%(Z, Sa kCQZU RTQZU COS(SORK))
2
4 Unpolarized DiFF: straight forward integration of number density.

[ Di(z, M}) = / e / don / ®kr F(z,& kr, Rr;sp) ]

4 Need cot(ppr K) to extract helicity dependent DiFF!

n k n
GJ_[ /dg/koTRT L J_[ ]( gvavRT)

i cos(n
G (2, M dﬁ/koT/dsﬁR . QORK) F(z,& kr, Rr)
S111 SDRK)

Note: here we use the definition by Boer et. al.
1

GL = GlL 180 . dé:/koT/dngcot(ngK)F(z,ﬁ,kT,RT) 36




The Total Number of Pion Pairs

4 Validate MC by analytically calculating the total number of pion
pairs produced for given N..

p P p
p P p

N —ng no / /,4 /

~ A  —N— p 7 Y
+ - 4+ 0O 0 _0 > @ > ¢ > @ >
(7", LT, ). q 0 o Y

4 Extraction from DiFFs. Ne| w0 e | v [

1
7T+7T— u—m "' T
N]&C )(NL) :/O dz 1,E>VL] (Z) 2

0.44444 0.4444 0.350175

1.03704 1.03694 | 0.683999

v' MC simulations and Integral 1.87654 | 1.87641 | 0.959588

4

9

28

27

152

81

Expressions agree very well! 5 943 2.93004 | 292992 | 1.11531

3068

729
12484

4.2085 4.20882 1.18162

v z cuts allow fast convergence
with N, . —

5.70828 5.70867 1.20282

7.43057 7.43047 1.20809




LONGITUDINAL POLARISATION

4+ DiFF for longitudinally polarized quark: Sy, (kT X RT) - 2

4 )

~ 1
Gi(z) = —— dﬁ/dQRT/dsz cot(wrr ) F(z,& kr, Ry; sy,).
SL
- /

4 The extraction method works: the angular dependence for N =2.

(given large enough statistics!) | e — I




VALIDATION: 2 PRODUCED HADRONS

4 Validate MC simulations by comparing to explicit Integral
Expressions (IE). Only pions produced in the first two steps!

A .
(2) g—q1+h1 Q1—>h2 > @l —— — _ X ___.
Fyonn, =21 ® f T
4 Z‘\\
d1 h sy p,
2 A A J_ 2
D](. )(Z) :Dq—>q1 ® Dq1—>h ( ) Gq—>Q1 ® HJ_(Q1—>h)
| | | | | | | | |
u-at NL e [

0.15

0.05

”I 0.2 03 04 05 06 07 038 " . 0 01 02 03 04 05 06 07 08 09 1.0
Z Z

v/ Collins effect generates helicity dep. two-hadron correlation! 39



Results for G+

4 Results for helicity DiFFs, several moments, various pairs. Cuts: 21 2 > 0.1

0285 T T T T ~ T "~ T "~ T ™.
- N; =6, Z12= 0.1 m— [n=0] ] _
0.20 L eecce [n=1] ] |

TEY 4 4 === [n=2]
'YX XX [n=3] : 7
/8 R Y 2 e —— [n=4] ] ]
0.10 _: -
0.05 _: _
) ; -

C 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 ]

4+ Non-zero signal for various channels, sign change for ="z pairs!

4 212 > 0.1 cut enhances the analysing power at high-z for larger N_!

40



Transverse Polarisation
in DiHadron FFs




TRANSVERSELY POL. DIFFS FROM NUMBER DENSITY

H.M., Kotzinian, Thomas, Phys. Rev. D 97, 014019 (201 8).|
4 Slightly more complicated procedure:

F(¢r, or;s7) =D1(cos(¢ri))
+ arsin(or — ¢s)H7 (cos(¢ri))

+ ag sin(or — @) Hi (cos(pri))
4 n-th moment of DiFFs:

H™ = _<COS(% - %)COS-(” gORK)F>
ST Sin(¢rx)
Hi™ = __<COS(90R — )Cos-(n g0RK)F>
ST SlD(gORK)

4+ SIDIS DiFFs:

2
;S S :
HSIPIS () — §<sm(ng — gps)F>

2
.S S .
H31P18(2) = = (sin(pr — o) F)
42



VALIDATION: 2 PRODUCED HADRONS

4 Validate MC simulations by comparing to explicit Integral
Expressions (IE). Only pions produced in the first two steps!

