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Deep Inelastic Scattering ep — e X

v
X
P

In the Bjérken limit i.e. when the photon virtality Q2 = —¢? and the squared

. . . 2
hadronic c.m. energy (p + ¢)* become large, with the ratio 25 = % fixed,
the cross section factorizes into a hard partonic subprocess calculable in the
perturbation theory, and a parton distributions.
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DIS

Parton distributions encode the distribution of longitudinal momentum
and polarization carried by quarks, antiquarks and gluons within fast
moving hadron

PDFs don’t provide infomation about how partons are distributed in the
transverse plane and ...

about how important is the orbital angular momentum in making up the
total spin of the nucleon.

Recently - growing interest in the exclusive scattering processes, which

may shed some light on these issues through the generalized parton
distributions (GPDs) .




DVCS

The simplest and best known process is Deeply Virtual Compton Scattering:
ep —epy

e e
X

Y Y

p p

Factorization into GPDs and perturbative coefficient function - on the level of
amplitude.

DIS: o = PDF ® partonic cross section
DVCS: M = GPD ® partonic amplitude
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DVCS

v(q)
ﬂ o )
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Figure: Deep Inelastic Scattering cross section is given by the imaginary part of
diagram (a). Amplitude of Deeply Virtual Compton Scattering is given by diagram (b).
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Symmetric variables

p+p __q+gq
P = =
2 17
Generalized Bjorken variable:
f: 7q72 =~ zB rp = Q2
2¢-P  2—2p 2q-p

momentum transfer between proton initial and final state:
2
t=(p' —p)

In the convenient reference frame, where P has only positive time- and z-
components, and light vector are defined as:

1 1
vy =(1,0,0,)— , wv_=(1,0,0,—1)—
=001 ( )7
(—2¢) has an interpretation of the fraction of momentum transport in "+"

direction.

6/46



GPD definition.

dz~ ; pPt—1/ 1 — 1 + 1
q . 1T z _ = -
Fio= 2 S W a(-52) q<zzﬂpﬂz+:mzzo

= 21£+ [Hq(m & t)alp )y ulp) + Bz, &, 1) u(p)

2m

1 dz~ izPtT2—, 1 + 1 +
Fg _ G H _ G —

1

— g [H@E 0T ) + B € ) a0

> interpretation, ERBL, DGLAP

&x /, \ & x x+& /i i 1E-x x+& /‘i i\ x=€
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iotTeAL

u(p) ] ;

» Three variables z,¢,t .



GPD - properties,

» Forward limit:

H%z,0,0) = gq(x), for x>0,
H%z,0,0) = —q(x), for <0,
H%(x,0,0) = xg(x),

similarly for polarized distributions and PDFs.
» Reduction to form factors:
1 1
[ ameen=Fo, [ dEeen =,
-1 -1
where the Dirac and Pauli form factors

W20 40 1) = a) | FE0 7 + 720 52 | o),

» Ji sum rule:

lim ' dr z [Hp(z,&,t) + Ef(z,€,t)] = 2Jy

t—=0 ) 4
where Jy is fraction of the proton spin carried by quark f (including spin %ﬁé\
and orbital angular momentum). :
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Impact parameter representation
AtE=0 =  —t=A%:

2 .
Haby) = [ Grpe A @0 -a)

can be interpreted as probability of finding a parton with longitudinal
momentum fraction z at a given b, .




GPDs

GPDs enter factorization theorems for hard exclusive reactions (DVCS,
deeply virtual meson production, TCS etc.), in a similar manner as PDFs
enter factorization theorems for inclusive (DIS, etc.)

