Hard Deuteron Breakup into Delta-Isobar
Channels

Carlos G. Granados, Misak Sargsian

Florida International University
Jefferson Lab

Short Range Correlations in Nuclei and Hard QCD Phenomena
ECT* Trento
November 15, 2011



A-lsobar Production in Deuteron Breakup
Motivation |

The study of the deuteron
photodisintegration into
AA-isobars channels was proposed
as a venue for investigating the

evolution of a nucleon-nucleon I
system into a six quark system.

The onset of a six quark picture of the deuteron could then be marked by a
large increase of the yd — AA cross section. This prediction assumes that

such cross section is small for a nucleon dominated deuteron wave function

because of its suppressed AA components.

In contrast, for a six quark deuteron, NN

and AA components contribute with

comparable strength to the deuteron wave

function (roughly 10% and 8% respectively) 1 [a [4
while more than 80% is contributed by CC Vd = Vo YN+ \ 25 Yan + \ i
(hiden color) components for which unlike N

or A, C has a color charge

(Brodsky,Ji,Lepage,1983).
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A-lsobar Production in Deuteron Breakup
Motivation |l

High energy vd — AA with AA emerging at large transverse momentum is
thought to probe the onset of hidden color components in the deuteron.
Assuming that the high pr AA system was created in the initial state of
the interaction, in the asymptotic limit we have that

do_-ydﬁAA do_'yd%pn

~

dt dt

Under this same assumption we also have that,

dawd—mHA* do_fyd—»A*AO

dt dt ’

since both AA channels in general contribute with the same strength to the

spin-isospin wave function of the deuteron. In the QCD hard rescattering

model (HRM), the high pr AA system is created in a final state interaction
mainly through a pn rescattering reaction. As it’ll be shown in what follows
under this scenario, the hard rescattering model predicts a dominance of

~d—ATtA— ~d—ATA0 i i .
do o over 9 i which contrasts the picture described above.




A-lsobar Production in Deuteron Breakup
Motivation Il

For comparison, we also estimate within the HRM the strength of AA

channels in deuteron breakup relative to that of vd — pn



Hard Photodisintegration of a NN System in Nuclei |

Understanding of the strong (1)

force can be improved by -

studies of v+ NN — N + N

reactions. AN
0

Hadronic and QCD descriptions of the NN force can be studied
through such reactions.

Hadron picture

% QCD picture
et ] % -
: 9 +...




Hard Processes

To probe short distance structure, introduce the study of hard
processes.
Kinematic Regime

» Large kinematic variables, s >> |t|, |u| atb—c+d

d |t],|u] > m3,

and [t], |u] My » Mandelstam variables
s=(pa+t Pb)2 = (pc + Pd)2
t=(pc — Pa)2 = (pa — Pb)2

» Facilitate factorization schemes. u=(pg — pa)2 = (pc — Pb)2

» Hadron wave functions dominated by
minimal Fock components, |N) ~ |qqq)

Explore the role of quarks and gluons
through Hard NN scattering




Kinematic Advantages of Hard v+ NN — N+ N

N + N emerge at large transverse momentum from a short
range NN interaction.
s
—t ~s0o 5(1 —cos(Oc.m.))

Large center of mass energy of the emerging nucleons \/s/2 more
efficiently reached in v+ NN — N + N,

SyNN R 4m,2v + 2E,y - 2my,

compared to
SNN = Qm%, + 2E - mpy

in Npeam + Ntarget —* N + N processes (with E being the energy of
the nucleon beam).

Then, at moderate E, ~GeV and at large O¢ .,
v+ NN — N + N reaches the hard kinematic regime.



Producing High pr in v+ NN —

There are two basic approaches,

» Photon probes a preexisting compact NN system (large pr
component in initial state) in nucleus . This is assumed for
instance in approaches such as the reduced nuclear
amplitude (RNA)(Brodsky,Hiller,1983).

Or,
» the energetic photon is absorbed by a low pt NN system.

The energy transfer triggers a final state interaction from
which the nucleons emerge at large relative transverse.

The latter is the scenario for the hard rescattering model
(HRM) (Frankfurt et al. 2000) for which we develop
applications in what follows.



Hard rescattering model, HRM

L. Frankfurt et al.,Phys. Rev. Lett. 84, 3045 (2000)



Hard rescattering model, HRM

L. Frankfurt et al.,Phys. Rev. Lett. 84, 3045 (2000)

» v+ d — p+ n HRM amplitude results in a convolution of a
hard process amplitude and a nuclear wave function,

iA4]eQrv2(2)3
(A1rs Xor | M Ay, Xg) = A’T Z/O\zf Air | T (s t) | A Azp)
A2j
d’p

(2m)?’

AgA~iA
IAYIAD (o
X W AR (P P2)my



Hard rescattering model, HRM

L. Frankfurt et al.,Phys. Rev. Lett. 84, 3045 (2000)

» A parameter free cross section calculable through the input of experimental

data,
doyd—en 8a ,1 T doProPn
—— (s, 0c.m. = —n —C(-) X s, 0,
dt (& be.m.) 9 (s) dt & fcm.)