(2) rq—q1-+h1 Q1—>h2 > e - X __
bbby = E f R f a

N7~
d1 h sy p,

<1(2) — fytla—a) 2 Plai—h) 4 H(q—>q1) 2 (e —h) 4 HL(q—>q1) 2 FL(a—h)

Recoil TM Modulation

Collins effect at 2-nd emission
| D

— MC Hl o] x IE H}
= MO HIJ_ SIDIS o [E F-SIDIS -

— MC HF  x IE AF0

——= MC HHSDPISQ IE H< SIDIS |

_0.6 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 | 1 ] 1 1 1 1 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 1.0 0O 01 02 03 04 05 06 07 08 09 1.0

< 4

v/ Collins effect generates St dep. DiFF correlations as well ! 43



Analysing Power for Transverse Spin

4 Comparing the analysing powers for all polarized DiFFs.

Ratio to D;

L u-7'T, Ny =6

0O 01 02 03 04 05 06 07 08 09 1.0

A

4 Alternate signs for the two DiFFs.

01 02 03 04 05 06 07 08 09
z

4 Significant differences between SIDIS and 0-th moments!

4 Signals for all possible hadron pairs.

1.0

44



Feasibility of new measurements of G

4 The analysing powers of DiFFs from quark-jet framework.

» Gi naturally smaller than H}, but should be measurable!

03+
i Nnew
- 02F o
N definrtion
0.1+
Q I
oy
K |
"3—0.1—
Q:—o.z—Z1)2201
—03 u_)ﬂ’” NL _6 _
nlnlnlnnlnlnlll

0 01 02 03 04 05 06 0.7 08 09 10
A

4 Reanalyze BELLE and COMPASS data.

4 Measure it at BELLE Il and JLab 12GeV. 45



CONCLUSIONS Il

** Hadronization Models are needed to calculate polarised TMD FFs and
DiFFs, and study various correlations between them.

% Polarised hadronisation in MC generators: support for future experiments to
map the 3D structure of nucleon (COMPASS, JLabl2, BELLE II, EIC).

% The guark-jet framework describes hadronization of a quark with
arbitrary polarization via spin density matrix formalism.

<* All 3 DiHadron spin correlations from single-hadron effects in quark-jet!

%* Naturally small, but measurable signal for helicity-dependent DiFFs.

** Measurements in e*e~ (BELLE) and SIDIS (JLab, COMPASS) would test the
universality of the helicity-dependent DiFFs.

46
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Different Hadronlzatlon Mechanisms.
_LUND Model _ QuarkJet
f
|

QFragmentation of qq pair: break- | #Fragmentation of g, similar to
~ up of the string. QFT definition of FFs.

'+ Independent breaking of the string. | ¢ Time-ordered hadron emissions.

4+ Quark TM indep. of hadron type. , +q — Qh depends on h (spin, mass).
vw— Kt +s, s—¢+s

w— K*t + s

U—Uu-—+3S8S, S—> S+ 88§

—_——

———— e e

+ No correlation in TM: h; and h;. | _ |+ Recoil TM of h, affects hz




~ Different Hadronization Mechanisms.

|
+Fragmentation of gq pair: break-
up of the string.

{ 1
!%
{

| +Fragmentation of g, similar to
QFT definition of FFs.

4+ Independent breaking of the string. | ¢ Time-ordered hadron emissions.

4+ Quark TM indep. of hadron type. , +q — Qh depends on h (spin, mass).

0035 : 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 : ‘ 0045 1
0.40
035

0.30 o o ———— -

| < 0.30
} 3 0.25
i g .

