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Why consider a gamma-meson pair?

Understanding quark transversity

» Transverse spin content of the proton:
| 1) (x) ~ =) )
| ) x) ~ =) =)
spin along x helicity states
» Observables which are sensitive to helicity flip thus give access
to transversity PDFs. Poorly known.
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Why consider a gamma-meson pair?
Understanding quark transversity

» Transverse spin content of the proton:
| 1) (x) ~ =) )
| )0 ~ =) =)
spin along x helicity states

» Observables which are sensitive to helicity flip thus give access
to transversity PDFs. Poorly known.

» Transversity GPDs are completely unknown experimentally.

» For massless (anti)particles, chirality = (-)helicity

» Transversity GPDs can thus be accessed through chiral-odd I
matrices.

» Since (in the massless limit) QCD and QED are chiral-even
(7", v*~°), the chiral-odd quantities (1, 7°, [y*,7"]) which
one wants to measure should appear in pairs.
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Why consider a gamma-meson pair?

Can we probe quark transversity GPDs in DVMP?

» the leading DA (twist 2) of pr is chiral-odd (o coupling)
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Why consider a gamma-meson pair?

Can we probe quark transversity GPDs in DVMP?

» the leading DA (twist 2) of pr is chiral-odd (o coupling)

» unfortunately v* N — pr N’ = 0, since such a process would
require a helicity transfer of 2 from a photon. [M. Diehl,
T. Gousset, B. Pire: hep-ph/9808479], [J. Collins, M. Diehl: hep-ph/9907498]
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Why consider a gamma-meson pair?

Can we probe quark transversity GPDs in DVMP?

» the leading DA (twist 2) of pr is chiral-odd (o coupling)

» unfortunately v* N — pr N’ = 0, since such a process would
require a helicity transfer of 2 from a photon. [M. Diehl,
T. Gousset, B. Pire: hep-ph/9808479], [J. Collins, M. Diehl: hep-ph/9907498]

P lowest order diagrammatic argument:

N Ty N Ly

1 e =0
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Why consider a gamma-meson pair?

A convenient solution

Circumvent this using 3-body final states:

> N — MMN':
M. El Beiyad, R. Enberg, D. Ivanov, B. Pire, M. Segond, L. Szymanowski,
O. Teryaev, S. Wallon: [hep-ph/0209300, hep-ph/0601138, 1001.4491]

> YN — yMN’:
R. Boussarie, G. Duplanti¢, S.N., K. Passek-Kumeri¢ki, B. Pire,
L. Szymanowski, S. Wallon: [1609.03830, 1809.08104, 2212.00655, 2302.12026]
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Moreover, the richer kinematics of the process allows the sensitivity
of GPDs wrt x to be probed (beyond moment-type dependence,
e.g. in DVCS) J. Qiu, Z. Yu: [2305.15397]
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Why consider a gamma-meson pair?
A convenient solution

Circumvent this using 3-body final states:

> N — MMN':
M. El Beiyad, R. Enberg, D. Ivanov, B. Pire, M. Segond, L. Szymanowski,
O. Teryaev, S. Wallon: [hep-ph/0209300, hep-ph/0601138, 1001.4491]

> YN — yMN’:
R. Boussarie, G. Duplanti¢, S.N., K. Passek-Kumeri¢ki, B. Pire,
L. Szymanowski, S. Wallon: [1609.03830, 1809.08104, 2212.00655, 2302.12026]

Moreover, the richer kinematics of the process allows the sensitivity
of GPDs wrt x to be probed (beyond moment-type dependence,
e.g. in DVCS) J. Qiu, Z. Yu: [2305.15397]

Also many others that are not sensitive to chiral-odd GPDs, such
as DDVCS: See talks by Victor and Marie
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Why consider a gamma-meson pair?
A convenient solution

» Consider the process YN — yMN’, M =meson. Collinear
factorisation of the amplitude at large MgM, t', ', and small
t.

A B

large angle factorisation
a la Brodsky Lepage t (small)
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» Mesons considered in the final state: 7+, pf’ﬁ.
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Why consider a gamma-meson pair?
A convenient solution

» Consider the process YN — yMN’, M =meson. Collinear
factorisation of the amplitude at large MgM, t', ', and small
t.

A B

large angle factorisation

a la Brodsky Lepage t (small)
» Mesons considered in the final state: 7+, pf’ﬁ.

» Leading order and leading twist
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Why consider a gamma-meson pair?

GPDs using p7y production

How does it work (at LO)?

Typical non-zero diagram for a transverse p meson

the o matrices (from either the DA or the GPD) do not kill it
anymore!
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Computation
Kinematics

Y(q) + N(p1) = v(k) + M(pm,em) + N'(p2)

Useful Mandelstam variables:

t=(p2— p1)?,
u,:(p/\//_q)zv
t/:(k_q)2v

Siv=1(q+ p1)°

» Factorisation requires:
—u' >1GeV?, —t' > 1 GeV? and (—t)min < —t < .5 GeV?

