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TMDs in SIDIS
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SSA and DSA amplitudes

The relevant asymmetry amplitudes are extracted in an unbinned ML fit of the Fourier decomposition of the cross section
in the azimuthal angles ¢ and ¢ (separately for CSA and SFA amplitudes)
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Sivers amplitudes: pions results
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Sivers amplitudes: pions results
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Sivers amplitudes: Kaons results
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Sivers amplitudes: the K™
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Similar kinematic dependence in SIDIS region but K™ is substantially larger!

u-quark dominance, but different sea-quark content

possible differences in k; dependence of the fragmentation functions for
different quark flavors (entering the convolution integral)?

different impact of higher-twist effects

K™ amplitude keeps rising with z in semi-exclusive region (no sudden
change) - Contribution from exclusive VM decays much less pronounced
for Kaons than for pions.

each x-bin divided into two Q2 bins

no effect for pions, but hint of suppression at larger Q2 for kaons
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Sivers amplitudes: protons results

Proton production is particularly susceptible to
receive contributions from Target Fragmentation
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Collins amplitudes: pions results
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Collins amplitudes: all SFA 1D results
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First measurement of Collins asymm.
for protons/antiprotons!
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dependence as ©*, but amplitude is
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e proton amplitude is non zero (negative)

antiproton amplitude = 0

Collins effect is a fragmentation process,
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for spin- hadron production
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The sub-leading twist sin ¢5 term: pions SFA results
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The sub-leading twist sin ¢ term: all SFA 1D results
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mTand Kt amplitudes in SIDIS region (0.2 < z < 0.7) are similar: small and positive

K™ negative and similarto m~

7%, p, D results vanishing

striking z-dependence in “semi-exclusive region” for t* /K™ consistent with large
sin(¢¢) amplitude observed in exclusive T electroproduction [Phys. Lett. B 682 (2010)]
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Conclusions

» The full collection of leading- and subleading-twist SSAs and DSAs with a transversely polarized H
target has now been published, based on an improved analysis including proton/antiproton results, as
well as results in a 3D binning and extended to the large-z ("semi-exclusive region” ) region.

> A rich phenomenology and surprising effects arise when intrinsic transverse degrees of freedom
(spin, momentum) are not integrated out!

> Flavor sensitivity ensured by the excellent hadron ID of the HERMES experiment reveals
interesting and unexpected facets of data

» The 3D imaging of the nucleon is a fashinating and fast evolving research field. HERMES has been a
pioneer experiment in this fiels and continues to play a key role in these studies.
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Backup
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The other SFA results...
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The cos(¢p — ¢ps) DSA: all SFA 1D results
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(sin(3¢p — ¢s) /€)y . (Pretzelosity): all 1D results
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<sin(2qb — ) //2e(1 + E)> : all 1D results
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(sin(2¢ + ¢s) /)y, all 1D results
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<cos(2qb — ) //2e(1 — e)> : all 1D results
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<cos(qb5) //2e(1 — e)> : all 1D results
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2 (cos(p+hg) / (2e(1-€)"?) |

<cos(qb + ) [/ 2e(1 — E)>LJ_: all 1D results
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Miscellania
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The SFA amplitudes (NEW!)

The probability-density function used for the SFA decomposition of the cross section

IP’(I, 2, €, Pt ¢, g, P, S1 : 2(sin (¢ — dg) )5, ...2(cos (¢ + bs)//2€(1 — €) )fl)

'\
= [1 + S <2<sin (¢ — 0s) >%J_ sin (¢ — ¢g) + € 2(sin (¢ + @‘5)/6}’{'u sin (¢ + ¢g) +
€ 2(sin (3¢ — d5) /€)% | sin (3¢ — dg) +7/2e(1 + €):2(sin (¢5)/+/2e(1 + €) s | sin (dg) + > Ay SSAs
2€(1 + €) 2(sin (20 — dg) //26(1 + €) ) | sin (20 — dg) + € 2(sin (20 + ¢5) /€ >%L sin (2¢ + @5)) P
+P[SL(\/1—E“2COS & — ds)/V1—€2) Llcoso bs) +/2€(1 —€) 2(cos (ps)/\/2€(1 —€)) LLCOS bs)+ A DSA
, L1 S

2¢(1 — €):2(cos (20 — dg)/\/2e(1 — €) Y| cos (20 — bg) +1/2€(1 — €) 2(cos (¢ + ¢5)/+/2€e(1 — €) )} cos <D+©5)>}w

10 Fourier components:

6 Ay SSAs (4 leading-twist + 2 subleading twist)

4 A; | DSAs (2 leading-twist + 2 subleading twist)
sin(2¢ + ¢s) and cos(¢ + ¢s) terms arise purely from the small but non-vanisning longitudinal target-polarization

component (target polarization states are referred to the lepton beam direction)

The SFA amplitudes do not include the e-dependent kinematic prefactors of the various cross section terms.

