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A big question: what is QCD dynamics of large angle (in c.m.) hadron - hadron scattering?

In inclusive processes like DIS, hadron production perturbative QCD works starting
at Q2 ~ 2 GeV-2.

?
What is corresponding parameter in large angle scattering? Large t

large c.m. scattering
angle (t/s=const)??
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large angle scattering in c.m. frame




pQCD diagrams for elastic large angle scattering -- minimal number of
constituents + large momentum transfer between constituents

q in the moment of interaction constituents of colliding hadrons are
close together: ri — To X 1/« /¢
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How to test? Use two important features of QCD

(a) In high energies hadron interacts in frozen configurations over large distances
- coherence length 1, — QEh/(MTQL _ m%) > Ra
Projectile interacts in configurations with different interaction strength = color fluctuations)

(relevant for AA collisions)

(b) Cross section of interaction of hadron in a small size configuration is small

For a dipole of transverse size d: o= cd? in the lowest order in s (two gluon exchange )

7T2

o(d,zn) = g@s(ngf)dQ TNGN (TN, QFy) 2/3xNSN (TN, Q2ff)]

/ Q" =3.0 GeV’
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In the limit of very small sizes of projectile, interaction is small one expects
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referred to as color transparency (CT)
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Observation of CT was suggested as a test of the origin of elastic large angle
scattering by A.Mueller and S.Brodsky

Problem is that to reach the regime where L, > 2RA where one expect to
observe 100% CT one needs very large s where cross sections are very
small + only proton beams are doable



High energy color transparency is well established

At high energies weakness of interaction of point-like configurations with
nucleons - is routinely used for explanation of DIS phenomena at HERA.

First observation of high energy CT for 11 +A —”jet”’+"jet” +A. (Ashery 2000):
Confirmed predictions of pQCD (Frankfurt ,Miller, MS93) for A-dependence (much faster than in soft
diffraction) & amplitude linear in A (100 % CT), distribution over energy fraction, u carried by

one jet, dependence on p:(jet), etc.
MORE data is necessary in particular on the transition from soft to hard diffraction -

NAG| & COMPASS may have data on tape!!!
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Novel idea - to use high energy CT to study dynamics of intermediate
energy large angle scattering using new type of hard hadronic processes

N branching exclusive processes of large c.m. angle scattering off a “a color singlet
""" cluster” in a target/projectile (MS94)

to study both CT (suppression of absorption) in 2 — 2 & hadron generalized parton
distributions (GPDs) [will define GODs later)

Limit;
-t > few GeV?2, -t'/ s’ ~1/2
-t=const ~ 0
[ S S’/S=y<< | :
tmin=[Ma* -mp?/(1-y)]y

Two papers: Kumano, MS, and Sudoh PRD 09;
Kumano &MS Phys.Lett. 2010




Example of the discussed kinematics

pr=100 GeV/c m Plong=50 GeV/c. pt=- 2 GeV/c
one can —><
: T
observe for example: Ll P Plong=50 GeV/c,pr=2 GeV/c

recoil proton
T +p =T+ T +n
T +n — TUTUp

reminder: CT seen in pion hard diffraction
already for pt ~ |.5 GeV/c



Major objectives

High energy color transparency: at what momentum
transfer squeezing of hadron sizes takes place:

2 —3 hadronic processes with nuclear targets

Study of generalized parton distributions Study of large angle (hard?)
(GPD) in nucleons (and in the future in 2 —2 hadronic processes
other hadrons) in non-vacuum channel with > for the simplest case of
control of quantum numbers meson - meson scattering

many other interesting directions for study, for example
Chiral dynamics in Hard @ +b —h + (h’Tl' )threshold



2 — 3 branching processes: first key steps of the study (using already existing COMPASS data)

®- proton target - measure cross sections of large angle pion - pion (pion-kaon) scattering

®-  testing dynamics of 2 =2 scattering:

at what W, t scattering in small size configurations dominates - color transparency
(unique feature of 2 — 3 at large pinc - no diffusion effects which reduce CT)

R(p)) =o(n Pb—nn~ + A/ Zo(rx p—n 7 +ATT)
A practical option use Fe and D targets and just require missing mass to be small enough (< |.4 GeV)

-@- Use R(p:) to measure transverse sizes of the quark-gluon configuration in pions
involved in the large angle scattering

these data would allow to measure quark GPDs of nucleons in non-

vacuum channel (defined a bit later) & pave the way to studies of
GPDs of other hadrons

Use beams at energies between 20 and 200 GeV to measure
pattern of freezing of space evolution of small size configurations




2 — 3 branching processes is a natural generalization of the exclusive deep inelastic
processes studied in the last 20 years for which QCD factorization theorems are proven
using CT property of these reactions

