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Introduction

>>

Inclusive electro-production

of charged 7r'’s and K’s off a transversely polarized nucleon

Unpolarized electron beam

Ik k’ INT 5 hX

Only one of these mesons is
m 1T measured in the final state

Spin-dependent cross section

X dUUTO<§T°(ph X/%)

Transversely /
polarized nucleon
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Transverse single-spin asymmetry (SSA)

with respect to the polarization axis of the nucleon

Azimuthal asymmetry

(fully differential)

P |
Alxp, Pr,vy) = doyr(@r, Pr, ¥) — ASmY

Pr) St s
doyu(xp, Pr) or (2F, Pr) Stsing

asymmetry (Fourier) amplitude

Independent variables:

\zF, Pr,v}

Feynman-x
rp =2P7M /s

Ratio of the longitudinal hadron momentum
P_ along the beam direction to its maximum
possible value

| Transverse target single-spin asymmetry for inclusive hadrons | SPIN 2014, Beijing (China) page 4



Introduction | 4
. $ P

ermes
Transverse single-spin asymmetry (SSA)

with respect to the polarization axis of the nucleon

Azimuthal asymmetry

(fully differential)

P |
Alxp, Pr,vy) = doyr(@r, Pr, ¥) — ASmY

Pr) St s
doyu(xr, Pr) or (2F, Pr) Stsing

asymmetry (Fourier) amplitude

Independent variables:

left-right asym/efry (in beam direction)
{zF, Pr,v}

dO‘L — dO‘R
A Pr) =
Feynman-x N(QTF, T) dor, + dog
— QPCM 2 SN
TF Ve _ —;AUT‘D(xF,PT)

Ratio of the longitudinal hadron momentum
P_ along the beam direction to its maximum
possible value
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Introduction

>>
L "p—hX
M Otlvatl on | P P 80 55 261, 201 (1991)
: | 40 [ PLB264,462(1991) +
>> Experimental: 20 -

* Large values of Ay were observed in pTp—hX

—

O
O
reactions, but never measured in INT—=hX. = 0o s
. . =194 Ge
* Measurement of Sivers!?!l and Collins!3! effects *— | s FNAL 7
. . . . ’ -60 .60 VY PPN PPV PP PP P
in semi-inclusive DIS: INT=["hX. 02 °-4X°-6 08 1 02 °4X°6 08 1
F F
* High-statistics data set on INT=hX at HERMES. SIVERS
. . . = 01
* Involves detecting only one hadron in final state. * 2 ia
Doosf ]
>> Theoretical: Two existing approaches: < !
. . S ot
* TMD's and fragmentations functions!# (Q?»Aqcp?). B = =
Sivers and Collins effects. — N oaba + 0/‘ —
* Twist-3 parton correlation functions!®! (Pr»Aacp). o.os-f—"'—j'—“'—.F—*——lll —————— % W
0 . T
[2] Phys. Rev. Lett. 103, 152002 (2009). [4] Phys. Lett. B 362 (1995) 164-172. 0.5 1
[3] Phys. Lett. B 693 (2010) 11-16. [5] Phys. Rev. D 59 (1999) 014004. P, [GeV]
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Introduciton
>>

Similarity between Sivers and inclusive SSA

semi-inclusive DIS inclusive hadron production
— SIVERS
dogf™e™ ~ |S.|[sin(¢n — ¢s) fiF ® Dy dafjp;hX X A?j-r}w St sin ¢
+sin(pn+ ¢s) hh @ Hy + ... |
! . L inclusive SSA amplitude
COLLINS
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Measuring the SSA
»> The HERMES experiment

HERA accelerator at

H1

transverse
polarization

spin rotators

—&— electrons
—>— protons

------------------

?

