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How do we imagine proton?
» It depends on the energy!
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Color Glass Condensate: C suE)charge

(G Ax? o x (spin glass)

* Small x in target (Color Glass Condensate (CGC) framework) C Lot of gluons
\
»>Small x gluons dominate in hadrons/nuclei Classicall YM equations!
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https://indico.cern.ch/event/1238890/contributions/5539335/

Color Glass Condensate: C suE)charge

(G Ax? o x (spin glass)
* Small x in target (Color Glass Condensate (CGC) framework) C Lot of gluons

\

»>Small x gluons dominate in hadrons/nuclei Classicall YM equations!

* In ep or eA collisions Yang-Mills equation is (p or A has momentum in + direction):
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Probing quarks and gluons

* DIS, Drell-Yan, exclusive processes... o
Interaction with gluons!

e~ * How can photon \
e interact with q
> gluons inside .
Y proton? Y
* Itcan besplit
into qq pair

q

DIPOLE!

* What are possible interactions, what can I represent?



Odderon

* In lowest order of QCD: C-odd t channel exchange of three gluons in color-
singletstate (8 X8 X8 =1 --):
g BR8R8=10 ") S

abc sa ab pc C-odd partner of Pomeron!
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Odderon

* In lowest order of QCD: C-pel= ~Lavehange of three gluons in color-

singlet state£-
— _AZ;

What could be a Al
" cleaner probe for the |
odderon?
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Odderonin ep and eA

We need to look for exclusive

* What should we look for? What should X be? production of C-even mesons!
.-
e / Cc=+1
v >
X Nec Ty
p/A
p/A p/A
P = cC
* Exclusive production of n- meson: e +p/A - e +p/A + 1,
Probing the

gluonic part of

t t!
* It is considered a golden probe for odderon e



e+p/A->e+p/A+n,

* ¢ production was not detected at HERA and JLab -> EIC has greater luminosity!
* Theoretical predictions were done for x = 0.1 -> dilute regime, no need for saturation

effects T
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* This work: -t | [GEV?]

* Evolution to smaller x € [107%,1072] (EIC)
* Dense regime -> Saturation physics -> Color Glass Condensate EFT
* Nuclear targets are considered Weak |t| dependence!



Odderon in CGC framework:

* Odderon = imaginary part of dipole distribution function (amplitude for
qq pair to elastic scatter from the target) /

/ 1 / !/ / - !
S(x,;,x') )= N—tr(V(xJ_)VT(x J.)) Sxp,x' ) =Px,x' ) +i0(x,;,x )
C

* Wilson lines come from the CGC vertex which is derived in eikonal approximation:

t(p,p') = 2n8(p~ —p' ")y~ sgn(p™) f e~ pL-P'L )21y sen(®7) (7))
Z)



Amplitude for n. production:

51 =eqc flllTr[S(l)é(/L DSU—q)t(l —q, 1" = D)SA" = D) (ys)SU) (', D]

= —-M;(2m)6(q~ — A7) A. Dumitru and T. Stebel,PRD 99, 094038 (2019).

« S(1) stands for Feynman propagator:  S(l) =i
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* Color averaged amplitude (in terms of CGC, A. Perkov talk):
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Photoproduction cross section: :

Ldz
* After computing the Dirac trace and performing transverse integrations: j = e
Z
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Meson light cone wave function: t=(P—P)
e Proportional to charm mass! ,
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* Longitudinal photon decouples, and we have polarization independent amplitude:
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* Photoproduction cross section:
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Odderon evolution (BK equation) o

* |f we know the odderon at some x, how can we evolve it on lower x?
r,=x,—Yi1

* Balitsky-Kovchegov (BK) equation: r, =X, —Z
GS(TJ_, b,, Y) asNc¢ Ti rp, =2, =Yy,
= S(ry;,by,,Y)S(ry,,b,,,Y)—=8(r,b,,Y
S = | e S0 b S ey Y) = S L Y)
1L

» A word on derivation: o L o) ¥'=In (;)

> Imagine that we have an increase in rapidity: Y — Y + AY 1L =0 2

» Dipole can emit virtual gluon in rapidity range [Y,Y + AY] b, =b, + (ry —T20)

