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SIDIS with one measured hadron

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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o TMD PDFs
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SIDIS with two measured hadrons

* 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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4+ Two Coordinate systems:
e | : modelling hadronization *T": field-theoretical definition of DiFFs
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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
feadn G?ZZRTJ 2 2
Al el === H¥ (2,6, k. Ry, kr - Rr)
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”

3]

_ k.
A el SRR G (2,6, K R ker - Rir)
h

i Y Rr;
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Fourier Moments of DiFFs

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

o

1
Di (2,8, Ky, Ry cos(pir) = — >
n=0

cos(n - Y R) D[n](
1+ 50,77,

Z7€7 ’kT|7 ‘RT’)a

F[n] — /dSOKR cos(nngR) F(COS(QOKR)>

* Integrated DiFFs and Fourier moments

Da( Mh — < /koT/de gakTaRT)

a, R a.|mn
G (2, M2) = /koT/ds(QMg)’ rl Greln ;¢ k2. R2),

|RT|
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k
HE Ay — /d%/dg‘ T‘ (26, ke, | R
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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 — do?

doT + do

x sin(¢rg

?s)

> €q hi(@)/x H{(z, M)

>.q €5 Ji(x)/x Di(z, My)

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:

Gy (2, M)G1 (2, M)
Dl(z, M}%) Dl(i, M}%)
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\
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Moments of DiFFs in e™e-

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

* [n asymmetry: helicity-dependent DiFF in the.

cos(pRr — gok) moment

/dS/dSOR/d kT(kT RT gakTaRTakT RT)

* [n asymmetry: IFF.

\Hf(#e (2, M}) = / € / don [ &k Rl (o €. R R )

eDiffer from SIDIS !

<,|0 0 11
H1<f€-|—e— (ZaMh) — Hl Y HES[DIS(ZaMIZJ) — [Hf[ | +H1 | ]}



Moments of DiFFs in eTe-

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

* [n asymmetry: helicitv lent DiFF in the.

— [ac |

* In asymmetry: IFF.

\H1<[e+e ZMh /dgj

'lefer from SIDIS !

<,|0 0
Hl eTe— (ZaMh) — Hl Y HESIDIS(Zlezi) — [Hf[ | + H

sMight strongly affect combined analysis!
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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

< 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
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How to resolve these?

Quote from Anatoly Radyushkin:

’ £ “‘I am old enough to know that if something is published, it is not
" 8 necessarily correct”
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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
.
or €
Pr 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
.
or €
Pr e
AT o
hz lepton frame

e The new fully differential cross-section expression:

do (6+6_ — (h1h2)(iL1iL2)X) 5 _
5 SRl a5 :—2zzZe D{ D7
d*qrdzdéderdM;dzdldpgdMidy Q)

f[wDaDa] — /koTdZET (52(kT + ET — qT)w(kT, ET, R, RT) D® D¢,

. I S—
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M2 M2 '
| 4
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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) 2oa.a €1 (2, M) H(z,
2 A(y) S _€2D¢(z, M?)D}(z, M?

a,a ~a

Acos(brteRr)

(,

+ All the previous extractions of the transversity are valid ! l

|

§ % o




Helicity-dependent DiFF in ee

* 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 >_< 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)) >

dor ~ 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

|7



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 .

|18



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)
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Helicity DiFFs at COMPASS

» SIDIS extraction in COMPASS

COMPASS
preliminary

kr Rt sin(pr — ¢r)
M;;

"prkr sin(p, + @)
B
+ B9 MM,

pr Ry sin(¢p, + ©r)
B
+B(y)g| MM,

dovs ~— A(y)G| gip G1°] e,

la J_a_
hlL Hl

la <Ia_
hlL Hl

UL

~
~

cos(2¢h-2 ¢R)

~
~

sin(¢n)

S

> > > > > > > > > > >
=
<
S

P
GlwfiD?] = /deT/d2kT52 (kT —pp+ “)

z cos(g ) |
| * | | | | ‘ | | | | |

~
~

x w(pp, kr, Rr)f*(z,p7)D(2,¢, k1, R:, kr - Ry) 002 001 0 001 002

(A)

+ ASIn((Pr—¢R)) jre convolutions of J11, and Gll |

»Low <x>=0.05"!

