Hard Exclusive Reactions at at CERN
Exclusive photon (DVCS) and meson (HEMP) roduction
at small transfer for GPD studies

DVCS: pnp> pn' p'y
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VectorMeson: p p> ' p por®or...
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Measurement of exclusive cross sections at COMPASS

DVCS : np - ],l' p.’y at small transfer

S I
pp’ *y

Both fﬁ and u_" beams
Polarisation ~ +80%
Momentum 160 GeV/c

COMPASS:Two stage magnetic spectrometer

for large angular & momentum acceptance
ECAL1 Particle identification with
RICH, HCALs, ECALs and muon filters

ECALO NIM A 577 (2007) 455; NIM A 779 (2015) 69

CAMERA recoil proton detector "\ —

surrounding the 2.5m long T+
LH2 target ﬂ.,{f/ X
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+ SIDIS on unpolarized protons
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2012:
1 month pilot run

2016 -17:

! 2 X 6 month

data taking



Deeply virtual Compton scattering (DVCS)

) D. Mueller et al, Fortsch. Phys. 42 (1994)
E X.D. Ji, PRL 78 (1997), PRD 55 (1997)
A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)

DVCS: fp—> U p’ vy

the golden channel
because it interferes with
the Bethe-Heitler process

Factorization _ . . _ T A Xl
soft

also meson production
fp— U p’ T, P, ® or (I) or J/y...

The GPDs depend on the following variables:

X: average quark longitudinal

&: transferred momentum fraction

The variables measured in the experiment:

E(, Q% a5~ 28 /(1+4€),

t: proton momentum transfer squared
related to b, via Fourier transform
Q?: virtuality of the virtual photon

t (Or GY*Y) and (I) (EE’plane/yy* plane)



Deeply virtual Compton scattering (DVCS)

0’ Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)

E 2
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fy* y g =2 /q(x)
H[xié 10) g
x +&)P x-&)P 0N =
Factorization Nard ( ________ 3; ) ............................... (é) ________ L
5
sof GPDs 25
Generalized Parton 0
p Distributio p’ TR

The amplitude DVCS at LT & LO in a5 (GPD H):  Real part Imaginary part

1 HxGE _ _+1 , HxGH . .
7{;%{_1 dx P Q’f_l dx o imTHx =+EE 1)

In an experiment we measure

Compton Form Factor H



Deeply virtual Compton scattering (DVCS)

M. Burkardt, PRD66(2002) M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
Mapping in the transverse plane rp(x) in GeV fm’!

------------------
0.01 /m drr’p(r) =071
[ a ]

0.005 [ o
[ [ == confining

- repulsive In XQSI\/I-E

0 05 1 rin fm

The amplitude DVCS at LT & LO in a5 (GPD H):  Real part Imaginary part

__rt1 H(x,ﬁ,t) . +1 H(x,i,t) . . 6*
7{;%{_1 dx P @f_l dx o imTHx =+EE 1)

ReH (€, t) = w1 f 1dx

In an experiment we measure

2x ImH (x,t) +AG

Compton Form Factor H X% — §2 6



Deeply virtual Compton scattering (DVCS)

| TDVCS | 2 + Interference Term

- N AL ~

dto(lp - (
dﬂ(dﬂ; :}ilrlil);) = o + (4027 4 P, d(rg;;’f S) +(eRe I+ eP Im 1)
AB C Well known




Deeply virtual Compton scattering (DVCS)
bplow (P )anay

A ,C} __,,Ffé}*f:_:_‘ i
e = |TBH|2 DVCS | 2
4 do = |T°7|% + i IT/\ | § + Ir;terfere/n\ce Terr:\ LO.Twist-2
d*o(lp - € ' ;
- (d}‘; ”‘dl l;’;’ L= 4P 4 (A0DVSS + P doRCS) +(eRe I + P Im )
XpUal/™~ r Well known
With unpolarized target: Belitsky, Miiller, Kirner, NPB629 (2002)
(40P« cg™ + B cos ¢ + 5 cos 2¢ \ HT:TWLSB3 1/Q
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double helicity flip
suppressed by o