They are obtained by including explicitly the e-dependent kinematic prefactors in the probability-density function
separated from the fit parameters.
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The CSA amplitudes

The probability-density function used for the CSA decomposition of the cross section

P (.2, Phi6, 65, P, S1 5 2(sin (6 = 0s)), o 2cos (60 + 6s))T, )

_ [1 +S) (2 (sin (¢ — bs))es, sin (¢ — dg) + 2 (sin (¢ + ¢s))75 | sin (¢ + ds) + )
2“% 3‘_‘v h ‘,°v 3_ 2 - h “‘, -
(sin (3¢ — ¢5))1, sin (3¢ — @) + 2 (sin (ds)){y, sin (¢s) + > Ay, SSAs
2 (sin (20 — dg))(, sin (20 — bs) + 2 (sin (26 + ¢g))y, sin (26 + é5>) ~

\

+P151(2 (cos (6 — @5))f.1 cos (6 — ds) + 2 (cos (é5))., cos () +
w > ALJ_ DSAS

2 (cos (20 — ¢s))1.1 €os (26 — bs) + 2(cos (¢ + ¢g))1, cos (6 + @S))]

10 Fourier components:

6 Ay SSAs (4 leading-twist + 2 subleading twist)

4 A; | DSAs (2 leading-twist + 2 subleading twist)

sin(2¢ + ¢s) and cos(¢ + ¢s) terms arise purely from the small but non-vanisning longitudinal target-polarization
component (target polarization states are referred to the lepton beam direction)

The CSA amplitudes include in their definition the e-dependent kinematic prefactors that enter the various cross
section terms
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Kinematic coverage

Scattered lepton: Q> > 1GeV?
W2 > 10GeV?
0023< =« <06
0.1 < y  <0.95

Detected hadrons: 2GeV < |Pp| < 15GeV charged mesons
4GeV < |Py| < 15GeV (anti)protons
|Pn| > 2GeV  neutral pions
P, < 2GeV
02< 2z <0.7 (1.2 for the “semi-exclusive” region)
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the stricter constraint P7, < z2Q? is violated at large Py, in the
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detailed studies in appendix B of the paper (and next slides)
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Factorization requirements
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Due to x-Q? correlation, the first x bin corresponds to the small Q? region, where the requirement P,fl & Q% is less favorable
The 1/z? scale factor becomes large at small z making the condition P,fl/z2 & Q% unfulfilled for the majority of the events

[P/, /z% ~ qr represents the transverse momentum of the virtual photon in the frame where the two hadrons involved
(initial and final, for SIDIS) are collinear.]
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Q’[GeV?]

Factorization requirements
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Due to x-Q? correlation, the first x bin corresponds to the small Q? region, where the requirement P,fl & Q% is less favorable

The 1/z? scale factor becomes large at small z making the condition P,fl/z2 & Q% unfulfilled for the majority of the events

[P/, /z% ~ qr represents the transverse momentum of the virtual photon in the frame where the two hadrons involved
(initial and final, for SIDIS) are collinear.]
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Sivers amplu’rudes pro’rons results
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L] o e
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Similar agreement
between pand ™
(but with larger
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Let’s assume scattering off the up quark (dominance
of u-quarks in p/p production supported by global
fits of FF [Phys.Rev.D76:074033,2007] )
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Sivers amplitudes: protons results
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01 of u-quarks in p/p production supported by global
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Sivers amplitudes: protons results
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o E Both amplitudes are :
02 non-zero and positive e //e/
0.5 *
0.4 Y
0.3
0.2
0.1
-0
-0.1
-0.2
-0.3
50'15 Similar agreement
(2}
g between pand ™t
£ 00 (but with larger
o 0F statistical errors)
0.05 Let’s assume scattering off the up quark (dominance
01 of u-quarks in p/p production supported by global

fits of FF [Phys.Rev.D76:074033,2007] )
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Sivers amplitudes: protons results