» Limited statistics.
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MODELLING

DIHADRON FRAGMENTATION FUNCTIONS

21



POLARIZATION IN QUARK-JET FRAMEWORK
4 Extended quark-jet: o // /’Y

Bentz, Kotzinian, H.M, Ninomiya, Thomas, Yazaki: PRD 94 034004 (2016). ﬁ > W;d»\
q Q' Q
Q

» The probability for the process ¢ — (), initial spin Sto S ™,

Fq%Q(Z,pJ_;S,S):OKS—F,BS‘S "67 w--
S 1
Q

» Intermediate quarks in quark-jet are unobserved!

We need the induced final state spin S'.
F179(z,p1;s,8) ~ Tr[p p5] ~ 1+ 8-S

» Remnant quark’s S’ uniquely determined by z,p | and s !

(s

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

FQ%Q(vaJ_;Svﬂ) — (g 772



REMNANT QUARK'’S POLARISATION

4 We can express the spin of the remnant quark S’ = Ps
in terms of quark-to-quark TMD splittings. A
1
SV i

4+Input Elementary Splitting Functions: Model or Parametrization!

FQ%Q(ZapJ_; S, S)
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MC SIMULATION OF FULL HADRONIZATION

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

/
4

Y
A

v -
-

* v

>
1l
q

Q Q
R\

AN
S

Q

4 We can sample the £, Z,pi, ©p using

fq_>h(z7piv 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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Feasibility of new measurements of G

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

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

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

03
_ new
- 02 "
N definrtion
0.1
Q [
= 0
S
S -01
Q:—o.z—Z1)2201
sl u-x 7, Ni =6 _
.I.I.I..I.I.III

0O 01 02 03 04 05 06 0.7 08 09 10
z
4 Reanalyze BELLE and COMPASS data.

4 Measure it at BELLE Il and JLab 12GeV. ’E



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": test Universality!
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BACKUP SLIDES



Hadronization.e e¢e™ — hX

* The conjecture of Confinement:

+NO free quarks or gluons have been directly observed:

| only HADRONS.
—— ___
T 8
>, 2
g o
a N g
nf QEE.

elec:tro vvea|< DQCD

\
S~ — —— _— —

e — — ———— —

+ Hadronization: describes the process where colored quarks and

gluons form colourless hadrons (in deep inelastic scattering).
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» The non-perturbative, universal functions encoding parton

Fragmentation Functions

hadronization are the: Fragmentation Functions (FF).

1 d
o)
\

dz

ole et — hX) = ZCi(z, Q*) @ DMz, Q%)

~N

J

» Unpolarized FF is the number density for parton i to produce

hadron h with LC momentum fraction z.

(DI'(2Q?)

q
>

h

3

» z is the light-cone mom. fraction of the parton carried by the hadron

[z

p

:k—_%

Zh

 2E,
Q

a

T _

V2

1

(a’ £ a?) j
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FACTORIZATION AND UNIVERSALITY

SEMI INCLUSIVE DIS (SIDIS)

\_

- N
0_6P—>th _ Z fqp 2 g€d—¢€q R Dc}]L

\_ q Y,

cete™

-

_ _ _ )
O_e+e —hX _ Zo_e+e —qq R (DZ 4 Dg)

q

J

DRELL-YAN (DY)

-

\_

\

q,q9’

J

Hadron Production

-

\_

\
PP—hX P P "—qq’ h
o =) fFefl®c® 7 g D]

q,q9’

J
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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
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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 . df/koT/dSOR cot(ori ) F(z,& kr, Rr) 32




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




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_!
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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 :
HlL o1 (2) = —ST<Sm(gpk — gpS)F>
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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