— sufficient to ensure large pr.
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Computation
Kinematics

Y(q) + N(p1) = v(k) + M(pm,em) + N'(p2)

Useful Mandelstam variables:

t=(p2— p1)?,
u,:(p/\//_q)zv
t/:(k_q)2v

Siv=1(q+ p1)°

» Factorisation requires:
—u' >1GeV?, —t' > 1 GeV? and (—t)min < —t < .5 GeV?

— sufficient to ensure large pr.

> Cross-section differential in (—u’) and M2y, and evaluated at
(—t) = (—t)min, covering S, from ~ 4 GeV? to 20000 GeV?.
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Computation
Method

1 1
A:/_l dx/0 dz T(x,&, z) H(x, &, t) du(z)
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Computation
Method

1 1
A:/_l dx/0 dz T(x,&, z) H(x, &, t) du(z)

» Differential cross section:

do
dt du’ dMgM

_ [AP?
3282, M2, (2m)3

7t:(7t)min
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Computation
Method

1 1
A:/_l dx/0 dz T(x,&, z) H(x, &, t) du(z)

» Differential cross section:

do
dt du’ dMgM

_ [AP?
3282, M2, (2m)3

7t:(7t)min

> Kinematic parameters: Sy, /\/13,\,,, —t,—u

> Useful dimensionless variables (hard part):

—Uu
o
2 bl
I\/IWM
2
¢ = Mo

2(Syw —mpy) = M3,
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Computation
Parametrising the GPDs: 2 scenarios for polarised and transversity PDFs

Quark GPDs are parametrised in terms of Double Distributions
[A. Radyushkin: hep-ph/9805342]
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Computation
Parametrising the GPDs: 2 scenarios for polarised and transversity PDFs

Quark GPDs are parametrised in terms of Double Distributions
[A. Radyushkin: hep-ph/9805342]

For polarised PDFs (and hence transversity PDFs), two scenarios
are proposed for the parameterization:

» ‘“standard” scenario, with flavor-symmetric light sea quark and
antiquark distributions.

> ‘“valence” scenario with a completely flavor-asymmetric light
sea quark densities.
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Computation
DAs used

> We take the simplistic asymptotic form of the DAs

¢as(z) = 62(1 — z).
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Computation
DAs used

> We take the simplistic asymptotic form of the DAs

¢as(z) = 62(1 — z).

> We also investigate the effect of using a holographic DA:
8
Phol(2) = ;\/z(l —z).

Suggested by

> AdS/QCD correspondence [S. Brodsky, G. de Teramond:
hep-ph,/0602252],

» dynamical chiral symmetry breaking on the light-front [C. Shi,
C. Chen, L. Chang, C. Roberts, S. Schmidt, H, Zong: 1504.00689],

P recent lattice results. [X. Gao, A. Hanlon, N. Karthik, S. Mukherjee,
P. Petreczky, P. Scior, S. Syritsyn, Y. Zhao: 2206.04084]
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Is QCD collinear factorisaton really justified?

» Recently, factorisation has been proved for the process
7EN — vyN' by J. Qiu, Z. Yu [2205.07846].

» This was extended to a wide range of 2 — 3 exclusive
processes by J. Qiu, Z. Yu [2210.07995]
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» This was extended to a wide range of 2 — 3 exclusive
processes by J. Qiu, Z. Yu [2210.07995]

» The proof relies on having large pr, rather than large
invariant mass (e.g. photon-meson pair).
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Is QCD collinear factorisaton really justified?

» Recently, factorisation has been proved for the process
7EN — vyN' by J. Qiu, Z. Yu [2205.07846].

» This was extended to a wide range of 2 — 3 exclusive
processes by J. Qiu, Z. Yu [2210.07995]

» The proof relies on having large pr, rather than large
invariant mass (e.g. photon-meson pair).

» In fact, NLO computation has been performed for
’)/N — ’}/’}/NI by O. Grocholski, B. Pire, P. Sznajder, L. Szymanowski,
J. Wagner [2110.00048]

» Also, NLO computation for vy — w7~ by crossing
symmetry G. Duplancic, B. Nizic: [hep-ph/0607069].
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Exclusive photoproduction of 7%y

Gluonic GPD contributions

> Because of the quantum numbers of 70 (JFC¢ = 0~7), the
exclusive photoproduction of 707 is also sensitive to gluonic
GPD contributions.
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GPD contributions.

> A total of 24 diagrams contribute in this case (compared to
20 diagrams from quark GPD contributions), with 6 groups of
4 related by symmetries (x — —x and z — 1 — z separately).
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Exclusive photoproduction of 7%y

Gluonic GPD contributions

> Because of the quantum numbers of 70 (JFC¢ = 0~7), the
exclusive photoproduction of 707 is also sensitive to gluonic
GPD contributions.