GPDs are functions of z,t,£, u%

First moment of GPDs enters the Ji's sum rule for the angular momentum
carried by partons in the nucleon,

2+1 imaging of nucleon,

Deeply Virtual Compton Scattering (DVCS) is a golden channel for GPDs
extraction,



DVCS - variables

Four variables needed to describe ep — epy at fixed beam energy. Usually :
Q? zp,t and ¢:

Virtual photoproduction
c.m. frame




Coefficient functions and Compton Form Factors

CFFs are the GPD dependent quantities which enter the amplitudes. They are
defined through relations:

AP (E,1) = —e2ﬁ a(P')

ot
i)

g (M7 +E6E

A0 up)

+ier’ (’ﬁ(& DY s +E(E ) 37

.where:

H(E L) = +/_1d56 (ETq(z,f)Hq(x,f,t)—|—T9(:c,£)H9(x,f,t))

GPDs enter through convolutions! At LO in as:

pvCs 2 1
y

e @7
DVCSR P/

(z,6,t), PVOSIm(H) ~inHI(E,E,t) %:é\
S
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DVCS and BH

Figure 12 from Michel Guidal et al 2013 Rep. Prog. Phys. 76 066202

DVCS BH
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- .
e L€ e 2
/ ,f/ / )
e < 5 e S / e /\/\f\f‘u’)

S /f 9 |
olep — epy) A * /‘\ - ¢‘\
p7 N P N p7 L

13/ 46



Observables

The Ip — lp7y cross section on an unpolarized target for a given beam charge ¢;
and beam helicity h;/2:

do" (¢) = dovu () [1 + hiAru,pves(d) + ethiALui (o) + et Ac(9)]

In HERMES - both longitudinally polarized positively and negatively charged
beams were available:

Ac(e) = m {(dai + dai) —(do™ + daé)} .
Avui(e) = m {(dai) — da‘t) — (da:) — da;)] ,
Aru,pves(e) m {(da3 - dai) + (do™ — da;)] .

In Jefferson Lab, one can only measure the beam spin asymmetry A7,

e dai — dail
Aty(9) = ———,
do™ + do* -“iG



Observables
Target longitudinal spin asymmetry which reads :
[do“™ +do— "] — [do* = + do— <]

[daég + dajg} + [da“%: —+ dajz:] ’

A%lL(d’) =

where the double arrows < (=) refer to the target polarization state parallel
(anti-parallel) to the beam momentum. The double longitudinal target spin
asymmetry is defined in a similar fashion :

[do™% 4+ do“ 5] - [do*= + do— =]

[dajlé + do‘jé:] + [da:L:> + dajé:] 7

AEIL(QS) =

The HERMES collaboration also had access to a transversally polarized target
with both electrons and positrons:

Aur,1(9, ¢s) =
dot (¢, ¢5) +dot (¢, 5 + ) —do~ (¢, p5) — do~ (¢, ps + )
dot (¢, ¢s) — dot (¢, ¢s + ) + do~ (¢, ¢s) —do— (¢, 95 +7)
Avut,pves(é, és) =
dot (9, ¢s5) — do (6,5 + ) — do~ (9, §s) + do~ (b, bs +
do (¢, bs) — do (6,65 + ) + do— (¢, bs) — do— (¢, b5 + PRI

15/ 46



Observables

ASS? o Re [FlH +E(F1L+ Fo)H — 7F25] ;
AL m[FH e s R e
AT Im g F1+F2)(H+%5)+F1H &( i§F1+4M2F2)5]
ALY o Re[€(Fi + Fa)( H+%§€) Flﬁ—§(1i§F1+4M2F2) ]
ATTSVes o [4 1= &%) (HH" + HH*) — A2 (HE* + EN™ + HE™ + EH™)
(S e s Ee)],
1+¢  4M
AT [mote) —am (781
A?}?E?ﬂas)cow < Im [ 4M2 (FoH — F1E) + €2 (Fy + 4;/[2 b)) (H+E)
—€2(Fy + ) (H + mg)] . (1)