W~
s

m y FIELD CLAMPS \ TRIGGER HODOSCOPE H1
] | DRIFT CHAMBERS
2 —
PRESHOWER (H2)
140 mrad
1- DRIFT CHAMBERS =
FC1/2
_ 40 mrad
- g T ;::J[E{: _____________________ L_UMI_NQS_IT_Y_ e+-
’ ARl I MONITOR 27.6 GeV
CELL -

HO
-1- | I

STEEL BC 3/4 TRD CALORIMETER N

SEPTUM

PLATE "
D~

~— SPECTROMETER MAGNET
I | | 1 | | | | | |
0 1 2 3 4 5 6 7 8 m

* | epton e™/e” beam of 2/.6 GeV.

Polarization state reversed every [-3 min.

* [ransversely polarized pure H target.
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SSA

Measuring the

>>

Kinematics and yields
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Measuring the SSA W
>> %egpes

Extraction of asymmetry amplitudes

Maximum likelihood fit

Cwomed® Y 1oPDETECTOR In every kinematic bin {xr,PT}:

dO‘(w) — dO‘UU 1 STA?}I}w S1n w_

A70mead

40 mrad .~ - .

Amptancjsap The amplitudes are extracted from data by a
S l """"" maximum-likelihood fit to the differential cross section.
......................................... P Polarization degree~ Asymn?etry amplitUde
) Si'nw . Wi
W Sensitive detection area E —
A o ~ BOTTOM DETECTOR 7; L

L4 ° ° R I . I . . ’
Detection efficiencies and acceptance elative luminosity

effects cancel in the unbinned >>Particle weight

: SURT . : <«— Event weight
maximum-likelihood fit. >>Trigger efficiency
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The Asymmetries W
%e@es

>>
Inclusive SSA (1D)
e [ on A\ PT rYd ' ' T : ... as a function of Pt and xr separately
‘€ 01} O™ JoK i
. . 4: .. ‘ . ° ( [
oL dﬂ%; ..... O%_‘f’_ E__;___(Q:)OQQ-O_ ob ﬁ ! * The asymmetry amplitudes are positive for ™
O
| t 0 and K™ and compatible with zero for
0.1} + - - -
| 8.8% scale uncertainty ‘ | . | 1 ‘ : e and K '
0 geeee® _coc© ¢l  *x Aclear two-fold structure in Pr.
~ 0.2} O : . . .
A i T >> The amplitudes increase with Pt up to ~0.6
- v (~0.9) at Pt~0.8 GeV for ™ (K™).
VS XF From this point on, the tendency is inverted.
Ty . 12K _~ >> For st there is a hint of another rise at high Pr,
cecesse® o NYTIAATY ++ } while for K7 it seems to remain vanishing.
B o\ I 1.9 . 60000------ A4 Q| ] . )
fTTTO000EEE S o 1 MRRCTY A v L * The amplitudes vs. xr increase (decrease) nearly
0} 1 ; linearly for ™ (m").
. B.8% scale Pncertainty . | :
= | ' ! * For K*(K-) are about constant around 0.7 (0.0).
S gg 0©©° 00 00° o
e 000 : 0000
a\l- 0.4 000 | | - ©
0 0.2 0.4 0.2 0.4
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The Asymmetries W
>> %e@es
Inclusive SSA (1D)
s [eox \A PT oK | ' B ... as a function of Pt and xr separately
‘@ 01 O™ 10K . T N
T7F o0 o .
| *fe, 04 + Lato  ° % | * The asymmetry amplitudes are positive for T+
0 _-dﬂ%o--d-o-om--q;---#-—-_—-(,QDQQO--QQ%)- + . Y Y > P
| t 0 and K™ and compatible with zero for
0.1} . . - -
| 8.8% scale uncertainty . | . | 1 ‘ : TC and K '
03 ceeee _cce©¢1  * Aclear two-fold structure in Pr.
R © © s : : :
A i T >> The amplitudes increase with Pt up to ~0.6
- v (~0.9) at Pt~0.8 GeV for ™ (K™).
VS XF From this point on, the tendency is inverted.
Ty . 1oK _. >> For m* there is a hint of another rise at high Pr,
ST Y X B { o YTILALT ++ | while for K* it seems to remain vanishing.
B X M- 1.9 6006 O] , ,
AL MRRCPY AL ; Il  * Theamplitudes vs. x increase (decrease) nearly
04} I : linearly for ™ (m").