> A total of 24 diagrams contribute in this case (compared to
20 diagrams from quark GPD contributions), with 6 groups of
4 related by symmetries (x — —x and z — 1 — z separately).

» Diagrams amount to connecting photons to the following two
topologies.
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Exclusive photoproduction of 7%y

Gluonic GPD contributions

ks Da= ((x = &)p+ zpm)* + ie
AN ﬁ :S&Z[X—§+ie],

Dy D o i
D, Dy = (k+ zpm — (x +&§)p)” + ie

>

(1= 2)pym :_s[z(x—ﬁ—f6)+a2(x+§_i6) ’

A
(z =€) l(@+&p Do = (k + zom)? + ie

=25tz + e
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Exclusive photoproduction of 7%y

Gluonic GPD contributions

ZPM
Dy
(1— Z))Z%w
(z =€) Ma+ep

Dy = (k+ zpm — (x + &)p)° + ie
:—s[z(x—é“—ie)—i—af(x—i—f—ie) ,

D. = (k + zpm)* + ie
=2séz + ie

= pinching of poles in the propagators in the limit of z — 1
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Exclusive photoproduction of 7%y

Gluonic GPD contributions

Da A Dy = (k + zom — (x +€)p)* + e
(172)>m1
=-s[z (=) +ozbere—ia] |
(z *S)P\‘/ /‘\(I+€)p Dc = (k+ ZpM)2 +ie
=2séz+ e

= pinching of poles in the propagators in the limit of z — 1
Assuming an asymptotic form of the DA, they manifest themselves
as a purely imaginary part, in terms of

> 01 ‘:i contributions, when the x-integration is performed first,
1 W contributions, when the z-integration is

performed first.
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Exclusive photoproduction of 7%y

Gluonic GPD contributions: Singularity structure of the full amplitude

1or » Unfortunately, no cancellations
between the 4 corners.

0.5

0.0 L L p4

\ 0.4 0.6 / 10
-0.5
-1.0-
£E=05
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Exclusive photoproduction of 7%y

Gluonic GPD contributions: Singularity structure of the full amplitude

e » Unfortunately, no cancellations
between the 4 corners.
» Problem also shows up in
05 7ON — yyN.
0.0 L L p4
\ 0.4 0.6 / 10
-0.5
-1.0-
£=05
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Exclusive photoproduction of 7%y

Gluonic GPD contributions: Singularity structure of the full amplitude

1or » Unfortunately, no cancellations
between the 4 corners.

» Problem also shows up in
05 7ON — yyN.

» In vy — 777, only ERBL
region exists, no poles are

00 \ 04 06 y Tz crossed, and endpoint
contributions are suppressed by
DAs.
-0.5
S0l
£E=05
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Exclusive photoproduction of 7%y

Gluonic GPD contributions: Singularity structure of the full amplitude

100
05
0.0 : :
\ 0.4 0.6
-05
_1 0 L
£=05

Unfortunately, no cancellations
between the 4 corners.

Problem also shows up in
7ON — yyN.

In vy — 77—, only ERBL
region exists, no poles are
crossed, and endpoint
contributions are suppressed by
DAs.

Problem with factorisation?
At twist-277
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Results

Single differential cross-section:

dover , doeven ,
2L (b GeV™ "> (pb-GeV™
vz, (PP GV vz (b GeVT)

9
GeV?)

2
Mw? (

Son = ¢, 14, 20 GeV?

Dashed: Holographic DA non-dashed: Asymptotical DA

Dotted: standard scenario non-dotted: valence scenario
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Results

Single differential cross-section:

dotver , doven ,
2L (pb - GeV ™ - (pb- GeV™
a2 } (p € ) pTVE ‘ (pb-GeV™?)

9
GeV?)

2
Mw? (

Son = ¢, 14, 20 GeV?

Dashed: Holographic DA non-dashed: Asymptotical DA
Dotted: standard scenario non-dotted: valence scenario

—> Effect of GPD model more important on 7} than on p;
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Results

Integrated cross-section:

even even

O nt (pb) O (pb)
__________________________ JF
8l 5t
sh
o
e “
o IV,.’ 3b

L L L E L
14 16 18 20 6 8 10 12 14 20

S n(CGev? S n(Gev?)
Dashed: Holographic DA non-dashed: Asymptotical DA

Dotted: standard scenario non-dotted: valence scenario
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Results

Integrated cross-section:

L L L L
6 8 10 12 14 16 18 20 6 8 10 12 14 20

16 18
Son(GeV?) Sn(GeV?)

