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Collaborated with Aram from 2013:
® 13 Publications, including 2 PRLs.

o I will talk about some highlights involving spin-induced
dihadron observations.

4+ Dihadron modulations from Collins effect.
+ Spin in quark-jet hadronization: DiFFs.
+ New measurements of dihadron FFs in e+e-.



Hadronization of a Polairzed Quark

* Modelling quark hadronization « Collins Effect
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* Extended NJL-jet Model: spin non-flip and flip probabilities:

H.M.,Bentz, Thomas, PRD.86:034025, 201 2.
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Understanding Collins-IFF Interplay

COMPASS NJL-Jet
arXiv:1401.7873 (2014). PLB 731, 208 (20|4)
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onquering the SPIN




Conquering the SPIN

Transverse momentum dependent jet model for quark fragmentation functions
A. Kotzinian' 2
!Yerevan Physics Institute, 2 Alikhanyan Brothers Street, 375036 Yerevan, Armenia

2INFN, Sezione di Torino, 10125 Torino, Italy
(Dated: December 15, 2015)

PACS numbers:

I. FINAL QUARK SPIN IN QUARK TO QUARK FRAGMENTATION

Consider for example the decay ¢ — 7 + ¢1. The probability distribution for produced quark depends linearly on
the initial polarization, s, and final spin, s;. So the dependence on final quark spin looks as

Fr=fi+fi-81=f+ firsie + fip s (1)

Here the functions f; and f; describe the final quark spin-independent and spin-dependent parts and are function
of momenta of ¢,q; and polarization of initial quark s. Note that s; is an auxiliary unit axial vector. To obtain the
mean polarization of the final quark along some direction (here the direction of f; is chosen) we have to calculate the
following ratio:
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POLARIZATION IN QUARK-JET FRAMEWORK

4+ Extended quark-jet: L PS¢

Bentz, Kotzinian, H.M, Ninomiya, Thomas, Yazaki: PRD 94 034004 (2016). ﬁ > W\
q Q' Q"
Q
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» The probability for the processq — (), initial spin s to S &

4

q—Q : — : b -
Fozpiis,S) = 0, B, S C T

» Intermediate quarks in quark-jet are unobserved! Q

We need the induced final state spin S'.
F7%(z,p1;8,8) ~ Tr[p% p5] ~ 1+ 8-S

» Remnant quark’s S’ uniquely determined by 2,P | and s !

(g

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

FQ%Q(Za Pl;5S, O) — (g



REMNANT QUARK'’S POLARISATION

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




Analysing Power for Quark Spin

4+ Comparing the analysing powers for all polarized

Ratio to D;q
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4+ Signals for all possible hadron pairs.



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

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

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

h lepton frame

Gy (2, M)Gy (2, M7)
D1 (Z, M}%) Dl(i, M}—?)

HZ(z, M2<z o
Dl( M2) Dl(—,M_Z) ”

—
4 BELLE results.
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Back-to-back two hadron pairs in e*e-

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

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

h lepton frame

V4

H(z M2)H<( !
Dl( 7M2) Dl( \

G (2, M;)Gy (7, Mj)

| gcos(br+eR) -
D1 (Z, M}%) D1 (5, M}—?)

4 BELLE results.

ACos(2(pr—¥R))
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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:

OoLD " |
h, + /?u - br

ho lepton frame
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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:

OoLD " |
h, /?u P br
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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:

ho lepton frame

® The new fully differential cross-section expression:
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Helicity-dependent DiFF in ete-

H.M. , Kotzinian, Thomas: PRL. 120 no.25, 252001 (2018).
e The relevant terms involving G :

Ry x kr)s (Rr x k ST Ry -k
ek r)s (Rr > . T)SGfa(RT kr)Gi%(Rr - kT)}
M¢ Mj;

dJLNF[(

e Note: any azimuthal moment involving only Yr, YR Is zero.

(f(er,vRr))L =0

® The old asymmetry by Boer et. al. exactly vanishes!
e Explains the BELLE results.
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Accessing Gi- DiFF in ete-
H.M. , Kotzinian, Thomas: PRL. 120 no.25, 252001 (2018).
® The relevant terms involving G;:
RT X kT)g (RT X EZT)
Mj, M;;
* Need a gr-weighted asymmetry to get non-zero result

dor ~ f[( "G (Rr - k)G (R - ET)}

g7 (3sin(p, — pr)sin(e, — pi) + cos(py — ©r) cos(py — ©r))
Mth

].2 2A a a ~ 1l a a
_ 1207A(y) > (Gf o _ gt ,[2]) (Gf o _ gt ,[21)’

a
a,a

e A new asymmetry to access G * = Gf w0 _ L

12



New way to access Gi DiFF in SIDIS

H.M. , Kotzinian, Thomas: PRL. 120 no.25, 252001 (2018).




New way to access Gi DiFF in SIDIS: II

H.M. , Kotzinian, Thomas: PRL. 120 no.25, 252001 (2018).

