The sTruc’rLkre of the proton

from The% W

ermes point of view

Charlotte Van Hulse, on behalf of the HERMES collaboration
University of the Basque Country UPV/EHU - Spain

GRC - Photonuclear reactions
Holderness NH - Aug 10-15, 2014



The nucleon in multiple dimensions

Wigner distributions W (z, kr,b,)

/dQV/

transverse-momentum
dependent PDFs (TMDs)

\Y

¢ CC— ) ) )

Impact-parameter

— = — >
0 distributions
., Fourier
g transform

generalized parton
distributions (GPDs)



The nucleon in multiple dimensions

Wigner distributions W (z, kr,b,)
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The HERMES experiment

TRIGGER HODOSCOPE H1

data taking from
1995 until 2007
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Beam Gaseous internal target Particle identification
longitudinally polarised transversely polarised H * lepton-hadron PID:
e+ & e- longitudinally polarised H,De He high-efficiency (>98%) &
E=27.6 GeV unpolarised H,De ,He Ne Kr . Xe  low contamination (<1%)

e hadron PID via RICH 2-15 GeV
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Semi-inclusive DIS




Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross sechon

str'uc'rur'e funchon FXY x TM D ® FF

transverse momentum distributions (TMDs)
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Semi-inclusive DIS cross section
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Semi-inclusive DIS cross section
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Hadron multiplicities
dxdydquﬁth,%L 0\ / don unpolarized target

h d4 Nh(mBanazaph—L)
M (J,'B Q 2, Ph_L a2 NDIS(;LB Q2) dzdPy, |

Four +eFuur
FT + GFL

> €a i, k7, Q) ® Di(2,p7, Q%)
>_q € f1(2p, Q?)

X

kr : transverse momentum of struck quark

pr : transverse momentum of fragmenting quark
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Multiplicity
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Comparison to models
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Results projected in z and Py,

A. Airapetian et al., Phys. Rev. D 87 (2013) 074029 '
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* Pn, distribution reflects transverse intrinsic struck-quark momentum &
transverse momentum acquired in fragmentation process
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 K* displays broader distribution



Results projected in z and Py,
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* Pn, distribution reflects transverse intrinsic struck-quark momentum &
transverse momentum acquired in fragmentation process
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@@~ Sivers amplitude
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A.

Sln(¢h ¢s) > flT ® Dy

Airapetian et al Phys. Rev. Let‘r 103 (2009) 152002

e 1" significantly positive
— orbital angular momentum
* u-quark dominance for m* amplitude

2) @ Dy (2, p2)
(z, k%) ® DV (2, p2.)
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ALT inclusive DIS




Structure function gz

transversely polarized target

o d30LT
dx dy dg’

o —hy (591(2. Q%)+ 92(2. Q%)) cos(@))
L ire. @) = 0 T2 E)

access via opu(z, Q% ¢')
= —Ap cos(¢)

1
e 0o(x) =gV 4 ga(a) @:3/ do o o ()
0
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Structure function gz

transversely polarized target

d3
iy e (595 Q) + 02(x, Q) cos(9)
‘ | 2 I\ JLT(I7Q27¢,)
access viaALT(x’ QL ¢)=h ouu (@, Q% ¢')
= —Ap cos(¢)

1
e 0o(x) =gV 4 ga(a) @:3/ do o o ()
0

* Sivers effect force on struck quark at +=0

X —dg

M. Burkardt arXiv:0810.3589

FSI from t=0— OO 19



A2 and gz

A. Airapetian et al., EPJ C 72 (2012) 1921
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0.02

20



AuT inclusive
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Transverse target single-spin asymmetry in
inclusive electroproduction of pions and kaons

evarious polarized pp scattering experiments consistently observe
since 35 years large A asymmetries, with/s from 5 to 200 GeV

o ¥5=4.9 GeV’ o0 ¥5=6.6 GeV o0 ¥5=19.4 GeV' g V5=62.4 GeV’
PRL 36 309 (%75 PRD 65, (82006 (2002) i FLB 269, 201 [19%1) PRIL 101, 042001 (2008)
g n | .¢ “ [ * ‘og FLBJGI.GIHW_I + ‘o | amms
tP LCﬁ -‘;mh .It ﬁ‘ 20k ... zoé_ ... 0t .’
o on .
_ " ’<6— ;'z | ST ..---9.--. ob-cce--- & ....... o.»---éé ---------- 0----.-; ----------
Right ol é 20 F ’”:{ : L)o ) .
& « ANL o BNL % -« FNAL 2! o/ RHIC ©
1976 2002 | 11991 2008 #
_m _“ dland A Laand. ' _“ L sy _“ |||||||