Dashed: Holographic DA non-dashed: Asymptotical DA
Dotted: standard scenario non-dotted: valence scenario

—> Huge effect from GPD model in 773’ case.
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Results

Integrated cross-section:

oSy (pb) %% (pb)

0.100
0.010

0.001

10 100 1000 100 1000

SW,N(G01VDA2) sﬂ/,\,(Ge‘\%)
Dashed: Holographic DA non-dashed: Asymptotical DA

Dotted: standard scenario non-dotted: valence scenario
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Results

Integrated cross-section:

geven (pb) O_odd (pb)

P
YPp

0.100
0.010

0.001

107

105 107°
10 100 1000 10, 10 4o 100 1000 10%
S,n(GeV?) S,n(GeV?)

Dashed: Holographic DA non-dashed: Asymptotical DA

Dotted: standard scenario non-dotted: valence scenario

— &2 suppression in the chiral-odd case causes the cross-section
. . M?2
~ _p
to drop rapidly with S, (¢ = 25w)'
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Results

Polarisation Asymmetries wrt incoming photon

We consider an unpolarised target, and determine polarisation
asymmetries wrt the incoming photon.
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Results

Polarisation Asymmetries wrt incoming photon

We consider an unpolarised target, and determine polarisation
asymmetries wrt the incoming photon.

» Circular polarisation asymmetry = 0.

. . _ dox—doy .
P Linear polarisation asymmetry, LPA = do,Tdo, " where x is

the direction defined by p; (direction of outgoing photon in
the transverse plane).
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Results
Polarisation Asymmetries wrt incoming photon

We consider an unpolarised target, and determine polarisation
asymmetries wrt the incoming photon.

» Circular polarisation asymmetry = 0.

. P _ dox—doy
P Linear polarisation asymmetry, LPA = dorTdo,

the direction defined by p; (direction of outgoing photon in
the transverse plane).

, where x is

» In fact,
LPAp., = LPA cos(26) ,

where @ is the angle between the lab frame x-direction and p; .
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Results
Polarisation Asymmetries wrt incoming photon

We consider an unpolarised target, and determine polarisation
asymmetries wrt the incoming photon.

» Circular polarisation asymmetry = 0.

dox—doy
dox+doy
the direction defined by p; (direction of outgoing photon in

the transverse plane).

P Linear polarisation asymmetry, LPA = , Where x is

» In fact,
LPAp., = LPA cos(26) ,

where @ is the angle between the lab frame x-direction and p; .
» Kleiss-Sterling spinor techniques used to obtain expressions.

» Both asymmetries zero in chiral-odd case!

Exclusive photoproduction of a photon-meson pair: A new class of observables to probe GPDs 18/23



Results

LPA wrt incoming photon: Single-differential level:

S.n =8, 14, 20 GeV?
Dashed: Holographic DA non-dashed: Asymptotical DA

Dotted: standard scenario non-dotted: valence scenario
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Results

LPA wrt incoming photon: Single-differential level:

S.n =8, 14, 20 GeV?
Dashed: Holographic DA non-dashed: Asymptotical DA
Dotted: standard scenario non-dotted: valence scenario

—> GPD model changes the behaviour of the LPA completely in
the 7 case!
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Prospects at experiments
Counting rates: JLab

Can be measured at JLab, COMPASS, future EIC and LHC (in
UPGs)
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Prospects at experiments
Counting rates: JLab

Can be measured at JLab, COMPASS, future EIC and LHC (in
UPGs)
Good statistics: For example, at JLab Hall B:

» untagged incoming v = Weizsacker-Williams distribution
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Prospects at experiments

Counting rates: JLab
Can be measured at JLab, COMPASS, future EIC and LHC (in
UPGs)

Good statistics: For example, at JLab Hall B:

» untagged incoming v = Weizsacker-Williams distribution

> with an expected luminosity of £ = 100 nb=!s~1, for 100
days of run:

p? (on p) : =~ 2.4 x 10°

— p% (on p) : &~ 4.2 x 10* (Chiral-odd)
- pf 1~ 1.4x10°

- pT =~ 6.7 x 10* (Chiral-odd)

-7t :~18x10°
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Prospects at experiments

Counting rates: JLab
Can be measured at JLab, COMPASS, future EIC and LHC (in
UPGs)

Good statistics: For example, at JLab Hall B:

» untagged incoming v = Weizsacker-Williams distribution

> with an expected luminosity of £ = 100 nb=!s~1, for 100
days of run:

p? (on p) : =~ 2.4 x 10°
— p% (on p) : &~ 4.2 x 10* (Chiral-odd)
- pf 1~ 1.4x10°
- pT =~ 6.7 x 10* (Chiral-odd)
- 7t~ 1.8x10°
> No problem in detecting outgoing photon at JLab.
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Prospects at experiments
Counting rates: EIC
P> At the future EIC, with an expected integrated luminosity of
10fb~! (about 100 times smaller than JLab):
— p% (on p) : ~ 2.4 x 10*
— p% (on p) : &~ 2.4 x 103 (Chiral-odd)
- p/ 1~ 15x10*
~ pt:~ 42 x 103 (Chiral-odd)

