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#» 3D picture of the nucleon

® Ay & A, A in semi-inclusive DIS

#) w—meson production: SDMEs & A ; from exclusive DIS
# Bose-Einstein correlations in DIS
# A polarization in quasi-real photoproduction

# Searching again for the pentaquark in quasi-real photoproductior'\"


http://theor.jinr.ru/~spin/images/fuete.mp4

3D picture of the nucleon

Wigner distributions W (X, Kr , _bl)
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TMD PDFs:f %(x,ky), .

Semi-inclusive measurements
Direct info about momentum distribution
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GPDs: H,9(x,§,t), ...

Exclusive Measurements
Direct info about spatial distribution

PDFs f 9(x),...




Atomic Beam Source: ' Systt.atm for
generation of target e m_ on.ng
polarization polarization

Storage Cell

HERMES at DESY

Self-polarized e* and e” beams
27.6 GeV
Helicity switched every few months

Polarized hydrogen (Long.,Trans.), deuterium (Long.)

Polarization flipped at 60-180 s time interval
Unpolarized He,N,Ne,Kr,Xe
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The HERMES Spectrometer

27.6 GeV
- = e - R - — — = == -—————----—S==t-——-=—-—— ——————
e
ey \__
pvc —
TARGET |LAMBDA
CELL WHEELS BC 112
HODOSCOPE HO BC 3/4 TRD
STEEL PLATE |
RICH IRON WALL/
WIDE ANGLE MUON HODOSCOPES
~—  MAGNET MUON HODOSCOPE
T T T T T T T T T T
0 1 2 3 4 5 6 7 9 10 m

=

2,
= o025
oz
o115
o
005

=]
ST T T

Photon Detector

Cherenkov
Photons

Particle

T

Track

"

Ae rogel

I

Mirror

| —

® PID: RICH, TRD, Preshower and Calorimeter; lepton-hadron > 98%
# Momentum resolution of charged particles: 6P/P =~ 1.5%
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Ayr & A4, A, in semi-inclusive DIS

® Unpolarized & longitudinally polarized e*/e- beam

# Transversely polarized H target

#® Unpolarized H & D targets
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Semi-inclusive DIS processes (SIDIS)

quark polarisation
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SIDIS processes:

# Describe spin-orbit correlation: correlations between the hadron transverse momentum
and quark or nucleon spin

® Sensitive to quark orbital angular momentum
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The SIDIS cross-section
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Collins amplitudes
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» 3D projections allow to constrain global fits in a more profound way

# 1 amplitudes increasing with x at large P, |
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The SIDIS cross-section: A, amplitudes
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A, amplitudes: 3D extraction
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® The role of the twist-3 DF or FF is sizeable
Hrachya Marukyan, 08.09.2015, DSPIN-15, Dubna, Russia
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w —meson production: SDMEs & A ;
from exclusive DIS

® Unpolarized & longitudinally polarized e*/e- beam

# Unpolarized H & D targets

#®  Transversely polarized H targets

Hrachya Marukyan, 08.09.2015, DSPIN-15, Dubna, Russia



Exclusive @ - meson production at HERMES

e(k) + N(p) -» e(k’) + N(p’) + w
w->nt - 70, a2y

= entire kinematic region
=40 SIDIS background from PYTHIA
g

£

L

-

—

AE [GeV]

Kinematic conditions:
1GeV? < Q? < 10 GeV?,
001 < xg < 0.35,

3.0GeV < W < 6.3 GeV,
0<—t=—(t-t.) < 0.2 GeV

Two photon invariant mass:

0.11 GeV < M(yy) < 0.16 GeV

Three-pion invariant mass:

0.71 GeV < M(m*n—nY) < 0.87 GeV

Missing energy:

AE =

MZ—-M?
1M2: + — + =" 0 ?
2M x =(P+9-p_.—pP_—Po)

o 5 10 15 20~Exclusive region: —1.0 GeV < AE < 0.8 GeV
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SDMEs in exclusive @ production
Eur. Phys. J. C 74 (2014) 3110

5 — @ b5 classes of SDMEs
e ® Unpolarized and polarized SDMEs
pr N — i ......... R S $ Similar magnitudes of SDMEs
: * " on proton & deuteron
. —-—+ #® SCHC (S-Channel Helicity Conservation):
e e holds for class — A & class — B SDMEs:
o 'l: [ r11—1 =—Im ri'lil
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| " e | Im, = Re r,
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Talk Tue 17h50
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Exclusive @ - meson production: A,; asymmetry

e(k) + N(p) -» e(k’) + N(p’) + w
w->nt 70, 7’2y

Angular dependent part

w(, d ) =1+ A5 cos(¢)+ A cos(24)

o5, A sin (g4 )+ sin (g4,
A sin (g, ) +AR s (2 - g, ) +A5 s (394 )

