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Semi-inclusive Deep-Inelastic Scattering

Q® = - ¢% = -(k-k)?

v = Pg/M
__h) x =Q¥/(2Pq)
C__ @ d
Z = Eh/\/

Factorisation m ogeN-ehX = D gedeq @ DFN-9 ® FFa—h

DF(x,Q?): Parton Distribution Function - f;(x,Q%), g5, (x,Q?).h,(x,Q?)....

FF(z,Q?): Fragmentation Function - D;9°"(z,Q2), H*4~h(z,Q2), ..
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Azimuthal modulations of SIDIS cross section

déc
do =
dx dy dz d¢ do, dP?,,

} All studied by HERMES
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d(jxy

Beam Target
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Azimuthal modulations of SIDIS cross section

dc : : : :
[dcs “dx dy dz dp do, P, } 6 leading-twist contributions

do=doy, +0052+%cos¢ doyy, +X, %sin gdo),
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Azimuthal modulations of SIDIS cross section

dc : : : :
[dcs “dx dy dz dp do, P, } 6 leading-twist contributions

do=doy, +c052 cos¢ doyy, +X, @fln ¢ do?,

+ S sm<¢—¢s)+sm(¢+¢s)+sm<3¢—¢s)

dﬁxy

1 .
"+ =sing.do;
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ﬂ +Aq {COS@ _¢s) @OS%dGﬁ @OS(2¢ —¢,)do; }}
. 1. 1
+SL{sm 2|n ¢ dop +\, {daﬂ +@cos¢ daZL}}

The others are subleading, i.e., suppressed by
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Azimuthal modulations of SIDIS cross section

dc : : : :
[dcs “dx dy dz dp do, P, } 6 leading-twist contributions
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The others are subleadmg ie. suppressed by /Q
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Azimuthal modulations of SIDIS cross section

déc
do =
dx dy dz d¢ do, dP?,,

do = dGUU + COSZ

6 leading-twist contributions

cos¢ doyy, +X, {_}sm ¢ do?,

1 .
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Azimuthal modulations of SIDIS cross section

dc : : : :
[dcs “dx dy dz dp do, P, } 6 leading-twist contributions
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TMDs from transversely polarized proton target

K.R.

Data taken in 2002-2005
5 PhD theses in 2004-2010

3 publications (Sivers and Collins for pions and charged kaons)
[PRL 94 (2005) 012002, PRL 1003 (2009) 152002, PLB 693 (2010) 11];

(So far ~1140 citations)

Since then - include protons and antiprotons
- extend analysis to @B in (x, z, P,|) for all but antiprotons
(important for global fits)
- detailed study of systematics

Simultaneous fit of the Fourier amplitudes for
sin(d)—d)s), Sin(d)"'q)s): Sin(3¢'(|)s): Sin((l)s): Sin(zd)'(l)s): Sin(2(|)+(|)5) (UT)
cos(9-95), cos(¢s), cos(2¢-¢;) (LT)

>200 plots

11



T T Transversity and Collins FF
o o (i Clh()® Hy 4(2)]
Airapetian et al., PLB 693(2010) 11
— 0.08 — :
= 0.06F ™E 2
§ 0.04F i - : *— 9 Transversity DF and Collins FF
= 0.02} 5 - - lead to | t
;5%, DDE Ll * ‘__i-__+__f__+ ______ _+++++++ non-zero, lead to large effects
h 02 e e & Opposite in sign for charged
0.05¢ L“ 2 } 3 pions
AN YA
e J;'_L * * 9 Disfavored Collins FF large
0l e and opposite in sign to favored
0 —+++ L f—+————+ ——————————— I
TN TN
= SR ST A
0.06 F = -
0.08 —\Lﬁ%
101 " 04 06 05 1
X z P, [GeV]
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T T Transversity and Collins FF
o o (i Clh()® Hy 4(2)]
Airapetian et al., PLB 693(2010) 11
5515 0.15 KHE =
04 : { .
+ » - ¥
S 0.05¢ e, N_— H +
3 °§"'+'--+- b *____’f__+__+ _____ o f_{_*____i__’r _______
N o5 ETEmr———— <

. \‘ |
o 4 Jﬁﬂ ......... HHH
P MY e

& Positive Collins SSA for positive Kaons
@  Consistent with zero for negative Kaons

K.R.
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h T T Transversity and Collins FF

L g, | hyt

R OIF Clhy9(x)® Hy(z)]

Airapetian et al., PLB 693(2010) 11

x5 0151 K™ o 3 "2 | = HERMES|[PRELIMINARY

;_;) 015" 3 * g ++ g ﬂ:: : P - 7.3% scale ?Jncertalnty

+ C = 005 § = =

< 0.05- trlE - + T T TE e SR

;uEl . __+___+__+_+____+__*___j__+__+__f__+»____N___{_*____j'__} ------- ~ -o-i:, :H [ $ E:F VY } ;:+ b '

N o5 el ey 4;02: ------------- e
\‘ o F b
0.051 \ - - 04 — _ _

: RN : L \ e 1 } - H S
it g T
P I S S o SR e .
01 0" 0.4 06 0.5 1 T B leev)
X z P, [GeV]

& Positive Collins SSA for positive Kaons
@  Consistent with zero for negative Kaons and (anti-)protons

mm) \/anishing sea-quark transversity and baryon Collins effect ?