V* + N — Y+ N(bCLT‘yOTLiC system) D.Muller 94 et al, Radyushkin 96, |i 96, Collins &Freund 98
m+T(A,N) — jet1 + jeto + T(A,N) Frankfurt, Miller, MS 93 & 03

v 4+ N — "meson” (mesons) + N(baryonic system) Brodsky,Frankfurt, Gunion,Mueller, MS 94
- vector mesons, small x

provide first effective tools for study of the Collins, Frankfurt, MS 97 - general case
3D hadron structure

Meson distribution
amplitude

Hard scattering
process

Baryo-baryonic
Generalized
parton distribution




Generalized parton distributions
= form factor to remove quark with x; , p-~Q

and put it back with xX’=x-x, p/= pitq (t~ g?)
with the same transverse coordinate

Quark density

For a quark of flavor i - gi (in case of charged mesons |
stands for the flavor indices of the initial and final quarks)

fi/p(ajla T —x,t ) =

Ood ; — (1 —x N T —
/ 2L ity | T (0, 5, 07)y FPY(0) ),

o 4

where P is a path-ordered exponential of the gluon field
along the light-like line joining the two operators for q
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New idea - if squeezing occurs in large angle 2 —2 process,
factorization in 2 — 3 processes

, d ,
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If the upper block is a hard (2 =2 ) process, “b”,“d”,”c” are in small size configurations as well as
exchange system (qq, qqq). Can use CT argument as in the proof of QCD factorization of meson
exclusive production in DIS (Collins, LF MS 97) \“/

2 — 3 amplitude is convolution of several blocks:

MWN—HTWN :GPD(N%N)@)@&;@H@@DWJC @77&77}



Main challenge for CT studies performed at intermediate energies is lack of
freezing: |qqq> ( |qg> is not an eigenstate of the QCD Hamiltonian. So even if we find an
elementary process in which interaction is dominated by small size configurations - they are
not frozen. They evolve - expand after interaction to average configurations and contract
before interaction from average configurations (Frankfurt,Farrar,Liu, MS88)

i(m? — m?
U pro(t)) = ;a exp(iE;t) |U;t)) :exp(iEl);ai exp( ( BT 1>t> W,t))
oFLC(z) = (cmard | l;h T — O'hard]> Olecon — 2) + 060(2 — leon) [ Quantum
Diffusion model
lcoh~ (0.4- 0.8) fm En[GeV] |actually incoherence length of expansion

MC’s at RHIC assume much
larger lcoh= 1fm En/mp;

for pions lcoh= 7 fm En[GeV] -
a factor of |0 difference !!!

eA— ep (A-1) at large Q pPA— pp (A-1) at large t and
intermediate energies

|5



Experimental evidence for CT in electroproduction meson production
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El Fassi et al , 2012

The |Jlab TT,p data are consistent with CT predictions with coherence length
lcoh ~ 0.6fm pn [GeV] .Additional evidence for presence of small size components in mesons

For typical CERN kinematics freezing is very effective:
Leon(prr =50 GeV)= 30 fm >> 2Rpp= |2 fm

16




Are large angle two body processes being point like probes?

So far we don’t have a good understand the origin of one of the
most fundamental hadronic processes in pQCD -large
angle two body reactions (-t/s=const, s— 00 )

TT +P — T +P’P +P — P +P’°"

Dimensional quark counting rules:

2T F (B )™ T ey 42

" mA \
number of constituents number of constituents
in initial state in final state

|7



Quark counting expectations work pretty well:

TABLE V. The scaling between E755 and E838 has been measured for eight meson-baryon and
2 baryon-baryon interactions at f..m. = 90°. The nominal beam momentum was 5.9 GeV/c and 9.9

GeV/c for E838 and E755, respectively. There is also an overall systematic error of Angyst = £0.3
from systematic errors of +£13% for E838 and +9% for E755.

| Cross section } n-2

No. Interaction E838 E755 (%1‘5 ~ 1/8"?)

1 mtp = prT 132 + 10 46+0.3 n-2=8 6.7 + 0.2

2 1.74+0.2 n-2=8 7.5+ 0.3

3 34+14 np-2=8 8.379-0

4 0.9 0.9 B > 3.9

5 34+07 N8 8.3 4+ 0.5

6 1.34+0.6 Nn-2=8 8.7+ 1.0
13 2.0+ 06 N-2=8 6.2 4 0.8
15 < 0.12 n-2=8 > 10.1
17 48 + 5 n-2=10 9.1 + 0.2
18 < 2.1 n-2=10 > 7.5




Another interesting observation - cross sections of reactions where
quark exchanges is allowed have much larger cross section. For

example -- pp elastic >> pp elastic

K- = E SK KT T TR K
H‘|Ui-‘r
p P Py 5 P




Do these regularities indicates dominance of minimal Fock components of small size?