LO.Z 0.4 O.GJ 03 1 02 04 06 08 1 02 04 05 08 1
Xe X Xe Xe

*not interpretable in leading-twist based on collinear factorisation
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Transverse target single-spin asymmetry in
inclusive electroproduction of pions and kaons

evarious polarized pp scattering experiments consistently observe
since 35 years large A asymmetries, with/s from 5 to 200 GeV

o ¥5=1.9 GeV' o0 V5=6.6 GeV' o0 ¥5=19.4 GeV' g V5=62.4 GeV’
PRL 36 929 (Y7ey PRD §5, 092008 (2002) [ PLB26Y, 201 [19%1) PRL 101, 42001 C2008)
w0 .. 40 * ‘0; FLB 364, 457 |19%1) ++ | BRAHMS
Left e .. : . ®
— 2} O o b 20 - L w} °
Z jomr % y et .
v L e o I | - Of == gnnninuin B iinci i
i L ANL t| BNL % :FNALO i *IRHIC
wl ol w| 3 (% o RHIC © (}
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s LO.Z‘M 06 03 1 - QJ 0.4 06 08 1 ek 0.2 04 0.6 08 1 o 02 oi 06 08 1
Xr: X; X; )(;.-

*not interpretable in leading-twist based on collinear factorisation

* HERMES measurement of inclusive transverse target spin
asymmetry A} in(y)

da = dJUU[l + 51 Apr sin (1)) sin()]

e at HERMES: sin(y)) ~ sin(¢ — ¢g)




Results: xr dependence

xp =2P1/\/s 7T+

. positive, increase linearly with x
A. Airapetian et al, Phys. Lett. B 728 (2014) 183-190 P 4 F

£k ot 1 @K - -
@ 01O ¢ [ OK ] s
cee® le .¢++++ ¢ ++ + | - negative, decrease linearly with x_
I e000® 1 ]
@) . . .
0 _—"b%OO'OO'Cj'6666""‘___ ----- 00005----4)--¢¢"¢" ] x_behavior of pions similar o what
01k T ] observed in hadron-hadron collisions
[ 8.8% scale uncertainty I ] o ¥5=4.9 GeV’ w0 ¥5=0.6 GeV' “_4;=19:4(1;e\' © 3[5=52_41 GeV
I; 0 8 : ; ; - - o ) ' .. “ .ﬁ 40' ﬂ.am:;sm;m.\** I 8RAMS¢ -
Q - Pl ol 3 000 © ]z o 2 K n, e 2 K
S 06 3 00(30 © + 000000 3 i‘ o R I 60' """ 'E‘"'Eé;; """" ’ .oo """"
oF 04F LHO® T O 1 Clam oien % | TienaL KX IRHIC o,
~ 0 0I2 0I4 0.2 0.4 0 1.976. - 2002 ‘¥ “549.91..“._, © .2.0.08. 5‘; ik
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K-i—

. positive, ~constant with X

K

- compatible with zero, with small
variations over X 24
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Results: disentangle xg and P+

0.30 <x,. < 0.55 +

A. Airapetian et al, Phys. Lett. B 728 (2014) 183-190

0O 05 1 15 2

05 1 15 2
P, [GeV]

dependence

T
- increase with P_up to P~ 0.8 GeV
- P_dependence independent of x_

— X_increase from P_dependence

p-
» small amplitudes,

varyingly positive and negative with P_

- decrease with increasing x_
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A. Airapetian et al, Phys.
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Results: disentangle xg and P+

Lett. B 728 (2014) 183-190
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8.8% scale uncertainty
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KT
- increase with P_up to P~ 0.8 GeV

- increase with increasing x_

K-
» small amplitudes

- decrease with increasing x_
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Contribution of various subsamples

A. Airapetian et al, Phys. Lett. B 728 (2014) 183-190

.Z’._ 0.6 [ ¥ anti-tagged TK*
< e . 3 subsamples:
02| ha®gs -f ? | ' _ - anti-tagged: no e* detected
0 w&vﬂ*"’nz?f’"vsz (mostly Q¢ =0)
e L L1 . DIS with 0.2¢207
021 + + | g ' » DIS with z>0.7
igroit iz o
%0 g8 ; - anti-tagged results ~ overall results,
v | | majority of statistics
S 00| ™ . "]k .« | +0.2¢<z<0.7 results: similar to Sivers
B oleoass 8t leeepgtn® amplitudes
s " te | = 2>0.7 results: large asymmetries
0 ooaeaggaaega 00099_9__8__%_3_9__(_) _______
0 05 1 15 2 0.5 1 15 2
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The nucleon in multiple dimensions

Wigner distributions W (z, kr,b,)

/dQV/

transverse-momentum
dependent PDFs (TMDs)

Impact-parameter
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Fourier
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Exclusive production of real photons

Bethe-Heitler

do |7'BH|2 -+ |7'DVCS|2‘|‘ TBHTEVCS + TDVCSTEH

— access through azimuthal asymmetries
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Exclusive production of real photons

(k)

e(k)
Y (q)  ~(q')

DVCS Bethe-Heitler
exclusivity: reconstruct proton
via missing mass:

unresolved sample

do |7'BH|2 -+ |7'DVCS|2‘|‘ TBHTEVCS + TDVCSTEH

o
(V)