DATA

’ Experiment Observable Normalized CFF dependence
ALes 09 ReH + 0.06Re€ + 0.24Re#
A ReH + 0.05Re€ + 0.15ReH
Ajn® Im?# + 0.05ImE + 0.12Im#H
Afpe ImH + 0.10ImH + 0.01Im&
HERMES Afpnee ImH — 0.97ImH + 0.49Im& — 0.03Imé&
Afpeos0¢ 1+ 0.05Re# + 0.01ReH
Afpeese 1+ 0.79Re# + 0.11ImH
AE;(%:/%%) ImHReE — ImEReH
AZR(8=95) cos @ ImH — 0.56Im& — 0.12ImH
Ay ? Im# + 0.06Im€ + 0.21ImH
CLAS Agin? Im# + 0.12ImH + 0.04Im€
Agyin2e Im# — 0.79Im# + 0.30Im& — 0.05Im&
Ag®in? ImH + 0.07Im& + 0.47Im#H
HALL A g8 0? 1+ 0.05ReH + 0.007HH"
oo @ 1+ 0.12Re + 0.05Re#
HERA opves HH* +0.0988* + HH* \




DATA

E =575 GeV, x,=0.36

o (ahGev™y

Ay, (nhGevy

Ay, WGV

A, (e

g
ides.y ideg)

Figure: HALL A data. Red curve - pure BH contribution.



Models

Topic for another seminar...

> A lot of data, but not enough to fit 4 GPDs (function of 3 variables) for
every quark flavour ... and gluons

» GPDs must satisfy certain principles

» Few models on the market (Goloskokov-Kroll, VGG, Kumericki-Mueller
...), most of them describe data well (small problems with Hall A), only
one describes all data - including small z.

» still much more data needed to determine GPDs (only imaginary part of
CFF H deterined wwith 15% precision, rest unconstrained)
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DATA vs models
0.3
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Figure: Harmonics of the beam charge asymmetry in HERMES: x5 = 0.097 and
Q? = 2.51 GeV? -compared to the Goloskokov - Kroll model.




FUTURE

» JLAB is in the upgrade phase - 12 GeV beam expected in 2015. Plans for
Hall A and CLAS to measure beam spin and target spin asymmetries with
much higher luminosity, smaller x5 and higher Q. Also CLAS plan to
measure DVCS on neutron - necessary to make GPD flavour separation.

» COMPASS - recoil detector to ensure exclusivity - plans to measure mixed
charge-spin asymmetries with 160 GeV muon beam.

» EIC (7)

o1 0.2 0.3 04 0.5 0.6 X



DVCS - what else, and why

» Difficult: exclusivity, 3 variables, GPD enter through convolutions, only
GPD(¢,&,t) accesible through DVCS at LO!

> universality,

» flavour separation,

. P
x#a
7 W
NN
hadron ~ Non-pert. object ™ hadron hadron ~ > hadron

Non-pert. object

» Meson production - additional information (and difficulties),
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So, in addition to spacelike DVCS ...

(a)

Figure: Deeply Virtual Compton Scattering (DVCS) : IN — I'N'~




we can also study timelike DVCS

GPD
(b)

Figure: Timelike Compton Scattering (TCS): yN — ItI— N’

Why TCS:
> universality of the GPDs
» another source for GPDs (special sensitivity on real part of GPD H),
» spacelike-timelike crossing,
» first step towards DDCVS, 53



General Compton Scattering:

7 (@in)N () = 7" (@out)N' (1)
variables, describing the processes of interest in this generalized Bjorken limit,
are the scaling variable & and skewness 1 > 0:

fo Towtdn, ot = din
Qout — G (p+7) - (gin + qout)

» DDVCS:  ¢2, <0, ¢2.:>0, n#¢
» DVCS:  ¢2, <0, q2:=0, n=§&>0
» TCS: ¢, =0, @u:>0, n=-£(>0



Coefficient functions and Compton Form Factors

CFFs are the GPD dependent quantities which enter the amplitudes. They are
defined through relations:

i +p
ij(€77]7t) = _eQﬁ ﬂ(P/) g’éb“u (H(£7n7t) '_Y+ + 5({77771:) UQMAP)
. . +
il (e 1)y s + EEn. ) 5 [u(P),