!
?; N0.20

% 0.15

0.10

4 005F e ecees K ‘] | 0.05
b T i Y-
0 01 02 03 04 05 06 07 08 09 1.0 i

— _7z'+ o amm o K+




Different Hadronlzatlon Mechanisms.
_LUND Model _ QuarkJet
f
|

QFragmentation of qq pair: break- | #Fragmentation of g, similar to
~ up of the string. QFT definition of FFs.

'+ Independent breaking of the string. | ¢ Time-ordered hadron emissions.

4+ Quark TM indep. of hadron type. , +q — Qh depends on h (spin, mass).
vw— Kt +s, s—¢+s

w— K*t + s

U—Uu-—+3S8S, S—> S+ 88§

—_——

———— e e

+ No correlation in TM: h; and h;. | _ |+ Recoil TM of h, affects hz




TMD FFs and Collins Fragmentation Function

» Unpolarized TMD FF: number density for (Dh(z Pi))
quark g to produce unpolarized hadron h i h

carrying LC fractionzand TM P . q

il
i

» Collins Effect: Azimuthal Modulation
of Transversely Polarized Quark’ FF.
Fragmenting quark’s transverse spin
couples with produced hadron’s TM!

P.S,

<TI R )

-
h Lh
Dh/qT(Z7PJ2_7 gp) — Dl/q(Z7PJ2_) o Hl /q(zapj%)

N
Unpolarized

» Collin FF is Chiral-ODD: Should to be coupled with another
chiral-odd PDF/FF in observables. 50




TMD FFs for Spin-0 and Spin-1/2 Hadrons

< The transverse momentum (TM) of the hadron can couple
with both its own spin and the spin of the quark!

4 TMD Polarized Fragmentation Functions at LO.
» Only two for unpolarised final state hadrons.
» 8 for spin 1/2 final state (including quark). Similar to TMD PDFs.

51



Field-Theoretical Definitions

* The quark-quark correlator.

A (2, pr) = = /(;ZZ:T) Tr|AT]|p- k-

déTd? + _
Z/ § fT P& /2= Er- pT)<O’¢(€+ 0 fT)’p, Sh,X><p, ShaX‘w(O)F‘m

* The definitions of FFs from the quark correlator
+] 1

ALY :D(z,pi) Meijsz'STjD%(%pi)
kr-S

AT sl — SLGL(z,pi) | TM d GT(*Zapi)
St

Alio 5] ZS%HT(Z,Z?QL) |

kr(kr - St)
M2

eijkT-
Hi(z,p1) = —H " (2,p1)

52



Positivity and Polarisation of Quark

Bacchetta et al, PRL 85, 712 (2000) .
4 The probability density is Positive Definite: constraints on FFs.

4 Leading-order T-Even functions FULLY Saturate these bounds!

4+ For non-vanishing H and D+, need to calculate T-Even FFs at
next order!

4 Average value of remnant quark’s spin.

| 2 2
2z MQ T

dz da—Q)(z
J

(ST)q = st

4 In spectator model, at leading order: hT(Z) — —d(z)

4+ Non-zero h+ means (S1)g # —s7 (full flip of the spin)!
53



SFEC TATOR MODEDS

E.G. - Bacchetta et al, PLB 659:234, 2008

4 Use Field-theoretical definition of FFs from a Correlator.

de+ d?
[A(z,kT)— - [ Kt ak. ) = ZZZ / S(zﬂ)fT RO W ©) I, X) G, X I OU +oo)|0>|§:a

c ; e kr;
D (z, 22k7) = Tt[A(z, kr)y~] rkrj

1 |
Hi"(z,k7) = > Tr[AG, kr)ioys]
4 Approximate the remnant X as a “spectator” (quark).

4 Calculate the FFs at leading-order in favourite quark model.

D 2 p/ (
1 (z,p7) /TN

hy,
AR i
Hird) 7 N, AT\ 433 \
(b)

(d)
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Model Calculations of ¢ — @ Splittings

E.G. - Meissner et al, PLB 690, 296 (2010).
4+We can use the same “spectator” type calculations as for pion.