H
= 02

2 <sin((p-q>S

0.5
0.4
0.3
0.2
0.1
-0
-0.1
-0.2
-0.3

2 (sin(¢-0g))y,

0.15 &
0.1 &
0.05 ;5

-0 =
-0.05 £
-0.1 E
-0.15 £
0.2 £

. ; — First measurement of
: : Sivers asymmetries
for p, p in SIDIS

that can lead to p/p:

Both amplitudes are
non-zero and positive

Similar agreement
between pand ™
(but with larger

statistical errors) @ N

...also from TFR (low z, high Py, )

A naive fragmentation process @ + ..
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Sivers amplitudes: protons results

A naive fragmentation process @ + ..
() = 1 H w A .
o : : < [ 1R that can lead to p/p:
g : - P -
s [ -+ 3 - -
o9 ; | i e =
= ol ' & 05 e i
Q. 20 - ! i Ll g
a | , -0 | - : QE#E' | 10
- & -9+®- | T =
I ‘.‘b’.".:.‘ : 0 - !
00 .0_l2‘ . .0.14 — .O_IG — .o.lg . ol b b Ly 1
l Z 0.25 0.5 0.75 1

Zz
onset of Target

Fragmentation ?

B 1 0.2<2<0.28 ot 1 0.2<2<0.34 p
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A ' 1
o
c
[
2
= L
2 01}
o -

0.05 -

i
PR P IS T R N i M|

0 0.5 1 0 0.5
. @) + ..

At the selected kinematics the vast majority of protons are compatible _
with being produced in CFR (find more studies in paper) .also from TFR (low z, high Pp,)
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Sivers amplitudes: protons results (CFR vs. TFR)

0.5

events / 0.0045

No generally-accepted recipe exists

positive values of xr and rapidity (y;) are typically associated with hadrons produced from the struck quark

negative values point at target fragmentation
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The Sivers term

doh a? Y2 A2 . .
— = = 1+ — Describes correlation between quark transverse
drdydosdzdeodP; | ryQ22 (1 —¢) 2 .
momentum and nucleon transverse polarization
{ [FUU,T + eFyulL

26 (T + €) cos (D) @ + ecos (20) Py ]

Sivers

+ N -\/25(1—F)Sin((,‘))FEiS(o)}

+ Sr -\/ - (1 + €) sin (())F[‘IE + €sin (2())]:3{?(20')]

cos (@)
FLL Q]

sin(¢p,—9s) _ » h pT 1
_ Forr =C [ — Jirh
+ Sp N [V1—€2F, + v/ 26 (1 —€) cos (¢) }

] ~ [ . sin (¢— ()\) (f) &
+ ._ST S11 ((f) — (%.)S) (FLI'Ill T (“Fam s))
' sin (6+6 5)

- / J S sin (3¢—¢ )
+ esin (3¢ — (‘)S)FUT S

sin(ogs)

. +esin (¢ + O
. +v/2e (1 + €)sin (b g
-

++/2€ (1 +€)sin (20 — ¢ S)FEI% '

+ St N [\ 1 — ¢ COs(()— ”S)FEEF(O ¢s) . -
% (1 — €) cos (¢5)F e (@s) Sivers CSA and SFA amplitudes

5 (1= 6 cos (26 — OS)FCOS(QQ—QS)] } coincide (no &-dep. prefactor)!

LT
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The Collins term

Describes probability to find

doh a? y2 2 . .
— : ; (1 + ) transversely polarized quarks in

drdyddgdzdo (/P%L ryQ22(1 —¢

{

+ AS'L /\[

S EEEEEEEEN
u
u
u
.
u
u
u
.
"

+ AS’T /\ l

V2 T=sin (0 Fi (‘D"]

a transversely polarized nucleon
[FUU,T +eFuuL

/2 (T+ 9 cos (8) Fis @ + ecos (20)Fis 7|
Transversit

2¢ (1 +¢)sin (‘4'5)F€'i]13 @) 4+ esin (2(5))FIS;E (Q‘j)]

sin( ¢ S ., ’Af -k
FL_,.}CIZ"(oh-i_%) =C [— I;WI;T /I1HiL]

VI e2Fpr + /2¢ (1 — €) cos ((;))FEES(‘b)]

- s
sin (¢ —os) (F[?gf‘('f‘) s)

: [ S. O+@ Q . ‘ ) .2 3 L
+esin (¢ +¢s) Fp 0% +esin (3¢ — o 5)Fp 070

sin (¢ 5)

+v/2e (1 +€)sin (¢ 5)Fp
+v/2€(1+€)sin (20 — ¢ .9)F§¥(2¢_¢5)]