Consider a polarized beam.

e The relevant terms involving G

dory ~ Aeg[

C'(y) 2o ST () 2 Gy (2, M)
A'(y) X2, fi(x) Dy(z, M)
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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).

» G+ naturally smaller than 1, but should be measurable!
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4 Reanalyze BELLE and COMPASS data.

4 Measure it at BELLE 1l and JLab 12GeV. 5



A NEW MEASU
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FRAGMENTATIONS FROM ete-

**inclusive hadron
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FRAGMENTATIONS FROM et*e-
FF DiFF

“*inclusive hadron “*inclusive hadron pair

“* back-to-back hadron pair and a hadron
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The Cross Section

H.M., Kotzinian, Thomas: JHEP 1810 (2018) 008.

e Use the standard kinematics to derive LO x-sec.

d0'<6+€_ — (h1h2)+A+X> _ aem 226
d2qr dz dogr dM,% d¢ dz dy (27 2Q2

. _
— STA(y) F M_T sin(¢z — ¢s) Dj‘_)hlileLT’a_)A]
A

krRr 1La—hihs ~G—sA
+ MA(y) F i sin(pr — ¢r) G) GiL

| My,

[ krRy k . ]
+ STA(y) F iﬁT sin(gy — SDR)MT cos(pf — ps) GO MG

h A

S .
+ SrB(y) F < L sin(pp + ps) H 02

RT <, a—h1h %T 1.,a—A
-4+ H 1 2> _H
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+ SrB( )f[( 3 sin(en + e Hp M
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Mh k 1 M?\ k 1T
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+ B(y) .7:[( —]\;’; cos(pr + wk)Hll a—h1ha

R k _
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Flavor Decomposition of DiFFs

“*Integrated cross section

do (e+e_ — (h1hg) + A + X) 20,2
em a—h1h —~a _
dz dM,% dz dy - (27T>2Q2A(y) Zei D™ Q(Z,M;%) D1_>A(z),

* Isospin symmetry

u—mtrT a—rtrnT  pd—rtaT d—mtr—
Dy = Dy ~ Dy = D )

Ds—>7r+7r_ L D§—>7T+7T_
1 _ 1 .

“* One pair inclusive: cannot disentangle the flavor dependence

_ 5 _ 1 _
dO'(€+€_ — (h1h2) _|_ X) ~U 62 Di]—)ﬂ'""ﬂ' ~ §D111,—>7T+7T (Z) _|_ §Df_>ﬂ-+ﬂ- (Z)
q

*New process: use the knowledge of single hadron FFs!

5 _ 1 )
do(ete™ = (hih) + 71 + X) ~ 50’5%” (2)D¥ =7 () + 51){%” (2)D5 =7 (3),
Dy ~"(z) = D{"(z) + DT (2).
19



Weighted Asymmetries.

* Unpolarized hadrons: Accessing Collins x IFF

q—TCOS( + ) — 30‘2777, B<y)
My Ve T PR (27)2Q2 M2 M,

X Zei/dgfdgoR/quT/koT/dQET52(kT‘|"_€T — qr)qT cos(py + YR)

X [(kaT cos(r + i) Hp 7" 4 Ropkp cos(or + gpk)Hﬁa—mlb)Hf,a—m] |

< Momentum weighting helps to disentangle TM convolutions.

[ ar 8kr + Fr — ar) arcos(ey + or) = (kr cos(er + wr) + Fr cos(iog + ¢r).

%* Resulting moment and the asymmetry.

a7 302 2 rr<,a—hih 2\ gLl -
— em B H y 1742 M H 9
<MA COS(QO(] + SOR)> (27_‘_)2(022 (y) za: ea 1 (’27 h) 1 (2)7

Bly) Yy ca B2 (= M7) H; " ()
A(y) Za, eg Diz—>h1h2(Z’M}%) D?—)A(z) .

AColl _
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Weighted Asymmetries.

* Unpolarized hadrons: Accessing Collins x IFF
3, B(y)

(it 00+ 9)) = i g

d2l_cT52(kT + kr — qr)qT cos(pg + ¥R)

Phys. Rev. D 54, 1229 (1996) et eos(soRw,ﬂ)wam)Hf,HA],
<+ Momentum weighting helps to disentangle TM convolutions.

[ ar 8kr + Fr — ar) arcos(ey + or) = (kr cos(er + wr) + Fr cos(iog + ¢r).

%* Resulting moment and the asymmetry.

qr 3a2,, a—shih 1a1], -
(AL contpy + n) ) =i B) 34 HE* e, 0a7) ),
a

27)2Q?
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Weighted Polarized Asymmetries: L

< Accessing Helicity DiFF

Yot G (2, M7) GIMN(2)

sin(pq—¢R)
S I MZ:. z, — ,
e B = D e, AR DA )

Nonzero measurements of longitudinal A polarization at ALEPH!

< Combination of IFF with Kotzinian-Mulders type FF:

. em ,Q 1 2 J_a,, 1|, —
Br)g=prr = <_Sm(90q +¢R)> = (27) 2@23 Z o Hi o 2z, My) Hyj | ](Z)a
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