T-even T-odd
I; ////' \\\ p ,; ////" ‘\\\\*p
o;(Q// ) \\0:0 Q%h 0+9—0—9—>—0—>—0k /// _p\\k
JLJ{ =\=\—>—<
4 Positivity Constralnts on TMD FFs: Bacchetta et al, P.R.L. 85, 712 (2000).
2
1[1]\2 1[1]\2 Pl PL 2
(HL ) —|_(DT ) S 422M2(D+GL)(D GL) 4Z2M2D
2
[1] 2 11 P pL 9
(GH)2 + (H)? < SIVE (D+ Gp)(D - Gp) < 422M2D

4 T-odd parts from previous models violate positivity!
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Model Calculations of ¢ — Q Splittings

4+ Simple Model that is positive-definite:

CZ(Z,p%_) ::1-.1.: dAtfr‘ee(Z7pi)7

4 Use Collins-ansatz for T-odd

BJ_(q—>h) 2 L ® .
L =)

2 M J(q—)h) (Z, pi)

J. C. Collins, NPB 396, 161 (1993)

2p1 Mg
pi + M3

56



Results for Collins Effect

HM et al, Phys. Rev. D95 04021, (2017)
» Evolution-mimicking Ansatz.

» NJL Model

0.8

0.6 0.6
Q Q
N 04 N 04

0.2 0.2

0
1.0
04
0.2 _

2H"?p

—02}F Wi .

u—>h,NL =10
1 I

u—>h, NL =10
—-04 L l L l L l —-04 1 ] 1 ] 1 ] 1 ]
0

0.2 04 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
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Results for Collins Effect

HM et al, Phys. Rev. D95 04021, (2017)
» Evolution-mimicking Ansatz.

» NJL Model

0.8

0.6 0.6

Q Q

N 04 N 04
0.2 0.2

0 0.2 04 0.6 0.8 1.0

0.2

2 H_L (1/2)/D
S

[ =

|
=
)

u—>h,NL =10
1 I

u—>h, NL =10
—-04 L l L l L l —-04 1 ] 1 ] 1 ] 1 ]
0

0.2 04 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
Z Z

4+ Opposite sign and similar size in mid-z range for charged pions. (Similar
to empirical extractions).

4 Dependence on model inputs: can be tuned to data. 57



Results for helicity dependant DiFFs

4+ Results for helicity DiFFs, N. dependence, various pairs. Cuts: 21 5 > 0.1

o L L L A 030 ——T—— T T T T T T 1
£°N -z 7 . Ei:g 1 025F ELj u-1'7 -
5L ,o o\ ZI)Z Z 0.1 — — NL=4 | g o NE;4 Z])Z Z 0.1 E
i RN oo Nyp= _020F ... N/ 3
RN = 7
- / N\ \ S 0.I5F ¥ 4 E
= 2+ N . ~ / ]
Q I o‘.....°o\ @ 0.10 .oo‘.. —
5 .....-;/
i 0.05 —4/ 3
s =
o ™
d -0.05 - 1 l 1 l 1 l 1 l 1 l 1 l 1 l '
. 1.0 02 03 04 05 06 07 08 09 1.0
z z
T T T T T T T T T 025——T 71T ~ 1T ~ T ~ T = T * 1
— J'IZO 7130 - gt 3130 i 020 |- =— 51;0 3170 - — -t 5170 —
.,.\. J'IZO T ecamoo n"’ T —
3 | ., ,—\\.\ ||||||||||| o A1 ARRRLLLLLLLLLTT n"’ 31:"' _
X [,// NL=6 : @N -
SN P 'I 212 = 0.1 S
S .I @ nnnnnnnnnnnnnnnn
- _ 4005 ", .
< T,
< -0~ T, ]
Soask o —m— _
—020f Z12=0.1 Ni=6 _
_0'25 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
02 03 04 05 06 07 08 09 1.0
z z
4+ Non-zero signal for various channels, sign change for 7" pairs!