— access through azimuthal asymmetries

1000x(N/N o)
o
5

01 F

0 5 10 15
M2 [GeV?]
X 30




A
At

A

cos(0¢)
Ac

cos ¢
AC
cos(29)
AC

cos(34)
AC

sin¢
ALU,I
sin¢
ALU,DVCS
sin(29)
ALU,I
sin(¢- ¢)
AUT,I
sin(¢- ¢,)
UT,DVCS
sin(¢- ¢,)cos ¢
uT,l
cos(¢- ¢ )sin¢
UT,I
cos(¢- ¢.)
ALT,I
cos(¢- ¢,)
LT,BH+DVCS
sin(¢- ¢,)sin ¢

cos(¢- ¢ )cos ¢
LT,
il
A3|:(2¢)
A:ts(%)
A
AEES(2¢)

DVCS at HERM

HERMES DVCS

® Hydrogen
A Deuterium

GPD H

GPD E

GPD H

-0.3 -0.2 -0.1 0

Amplitude Value

0.1 0.

2 03

beam-charge asymmetry
JHEP 07 (2012) 32

Nucl. Phys. B 829 (2010) 1
beam-helicity asymmetry

JHEP 07 (2012) 32
Nucl. Phys. B 829 (2010) 1

transverse target-spin asymmetry

JHEP 06 (2008) 066

double spin (LT) asymmetry
Phys. Lett. B 704 (2011) 15

longitudinal farget-spin asymmetry

THEP 06 (2010) 019
Nucl. Phys. B 842 (2011) 265

double spin (LL) asymmetry

THEP 06 (2010) 019
Nucl. Phys. B 842 (2011) 265

S
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DVCS/BH complete event
reconstruction

unresolved sample
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sing
LU

sin(2¢)
LU

0.2

Beam-helicity asymmetry

A. Airapetian et al, JHEP 10 (2012) 042

* unresolved
A unresolved-refer
Hl e pu
*
" A
¢
I
IR * P 5

overall

e additional 1.96% scale uncertainty from beam polarization

* leading asymmetry from pure sample is larger
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Beam-helicity asymmetry in
ep—eymN in A-resonance region

GPDs: quark distribution in longitudinal-momentum
and fransverse-position space

Ayr y 4
A ’ ..... zP, >
Q buf P,
0
¥ = {

! associated DVCS 34



Beam-helicity asymmetry in
ep—eymN in A-resonance region

ARy T,
f ]

associated DVCS associated Bethe-Heitler

recoil detector

— access through azimuthal asymmetries
epand m via PID

° 110 and n undetected

e kinematic fitting

e select region around

A-resonance 35



Beam-helicity asymmetry in
ep—eym p in A-resonance region

A. Airapetian et al., JHEP 01 (2014) 077
'scale uncertainty 1.96 %

eoz ____________________ b ________________________________________

m<-los + * { [ i * * \ _ '_* { \

T
overal {6-1 -t [Ge\;z] 101 | )I(B; Q® [GeV12?

overall

e asymmetry background correction from SIDIS (11%) and ep—eyp (4.6%)

* leading asymmetry consistent with zero
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Beam-helicity asymmetry in
ep—eym'n in A-resonance region

A. Airapetian et al., JHEP 01 (2014) 077

L e'p — e*ynn* |A+ ' - 'scale uncertainty 1.96 %
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« asymmetry background correction from SIDIS (23%) and ep—eyp (0.2%)

* leading asymmetry consistent with zero 37



Exclusive w product

e(k) 9

)

lon

natural parity exchange
J’=0",1,.. = GPD HE

unnatural parity exchange
J=0°, 1, ... = GPD F,E



Exclusive w production

A. Airapetian et al., arXiv:1407.2119
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* SDMEs compatible for
proton and deuteron

* slight violation of s-channel
helicity conservation
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—0.14 = 0.02 £ 0.04
—0.10 == 0.03 = 0.03
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Exclusive w production

A. Airapetian et al., arXiv:1407.2119
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« w-p? comparison:

°*W: r%_l <0
. o0 7“%_1 >0

cw: 3ri_,

>0
e 0% Qri ;<0

—

large unnatural parity

exchange for w production

exclusve po:
A. Airapetian et al., Eur. Phys. J. C 62 (2009) 659
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Exclusive w production

* test of unnatural parity exchange:
up =1 — 7“83 =+ 27“(1%1 - 27“%1 - 27“%—1

x 2€|Uro)? + |Ur1 + U_11)?
v 2.5 - 2.5 A. Airapetian et al., arXiv:1407.2119
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* large unnatural parity exchange
* model for protons - S. Goloskokov and P. Kroll, arXiv. 1407.1141:
without pion-pole contribution

with pion-pole contribution
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transverse momentum distributions (TMDs)

[

Pn. dependence:
PRD 87 (2013) 074029
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PRL 94 (2005) 012002
PRL 103 (2009) 152002
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exclusive w production

arXiv:1407.2119 '
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Back up



Hadron multiplicities: VM fractions

vm fraction
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