— v e
[\/1 — €2 cos ((J) — 0 S)FE%S(O $s)

+\/mcos (“*’S)FE%S("’"S)
+1/2€ (1 —€) cos (20 — C,S)FE%S(%—QS)] }
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The sub-leading twist sin ¢ term

" Lo
Sensitive to worm-gear g, sivers,

h 2 2 2 . ) :
do _ @ Y 14 transversity + higher-twist DF and FF
drdydo g dz (/()(]P2 ryQ22 (1 —¢€) 2

[FUU,T +eFuuL sings _ 2M M, ﬁ
{ cos (¢) cos (2¢) FL‘YT N (v) fTDl M g

+v/26 (TF ) cos (0)F 55 + e cos (20) F 5 *7 | . M, Gl My . D

— L ahr HY + a1 — | whrHi ~ YA fir —

] 2M M, M 2 1

+ Al [/2€(1 —€)sin (o) F LU (o)}
~ [ e ~ . ; si ) . 1\ o sin (24 . . . . .

+50 V2l ) sin () FGL ' + esin (20) | O)] It is the only contribution to the cross section that survives

integration over hadron transverse momentum:

+ 5L /\1 V1—FpL + /26 (1 —€) cos (o) P o)]

LT T TP T P T PP PPP PP PPTPITPEPPPPPRPPTTTY ATPRTPRPPIPR F[‘?%(‘f’S)(;r.QQ,z):/d.QPhLFfE(‘*ﬁS)(I.QQ.z,Ph,L):—‘1’22‘["263}1‘{1{(1}2)

E + St sin (¢ — o g) (FLSTlrlf- $—¢5) + ‘FUT E q -

tesin (¢ + 6 5)Fp 705 + eg(: VFgp o) providing sensitivity to transversity w/o involving a

: +v/2¢(L+€)sin(65)Fp : convolution over intrinsic transverse momenta.

E 2¢ (1+€)sin (20 — ¢ S)Fii%(%_‘p“q)] E _

S s NN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE” The essentially unknow HY interaction-dependent FF has

+ 57 N [\ 1= cos (¢ — pg)Fip P09 been found to be related to the Collins function. These

D6 (1 ¢) cos (¢ 5)F s (@s) circumstances may explain the observed similar qualitative
2¢ (1 — €) cos (26 — US)FE,‘;SW“*”S)] } behavior of the 2(sin(¢s))y, and the Collins asymmetries.
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Other HERMES results
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Sub-leading twist sin(¢) BSA

doh a?

drdydosdzdo (lP}zIL

{ [FUU,T +eFuuL

26 (1 + €) cos () F o

Y2 7’
ryQ22 (1 —¢€) L+ 2

Sensitive to f; , Boer-Mulders + higher-twist DF and FF

)+ ecos (20)F @]

+ E/\I :\/msin(o)FEi{:(o)]._;‘
R cprmo
+ SL A \/1TFLL+ V2¢ (1 =€) cos (¢) Cos(@)]

+ Sp :sin (6 — é3) (F[Sﬁ: 6=05) | F[Sjl% (¢— os))

+esin (¢ + @S)FSI}I}(O+¢ s)

T sin (3¢—¢ 5)
+ esin (3¢ — o 5)Fyp

2¢ (1 + €) sin ((:)S)FI?%(éS)

2¢(1+€)sin(2¢0 — o g)

sin (20—¢ g)
Fip 7]

+ St N [\/ 1 — €2 cos ((j) - q?)s)FE%S(é_(PS)

++1/2¢(1 —€) cos (c?)S)FE%S(é“q)

++1/2¢(1 —€)cos (29 —

G’S)FE%S (2¢>—¢S)] }
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sin(¢)

Sub-leading twist sin(¢) BSA Phys. Lett. B 797 (2019) 134886
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z

 Large positive amplitudes rising with z for t* and ™

* Small positive amplitude with mild kinematic dep. for K+

Xg z Py, [GeV] * Results compatible with zero for K~,p and p
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Sub-leading twist sin(¢) BSA

HERMES vs. COMPASS

HERMES vs. CLAS

Phys. Lett. B 797 (2019) 134886

= L et /h = COMPASS o HERMES s 0157
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Sign change with
increasing x?
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Boer-Mulders

h

function

do o

12 1/2 ,\'2
5— = — . 1+ —
drdydogdzdo (]P%J_ 1yQ22(1 —¢€) ( * 2.1')

[FULLT +eFyuL
++1/2¢(1 +€)cos ((,‘))FE“{T":‘:”'

+ N[V - Osin(9)FLy <o>]

€cos (20) F{}({j (24)

+ 5 2e (1+ ) sin (¢) Fr ¥ + esin (20)F5

+ 51 N [VIZPFu+ 2T = cos () Fge )]

> i in(¢p—dg sin (¢p—¢ g
+ St sin (¢ — ¢ ) (FLSTI}II(_? ¢s) + FF[?TI’IE.(LQ o@))
t+esin (6 + ¢5)Fop 7 + esin (36 — ¢ 5)F iy
+v/26 (T + €)sin (¢5) Fpp'?)