W45 0) =21 005" (O)W, (4 )+ (L1 Jsin? (0)wr (4.6,

of w—decay pions

W, (¢’ s ) =1+Au.L (¢) + SLAUT’L (¢’ Ps ) [Fit angular distributions]
Wr (¢1 s ) =1+Au T (¢) +S Aurt (¢’ /8 )
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Exclusive w - meson production: amplitudes of A,

Submitted to EPJC: arXiv:1508.07612[hep-ex]

Ef oo L GK model
e -O i S. Goloskokov & P. Kroll,
<< Eur. Phys. J. A 50 (2014) 146
0.2 F & Private communication
0.4 |
0
= 0.4
s 02} "
<< O |-gafe-c-n---
o2 k -~ Talk Tue 17h50
' ‘ byS. M k
0] 0.2
-t [GeVZ]
#» The solid ( ) lines show the calculation of the GK model
for a positive ( ) w transition form factor

» Dashed lines are the model results without the pion pole.
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Transversely polarized @ - meson: amplitudes of A,

Submitted to EPJC: arXiv:1508.07612[hep-ex]

GK model
S. Goloskokov & P. Kroll,
Eur. Phys. J. A50 (2014) 146
& Private communication

Talk Tue 17h50
by S. Manaenkov

#» The solid ( ) lines show the calculation of the GK model
for a positive ( ) w transition form factor
» Dashed lines are the model results without the pion pole.
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Bose-Einstein correlations in DIS

® Unpolarized e*/e- beam

# H, D, 3He, *He, N, Ne, Kr, Xe target

Hrachya Marukyan, 08.09.2015, DSPIN-15, Dubna, Russia



Bose-Einstein correlations

# Incoherent source of identical bosons

» Symmetry of wave function under exchange of identical bosons

1

These correlations arise from interference between

different parts of the symmetrized wave function \ e
r(l(

Measurement of source distribution

#® Measurement of stellar radii (correlations of photons) by R. Hanbury
Brown and R.Q. Twiss in 1956.

# First in particle physics: correlations of pions from proton-antiproton collisions:
Goldhaber in1959.

# Widely used in heavy-ion collisions, study of “fireball” source distribution.

» Several studies in e*te” annihilation process: LEP experiments.

» Measurement from DIS lepton scattering experiments are far less abundant.

Hrachya Marukyan, 08.09.2015, DSPIN-15, Dubna, Russia



Bose-Einstein correlations function R

Goldhaber parametrization of continuous
space-time distribution of sources

R(T)=1+Aexp(-T?r) \ e |
N *
\ rcr. ‘

# Gaussian shape of the particle source distribution

r

® r;isthe source distribution size :
» Two-point sources:

® T%=-(p;-p,)% p; & p, are the particle four-momenta

R(K,.k,)oc1+cos(sk,or)

# A=0: for perfectly coherent sources; no correlation

N\=1: for completely incoherent sources

Extraction of experimental correlation function: from data with like—sign unidentified hadrons

R(P., P,)=D(p.,p,)/ D, (P P,)
» Reference sample free from BEC, built from
# Method of unlike—sign pairs (MUS)

# Method of event mixing (MEM)

Hrachya Marukyan, 08.09.2015, DSPIN-15, Dubna, Russia



Results: double ratio correlations for hydrogen

Eur. Phys. J. C75 (2015) 361

~.1.5

=

1.3+ ¢ ® hydrogen data, MEM |
1.1+ _
0.9 - & > - ¢
0.7 _
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MEM MUS
r, =0.64+0.03(stat) ") o, (Sys)fm r, =0.72+0.04(stat) 7 o. (sys)fm
A =0.28+0.01(stat) "3 o (Sys)fm A =0.28+0.02(stat) "3z (Sys)fm
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Comparison to other experiments

Eur. Phys. J. C 75 (2015) 361
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# General agreement between experiments, with 0.4 fm <r;< 1.0 fm
#» Hermes & BBCNC agree well
# MUS values are higher than MEM
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Nuclear-mass dependence

Eur. Phys. J. C 75 (2015) 361

E o MUS

= 1.2} = MEM —

O T i
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0’ ' | | 1
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# nodependence on nuclear mass A observed
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A\ polarization in quasi-real
photoproduction