For K¥(K~) are about constant around 0.7 (0.0).

™~ Pr and xF are strongly correlated!
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The Asymmetries

vs Pt in x; bins
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Inclusive SSA (2D)

... as a function of Pt and xr simultaneously

siny
ut

7t ": Similar dependence on Pt as in

| D; no dependence on xr.

= [he observed |D xr dependence is
a reflection of the underlying
dependence on Pr.

7t : Like in the |ID case, there is a slight

linear decrease with Xr.

K* and K": The dependence on xr of
the kaon amplitudes is less pronounced
in 2D, with a slight tendency towards
an increase (decrease) with xr for
positive (negative) kaons.

w most of the structure comes |

from Pt dependence
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The Asymmetries
>> %

Event categories

Inclusive sample:
samples

Comprises several subsamples, related to different Sm ¢ Sin o
production channels. These subsamples contribute differently E f’LAUT ;

to the measured SSA, and can be differentiated by electron
tagging and |<inematic constraints on DIS variables:

~
~
~
-
-~
-
-
-
~
~
-
-
-~
~
~
~
-
-~
-
~
-
~
~
-
-
..
.l

---------------------------------------------------------------------------------

Antl-tagged (~98%):

The undetected lepton in most cases had a

Tagged (semi-inclusive):

~I'he scattered lepton is detected..

small scattering angle and remained within the : ‘
 beam pipe. Photoproduction regime (Q* = 0). DIS events: Non-DIS events
........ (Q>>1GeV?, W2>10 GeV?, 0.023<x<04, 0.1 <y < 095) (e.g, low Q)
mid-z (0.2<z<0.7): low-z (z<0.2) high-z (z>07):;
ldentical selection as in Sivers and Collins Hadrons in this region might have more
S measurements at LR . 2= }; T tab B pronounced correlation with struck quark
. q .

fractional virtual-photon energy
carried by the hadron
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The asymmetries

>>

siny
uT

Fraction

V¥V anti-tagged

H DIS, z>0.7

® DIS,02<2<0.7 ]

perensdd

H H -
Jo 4 0o 2% ¢
“‘“"g. n0|'=='.
U K
ooeaafaaaaaga 000000 82 8°°
0 05 1 1.5 2 0.5 1 1.5 2
P; [GeV]

%W

ermes

SSA for subsamples

... as a function of Pt

Anti-tagged ("'photoproduction”)

* |nclusive asymmetries dominated by quasi-real
photoproduction.

* Rather similar behavior as overall inclusive asymmetries
(largest subsample)

DIS, mid-z (0.2<z<0.7)

* Q? is large scale. Factorization in terms of TMD PDFs
and FFs expected to hold.

* TT* asymmetries keep rising with Pr.

* Sivers effect is expected to have large contribution.

DIS, high-z (z>0.7/)
* Large asymmetries for T1%, T and K™,

* Dominance of struck quark (u and d) in hadron
production at high z.

At high Pt contribution from DIS becomes sizable.
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Iransverse target single-spin asymmetry in inclusive

electroproduction of charged pions and kaons.!']

[1] HERMES Collaboration, Phys. Lett. B 728 (2014) 183
Summary and Outlook

>> Transverse azimuthal SSA measured in inclusive electro-production of pions and kaons.

>> Two-dimensional extraction by binning simultaneously in xr and Pr:
* For n*, the asymmetry is independent of x.

*x For m,and less for K- (K*), the asymmetry amplitudes decrease (increase) with xr.

>> As a function of Pr, the amplitudes are positive for positive mesons.
* Two-fold structure at low and high Pr.

>> Inclusive sample dominated by photoproduction:

* Description in terms of higher-twist effects: predicts a vanishing Aut with |/Pr.

>> At high-Pr, sizable contribution from semi-inclusive DIS.
* Possibly description in terms of TMD Sivers distribution function: Non-vanishing Aut at high Pr.