.where:

1
HEm,t) = +/1dl‘ (ZTq z,&,n)H (z,n,t) + T"(w,f,n)Hg(w,n,t)>
~ 1
H(Ent) = /1dw (ZT" &) H (x,n,t) + T (x,&n)H (w,n,t)>~



LO

» DVCS vs TCS

DVCS TCS
T = —eg x_H}_iE —(z——xz)= ( 7"

DVCS,7 TCS 7
T = fe§x+7717i5 +(@——x)= —-(C°TH"

PVESRe(H) ~ P/ = j: an(x,n, t), PVOSIm(H) ~imH(£n,n,t)

» DDVCS 1
DDV CS g 2
T — _ 2 = (s —2x
eqx+§—i6 ( )

PPYESRe(H) ~ P / xigﬂ%mm PYEIIm(H) ~ inH (£€,,1)

But this is only true at LO. At NLO all GPDs hidden in the convolutions.



TCS and Bethe-Heitler contribution to exclusive lepton pair
photoproduction.

Gin

Figure:

Figure: The Feynman diagram for the Compton amplitude.



TCS

Berger, Diehl, Pire, 2002
e
e
4
4 Kers)
AT&\

¢
e

l (D
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i)

boost

I'I" cm.
Figure: Kinematical variables and coordinate axes in the vyp and £T£~ c.m. frames.




Interference
B-H dominant for not very high energies:

1000

500

010 015 020 025 030 035 040

Figure: LO (dotted) and NLO (solid) TCS and Bethe-Heitler (dash-dotted
contributions to the cross section as a function of t for Q2 = u? = 4GeV? integrated
over § € (w/4;3m/4) and over ¢ € (0;2m) for E, = 10 GeV(n =~ 0.11).

The interference part of the cross-section for vp — £+¢~ p with unpolarized
protons and photons is given by:

doinT
— T - ReH(n,t
dQ"% di d cos 0 dp ReH(m,1)

Linear in GPD's, odd under exchange of the I and I~ momenta = angular
distribution of lepton pairs is a good tool to study interference term.




JLAB 6 GeV data

Rafayel Paremuzyan PhD thesis

Mee')(GeV/e?)
Mee*)(GeV/e’)

3
E (GeV) E (GeV)

Figure: ete™ invariant mass distribution vs quasi-real photon energy. For TCS

analysis M(ete™) > 1.1GeV and s,p > 4.6 GeV? regions are chosen. Left graph
represents el-6 data set, right one is from elf data set.




Theory vs experiment
R.Paremuzyan and V.Guzey:

_ [d¢ cos¢ [db do

[ do [do do
Q%= 1.3 GeV? E, = 3.536 GeV
x IF
0.8
0.6
0.4
0.2F
oE
0.2
r —SC_D=0.00
04— ==++SC_D=1.00
E e SC_D=2.00
0.6 BH
C Dual
0.8 = Data
g Lo b b P b Linny
0.1 02 03 0.4 0.5 0.6 07

-1 GeV?

Figure: Thoeretical prediction of the ratio R for various GPDs models. Data points
after combining both el-6 and elf data sets.




Jefferson Lab PAC 39 Proposal
Timelike Compton Scattering and .J/¢> photoproduction on the proton
in e*e” pair production with CLAS12 at 11 GeV

1. Albayrak,! V. Burkert,? E. Chudakov,? N. Dashyan,® C. Desnault,* N. Gevorgyan,?
Y. Ghandilyan,® B. Guegan,* M. Guidal*,* V. Guzey,?® K. Hicks,® T. Horn*,! C. Hyde,”
Y. Tlieva,® H. Jo,* P. Khetarpal,® F.J. Klein,! V. Kubarovsky,? A. Marti,* C. Munoz Camacho,*
P. Nadel-Turonski*", S. Niccolai,* R. Paremuzyan*,%3 B. Pire,'? F. Sabatié,'! C. Salgado,'?
P. Schweitzer,'® A. Simonyan,® D. Sokhan,* S. Stepanyan*,? L. Szymanowski,'*