-7t :~13x10*
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Counting rates: EIC
P> At the future EIC, with an expected integrated luminosity of
10fb~! (about 100 times smaller than JLab):
— p% (on p) : ~ 2.4 x 10*
— p% (on p) : &~ 2.4 x 103 (Chiral-odd)
- p/ 1~ 15x10*
- pT =~ 4.2 x 103 (Chiral-odd)
- 7t~ 1.3 x 10
» Small £ study:
300 < Syn/ GeV? < 20000 (5-107° < £ <5-1073):
— p% (on p) : ~ 1.2 x 103
— pY% (on p) : &~ 6.5 (Chiral-odd) (tiny)
- pf 1~ 9.3x10°
— 7t 12 5.0 x 102
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Conclusion

» Exclusive photoproduction of photon-meson pair provides
additional channel for extracting GPDs: Interesting effects
from choice of different mesons.
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Conclusion

» Exclusive photoproduction of photon-meson pair provides
additional channel for extracting GPDs: Interesting effects
from choice of different mesons.

» Especially interesting since it can probe chiral-odd GPDs at
the leading twist, and provides better sensitivity to
x-dependence of GPDs.

» Proof of factorisation for this family of processes now
available, but intriguing possible violation of collinear
factorisation at twist-2 with gluonic contributions to 7%y
photoproduction.

» Good statistics in various experiments, particularly at JLab.

» Small £ limit of GPDs can be investigated by exploiting high
energies available in collider mode such as EIC and UPCs at
LHC.
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Outlook

» Understand issues in gluonic GPD contributions to
YN — 70N
S.N., J. Schénleber, L. Szymanowski, S. Wallon [to appear]
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» Understand issues in gluonic GPD contributions to
YN — 70N
S.N., J. Schénleber, L. Szymanowski, S. Wallon [to appear]

» Compute NLO corrections (422 NLO diagrams, vs 20 LO
diagrams!). Especially problems with je factors in rational
functions in front of master integrals: [ongoing]
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» Understand issues in gluonic GPD contributions to
YN — 70N
S.N., J. Schénleber, L. Szymanowski, S. Wallon [to appear]

» Compute NLO corrections (422 NLO diagrams, vs 20 LO
diagrams!). Especially problems with je factors in rational
functions in front of master integrals: [ongoing]

> Generalise to electroproduction (Q? # 0).

» Add Bethe-Heitler component (photon emitted from incoming
lepton)

— zero in chiral-odd case.

— suppressed in chiral-even case.
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Definition

Quark GPDs: twist 2 Chiral-even

Quark GPDs at twist 2 [Diehl: hep-ph/0307382]

without helicity flip (chiral-even I' matrices): 4 chiral-even GPDs:
(Note: A =p' — p)

dZ ixPtz~ =
Fi = 2/ >—¢ Pl a(-32) v a(32) Ip)

= % {Hq(&& t) a(p' )yt u(p) + E9(x, &, t) a(p')

Z+:0, z; =0
iotA,
2m

U(p)] ;

. 1 [dz= . pi,- _
Feo= 5/?6” (p'la(=32)7" 15 a(32) Ip)

= 5% [F’q(X’ 6.0 ('Y su(p) + E9(x. €. £) a(p)

Ha w PDF g Ha L polarised PDF Agq
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Definition

Quark GPDs: twist 2 Chiral-odd

with helicity flip (chiral-odd ' matrices): 4 chiral-odd GPDs:

1 [dz= pt,- - . i
_/_ele+z <p’|q(—%z)la+ q(%z) |p>

2 21
_ 9 j+i "qP+Ai_A+Pi
W”(p)[HT’J +HTT

ZJrZO7 z; =0

+Ai _ A+,7i

+E1T -

+Pi _ P+,yi
T] u(p),

+E1Z

—0,t=0 .
HY £20.120, quark transversity PDFs dq

Note: E3(x,—¢,t) = —E3(x,&,t)
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Why consider a gamma-meson pair?

Go to higher twist?

» Vanishing of chiral-odd amplitude in DVMP only occurs at
twist 2

> At twist 3 this process does not vanish [S. Ahmad, G. Goldstein,
S. Liuti: 0805.3568], [S. Goloskokov, P. Kroll: 1106.4897, 1310.1472]

» However processes involving twist 3 DAs may face problems
with factorisation (end-point singularities)

=- can be made safe in the high-energy k+—factorisation
approach

[I. Anikin, D. Ivanov, B. Pire, L. Szymanowski, S. Wallon: 0909.4090]

Exclusive photoproduction of a photon-meson pair: A new class of observables to probe GPDs 4/29



Computation
Hard Part: Diagrams

Y

A total of 20 diagrams to compute

s

W

—

LN

=

s

» Need to compute 10 diagrams: Other half related by g

T;

T;

(anti)symmetry.