4+ 21,2 2 0.1 cut enhances the analysing power at high-z for larger N.! g



Analysing powers for DiFFs in e*e’

4 The analysing powers of DiFFs from quark-jet framework.

» Gi naturally smaller than 1, but should be measurable!

Ratio to Dy

01 02 03 04 05 06 07 08 09 1.0

A

u—>h,NL =10
1 I

0.6

0.8 1.0
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INCLUSION OF VECTOR MESONS AND (STRONG) DECAYS

* A naive assumption:VMs should have modest contribution due to
relatively small production probability P(7")/P(p™) ~ 1.7

* But: Combinatorial factors enhance VM contribution significantly!

e Let’s consider only two hadron emission

‘Direct: uw—d+at s u+n1 +7t k
VWM, u—=d4+7mt s u+p +7"
00 gw—wo
0 O 0 4+
U—>UuU+p —u+tp +p=>pr1mT
I—)’/t_l_’/(_

\_ J
4 1\
Ppir(ntn7)/Pyy(ntn™) = =
\_ J
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2- AND 3-BODY DECAYS

(The M7 spectrum of pseudoscalars is strongly affected by VM decays. )

e We include only the 2-body decays o, K.
e Both 2- and 3-body decays of w, ¢.

Achasov et al. (SND), PRD 68, 052006, (2003).

@
4

P
z
Z T

O Q




PYTHIA RESULTS FOR w — 7~ @™

- arXiv:1706.08348

i I I I I I I I |+ I | 0.4 I I I I I I I I I I |+ I
N i g i B g -
< 5L Uu->x T S U->Ja T
= Full ] o 03 Full -
;\ i = mm = Direct | E i = mm = Direct |
Q{ 1.0 — XXX X VMOI’lly \52: XXX X VMOnly
+§ - . + 0.2 — =
I ] N
N . i 1 N . I |
Q 0.5 — ] < 0.1 o
N i | = lg . —éd "o,
— T — o -~-."""IF.~—— .
oL = Y Y B B S L
0 02 04 06 08 10 12 14 0 02 04 06 08 10 12 14
M; (GeV?) M; (GeV?)
N 3 I I I I I _ I +I
= | Uu->ax T
N
Q ,L Full i
E wm mmm = [irect
+Q2, — XXX XXX) VMOnly -
N
N 1
Q
~
~£
0
0 0.2 0.4 0.6 0.8 1.0
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el AIA SIMULATIONRS

e Setup hard process with back to back g @ along z axis.
* Only Hadronize. Allow the same resonance decays as NJ|L-jet.

* Assign hadrons with positive P, to (¢ fragmentation.

E, =10 GeV

Single Hadron Dihadron
0.6 ' ! ! ' ! ' ! ' | | | | | | | | | |
Q’ =400 GeV* —— 7, PYTHIA . i = PYTHIA i
=== K.PYTHIA | =5 sl === NJL-jet —
'''' 0+}1;YTT£ZA a - =e==c= PYTHIA No VM -
L ) : AN\ U NJL-jet No VM -
= ™ 1.0 —
S + n _
= & : 1l
) & f ]
2N o0 0.5 B
' S N [
............................................... s
mj_ —————————————————————————— 1 0 i 1 1 1 R i
0 . . . . . 0O 02 04 06 08 10 12 14
0 0.2 0.4 0.6 0.8 1.0 2 2
z My (GeV~)
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Recent BELLE Results

4 Invariant mass dependence of unroll DiFFs:  arxiv:1706.08348

50 0.20 <z < 0.25 0.25 <z <0.30 0.75 <z < 0.80
40

30

20

d°c / dzdm [ub/GeV]

10

/= 0.80 <z <0.85 0.85<2<0.90 [ [g7 ., 0.95 <z <1.00
0.8F -

; I Y s R
0.6 C [ B At Data

d?o / dzdm [ub/GeV]

o
n
IIIIII
|

— o L e o <] -

o
N

’ " .-;_ ) ;] T gy s -- ﬁ : )
040608 112141618 2 22040608 1 12141618 2 22040608 1 12141618 2 22
m,.. [GeV] m.. [GeV] m,_. [GeV]