K.R. 13



Nig | U L | T o .
T T Transversity and Collins FF
L 91 AlLL
T il (.h; - Clhy9(x)® H"4(z)]
Z. Kang et al., PRD 93 (2016) 014009 M. Anselmino et al., PRD 87 (2013) 094019

(M. Radici et al., THEP 1505 (2015) 123)

Ne""‘x
I = Kang et al (2015
E;? Ve 004 e Ansnfh:;jm{et al 31013)
=3 2
P
0.05
0%
-0.05
= -0.1 | R, ¥~ Kang et al (2015) —
-0.15 — Anselmino et al (2013) s==ssssss
0] 0.2 0.4 0.6 0.8 1 0 02 o o . ;
X zZ

Pion SIDIS data from COMPASS (PLB 673 (2009) 127, PLB 744 (2015) 250)
HERMES (PRL 1003 (2009) 152002)
JLAB - Hall A (PRL 107 (2011) 072003)

e+e- data from BELLE (PRD 78 (2008) 032011)
BABAR (PRD 90 (2014) 052003

K.R. 14
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01 E } g
02E
o o0z

& n amplitudes increasing with x
at large Py, increasing with z
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Z >
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& No 3D for antiprotons
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> 8600 860°0 > X > ZLO'0

8EL'0>X
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009°0 > X

& Other hadrons: no such clear kinematic
dependencies
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L - 91 hy +

T fx ) o h, h;
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Sivers amplitudes

Clf 179 (x)® Dy9(2)]

A. Airapetian et al., PRL 103 (2009) 152002

5 0Fs T & Positive Sivers amplitude for positive pions
gu.os}*l bottE +++ IR <Gnd kaons
A f : . :
N o Experimental evidence for orbital angular
} momentum L, of quarks
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K.R.

Similar magnitude as for n
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T Sivers amplitudes
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P A Sivers amplitudes
- @ - CLfix? ()9 D,(2)]

A. Airapetian et al., PRL 103 (2009) 152002

5 02/ gt F B
gmf— ++++ — +++++-— ety
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X z P, [GeV]

& Large K* Sivers amplitude
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T Sivers amplitudes
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T Sivers amplitudes
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T Pretzelosity DF h;t @—@

lLL P
T fl# it hy GIT”

Sideways transversely polarised quarks
in transversely polarised nucleon

Ffri;{Eéh—rﬁsj _
o[2(h-pr) (pr k) + p7 (h-kr) —4(h-pr)* (h-kof, o0
2M2M, A
& leading-twist
& Related to parton orbital motion: requires interference between

wave functions with OAM difference by 2 units
@ Expected to scale with (p1)%ky

@ Suppressed w.r.t - Collins and Sivers (these scale with k+, pt)

- Cahn, Boer-Mulders ((cos¢) scales with kt, pt)

- Boer-Mulders ({cos2¢) scales with kp+)
KR. 19
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@ Compatible with zero within uncertainties

@ h;+t might be non-zero, look at higher p+
C. Lefky, A. Prokudin, PRD 91 (2015) 034010
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& 3D for pions, kaons, protons

K.R.

Data from COMPASS, HERMES, JLAB
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@ Agreement between H and D data

@ Positive asymmetries for pions
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@ No clear kinematic dependencies in 3D
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Twist-3 (sin($)),

o C[ht9®|Eq x ;j@ H,': x|gha® Dy, f9®G 4]

@ Ddata fr'om 1999-2007 Chiral-odd Chiral-even
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C. Adolph et al., NPB 886 (2014) 1406
17 %P ew e COMPASS e HERMES PRELIMINARY
= 5 [ L LD —phX - 2D —enX
(.: 0.05 I [ 2.7% scale uncertainty

ABEII TR L1 SRS jj;l;i*i_%_@_%__
R } 9 Data at high z not used

_0-1;| | I_\_Im__llllﬁ_\-r-\_\_l_'_lllﬂ_—illllm—

o 5— / for other projections

005 - } -
by ! %{'j*{i;ﬁ{f}“ %J} %Tﬁh}}i}%{{,+
; ;

of -~ T R SEELE Sk EUEEE EEEEES
oosf ‘ g |
010, ) Lo [ T I AR |__7_\_| [ R L1
1072 107" 02 04 06 08 0.5 1
X z PhT [GEV]

& Consistent behavior for charged pions/hadrons at HERMES/COMPASS
for isoscalar targets
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K.R.

Opposite behavior tor == z projection
CLAS probes higher x region; more sensitive to x ed® H"4 ?
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Twist-3 (sin($)),
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oC C[hlj"q ® Eq, X ;ﬂ@ Hlj"q,‘ X gl'q ® qu, flq ® GJ"q
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Opposite behavior tor == z projection
CLAS probes higher x region; more sensitive to x ed® H"4 ?