® Unpolarized e*/e- beam

# H, D, He, Ne, Kr, Xe target

Hrachya Marukyan, 08.09.2015, DSPIN-15, Dubna, Russia



A\ polarization in quasi-real photoproduction

O T T T T

Large transverse polarization of A P"is observed in unpolarized
hadron-nucleon/nucleus, nucleus-nucleus collisions: Bunce et al. 6

Vast majority: negative polarization values are observed, o
except positive for K'p and 2°'N

Magnitude of the polarization increases with x; and p-,

reaching plateau for p;=1 GeV

p >096 GeV/c
L

b

T

~20

POLARIZATION (%}

=301

~-

No generally accepted theoretical explanation! ol i
Recent developments based on twist-3 factorization of TMDs & FFs; 7 ©/s=3¢
SIDIS (high Q?): PA oc Dy (2, k), polarising FF e,
Current measurement: inclusive (Q?~ 0) Xe
ep>A'X—prX A.D. Panagiotou. Int.J.Mod.Phys. A5 (1990) 1197
§ parity-violating weak decay of A: in A rest frame,
&) VZ proton preferably emitted along A spin direction
-~
A dN _ dN
w =_—3 (1+ aP” coso, )
dQ, )
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Atomic-mass dependence

Phys. Rev. D 90 (2014) 072007

0.15f i

0.10 H D n —

0.05}| * * o “ Xf -

; -- P

-0.05} -
I T R T o

atomic-mass number A

# Positive P " for light nuclei

# P is consistent with zero for heavier nuclei
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Kinematic dependencies

Phys. Rev. D 90 (2014) 072007
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Searching for the pentaquark in
quasi-real photoproduction

® Unpolarized e*/e- beam

# H, D target

Hrachya Marukyan, 08.09.2015, DSPIN-15, Dubna, Russia



Searching for the pentaquark at HERMES in 2004

eD—>0*X > pK X —prtn X

Phys. Lett. B 585 (2004) 213

 M=1528 = 2.6(stat) MeV
[ O=8 x= 2(stat) MeV b)
60 |

70

50 —
o | Jr
so | +

20 |

10

1.45 1.5 1.55 1.6 1.65 1.7

MGt p) [GeV]

» Significance: 3.7 0
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Searching for the pentaquark at HERMES in 2015

eN—>0*X—>pK X —prmn X

#® The major modifications compared to previous analysis: Phys. Lett. B 585 (2004) 213
# Increased statistics

® Event-level algorithm for PID from RICH, compared to track-level algorithm
¢ Improved event-level fitting track reconstruction, based on Kalman-filter algorithm
. K reconstruction based on track geometry, instead on PID
Phys. Rev. D 91 (2015) 057101
- ~ 700 . -
%"‘ E - = M0"=497.49+0.10 MeV =
A S 000 onev—52410.09 MeV ++-|' E
2 K £ 500 ' =
Rt : 3 - © M‘:\t =496.8+0.2 MeV =
o 400 = c';\!ﬁ‘=6.24_r().2 MeV E
’,.-":.‘f"a<1° 300 | =
/ 200 & £
yBean Beam Direction 100 | =
P g ————_ e
P 0.4 0.45 0.5 0.55
M(Trt) [GeV]
2004 2015
KL: 963 +38 KL: 3311 +60

Bg. events: 180 +15  Bg.events: 87 +11
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Searching for the pentaquark at HERMES in 2015

Phys. Rev. D 91 (2015) 057101

............................

® HERMES (1998-2000) AE ) I (p+K )+X
OHERMES PLB 585 (2004) 213

it $ﬁ+ *M* s s

IHERMES (1998 2000 & 2006/07) M=1521 s+4 3 MeV
I =5.5+12.5 MeV

N=68", (stat)£13(sys)
—— Voigtian+D*-D’ BG

- —— Voigtian+Chebychev
A T P A T

145 15 155 16 165 L7

M(pK) [GeV]

»

»

»

peak at 1521.8 £+ 4.3 MeV
Number of signal events:
N=68 (stat.)x 13 (sys.)

Significance: 2 o

No evidence for ©* resonance on H
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Summary

# 3D picture of the nucleon:

® Ay and A in semi-inclusive DIS: 3D extraction, including protons:
contribute to understanding of various TMD PDFs @ twist 2 and twist 3.

» A, in semi-inclusive DIS: 3D extraction.

» W SDMEs & A asymmetry amplitudes from exclusive DIS: good model
description with inclusion of pion pole.