+/2e (T ) sin (26 — 65) Fp 07|

+ St N [\1 —€e2cos (¢ — ¢ ‘_q)FE%S(o_OS)
++/2€ (1 — €) cos ((:)S)FE%S(QS)
++1/2¢(1 —€)cos (20 — c'),s‘)FE%S(w—@S)] }

Describes correlation between quark
transverse momentum and transverse

spin in unpolarized nucleon

1
2
Fip*¢®) o< ht @ Hi + 5 |

Boer-Mulders

Cahn effect
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(39—¢s)

RS o 4
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Cahn effect

fi @Dy + -]

Interaction
dependent
terms
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The cos2y amplitudes o« #'(x, p;)® H; (z,k;)

uu

2 (cos2()
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2 (cos2¢)
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2 (cos2y)
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2 (cos2()
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A. Airapetian et al, Phys. Rev. D 87 (2013) 012010
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|
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negative

\

J

\

J

- Amplitudes are significant
— evidence of BM effect

- similar results for H & D
1w . pl,d
— hi" & Ry

- Opposite sign for T+ /7~
— opposite signs of fav/unfav
Collins FF

- K* /K~ amplitudes larger
than for pions , have different
kinematic dependencies than
pions and have same sign

— different role of Collins FF
for pions and kaons?

— significant contribution from

scattering off strange quarks?
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1

The cos¢ amplitudes «+glht ®@Hi+/®D, ]

uu

2 (cos)
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2 (cos()

2 (cos¢>)uu
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2 (cos})

A. Airapetian et al, Phys. Rev. D 87 (2013) 012010
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with O

\
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\

- Significant and of same sign
— Chan effect weekly flavor
dependent?

- Clear rise with z for " & ™
and P, formr™

- Different P, dependence
— contrib. of flavor dependent
effects (e.g. BM) form™?

- K* amplitudes larger than ™
— different Collins FF for T & K

- K~ =~ 0 different than K™ (in
contrast to cos 2¢)

- Significant contrib from
interaction dependent terms?
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Worm-gear hy;

(k) (h-pr)

- kT "PT, | L
s
MM, "L

Eon2on

[ 2
—C|—

h 2

Y
ryQ22(1 —¢

do

drdydogdzdo ([P%J_

{

)<1+'

cos (2¢)
FUU

[FUU,T +eFuuL

%€ (1 + €) cos (0)F £ ) + € cos (2¢)

|

Describes the probability to find
transversely polarized quarks in a
longitudinally polarized nucleon

MR MR [ Disribution Functions ]
E + St 2¢ (1 + ¢) sin ((:))FElLl( ) 4 esin (‘)u)FE}lLl(?o)] E @ T quirk -
..................................................:

_ , n . -
+ S N |V1—€2Fpn + /26 (1 —€) cos ((;))FLLS(Q)] u U h @ hi @
L 1 ®-® |h®-@
., sin o) sin (¢p—o g)
+ St Sln(()— 0s) (FUT $=95) + FUT s ) o e hl'@‘"@'
—|—€ sin (¢ + ()S)FEI}; (¢+¢s) + esin (3¢ — (f)S)FE’]l%('b_OS) o| T|f5 -@.—-@ gt ° —-@»
2¢ (1+«)5111((‘)S)FE}1T1(°S) L hir @ - <: »
2¢(1+€)sin (20 — ¢ Sv)FS%(2¢_QS)]
Fragmentation Functions
+ St N [\ 1—¢€2cos(op— o S)Fﬁ%s(é_¢5) @ quark
2 (1= e cos (bs)Fip @) 2 = . J
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The sin(2¢) amplitude o« i (x, p7) ® H,' (z,k;)

Deuterium target
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A. Airapetian et al, Phys. Lett. B562 (2003)

Hydrogen target
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A. Airapetian et al, Phys. Rev. Lett. 84 (2000)

Amplitudes consistent with zero for all
mesons and for both H and D targets
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