H. Voskanyan,® J. Wagner,'* C. Weiss,2 N. Zachariou,® and the CLAS Collaboration.

1 Catholic University of America, Washington, D.C. 20064
2Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606
3 Yerevan Physics Institute, 375036 Yerevan, Armenia
4Institut de Physique Nucleaire d’Orsay, IN2P3, BP 1, 91406 Orsay, France
Hampton University, Hampton, Virginia 23668
%0hio University, Athens, Ohio 45701

Approved experiment at Hall B, and LOI for Hall A.




Ultraperipheral collisions

Opp =2

op(k) is the cross section for the yp — pl*1~ process and k is the v's energy.

dn(k)
dk

is an equivalent photon flux

) _ a2 ], 1,3 8 1
ak _27rk[1+(1 =) |\ 5 T a9 T

A=1+ 0.71 GeV? Q3 o MK is the minimal —¢
Qm7n min Spp ‘G

Spp is the proton-proton energy squared (\/Spp = 14 TeV): s & 2,/Sppk 2




B-H cross section at UPC

(a)

10° 07 [GeV’]

100 1000 10t 10° 10° 10"

Figure: (a) The BH cross section integrated over 6 € [7/4,37/4], ¢ € [0,27] ,

Q" € [4.5,5.5] GeV?, |t| € [0.05,0.25] GeV?2, as a function of yp c.m. energy squared
s. (b) The BH cross section integrated over o € [0,27] , [t| € [0.05,0.25] GeV?2, and
various ranges of 6 : /3,27 /3] (dotted), [r/4, 37 /4] (dashed) and [7/6, 57 /6]
(solid), as a function of Q2 for s = 10° GeV?




TCS cross section at UPC

(a) (b)

reslpbl
reslpb]

0 T
1000 10°

10° 10° 107 1000

Figure: opcs as a function of yp c.m. energy squared s, for GRVGJR2008 LO (a)
and NLO (b) parametrizations, for different factorization scales p2, = 4 (dotted), 5
(dashed), 6 (solid) GeV?2.

For very high energies orcs calculated with % = 6 GeV? is much bigger then

with % = 4GeV?2. Also predictions obtained using LO and NLO
GRVGJR2008 PDFs differ significantly.




The interference cross sect!ﬂc))n at UPC

z
e 3
2
eI TR R
0 LT Tl
-20
o g ‘T‘ 2n o m in n
¢ ¢
(©)
20
E Comp.
2 -—- It
“ --- BH
g s
=S e —  Total
3 s SR
_s5 -
0 z x 3 27
2 2
¢

Figure: The differential cross sections (solid lines) for t = —0.2 GeV?, Q' = 5 GeV?
and integrated over 0 = [r/4,37/4], as a function of ¢, for s = 107 GeV? (a),

s = 10° GeVZ(b), s = 103 GeV? (c) with 2 = 5GeV?2. We also display the
Compton (dotted), Bethe-Heitler (dash-dotted) and Interference (dashed)
contributions.
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UPC Rate estimates

The pure Bethe - Heitler contribution to oy, integrated over 6 = [7/4, 37 /4],
¢ =[0,27], t = [-0.05GeV?, —0.25 GeV?], Q> = [4.5GeV?,5.5GeV?], and
photon energies k = [20,900] GeV gives:

Upr =2.9pb.
The Compton contribution (calculated with NLO GRVGJR2008 PDFs, and
u3 = 5GeV?) gives:

JZPCS = 1.9pb.

LHC: rate ~ 10° events/year with nominal luminosity (10**cm™2s™1)



Ultraperipheral collisions at RHIC

L- kz—z(mbflsecfl)

1000

ol

[ oo

01 T 0 0 1000

Figure: Effective luminosity of the photon flux from the Au-Au (dashed) and
proton-proton (solid) collisions as a function of photon energy k(GeV).