W

Y

.

jZT—

u

T

F

=

w

i

“

1

q

T

» In fact, by choosing the right gauge, only 4 diagrams can be
used to generate all the others by various symmetries (eg.
photon exchange).

» Red diagrams cancel in the chiral-odd case
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Computation
Parametrising the GPDs: p; and 7 case,
dz~ ixPTz~ 7 I 1
— A —— * = A
/ yral (P2, A2tq 52 |7 52 lp1, A1)

ot A,
= 2P+ U(pz,)\z) |: (Xafa t)7++ Eq(X,f, t)?] u(pla)\l)

dZ_ b% +Z— - 1 _ 1 —
/He Pr2 (o, Moltdg <—§Z >’Y+“/51/1 <§Z )|P1,>\1>

. . 5N+
= ! (pZ’ )\2) |:Hq(X7£7 t)’Y—h}/s + Eq(X,f, t)’y2ﬁ7 :| U(Pla )\1)

2P+

» Take the limit A} =0.

» In that case and for small £, the dominant contributions come
from H9 and H9Y.
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Computation
Parametrising the GPDs: p7 case,
dz= . - - 1 ; 1
/:—ﬂe'xmz (P2, A2|9q <—§Z_) io ™ <§Z_> |p1, A1)

1 _ T PTAT — ATPI
= ﬁ“(PzJ\z) |:H?'(X7€7 t)iot + H(x, &, t)m—/zv
+AI_A+ i . +Pi_P+ i
+ E?’(X7§7 t)M—FE?—(X,f, t)M] U(p17)\1)
2m/\/ my

» Take the limit A =0.

» In that case and for small £, the dominant contributions come
from H7F.
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Computation
Parametrising the GPDs: Double distributions

» GPDs can be represented in terms of Double Distributions
[A. Radyushkin: hep-ph/9805342]

q —0) = ) 9
H(x, €, t = 0) /dﬁ/lHﬁdaéﬁJrfa %) F9(3, )

» ansatz for these Double Distributions:
» chiral-even sector:

f9(B, o, t = 0) = N(B, &) q(B)O(B) — N(-B, ) §(—B) ©(-8) ,

F9(B, .t = 0) = N(B,2) Aq(B)O(B) + N(—B, a) AG(—

» chiral-odd sector:

f7(B,a,t =0) =N(B,2) 69(8)O(B) — N(—B, ) 3G(—5) ©(~7).

_3(1-pP-a? . ; ;
> N(B,a) = i e el profile function
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Computation
Parametrising the GPDs

» simplistic factorised ansatz for the t-dependence:

Hq(Xugu t) = Hq(X7€7 t= tmin) X FH(t)

with Fy(t) = % a standard dipole form factor

(C =0.71GeV?)
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Sets of PDFs used to model GPDs

» g(x) : unpolarised PDF:
— GRV-98 [M. Gliick, E. Reya, A. Vogt: hep-ph/9806404]
— MSTW2008lo [A. Martin, W. Stirling, R. Thorne, G. Watt: 0901.0002]

— MSTW2008nnlo [A. Martin, W. Stirling, R. Thorne, G. Watt:
0901.0002]

— ABM11nnlo [S. Alekhin, J. Blumlein, S. Moch: 1202.2281]
— CT10nnlo [J. Gao, M. Guzzi, J. Huston, H. Lai, Z. Li, P. Nadolsky,
J. Pumplin, D. Stump, C.P. Yuan: 1302.6246]
» Ag(x) polarised PDF
— GRSV-2000 [M. Gliick, E. Reya, M. Stratmann, W. Vogelsang:
hep-ph/0011215]
» §q(x) : transversity PDF:
— Based on parameterisation for TMDs from which transversity

PDFs obtained as Iimiting case [M. Anselmino, M. Boglione,
U. D'Alesio, S. Melis, F. Murgia, A. Prokudin: 1303.3822]

Effects are not significant! But relevant for NLO corrections!
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Computation
DAs

» Helicity conserving (vector) DA at twist 2: p;
OO sl e) = o, [ v 75,0
» Helicity flip (tensor) DA at twist 2: pt

1
(O1E(0)0™ u(x) 0% (p. 5)) = —=(elp" — e pi)f+ / du e 6, (u)
0

—
V2
» Helicity conserving (axial) DA at twist 2: 7+

1 .
(0]8(0)y+3d(x)|7(p)) = ip" s /0 du &%) ()
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Computation

Vs scenarios in H (Chiral-even, Axial)

Typical kinematic point (for JLab kinematics):
¢=.1 ¢ S;n=20GeV?and M2, =35 GeV?

qu(i)(xvét): qu(X,f, t)_qu(_X7§7t) [C:_l]

A" O(x,€) A (x,€)

E 0.5“
/ /\ i
H = = H
-1.0 = | 0.5 1.0 -1.0 - 05 1 \/(5, 1.0
S - : :
RN -050 .