# Bose-Einstein correlations in DIS: clear signals are observed, no evidence for
target-mass dependence.

# A polarization in quasi-real photoproduction: positive values for light nuclei;
values compatible with zero for Kr and Xe.

# Searching again for the pentaquark in quasi-real photoproduction at HERMES: no
evidence for ©*resonance.
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Thank You
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Sivers amplitudes
For ™) oc £ (x, p? ) ® D, (2,k7)

0.00 <P, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54 <P, [GeV]<2.00 0.00<P, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54<P, [GeV]<2.00

S 02f 4 3 ~  HERMES PRELIMINARY S 02 - ] - HERMES PRELIMINARY
P~ F F F 7.3% scale “uncertainty = T E E 7.3% scale | funcertainty o
¢ ™' 3 vooElty Y T 3 - 3 8
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N 02 - - — ~ 02 — : :
02 — = - = 02 = = =
01— = 4 ] = $ & 01— = o = 5
Ch e I T & Syt L e b Ee »
S 2 | R F T T : e T ity
-0.1_ E = E 8 -0.1:— = = = g
02 __ — _ _ 02 _ e =
02 = 3 = 0z 5 s =
0.1 - E E E ¢ e 01— = s = 2
N g ++ "I I Y 3 - 1 } : B bE } n
Op-togootoo oA REERREEE SeRRELELEEE Jaitl T e S
] ] ] P e TIE SR :
02 £ C = 0.2 _ . e =
0.2 " i g i + 02 - - =
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0.1 = = = 2 01— = t = = g
02 — ‘ = _ = 02 : — — e —
0 I 012 (; 0.2 (; 0.2 (; I 012 I 0 0.2 0 0.2 0 0.2 0 0.2
X X
» 1t amplitudes positive; m~ amplitudes = 0
# 1" amplitudes increasing with x at large P, |
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Sivers amplitudes
For ™) oc £ (x, p? ) ® D, (2,k7)

0.00<P, [GeV] <023 0.23<P, [GeV]<0.36 0.36<P, [GeV]<0.54 0.54<P, [GeV]<2.00 0.00 <P, [GeV]<0.23 0.23<P, [GeV]<0.36 0.36<P, [GeV]<054 0.54<P, [GeV]<2.00

S 02l 4 2 ~  HERMES | PRELIMINARY JERC K* = —  HERMES | PRELIMINARY
“ o1 E £ E ; 7.3% scale —unce:ainty o “% o025 E + E 7.3% scale | uncertainty -
= T E = F = ] = U - E = =
e e s T R S T A Ta
[= 015 E = E o c B E E } E + o
@ i 2 g 2 @ 0 3 3 e { 8
N 02 : — — N 05 = = _—
0.2 — = = - 0.5 a2 E E
01 =4, E ¥ -+ V|3 025 - - 3 2 5
e T e LY N ETEREAN TN VTN T
o1 ! : : : 5 : ; i
02 __ — _ _ 05 = = e =
0.2 - = = = 0.5 = = 3 =
: S AR T b | 3
o:_+f_+___1'____:_“J-___t___:_t ________ : o n og—i'q.-*---t----:-+-+-+---*----§—+ ----- t---g—‘-”---‘---- .
o1 = = = 2 025 - i - - 2
0.2 E , = E 05 = I | =
0.2 - § § § 05 - _+ 2 2
E E E = (] E F F E o
01 5 TR I 025 g v T | S TR -~
NRTYRN ¥ L X TR AN SR SFYRREN ST YA
01 = = = S 025 - 3 = E
0.2 ‘ 2 . =2 £ 0.5 I | | S |
o 02 o 02 o 22 0 T 0 02 0 02 o0 02 0 0.2
X X
# Kramplitudes positive, larger than it*
® Non-trivial role of sea quarks?
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A, amplitudes: K*

do=d GSU + 3 Convolution of twist—2 & twist—3 functions

..+P,%sin(¢)

P EEmm e @ EEmmm e
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P, [GeV]
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A, amplitudes: p & pP"

do=d GSU +---+P %sin (¢) —> Convolution of twist—2 & twist—3 functions
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Comparison of SDMEs in exclusive w and p° productions

Eur. Phys. J. C 74 (2014) 3110

04 ——
| Ay VM, A i3
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SDME values

p°® SDMEs HERMES, EPJ C 62 (2009) 659.