>> For DIS at high-z, large asymmetry amplitudes have been found.
* Large asymmetries also for negative pions.
* Effects from favored fragmentation of the struck quark dominate.


http://www.sciencedirect.com/science/article/pii/S0370269313009246
http://www.sciencedirect.com/science/article/pii/S0370269313009246

Backup Slides
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Single Spin Asymmetries in SIDIS
>>

do ep—ehX

— SIVERS

UT ~ |S ] [Si”(ﬁbh—qbs) flLT®D1

SIVERS (1990)

An asymmetric distribution of unpolarized
quarks inside a transversely polarized proton

leads to an asymmetric distribution of the
outgoing hadrons

S(F\)XRJ_)

This happens via a correlation between the spin

of the proton, its momentum and the (intrinsic)
transverse momentum of the quarks.

+sin(pn + ds) h @ Hy + ... |

L.

COLLINS

COLLINS (1993)

Spin transfer from a transversely polarized

quark, fragmenting to an unpolarized hadron
should lead to a transverse SSA

(Pg X Pni) - Sq

This happens via a correlation between the spin
of the fragmenting quark, its momentum and the
transverse momentum of the produced hadron.
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Comparisons
>>

€ i
@ > O

|

Comparison

with AN in hadron-hadron collisions

IpT—=hX

YT LA A ¢ ]
Y L3 A :

= 7.2 GeV

B. 8% scale uncertamty

» o

iz
[

(P.) [GeV]

0.4

Smaller size, but similar behavior.

60
40

o'p—=hX
60

[ PRD 65, 092008 (2002) [ PLB 261, 201 (1991)
: ’é - PLB 264, 462 (1991) +
- 40
! . b
L ¢ 20 | o0 ’
: ® : @
SR R (R N S
| O : O
5 oq) -20 |
E_\/§:6.6 GeV _40' _194GeV¢<}
- BNL é <o - FNAL

02 04 06 08 1 02 04 06 08 1

Xg Xp
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Comparisons

>>
Comparison
to Sivers and Collins amplitudes in SIDIS lpT N \'hX
COLLINS SIVERS
> ' = i — v
2 04| = 0.05] ¢ 2
« 1 7)) . — S— -
| b4 Z + | ?(? 005 be bt
| = : " RS N
Oidx!%oo I= ()—f-illl-'-I|I ------ C gk
01l vE— 72 Gov | P W h
B.8% slcale unc‘ertainty 1 - I + ++¥ . i +
- S— g p—p—p————— — i i +i
w 0.3 O ‘;—_-:1 I . 005t Tk, & 4 ____.
X 02 L0©0®"® : -0.05 |- -+ T _
0.1} X h U’ ol TC
0 05 1 1.5 2 C o4y Loy —— ———
0.5 1 0.5 1

Inclusive SSA similar to Sivers Phi [GeV] Phl [GeV]
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Comparisons

siny
uT

V anti-tagged

® DIS, 02<2<0.7 |

B DIS, z>0.7

0.2f

Comparison

to Sivers and Collins amplitudes in SIDIS

I_ -
ED
“o» 0.05
_e_
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NS
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£
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-0.05
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N 01L
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Measuring the SSA W
>> %e@es

Event selection

* Events with at least | hadron track in acceptance. (<0.1% lepton contamination)

* Hadrons selected in 2-15 GeV energy range

>> further PID using a dual-radiator ring-imaging Cherenkov detector (RICH):
RICH unfolding

* Trigger by signal coincidence of different sub-detectors and energy deposition
(>1.4 GeV) in electro-magnetic calorimeter:

>> ~| 00 % efficient for electrons

>> finite efficiency for single hadrons calculated as a function of hadron type,
momentum, and detector position

>> event-wise determination of (and correction for) trigger efficiency

* Average polarization degree of target:<§,) = 0.71310.063
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The Asymmetries
>>

Systematic uncertainties

-----------------------------------------------------------------------

High-statistics PYTHIA 6.2 +
Spin-dependent model (from fit to data).