“valence” and “standard”: two GRSV Ansitze for Ag(x)
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scenarios in Hr (Chiral-odd)

Computation
vs
Typical kinematic point (for JLab kinematics):
§=.1 ¢ S,n=20GeV*and M?, =35 GeV>
HI (.6, 1) = HE(x. & 8) + Hi(—x.&8) [C= 1]
HyY O (x, €) d(-)
T ’ HT (X7 )
3 1':2 -1.0 -0 5 1 OX
0\{3‘ / \ ~02 J
/ 0.6 \ \\ ,/
wour
0.4 \ \ U‘J
0.2 -6
0.5 |0X - 0.8
13/29

0.0

- 0.5
“valence” and “standard”: two GRSV Ansitze for Ag(x)

-1.0

= two Ansatze for dq(x)
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Computation
Kinematics

» Work in the limit of:
o Al <K pi
° m%,, m%,, < /\/IﬁM

P initial state particle momenta:
q" = n",
= (1+6)p + gt
! P s+

» final state particle momenta:

m3, + p?
H — 1— i N t Al‘
=) ( E) P+ 5(1 — £) "+ L
5y — At )2)? Al A
k* = a nt + (pt ast/ ) p# + p’u _ 2J_ , \l/

(ﬁt + Et/2)2 + m%/] ,D”*p“ _ A_‘Lj_

M =
apmSs - 2 ’

Pm

ap n' +
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Exclusive photoproduction of 7%y

Gluonic GPD contributions

k A D, = ((x — &)p+ zZpm)’ + ie
i
AN ﬁ =saz[x—&+ie ,

Dy, D Zpﬂ?
D, Dy = (k +zom — (x + €)p)* + e
(1= 2)pm
— =—slz(x—€—i)taz(x+E—i)] ,
A
(=€ T D= (2w — (x4 )R e

= —saz[x+ & — ie]

= pinching of poles in the propagators (D, and Dy) in the limit of
z—1
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Results

Fully-differential cross-sections:

dosos, 6 doon, 6
b GeV™ ot b GeV™
ER ) M d(—w)yd(—p) PP GV
YPn

2 —
M2 d(~u')d

40

40f,

305
30}

3.5

—u' (GeV?)

—u' (GeV?)
Syn =20 GeV?, —t = (—t)min, M2, =3,4,5 GeV?

Dashed: Holographic DA non-dashed: Asymptotical DA
Dotted: standard scenario non-dotted: valence scenario
16/29
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Results

Phase space integration: Evolution in (—t, —u’) plane

large angle scattering: l\/lip ~ =t ~—t' (S,n =20 GeV?)

= —u'>1GeV?and —t' > 1 GeV? and (—t)min < —t < .5 GeV?

’
—u —u’ —u
1.2
1.4 20
1.0 1o
1.5
0.8 1.0
06 0.8 o
0.6
0.4
0.4 0.5
0.2 02
0.0 0.0 0.0
00 01 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 05
—t —t —t
_ 2 2 2 _ 2
M, = 2.2 GeV M2, =25 GeV M, =3 GeV
*LI/ —u —Ul
4 7 8
""" 6
3 5 6
4
2 4
3
1 2 2
1
[
00 01 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 05
—t —t —t
2 2 2
M,, =5 GeV M,, =8 GeV M,, =9 GeV
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Results

Single differential cross-section:

doeven

TPp L 2 d{f"dﬂi
b - GeV 7P, _
dM:,ﬁ (p ) dM;P T (pb . GeV 2)
g 05

e

0.100¢

0.010¢

0.001 ¢

0 20 40 60 80 100

80 100

M?  (GeV?) M?  (GeV?)
VPp VPp
S,y = 80, 140, 200 GeV?
Dashed: Holographic DA non-dashed: Asymptotical DA
Dotted: standard scenario non-dotted: valence scenario

2
= CO cross-section is suppressed by a factor of &2 (¢ ~ 2"?7\/)
Y

Measurable at small S, y, but drops rapidly with increasing S, y.
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Results

Necessity for Importance Sampling

do. o do., 0
7o) ( —6 TP —2
nb Gev6) (nb GeV™™)
d(—t)d(—u)dM?, dM2
el TP
; 1
12x10°1: 0.00008 %
1x10}
. 10777% 0.00006 1§
6.x107F 0.00004
4.x107F \
7 J 0.00002f
2.x107F \, "\
0 A 0.00000, 50 100 150 20
(—u’)(GCVz) M$p° (GeVz)
L

» Need enough points at boundaries for distribution in (—u’)
» Need enough points to resolve peak (at low Mipo) for
L

distribution in M?
YPL
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Results
Explaining the difference between chiral-even and chiral-odd plots

M? M?
M M 2
25 for M’yM < SN

> (= 2S5 n—M2

» Chiral-even (unpolarised) cross-section:
T2 2 2\ 2 2, Pl 2
[Mecel 25—2(1—5 )Cég 2| Nal +S—2|NB|

P P 2 Pl 2
+?(NANB+C'C-)+4_S2|NA5‘ +4—52‘N55| }

» Chiral-odd (unpolarised) cross-section:

- 2048
(Mcol? = 5—252(1 — &%) Co {a4 INTal* + \’VTB|2} :

_u/
2
MWM

» Note: a =
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Results

Integrated cross-section: Mapping procedure for different values of S,n

To obtain distribution in S, y, we exploit non-trivial mapping
between 1 set of data at a fixed S,y to other values S, lower

than it. B ,
- Syy—m
M2 M2 N
M MSVN —my’
12
o M"/M (_ul)
Ms,w

Implementing importance sampling = careful consideration of
the various limits involved are needed.