Deeply virtual Compton scattering (DVCS)

g

s _
y do = |T'3H|2 | TPVCS |2 + Interference Term
-+ g - - ~
dFo(lp -
(p PY) do?? + ( ;mwéf + P cr?jc 9) + (ef]Re I + e, Py Im 1)
d.?t'B dQ' dl fl dgb Well known P F
. < - .
With both u* and yu beams we can build:
BH BH . ..,
@ beam charge-spin sum dor - “ 7+ e cos ¢ + ] cos 2@ D3
* 3 dir o = cﬁ” 4+ P cosd + cos 2¢
= de v yCs JDrCs
d vl XS Sin ¢
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NLO,Twist-2
double helicity flip
suppressed by o



Deeply virtual Compton scattering (DVCS)

;
d
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éf do = |TBH|2 |Toves |2
d*o (L ( £
o(tp — tpy) T _|_( ch + P, d(r[;_”;”
d.?t'B dQ" dlfldgb Well known urpe pe

With both u‘: and ut' beams we can build:

+ Interference Term
PN -

) +(eRe I +ecP Im 1)

BH BH . ...
@ beam charge-spin sum dor 7+ cf cos ¢ + ;" cos 5
+ - d ) cm 4+ P cosd + cos 2¢
_ do_t— + d{}_—) unpol 0
@ difference y ; _
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'/ f t
s foc Im F| |c/oc Re F| |F = F.H + H— E SR H

HT,Twist-3
suppressed by 1/Q

NLO,Twist-2
double helicity flip
suppressed by o



COMPASS 2016 data Selection of exclusive single photon production

Comparison between the observables given by the spectro or by CAMERA

DVCS: pp> u py
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COMPASS 2016 data

80 < v [GeV] < 144

N:L ?OG:'_ e ara— - e data
-;Cj . COMPASS preliminary e
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COMPASS 2016 DVCS cross section for 10 < v < 32 GeV

At COMPASS using polarized positive and negative muon beams:
+ Cha

— — O
— G — H V'
= do" +do 2[do? +do,,) ©7 + Im ]
— H DVCS DVE'S I - g
= 2[d(r3 + ) Cos @ + ¢~ cos2¢ + 5, sin¢g+ s,sin2¢ |
calculable All the other terms are cancelled in the integration over ¢
can be subtracted
&
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) / E t = # .g B =50 = VBt = Y-y evic
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- ‘ ‘ 1=
dt I'(Q% v, E,) dQ?*dvdt -
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COMPASS 12-16 Transverse extention of partons in the sea quark range

dGDVCS/dtz e'B|t| = cg’ﬂ;(;‘g oc (ImH')?

— —— i =
BVOS ... ~ 8 p
. . . % 7:. | - i ] NA_|
In the COMPASS kinematics, xg= 0.06, dominance of IMH §  Eimzz=--4.. i imrmrmra o — 2016 ¢ Freim. _{g g ©
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i -
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A }
________ <Q* = 10. (GeV/c) GK model  from Goloskokov & Kroll
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COMPASS 12-16 Transverse extention of partons in the sea quark range

2012 statistics = Ref

dGDVCS/dt: e‘B|t| — cg”"‘-hs oc (ImH )? 2016 analysed statistics = 2.3 x Ref

2016+2017 expected statistics = 10 x Ref
~ 8 —
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3 ® COMPASS: <Q% = 1.8 (GeV/ic)?  This Analysis 0.2
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- A H1: <Q%> =4.0 (GeV/c) }
all - Hi- <«Q? =80 (Gevicp J EUr- Phys. C44 (2005) 1 —0.1
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3o difference between 2012 and 2016 data 0 £ % %% PRl i o
» more advanced analysis with 2016 data 10 107 1072 /129‘1
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A }
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GPDs and Hard Exclusive Meson Production

Factorisation proven only for , 4 chiral-even GPDs: helicity of parton unchanged
Quark contribution q q (as Sivers
Meson qq H (05; &..; t) E (00; F;; t) with OAM) For Vector Meson