2

* Gluon can be emitted from
quark and antiquark

* To get probability of radiation
we need to sum and square this
two contributions




. : . asNcAY
» Contribution to scattering amplitude: = 57 72 X|8q54(Y, 711, 721)
ri F11721

/
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» We also need to consider a virtual gluon correction to the qq (it is the same order in ay):

\
asN, r
| M0 +MNLO|2 = Wv\MN€||>WW\M + h.c.+- =-— anzc dzrudy—
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» Total contribution to up to NLO to the scattering amplitude therefore is:
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Amplitude for gqg system
to scatter of the target

In large N limit it is equal to:

S, ry) xS, ry,)
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»So far, the gluon was treated as it originated from photon: y = qq = qqg

» Gluon can also be seen as it originated from target:
» In that case diople that interacts with target is on rapidity Y + AY

» Physics must not depend on that choice:

SY+AY,r) =8, r)+

2 ['S(Yf rlJ_) X S(Y, rZJ_) - 'S(Yr rJ_)]

agN-AY J rs
2
rqg ¥11721
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»

» Taking the limit AY — 0 we derive the equation A

" Sy +Ay)

» Equation resums all powers of agY'! YT TS + as(S,54 — virt.)




* Extracting the real and imaginary part of the equation (N =1 — P):

aY
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* To solve equations, we need initial conditions!

* Pomeron-Odderon
evolution is coupled!

Limiting solutions:
1. Bigr, limit: V¥ -1

O o< e Y

2. Small r limit:
decoupling

O < e~ Y

Pomeron: proton and
nucleus

Odderon: proton and
nucleus
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Pomeron initial conditions:

PRD 88, 114020 (2013).

* Pomeron initial condition is given by fit to HERA data for F, proton structure function

Proton: Nucleus:

1 1
N(@.,b)=1—exp [—ZriQS’p(rl, bl)] N(@y,b)=1—exp [—erleA(rl, bl)]

! 1
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2 |
Tp(bl) IWB Rp TA(bJ_) = f dz
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2 2
1+eXp[,/(b +z RA]

T. Lappi and H. Mantysaari,
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Odderon initial conditions:

=0.3fm)

100 x a;(r

Proton (DMP):

* We use recent Odderon model calculated
from quark light-cone wavefunctions at NLO

* DMP model!
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* For initial condition we use x = 0.01

* Functional dependance obtained
by interpolation on data

Wil - exp

Nuclei (JV):

* We use Jeon-Venugopalan (JV) model with the
functional involving cubic term:

| (5abpa(xl>pb(xl>) )

212
* Odderon initial condition is given by:
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e With the coupling: 4w =



Solution for proton:

0.00!

bJ_:O.6 fm

DMP model

proton

02 04 06 03
T (le)
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We considered 04 Fourier
moment only (other moments
are suppresed)

Odderon is decreasing

in size with evolution

As a function of impact
parameter peaks well

inside the proton:
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Solution for nuclei:

7Au

- = 10_2
= 10_3
..... x — 10_4

\,

r; =031fm |

55 50 75 100

bJ_ (fm)

~ 55 50 75 100

bJ_ (le)

55 50 75 100
bL (fm)

Nuclear effect: 17
Odderon peak moves

to the right with

increasing the atomic

number A

Evolution effect:
Odderon peak
slightly

moves to the right
with evolution

Odderon is decreasing
in size with evolution



QED background:

* Since photon has negative charge parity, odd numbers of photons can also be exchanged
to produce C = +1 meson

* More photons -> suppression with extra power of aggp

p/A

* We considered exchange of one photon as an important background to odderon exchange

* In literature: Primakoff proces

18
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Cross section results (proton):

107 i ———

z DMP | —z=1021| * Small slope of odderon cross

| -- =107 section; weak |t| dependance
1031 proton {+ N\ z =10

e Confirms previous results by
Dumitru and Stebel for
moderate x =~ 0.1

* Odderon is probed at higher
|t] = 1.5 GeV"2




* How can we suppress Primakoff contribution?