Mapping possible since different sets of (S, MA%M, —u')
correspond to the same (a,§).

o = _UI 9 5_ MgM
M§M 2(Syn — m§) Msf\//
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Results
Why does the circular asymmetry vanish for unpolarised target?

Consider

(g, Aq) + N(p1, A1) —= vk, M) + 75 (px) + N'(p2, A2)
where \; represent the helicities of the particles.

QED/QCD invariance under parity implies that [C. Bourrely, J. Soffer,
E. Leader: Phys.Rept. 59 (1980) 95-297]

AM=Ag—(Aa—X
Anareixng = (=) Am e MA
where 7) represents phase factors related to intrinsic spin.

Thus, at the cross-section level, it is clear that circular asymmetry
will vanish, since

Z ‘A)\Z)\k;)\1+|2: Z |"4)\2)\k;)\1—‘2

iy iF£q Ais i#£q
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Results

LPA wrt incoming photon: Fully-differential level:

VPp
. . _,4"? e

Cwycev?)

Syn =20 GeV?, —t = (—t)min, M2, =3,4,5 GeV?
Dashed: Holographic DA non-dashed: Asymptotical DA

Dotted: standard scenario non-dotted: valence scenario
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Results

LPA wrt incoming photon: Integrated level:

LPA LPA_
vp T
ook ‘ ‘ ‘ ‘ 0.0[n ‘ ‘ ‘ ‘ ‘ ‘
8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
2 2
—0.2f S’yN(GeV ) —0.2f S'yN(GeV )

Dashed: Holographic DA non-dashed: Asymptotical DA

Dotted: standard scenario non-dotted: valence scenario

= LPAs are sizeable!
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Prospects at experiments
Counting rates: COMPASS

At COMPASS:
» Taking a luminosity of £ = 0.1 nb~!s~! and 300 days of run,

p? (on p) 1~ 1.2 x103

— p% (on p) : & 1.5 x 10? (Chiral-odd)
— pf =74 %102

— p% =~ 2.6 x 10% (Chiral-odd)

— 7t x 7.4 x 102

» Lower numbers due to low luminosity (factor of 103 less than
JLab!)
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Prospects at experiments
LHC at UPC

For p-Pb UPCs at LHC (integrated luminosity of 1200 nb~1):

> With future data from runs 3 and 4,
- 9~ 1.6 x 10*
— p% : ~ 1.7 x 10% (Chiral-odd)
- pf 1~ 11x10*%
- p¥:~ 2.9 x 10® (Chiral-odd)
- 1t :x~93x10°
> 300 < S,/ GeV2 < 20000 (51075 < £ < 5-1073);
- p0 i~ 8.1 x 102
— p) i~ 6.4 x 102
— 7t a~ 3.4 %102
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Prospects at experiments
Why counting rates not as high for UPCs at LHC?

(GeV~2)

dN.,
S,

0.100

0.010F

0.001

10 100 1000 10* 1 » 00 00 o o

Sn(GeV?) Sn(GeV?)
» Photon flux enhanced by a factor of Z?2, but drops rapidly
with S,y = Low luminosity not compensated by larger
photon flux.

» LHC great for high energy, but JLab better in terms of
luminosity.

» Still, LHC gives us access to the small £ region of GPDs!
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Angular cuts on outgoing photon at JLab

Angular distribution: p?,'y photoproduction at S,y = 20 GeV?
1 doty
o%en  dp
708

0.20

0.15+

0.10f

0.05F "——_ __________

T e e e s
0

> M2, =4 GeV? (solid blue)
P

> M2, =6 GeV? (dotted red)
P

> Mf/po = 8 GeV? (dashed green)
P
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Angular cuts on outgoing photon at JLab

Single differential cross-section: pg'y photoproduction at S,y = 20 GeV?

3.0F

2.5¢
2.0
1.5¢
1.0¢
0.5
0.0
» no angular cut (solid red) » 0 < 20° (long-dashed
> 0 < 35° (dashed blue) magenta)
» 0 < 30° (dotted green) » 0 < 15° (short-dashed
» 0 < 25° (dashed-dotted purple)
brown) » 0 < 10° (dotted black)
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