FI"(oc, g, t) Eq(a:, &,t)  For Pseudo-Scalar Meson

+ Non-perturbative Meson wave function
p? = [uﬁ}- - ‘c)ﬁ}] /2
W = [.'Hﬁ:! + ‘dj:'-l /N2




GPDs and Hard Exclusive Meson Production

Factorisation proven only for 5, 4 chiral-even GPDs: helicity of parton unchanged
Quark contribution q q (as Sivers
Meson qq H (05; g/ t) E (00; F;; t) with OAM) For Vector Meson

FI"’(m, g, t) Eq(w, &,t)  For Pseudo-Scalar Meson

+ 4 chiral-odd or transversity GPDs: helicity of parton changed
(as trans- (not possible in DVCS)

H?(m; ﬁl t) versity) E?(wi E‘,, t) E 5 |-|q E
~ ~ = + E4

q q T T T
HT(w’ g’ t) ET(a:’ g’ t) (as Boer-Mulders)
oy is asymptotically suppressed by 1/Q? but large contribution observed
GK model: k; of g and g and Sudakov suppression factor are considered

_ ) @]’l sensitive to H T
+ Non-perturbative Meson wave function 0- ++
p® = [lum) — |dd)] /v/2 and to a twist-3 meson wave function

W = [Hﬁ:i - \{!J'I'] /2 - 17




COMPASS 2012 - 16 Exclusive nt° production on unpolarized proton

0 3 B —_
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C - ° 3
g r ]
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= %j :
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compass 2010

200y HEMP with Transversely Polarized Target without RPD

Gparity: G(m)=-1; G(p)=+1; G(w)=-1

pO T CO N T[ S EV E.IIld E4of oppc.)s.ite sign
9 ; : ® is more promising
Ep = %[EE“@%Ed + 4—;%1 E. = /2 JE @ £ 4 Zf} (see the larger scale)
but there is the inherent
_COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19 COMPASS, NPB 915 (2017) oion pole contribution
g | Im(ETH) | % | [m(E" H) | T %) = 9xT(p0— 1)
e I S S W L]

A
sin(@-¢_)

Same for mw FF but sign unknown

F [ T 1 ; 5 o
~0.05% + L s ‘FNTL‘ <
-0 1k : L

. ’,'
. . . - . — -0.5} %gé:——"
{f— ok ] % o * 0.5¢
2005} - Im(E€;-H'Hy) | + + | )
9 r ¥ £y gp —— e = ks B L oiaa i :
LT | e ) et RS _O—
_0'1._~ T T ey T ey rr—— _0-5_| e y— [ T 1 7 P | of o y— p p
0 005 01 2 4 0 02 04 1 2 3 40 005 010 010203 > Doaftive mu form factor
Y 07 (GeV/ch) p‘; (GeV-/c?) Q? [(GeV/cy] Xg pZ [(GeVicy] » no pion pole

» negative ww form factor

GK Goloskokov, Kroll, EPIC42,50,53,59,65,74 GPD model constrained by HEMP at small x
longitudinal y,* p — M p and transv. polar. y;* p > M p

quark and gluon contributions (GPDs H, E, H;, E; ) and beyond leading twist 1



exclusive VM production with Unpolarised Target and SDME

0% Tc+ Tc' . . . . . rm = -
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COMPASS 2012 Exclusive p° production on unpolarized proton

I r{:F} LAy —pl. p—p? - If SCHC (A =) measurements:
Iy el t oz
| | ri+Im{rf 3= 0 | = 0.000+0.005+0.003,
:tf rzn B: Interference Y —pp & H—pr  * Re{r}o} +Im{rS}= 0 | = 0.011+0.002+0.002.
mrp -8
Im rhg : e ]111{;'?0}_}{3{;‘?0}: () = 0.009+0.014+0.028
Re l'Rlu ____________________________ B Rt e e
Re (36°L.C: yr—sp? . All the other SDME in classes C,D, E should be 0
Re r‘:(. _ o | not observed for class C
Im i, i
5 I . 5 = o 1 =X
r'l’“ i e 10 <Re(E,) . XKH ), + E<HI>£I (E);; 1| From Goloskokov and Kroll,
% - | EPIC74 (2014) 2725
m i Iy
3 ™ i
R e =~ = Fp®=2/3F" +1/3 Fd B
:s" - D yopr : = The first term dominates and 7;, probes E,
I-1 i
Imr), ‘ ]
tm ], | = = COMPASS (H, H) of same sign
i | Lo to be submitted (EF, E) of same sign
fh = ey Q2D AGaVE (Hy, H) of opposite sign
04 " | : . .
i1 | E: Yr—PT ‘ <W>=9.9 GeV (E', EY) of opposite sign
P <p;2>=0.18 GeV2
R I T T LY T s T— —