* Considering neutron targets instead of proton targets

104 — :
DMP iy =
= i = IO"j
3 oo L 0N 020202020 =10
10 ko Primakoff

0.0 05 1.0 15 20 25 30 05 10 15 20 25 3.0

1] (GeV?) 1] (GeV?)

10*
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%(ﬂ;) /GeV?)

DMP

neutron

Q% =1 GeV?

-z =102
= 10—3
gy = [

Primakoff

Q* = 10 GoV?2

0.0 0.5

1.0 15 20 25 30 05
1t] (GeV?)

10 15 20 25 30
1| (GeV?)

* Primakoff contribution is negligible in neutron case so we can probe the odderon

even at small ||

» Experimental possibilities: deuteron or He? (spectator proton tagging in near-

forward direction)



Landshoff mechanism:

* To probe the Pomeron, we need to consider production
of C = —1 mesons

v

* Most work has been done on J /W production

* Landshoff mechanism:

E) (E

Stronger |t| dependence

Pomeron
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®
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Weak |t| dependence
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§ i
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. one-body contribution
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Pomeron
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Cross section results (nuclei):

o KEPE P O e

¢ ey
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e e
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Odderon cross section has
shifted diffractive pattern in
comparison to Primakoff

Smaller x or larger |t| means
greater shift

There is no diffractive shift at
leading twist:

do Tj (\/m )

o ¢l (/1¢]) arel, < el

Shifts are consequence of
evolution and multiple
scatterings in Odderon
cross section
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Cross section results (nuclei):

Odderon cross section has
/ shifted diffractive pattern in

ramnaricnn tn Primaknff

1212.1701, EIC white paper A Light
Intensity neans
1 1 _
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nni IWWIIHHMIIW nn

S. Benié¢, D. Horvatié¢, A. Kaushik and E. A. Vivoda, 2306.10626 (2023).
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Cross section results (nuclei):

nb>>fb
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Odderon cross section has
shifted diffractive pattern in
comparison to Primakoff

Smaller x or larger |t| means
greater shift

There is no diffractive shift at
leading twist:

do Tj (\/m )

(08
del, * el

Shifts are consequence of
evolution and multiple
scatterings in Odderon
cross section
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Odderon-Photon interference:

* Odderon and Photon amplitudes can interfere which can lead to
constructive/destructive total cross section

/\ |

— A= pax | = fmtal o
e ForA < 0we L2l A= 000 | \ Primakoff | e ForA> 0we
mostly observe -\ mostly observe
. 10 \ 2 { EaE B .
constructive Q" =1GeV destructive
. & I —_ 104 | .
interference = \ =10 interference
= 107! I VN
5 102 N\ 7R
* Altering the size \ e Total cross
. —B t ¢ .
of A can slightly o : | section can be
change 10~ Au 1 severely lower
diffractive 3 i then the
_ 0.00  0.02 004 0.06 0.08 0.02  0.04 006 0.8 _
pattern relative [t (GeV?) [t (GeV?) Primakoff

to Primakoff (depends on A)



Conclusions:

1. For proton target:
* Odderon cross section becomes dominant in higher |t| region (this behavior is not affected by evolution)
* Odderon is decreased in size by evolution
* Cross section has weak |t| dependance
2. For neutron target:
* Primakoff contribution is negligible
* Problem with experimental implementation (possible He3 or deuteron)
 Useful to probe the odderon at low |t]
3. For nucleus targets:
* Diffractive shifts that depend on x, |t| and nuclear number A
* Possible constructive/destructive interference with Primakoff
* Greater cross section!

»Can 1. be measured at the future EIC?!
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Conclusions:

1. For proton target:
* Odderon cross section becomes dominant in higher |t| region (this behavior is not affected by evolution)
* Odderon is decreased in size by evolution
* Cross section has weak |t| dependance
2. For neutron target:
* Primakoff contribution is negligible
* Problem with experimental implementation (possible He3 or deuteron)
 Useful to probe the odderon at low |t]

3. For nucleus targets: Th a n k

* Diffractive shifts that depend on x, |t| and nuclear number A
* Possible constructive/destructive interference with Primakoff

* Greater cross section! yO u I
Q

»Can 1. be measured at the future EIC?!
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