4+ Note: D(z, My)dM;, = 2M;, D(z, M;)dM,,

0

4 Large z favours large My !

4 Non-resonant channels have no My structure, but are amplified!
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Longitudinal Spin

4+ FF for longitudinally polarized quark: (R X T) + ST,

1.6

1.4F

1.2

DIl (pr-1) = Dy [cos(pr-1)] + sp sin(pr-1)Glcos(pr-7)] | _ oo

PR—-T = PR — PT g3

x2 / ndi 3.391/7 2 1 ndf 52427
po 1.904 + 0.000 PO 0.0002279 = 0.0002057

2r pi 0.000113 + 0.000276 H p1 0.1076 = 0.0003

1.98
1.96
1.94—

1.92—

[cos]

1.881
1.861

1.841—

1.821

1_8_||||||||||




Results for unpolarized DiFF

4+ Results for unpolarized DiFFs, N. dependence, various pairs:
» z Cuts: 212 = 0.1

12 I T ] L
- - Uu-a2'x = Ni=2
10 I . sseee NL= _
i \, == Ny =4
TN B
! \,
S / \, i
g T \,

é
12 1 I 1 Olnﬂ T :I-;”
i  — -
10+ I.’..\‘ J'ISOJT commee gty
i /-\\.\ lllllllllll b Al AR LLELLTLELT Al Al
S !'I \'\ NL=6 7]

Dq(z)
(=
|
e~
o
§ H

0 1 1
0 01 02 03 04 05
<

06 07 08 09 1.0

Dy(z)

Dy(z)

| 1 o~ T T 1
u—->a' s = Ni=2
SN - w71 C°ccc N;y=3
Lo \.\. 212200 ___ 7,
[ o= se=se Nu=b
2_! I o“"’o..\

4 212 > 0.1 cut brings in convergence with N_!
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Saturations of FFs with h Rank

4 FFs vs Rank of produced hadron.

» NJL Model » Evolution-mimicking Ansatz.
10° e R=] ¢000¢ R=3 m =6
jol[=== R=2 +=- R=4 + R=8

5 gL a2)
S gLan

_0.2 I 1 1 I 1 1 1 1 _0.2 1 1 1 1 1
0.1 0.2 0.5 1 0.1 0.2 0.5 1

v Hadrons of Rank > 4 are negligible for FFs at z > 0./



NAMBU--JONA-LASINIO MODE

Yoichiro Nambu and Giovanni Jona-Lasinio:

“Dynamical Model of Elementary Particles Based on an
Analogy with Superconductivity. |”

Phys.Rev. 122, 345 (1961)

Effective Quark model of QCD

*Effective Quark Lagrangian
Loy, = Za My wq—l—G F@Dq

X

*Low energy chiral effective theory of QCD.

*Covariant, has the same flavor symmetries as QCD.
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NAMBU--JONA-LASINIO MODE

400 —————————r T .

*Dynamically Generated Quark Mass T

‘%/3005

C 150 L ;

£ 100 | :

- 1 -1 K K §>50§ %

) —_ ): + O: ................. ]

k k 0 02 04 06 08 10 12 14 16 1.8 20
G/Gcrit

my = 0 MeV
mg = 5 MeV
mg = 50 MeV

*Pion mass and quark-pion coupling from ePjon decay constant
t-matrix pole.

k k k k

qg-k q-k

Fixing Model Parameters

eUse Lepage-Brodsky Invariant Mass cut-off regularisation scheme.

Mo < Ao = \/A§+M12+ \/A§+M22
* Choose a M, (4) and use physical [, M, m g to fix
model parameters A3, (G, Msand calculate GhqQ.




PEFENDENCE ON NUMBER@IS
BN SR EBE A BRGNS
» Restrict the number of emitted hadrons, Ny ., .in MC.