-0.3 0.2 0.1 -0 0.1 0.2 0.3 0.4 0.5 0.6
CNMIME valie
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COMPASS 2012 Exclusive o production on unpolarized proton

i | Ay o o If SCHC (A,=A,) measurements:

- T | TT% UL i 1 2 _ ~ /
et e s P tIm{? = 0 | =—0.010+0.03240.047

Re 3, i B: Interference -+ RE{J'?O} NE []Il{}‘?ﬂ} = 0 — 0.014+0.011 :I:OU]}

Im rza i -,-1—; wy & jl_ —jg; ’ _ ; 8 s &
e rle E N NN EEE RS RN EEE S EmE EEE A R -ru N N N EE N R EEE NN NS A SN NS R EEE R .
Re rie| " (- Y- o, 1oty All the other SDME in classes C,D, E should be 0
Reris | Wome not observed for class C
[mrf. . i 1
i: i e w "'osb . Re[(£r>jzr<H>u "‘EKHHZI (E) ;11| From Goloskokov and Kroll,
me, | == — EPJC74 (2014) 2725
8 L

oo

- DTy - => Both 2 terms are important

5
Iy
Im r?_, "l

Bar ek —t * COMPASS (H", I_{id) of same sign
i | ‘ < =~ (E¥, E%) of same sign
i : —= : “EPJC81 (2021) 126 (Hy, H9) of opposite sign

8
S|

: g S ] 1LE S
S T ! £, EY) of opposite sign
p [ BV 0y . <W>=7.6 GeV ( ) otopp 8

1
e, [ — = —<p;*>= 0.16 GeV?

e e s Ee e s e

-0.2 -0.1 0 0.1 0.2 0.3 0.4

SDME value =



COMPASS 2012 Comparison ® and p° production

The pion pole exchange (UPE) is large for ® compared to p°

Natural (N) to Unatural (U)

[Nw—>my)=9 xI'(p°—>n%y) asforn®Vector Meson FF

Parity Exchange for y; — Vr - .o
;;':/’—'—1" It plays an important role in
i ® production for:
b - 31‘:_1 - chTTN (yr — Vr) ~d(r]g(y;. — Vr) 70 i
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COMPASS 2012 R =o,/o; for exclusive p° production
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COMPASS 2016+17 Outlook for DVCS and HEMP

+ e
v DVCS and the sum = do" +do—

=> ¢, and s, and constrain on Im# and Transverse extension of partons

+ "
v DVCS and the difference = do —do

=» ¢, and constrain on Re# (>0 as H1 or <0 as HERMES)
for D-term and pressure distribution

v" On-going analysis (Cross section, SDME) for HEMP of n°, p°, w, ¢, J/y
v’ Transversity GPDs
v Gluon GPDs

¥ Flavor decomposition
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COMPASS 2016+17 Outlook for DVCS and HEMP

+ e

v' DVCS and the sum = do" +do—
=> ¢, and s, and constrain on Im# and Transverse extension of partons
5 _ For Jlab 20+ GeV
v DVCS and the difference A= do —do™

> ¢, and constrain on Re# (>0as H1or <0as HERMES) |mportance of e* beam
for D-term and pressure distribution

v" On-going analysis (Cross section, SDME) for HEMP of n°, p°, w, ¢, J/y
v’ Transversity GPDs
v Gluon GPDs

v Flavor decomposition

Importance of large luminosity
For DVCS, TCS, DDVCS, J/v ...
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