# Theclass— A SDMEs: r1 & Im r2 have

opposite sign for w and p

# Large UPE contribution for w:
iy = STl + [Tl = Ul UL} /2N,

Im {r?}

For w meson

2 1
Im {rl—l} —Ia

= STl + Tl U ~|Usf } 72N,

— i{—|T1_1|2 +|U11|2}/ N>0
VA
For p°® meson
— i{—|T1_1|2 +|U11|2}/ N<O
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> 3T

2 1
Im {rl—l} —Ia

Talk Tue 17h50
by S. Manaenkov
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Significances of ®*(Groups ever announced positive results )

LEPS md4.60 m S.1c
DIANA m 440 B 5.50
SAPHIR = 4.38c

HERMES = 3.70 L {f&g
S

CLAS B 7.8c null
ZEUS m 3.9-4.60
COSY-TOF W 3.7-5.90 = null
SVD W 5.6 8.0
ITEP H7.1c
JINR W 4.5
ES22 s 25-2.7¢
OBELIX = 25-2.7c
SR S SN S AN TR TR SN ENT TR SN TR (N SN SN SR (N SR N SR H S S S
2004 2006 2008 2010 2012 2014 2016

Slide is taken from: Siguang WANG NSTAR2015, May 25-28, 2015, Osaka, Japan
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Groups with negative results (now)

Zroup Reaction MMode Upper limit Cronfidence
CLAS el — pT KT n Ktn o < 0.3 nb (P
~d — AR TR Ktn o <= 5 nb a5%
P — K'rtn Ktn o <2 0.8 nh 95%%
N{et )/ N(A(1520)) < 0.22% 95%
- -0 -0 .
yp— W K"p Kep o =< 1.5 nb 5%
COSY-TOR pp — ZH K95 If_é-p o = 0.15 ub 95%%
EFOCUS wBe(Q — pRSX KE2p F(OMB(pKL)/a(K(292)) < 0.13% a5%
(e BpK2) /o(D(1385)F) = 2.2% a5%%
MNOLMAD A —+ KopX +If§-p ) AN = S ':I’Eh 13 = 103 goi.:
BES (250, J Y decays Ktn, Kip see Eq. (2] 905
BaBar ete— — T(45) —- pKEX KEp N+ NVavents = 1.8 x 10— a5%%
ete — g — pR2X KE2p Nt )/ Navents << 5.0 > 1077 a5%
B & ppiE K E2p Bat). B(pK2) < 0.5 = 10—" 95%%
Belle B & ppKE KEp Bat) . B(pK2) < 2.3 = 1077 Q0%
KN — pKEX If%:-p Nt/ WIALS20)) < 2.59% Q0%
Ktn —+ pKZ Kep I = 0.64 We™W 0%
ALEPH F s pK2X KE2p Nt N vents = 2.5 x 103 a5%,
DELPHI Z — pREX KE2p MN{ET ) N venes = 2.0 »x 103 957
L3 N pl;ﬁ:ll'fg-fs: If%}p Niet )/ Neents < 4.7 » 1073 Qﬁz.:.
Hi1 ep —+ ep(PIR = Kzp o < 120 — 360 pb 95%%
O SY - Jiilich pp — pRYmt A K" o < 552 nb 95%,
NA4AD pp — pRCEX KE2p not observed —
CDF i — pR2X KZ2p Niet) < B0, TE Q0%
HERA-B P — pI_E:-_?;_"s_f If:%p Nt/ WIALS20)) < 2.7% gaz.;
SFPHIMX N s nmFK T RN KT™n o = 26 nb Q0%
i‘-;‘-." — pff:g-fff;‘f KE2p o < 42 nh gﬂefz
pN — pK2KIN K%p o < 30 nb 0%
PN — pRE RSN KE2p o < 52 nh D07
PHEMIX dan — K nXx K n not observed —
Hyper P plat, Kt on — plE KEX KE2p MNiet)/ Noens < 0.3% 0%
LASS Ktp —+ KWtnat Ktn o NArrow reschance —
WA SO O Cn) — pi2 KEp o 7.2 b 99%
E559 Ktp —» wtXx — da /di2 < 3.5 ub/sr 0%
J-PARC T — KX — do fd) =2 0.26 pub/sr Q0%

Slide is taken from: Siguang WANG NSTAR2015, May 25-28, 2015, Osaka, Japan
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Searching for the pentaquark at HERMES in 2015

Phys. Rev. D 91 (2015) 057101

;: - o HEIP:N;EISI(ZIO(I)ZI—ZIO(IWI) | e/++H—I> I(I;“LIKIE)LL}I(I R :
%200 n + + ++ E
gt BUAUIR AT S
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oo ¥ E

M(pKY) [GeV]
#» No evidence for the resonance ®*on H
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