RHIC

doAuAu

m(ﬂb GeV_4)

A i

Figure: The differential cross sections (solid lines) for t = —0.1 GeV?2, Q' = 5 GeV?
and integrated over 6 = /4,37 /4], as a function of ¢. We also display the Compton
(dotted), Bethe-Heitler (dash-dotted) and Interference (dashed) contributions.

Total BH cross section (for Q € (2,2.9) GeV, t € (—0.2, —0.05) GeV?,
6 = /4,37 /4] and ¢ € (0,27))
opa = 41ub X
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RHIC

ngjfd 5 (pb GeV™?)

Figure: The differential cross sections (solid lines) for t = —0.1 GeV?2, Q' = 5GeV?
and integrated over § = [r/4, 3w /4], as a function of ¢. We also display the Compton
(dotted), Bethe-Heitler (dash-dotted) and Interference (dashed) contributions.

Total BH cross section (for Q € (2,2.9) GeV, t € (—0.2, —0.05) GeV?,
0 = |r/4,37/4] and ¢ € (0, 27))
o = 9pb S
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AFTER - a fixed target experiment using LHC beams.

— see Jean-Philippe Lansberg talk on Wednesday
For fixed t and Q?, k~(y) is also fixed:

do"" = [ dky g do™"(s7" (k)

= [dy 42 do" (s "(ky(v))),
and

da_hh

e G do" (87" (ky (9)))-



AFTER

-

-4

“2

7

Figure: % for the proton run on Pb nucleon target (left), and for Pb run on H
target(right), and for p-p run (target proton treated as a source of WW photons). The

flux is calculated for Q2 = 4GeV?, t = —0.1 GeV? up to the kinematical threshold

implictly set by Q2.
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(a) 7 TeV p run on Pb target

2

Jorot

wk Joost

-1 o 1 > 20 “1s “10 05 00 05 10

(b) 2.76 TeV Pb on H target

Figure: (left) % and ratio for the KG model for Q2 = 4GeV?, t = —0.1GeV? and

¢ = 0 integrated over 6 € (7/4,37/4). Dotted line :BH, dashed line :interference

term, solid line: TCS. (right) Ratio of the interference BH-DVCS to BH calculated fol

Q? =4GeV?, t = —0.1GeV? and ¢ = 0 for the GK model (dashed) and a model %
based on MSTWO08 (solid). g
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Gluon GPDs in the UPC production of heavy mesons
R

Figure 1: Kinematics of heavy vector meson photoproduction.

v

Theoretical framework for GPD description of heavy meson

photoproduction set with NLO accuracy by: D. Yu. Ivanov , A. Schafer ,

L. Szymanowski and G. Krasnikov - Eur.Phys.J. C34 (2004) 297-316

Skewness effects directly taken into account.

Big sensitivity to the factorization scale - situation better for T then for

I/, 55

» UPC - work in progress with D.Yu.lvanov and L.Szymanowski

v

v
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Summary

>

GDPs enter factorization theorems for hard exclusive reactions (DVCS,
deeply virtual meson production etc.), in a similar manner as PDFs enter
factorization theorem for DIS

First moment of GPDs enter the Ji’s sum rule for the angular momentum
carried by partons in the nucleon.

Fourier transform of GPD’s to impact parameter space can be interpreted
as ,tomographic” 3D pictures of nucleon, describing charge distribution in
the transverse plane, for a given value of x.

A lot of data on DVCS, but not enough to determine GPDs,

A lot of new experiments planned to measure DVCS - JLAB 12,
COMPASS, EIC(?7),
Timelike-DVCS is a complementary measurement,

TCS already measured at JLAB 6 GeV, but much richer and more
interesting kinematical region available after upgrade to 12 GeV, maybe
possible at COMPASS.

Compton scattering in ultraperipheral collisions at hadron colliders opens a
new way to measure generalized parton distributions

NLO corrections very important, also important for GPD extraction at 53

£F .