Theory (A.Mueller et al 80-81) - competition between diagrams corresponding to the
scattering in small size configurations and pinch contribution (Landshoff diagrams)

N N

T " d S Tt 37N
=N C =
S 8 S =
U/ S S N
T S d S S K
1 I+ Sudakov logarithm

5 suppression of large
5" size configurations — 1/5°
2?
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All mechanisms of large angle two body scattering predict
squeezing of the colliding hadrons. However they lead to a
different dependence of the squeezing rate on t.

Landshoff mechanism cannot explain quark exchange dominance
=> it is possible that the rate of squeezing is stronger in
processes where quark exchange is allowed

Squeezed configurations are present with significant probability in
mesons (evidence from observations of CT & and exclusive processes
in DIS). Squeezing is likely to be more effective for mesons.

21



Expectations for the elementary reaction TT'p = TU'TT N(A)

Kinematics ;
p(ﬁl) - (7T2) M2 _ Dt
pt(ﬂ'l) —pt(ﬂ-Q) ].G@V/C —(pt(ﬂ-l) _I_pt(ﬂ-Q)) ~ 1t~ ()
t 11~ recoil nucleon kinematics very similar to diffractive case

| Bromberg et al 198
A pr-=100, 175 GeV/c

M2 up to 16 GeV? 0cm=90°

Note - TT'TT" -scattering - no s-channel resonances - early onset scaling?
22
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Expectations for TTTT elastic scattering blok based on dominance
of quark exchange diagrams in the scattering amplitude

oln n” =71 )=0c(r 1" =1 7
olr " w7 )>o(r T > )

many other interesting channels: TTp,TTN, K™ 1T, etc

TTp production corresponds to different G-parity of quark - antiquark pair -

different GPD . These nondiagonal GPDs are connected to flavor diagonal GPDs
via SU(2). K" - related through SU(3).

~» CERN experiments are in position to produce the first data on high
s momentum transfer 2— 3 processes. For small t pion exchange dominates - so
interpretation is pretty simple independent of whether the process is hard

24



How to check that squeezing takes place and one can use GPD logic?

Use as example process TT"A—TTTT A™ pi(TT)+ pr(TT®) ~ 0
der th f f th | "
consider the rest frame of the nucleus -
TT
d A><: 1T1-(0)
S Branching (2— 3) processes with

”  ln=60fm  nuclei - freezing is 100% effective for
% forW=20GeV. p.. > 100 GeVlc - study of one effect

b\ , Z d . .
—— —, only - size of fast hadrons. Freezing
remains strong for incident pion
A momenta down to 20 — 30 GeVi/c

If size is small, cross section is proportional to A - full CT

Qualitative advantage as compared to suggestion of Mueller and Brodsky to measure size

using CT directly in 2—2 since for moderate t in difference from 2— 3 it is impossible to
suppress diffusion




T (A)

do(n~ A—>mima A™)

T4 = _ df? _
Zda(w p—mi1maN(A)) | Nda(w n—m1ma N (A))

ds) | dS)

L 1 e L
TA(DPby Pey Pd) = I /dSTﬂA(T)Pb(pb,T)Pc(pc,T)Pd(pdﬁ)

Db, Pes Pd three momenta of the incoming and outgoing particles

/PA(F)dgT‘ =A  Pi(p;,T) = exp (—/ dz Jeﬁ(ﬁj,z)pA(z)>
path

Large effect even if the pion
radius is changed just by 20%
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If squeezing is large enough one can measure quark-
0.03 - \ antiquark size using “small dipole” - nucleon cross sectior
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Model independent way to extract T» from proton and lead data:
use TA—TTTTY A*, since

o(Trp— 1% p (N*))= O(Trn—=1111% N (N*))

and make the same missing energy cut (reasonably small) for
proton and lead data.

Another option: comparing proton (deuteron) and nuclear targets for other
TITT channels: study p: dependence of Tx for the same cut on Enis. Relies on
factorization of GPD blob. Onset of CT = increase of Tx with p-.
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Quantum
Diffusion model
of expansion

T (p,)

Use l.oh~ 0.6 fm Eh[GeV] which describes well CT for pion and rho electroproduction

“Defrosting” point like configurations - energy dependence for fixed s’,t
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Conclusions

At the very least, analysis of the discussed processes would allow

to measure for the first time cross sections of large angle pion - pion scattering

Resolve long standing puzzle of sizes of configurations involved in large angle scattering

If CT is observed, it would be possible
to measure several nucleon quark GPDs.

to measure quark GPDs of other hadrons and photon (tagged photons in DIS?)

to use beams of lower energies to map space time evolution of small wave
packets at distances | < z <6 fm.
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