Draft in 15t circulation

28



Topic 5: A Polarization



Beam-helicity induced A and A polarization

TeN>I+A«X [A>p+n

@ A polarization PA from proton angular
distribution in A rest frame

oC (1+oc_|5/\-/|5)= (1+a>X P cost)| (=xvz

@ PA=PyVl-eZ  Dyx,2) Pg = [Py |2, longitudinal beam polarization

P A= Py 2V2e(1-€) Dy x(X,2)

PA= 2V2g(1+€) D y(x,2) beam-helicity independent transverse A pol.
@ Dy x(x,2), D y(x,z), D #(x,2): "spin-transfer coefficients"

& Asymmetry for helicity balanced data set: P,/ drops out

K.R. 30



Beam-helicity induced A and A polarization

& Relations between spin-transfer coefficients and TMDs:
(P. Mulders and R. Tangerman, Nucl. Phys. B461 (1996) 197)

2q €g?xf19(x) 6,97 N(2) Production of longitudinally polarized As
D, (x,2) = from originally unpolarized quarks and
%, e2xf9(x) D> A(z) longitudinally polarized virtual photons

K.R.
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Beam-helicity induced A and A polarization

& Relations between spin-transfer coefficients and TMDs:
(P. Mulders and R. Tangerman, Nucl. Phys. B461 (1996) 197)

2q €g?xf19(x) 6,97 N(2) Production of longitudinally polarized As
D, (x,2) = from originally unpolarized quarks and
%, e2xf9(x) D> A(z) longitudinally polarized virtual photons

A -
] % {2, e,2x2ed(x) Hi-97 A(z) +% 2q eq?xf1i(x) 6192 Nz)/z }

DL)((X,Z) =
2q €g°xf19(x) D197 A(2)

K.R.
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Beam-helicity induced A and A polarization

& Relations between spin-transfer coefficients and TMDs:
(P. Mulders and R. Tangerman, Nucl. Phys. B461 (1996) 197)

2q €g?xf19(x) 6,97 N(2) Production of longitudinally polarized As
D, (x,2) = from originally unpolarized quarks and
%, e2xf9(x) D> A(z) longitudinally polarized virtual photons

Q {24 eqzxzeq(x) HL9>A(z) M Zq e 2xf9(x) Gi »Nz)/z}

DL)((X,Z) =

2Z\eg?xf19(x) D,97A(2)

Same combinations of PDFs‘and FF as in Twist-3 (sin(¢)),,
oC C[hlj"q ® Eq, X eq ® Hlj"q; X gj"q ® qu, flq ® qu ]

K.R.
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K.R.

Beam-helicity induced A and A polarization
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Beam-helicity induced A and A polarization
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Topic 6: Kaons from nuclei
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Fragmentation in nuclear matter

& typical hadronisation length « (1-z) v
is of order of nucleus size (1-10 fm)

& time development of hadronisation can
be studied with nuclei of increasing size

& struck quark or qq-pair propagate
through .cold’ nuclear matter

& interaction signature: reduction of the
numer of hadrons per DIS event and

Courtesy of J. Rubin)

per nucleon
Useful for understanding the
fundamental aspects of
hadronisation (N*;\(IZ?QQ,zQ,pﬁ))
Ri}l(z/ﬂ Q27 Z? ptz) — Nh(l/?((;;?z?;2) A
Input for calculations of ( Ne(1,Q2) ; )D

nuclear PDFs and FF
Multi-dimensional study

K.R. 34



K.R.

Fragmentation in nuclear matter

eadlif e RGependence h EPT A 47 (2011) 113
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& less pronounced trends in Ne compared to Kr and Xe

& n+, n-, K-: increase of R, with v

& K+: increase of R, with v for lowest z-slize, flatter behaviour for higher z
& p: weak v-dependence

& p: R, exceeding unity at high v and low z (apart from hadronisation other

production mechanisms contribute)
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Charged Kaon production in nuclear matter
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FIG. 1: (color online) Parton fragmentation functions to K~ in vac-
uum at @2 == 10 GeV? from the HKN parametrization [27].
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FIG. 2: (color online) Ratios of mFF's to the vacuum ones for K~
from different partons with initial energy v = 10 GeV and Q* = 10
GeV? in SIDIS off Pb.

N.B. Chang et al., PRC 89 (2014) 034911
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FIG. 3: (color online) The nuclear modification factor for (a) K+ and FIG. 4: (color online) The same as Fig. 3 except for zz = 0.5.

(b) K~ for different initial quark energy v in SIDIS at v = 0.1.

& Prediction: enhanced medium modified FF for K- and enhanced K-/K+
production ratio at large x and z

K.R.
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Charged Kaon production in nuclear matter

N.B. Chang et al., PRC 89 (2014) 034911
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FIG. 2: (color online) Ratios of mFF’s to the vacuum ones for K =

from different partons with initial energy v = 10 GeV and Q* = 10
GeV? in SIDIS off Pb.

Prediction: enhanced medium modified FF for K- and enhanced K-/K+
production ratio at large x and z

Analysis completed. Results to be released in a few weeks

K.R.
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