0.6 -
+ 0.5+

04

0.29 x

0.1 +

Links_
NLinks=3

a S
YN \NY

O
03_ ‘\“““\A“

» We reproduce the splitting function and the full solution perfectly.

| | | | | | | | | | | |
04 0.5 0.6 0.7 0.8 0.9 h?.O

» The low z region is saturated with just a few emissions.

70



BOEU THONS OF TH

4 Input elementary probabilities from NJL:

AN
P, o P
o 4
K 7 2
o P> e
K-p

- INTEGRAL

CQUATIONS

H.M., Thomas, Bentz, PRD. 83:074003, 201 |

0.8

0.6

g 71



BOEU THONS OF TH

SN

-GRAL

—QUATIONS

H.M., Thomas, Bentz, PRD. 83:074003, 201 |

4 Input elementary probabilities from NJL:

L

08 u-zt
4 N D 0.6
7 | 3
k 4 N\ k v 0.4
e > S e
k-p 0.2
0
4 Solutions of the integral equations:
N T
1.2 T — T T T T T T T T T 0.6 | ' I
v, Q? =4 Gev? ) )
1H — === Empirical - 0.5 Q™ =4GeV
LN NJL-Jet (0.2 GeV?)
+ 08t —— NJL-Jet i 04k
E . +
D:

Z
' U I I
——=—= Empirical 7
"""" NJL-Jet (0.2 GeV®) T
— NJL-Jet
.)'/‘ \\ b

[ 4
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Lorentz Transforms of TM

Diehl: NPB 596, 33 (2001)(2015)
» Boosts from 0 TM frame that preserve “-> component.

1 K k1| k2
2(k—)2 | k= | k-
0] 1 0 | O
0 == [ 1|0
0 == | 0|1

L (k,+>k/_7k,J_ — O) (p+7p_>pj_>
L (k_l_vk—:k/—akd_) (P—I—ap—:p—aPJ_:pJ__'_ZkJ_)

TT) Pieik
»In case of two (or more) hadrons: same story!
CPu =Py, + 21kl Py =py; +Z2/ﬂ> -




-~ AVERAGE Transverse Momenta vs z
'FRAGMENTATION

| ' | ' | ' |
. 0.4Bood‘..§....;ooooooooo..... u_)h _-
2 2 U e P
[<PJ_>unf > <PJ_>fJ 3 0'3_
N‘A’ 0.2
4Indications from HERMES \7 0 1'
data:| A. Signori, et al: JHEP 1311, 194 (2013) |




TMD FRAGMENTATION FUNCTIONS

» UNFAVORED

FAVORED

1

0.9

0.7 08

Illl

I‘ Illlll‘llll
0.1 02 03 04 05 06

1

0.9

0.7 08

0.6

0.5
V4

Sessus!
B ——
“‘#.#/

_______

2

9

E=——>

<=
COESSS

LI

0.07— oo

0.9

Illllll T
0.3 04 05 06 07 08

Illll

0.1 02

09 1

Trrid LI ll|||ll TT
03 04 05 06 07 08

0.1 02

V4

74



COMPARISON WITH GAUSSIAN ANSATZ

| ' | ' | ' | ' | | ' | ' | ' | ' |
) — NJL-jet, <P2>=0.148 GeV*_ L — NJL-jet, <P2>=0.396 GeV*_
=== Gauss Fit, <Pi>: 0.117 GeV? === Gauss Fit, <Pi>: 0.365 GeV?
~~ ~~
\S/ ' u-at, z=0.8 ' g ' s—>K*, 7z=0.2 '
~ 107 ~ 107
& N
A Ry
e N
N 107 N 107
~
\\\
~
1076 1076 ' —
0 0 1 2 3 4 5 6
P: (GeV?) P% (GeV?)

* Average TM:(P?}) = fﬁ];); LP%Z()Z(ZJ; ]g)i)

Q_PJ2_/<PJ2_>

- Gaussian ansatz assumes: D(z, P?) = D(z)
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