* /\/I/sa//gnm.er?t of 'detec'tors/beam. A5 (2, Pr)
* Hadron misidentification. | T [
* Angular and momentum resolution, .( Full description of the detector J
* Secondary interactions: ‘
Radiative corrections, M.S., decays, etc.
L o Extraction of the Asym. .
* [arget polarization: in every bmf / ?}I}wM -

> 8.8% scale uncertainty.

Trigger efficiency correction. The systematic uncertainty is taken then as

>> Difference among two alternative methods. the biggest of either
* Compatibility of data productions: () The deviation
. Asmw - Asmw P
> Negligible. AT vmc or (), (Pr))|
(ii) The statistical error of =~ gsiny

Ul MC
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Measurement N
>> % )“ﬂ/

ermes

ep! =+ X ep! =7 +X ep’ - K"+ X ep! =K +X

® Inclusive : : - 0.30 <x, <0.55

A parametric model
Fit to HERMES data

The functional form is a Taylor
expansion in Pt (up to fifth order) and
Xr (up to first order) around the
average kinematics of the entire
experimental data sample.

Smw ZPT(:Z + T ZPT

— PT — <PT>
L LEp — <PT>

.
||

S
b
il
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Measurement A

>> %e@es

ep! =+ X ep! =7 +X ep’ - K"+ X ep! =K +X
® Inclusive (MC) : F F 0.30 <x_<0.55
0.2 | - - - o
b _ L o A parametric model
| S AL e [ ¥ b 9| ,
0 ;_"'é.'. """"""""""" %"'?'.:6:;:6:’.1! """ é’ "';_""? """"" .' \"*_’(: """ ;_"";'.'_i'_"_'_"-".iiz'T """" Flt to HERMES data
[ [ [ [ + N )
-0.1F - - - i
: .I.: ] ] ] ] 2 L ] ] . .
0o b 3 3 p 020 <% <050 The functional form is a Taylor
: : : expansion in Pt (up to fifth order) and
B e - P A PE (up to first order) around th
o b we? %t S .,4_!__!__i______f__________:}\1__‘ ______ 2 oo-0-o-0:-F 2 ____| Xr (Up to Tirst order) arou c
u () B o o o o
: : © ] e average kinematics of the entire
-0.1 | — — — .
S T S experlmentaldatasample.
. ; C F 0.10<x_<0.
0.2 = = =
E ® _ _ _
01 N = — - — Sln?vb
n ‘..,0—-.\‘ S F - ’." . » .. ® E PTC’L _|_ ZCF E PT
0 feee . N S - 000000000 & P4 B g [ Sge00.0-0 0% .
: -  t e - 1—=0
0.1 S s s .
: : : F 0.00 <x_<0.10 PT — PT — <PT>
0.2 3 3 ]
- i i g T =g — (P
o1 L : - e | F r — (Pr)
0 __‘..t??_________._.»g _________ _..‘“.Q. ‘-—"--.--_’ _________ _._.___________:_‘_‘ _________ .’_._‘_'_._‘_'_,__-0 & .
-0.1 F - - -
| | | | | | | ' T 2 ' | | | | | | |
0 05 1 15 2 05 1 15 2 05 1 15 2 05 1 15 2
p_ [GeV]
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Back-up % W

ermes
DIS variables
v polar scattering angle
in the laboratory frame
L q=1-1 four-momentum transfer to the
target
L 2 lab 2
l P s=(P+1)° =~ M“+2MFE squared centre-of-mass energy
V= % ab o B energy transfer to the target
% q : :
g = P—? tab o fractional energy transfer to the
— target
lab
P Q X Q?%=-q° ~ AEE' sin? % squared invariant mass of the
W —— virtual photon
W?=(P+q)? squared mass of the final
'ab ar2 +2Mv — Q2 state
2 2
x = 2%—.(1 'ab 25\24 ” Bjorken scaling variable
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