\2  University

l» of Ferrara

: XXV I ,I‘l_l_tpmational Workshd%

[ \S . 1
;? yScattering “an

g

Azimuthal single- and double-spin asymmetries
in semi-inclusive deep-inelastic lepton
scattering by transversely polarized protons

Luciano L. Pappalardo (for the HERMES Collaboration)

University of Ferrara

pappalardo@fe.infn.it

L.L. Pappalardo — XXVIII International Workshop on Deep-Inelastic Scattering - Stony Brook University, April 12-16, 2021



TMDs in SIDIS

TMDs e/

arXiv:1212.1701

o
0

I
0

Momentum along y axis (GeV)
o

Quark transverse momentum (GeV) -05 0 05
Momentum along x axis (GeV)

» encode flavour-dependent correlations between pr and the
spin orientation of the parent hadron or of the quark itself

» 3D description of nucleon structure in momentum space
(= nucleon tomography)

quark polarisation

) L T
L
) o) - ¥
c U fl hI
9 number . Boer-Mulders
‘5 density
N PRD 87 (2013) 074029 e |
2 A
f_g L 4 1 o= (=» h TR SRS
o helicity WOrm-gear o g s62 (2003) 182
c PRD 75 (2007) 012007 il b
(o] - -
o 12 - » | h PRL 94 (2005) 012002
° f oy -(o) |& ) - Lo ] & =% pLB693(2010) 11
= T v 1T transversity
c T Sivers worm-gear L & o«
h 1T & -
PRL 94 (2005) 012002 e retzelosit (GEITEL
PRL 103 (2009) 152002 e p y

Semi-inclusive DIS processes (SIDIS)
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Compendium of HERMES TMDs results obtained with transv. Pol. H target (84 pages!)

Azimuthal single- and double-spin asymmetries in
semi-inclusive deep-inelastic lepton scattering by
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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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a non-zero amplitude opposite to that of ™ is observed.
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Sivers amplitudes: Kaons results
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Sivers amplitudes: the K™

2 (sin(¢-0g))y,

Phys. Rev. Lett. 103 (2009) 152002
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Similar kinematic dependence in SIDIS region but K™ is substantially larger!
* both expected to be mainly produced from scattering off u-quarks
* but different sea-quark content

e there could be a different k+ dependence of the fragmentation functions
for different (sea) quarks flavours (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.

« x-Q? strongly correlated - split each x bin in two Q2 regions: S (Q?)
of each x bin

* no effect for pions, but hint of suppression at larger Q2 for kaons
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Sivers ampln‘udes pro’rons results

3 g
=< 02 B
0.15 £

0.1 £
0.05 ;5

-0 =
-0.05 £

-0.1 E
-0.15 £
0.2 £

First measurement of Proton production is particularly
Sivers asymmetries susceptible to receive contributions
for p, p in SIDIS from Target Fragmentation

2 <sin((p-q>S

Both amplitudes are
non-zero and positive

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

40

'onsetofTarget +_
' Fragmentation? -+-

/ T
. =

- o0
m‘*"

ol b
0 0.2 0.4 0.6 0.8
2 @)+ ..

(low z, high Py, )

p/p vield ratio

2 (sin(¢-0g))y,

L.L. Pappalardo DIS 2021 April 13, 2021 11



Sivers amplitudes: protons results (CFR vs. TFR)

* No generally-accepted recipe exists
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Collins amplitudes: SFA pion results
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Collins amplitudes: all SFA 1D results
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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 (e.g. w « K)

» 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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<cos(qb + ) [/ 2e(1 — e)> : all 1D results
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Miscellania
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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:

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

e 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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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 (¢ + ¢ps)/€ )’{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)) D
+PISL(\/1—E~2cos@ 05)/ V1 — €2\ | cos (¢ — dg) +1/2e(1 — €) 2(cos (p5)//26(1 — €) )} | cos (ds) + A DSA
, L1 S

2¢(1 — €):2(cos (20 — dg)/v/2e(1 — €) Y| cos (20 — bg) +1/26(1 — €) 2(cos (¢ + ¢5)/+/26(1 — €) )} cos (¢ + QS)>] v

10 Fourier components:
e 6 Ay, SSAs (4 leading-twist + 2 subleading twist)

e 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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Kinematic coverage
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Kinematic coverage and factorization requirements

104

Due to x-Q? correlation, the first x bin corresponds to the small

Q? region, where the TMD-factorization requirement P2, <« Q2

is less favourable.
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Factorization requirements

Due to the 1/z? factor, which becomes large at small z, the stricter condition Pfll/z2 & Q% is unfulfilled for the majority of the events:
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Sivers amplu’rudes pro’rons results
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A naive fragmentation process

First measurement of _
that can lead to p/p:

Sivers asymmetries
for p, p in SIDIS

Both amplitudes are ’

L] o e
non-zero and positive e /
" @

Similar agreement
between pand ™
(but with larger
statistical errors)

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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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 amplu’rudes pro’rons results
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Sivers amplitudes: protons results
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Other HERMES results
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sin(¢)

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

HERMES vs. COMPASS HERMES vs. CLAS
s, e . Y s 0157 r r
-%<):_J 0.05:— : * :_ 'S?lT[;)A—S)SuhX % {} :_ gH‘EZ_:;;:nu)rfcenainty f;;? E " § gH —erX EIJ 0 EI] E ’ gii?:lfunoertainty
Poa * E §%%§ % E§+é ++ + 0.1_— — :—ICLAS
°FT é}##%?ﬁé#%_f*‘}*%‘fé}“ sl 1} ! ' *il}‘— : i boEPt gt
: - - F Jf 8 : { Pt !

_O'OS_IIIIIII 1 III_]IIIIIIII|III|III_iIII|IIII|I

T

L L # g0 0

: : i i ' w " - " = +

] - ~0.05 |- - %] -

F N a i L
AN T T I T Y Y Y T I Lol o Do b b b b T e ey g

02 04 06 08 0.5 1 107 02 04 06 08 0.5 1
z P, [GeV] X z Pm [GeV]
g J
Y

Sign change with
increasing x?

L.L. Pappalardo DIS 2021 April 13, 2021 40



The cos2y amplitudes o« #'(x, p;)® H; (z,k;)
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The cosp amplitudes «+5i @t +n@b; .
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The sin(2¢) amplitude o« i (x, p7) ® H,' (z,k;)

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