2
d? pt |°

NR t

X v , = 0, /my, ———
/ d (P Pl V (2 )

» Energy and Angular distributions in pn elastic scattering data should be
reflected by v+ d — p + n data.



Energy Distribution

y+d—=>p+n
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Energy Distribution

y+d—=>p+n
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y+d—=p+n~st for E, >2GeV, s > 10GeV?
However, pn elastic scattering data is not good enough to
clearly confirm HRM prediction



Angular Distributions

Yy+d—=>p+n
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Summary: Hard rescattering model of v*He — N 4+ N
o

¥
o
3He KN

= aQ} 167450 (0 p)

282 s (s —4m3)) doPPPP (s try)
,

do v He—(pp)n
2 — 2 2 M2 at
1+2C2 (syy —Ppyp ) (s M3He)

d3ps
e

M.Sargsian, CG,PRC 80,(2009)
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By introducing quark d.o.f,

N

P a scattering amplitude is
obtained from a convolution of
an electromagnetic amplitude,
a nuclear wave function and a
hard NN scattering amplitude.

P Cross section is computed : L
from corresponding data of 3He(y,pp)n X1200
NN cross section. arrem.

P> Good agreement with
experiment is achieved. No 0.0 lq, 1‘1 5
need of fitting parameter. E, (GeV)
Energy dependency also in , , , , ,
agreement with constituent
counting rules as predicted.
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A-lsobar Production in Deuteron Breakup
~vd — AA in the HRM
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As it was the case for yd — pn, through the HRM for vd — AA we find that,

dO'A/d—>AA(S; gc.m.) aQ:‘%,AAsﬂA do.pn—)AA(& ai'vm) I
_ : So,NR)
dt s dt

oPI AL N

But has not been well measured in the required kinematic regime.

C. G. Granados and M. M. Sargsian, Phys.Rev. C83 (2011)



A-lsobar Production in Deuteron Breakup
~vd — AA in the HRM

As it was the case for vd — pn, through the HRM for vd — AA we find that,

do1970 (s, 0 m)  OQF AnBT! doP A (s, 0N, )

= S
dt s/ dt 0,NR>

o_pn%AA(sygN ) . 3 . 3 .
——— <M~ has not been well measured in the required kinematic regime.

But
dt
Then model dependent pn — AA amplitudes ¢ are input in
- 11 e?
|'/Vl|2'yd—>AA = 5 39a
232s

%[5 {IQM + QMo + (@M + Q")ss + (@M + Q)67
+ 534 {1QM 03 + Q% gul? + Q" g4 + Qo652
+ QMg + QM0 + QM g0 + QM s }]

C. G. Granados and M. M. Sargsian, Phys.Rev. C83 (2011)



Summary: HRM angular distributions in vd — AA
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But &""ben) hag not been well measured in the required
kinematic regime. Then model dependent pn — AA amplitudes
¢ are input in

11 €

MPramsa = 5350
x [si2 {1@M + @M)en? + 1@ + @)
+H@M + Q)¢ 17}
+ S34 {\QNI% + QM2 pa? +1QM ¢4 + QM2 5

+ QM g + QM2 g9 ? + |©Nl¢9+©N2¢>8\2}] ,

The amplitudes ¢ are estimated within the quark interchange

model.



Quark Interchange Mechanism (QIM)

See e. g., Farrar et al., PRD20(79)
and Brodsky et al. PRD20(79)

f(m-6;,,)

Experimentally shown to be dominant for 90° c.m. hard
exclusive scattering of baryons containing quarks of common
flavor, (White et al. PRD49(94)).



Quark Interchange Mechanism (QIM)

For an exclusive baryon baryon scattering process
(B2Bp — BcBy) in the hard kinematic regime,
(betpg | M| athp) = D (e | g, B, (Wa | e, B3, 73)
o, B,y

Pl b ol p
><<(¥2M32-,’Yz=(¥161"11 | H| a1, 81,71, @2, B2, 72)
x (a1, B 71 | a) (o2, B2, 72 | p),

in which the expansion coefficients

Céﬁ(y = <Oé,ﬁ,"}’ | ¢J>7

are independent of the hard kinematic variables. In the quark
interchange model (QIM), the hard factor takes the form

f(0c.m)

HQIM ~ Oal of 504204& 6/31 7,31’671 oY 632 7/32’672 A 4



Quark Interchange Mechanism (QIM)

Introduce a parameter p to break SU(6) in scalar [qq], and
vector (qq) diquark components,

[9q] = [h=0,1=0)

(9q) =[h=1,1=1)

Baryon ~ q[qq] + p % q(qq)

There is not scalar diquark component for A-isobar, while for
the nucleon wave function

i3 1 23
pi {%m kz,ka)(xooX(PhN)-(Té,o)r(;).Rl) + 011k ko, k) X

V2

1 3 13
Z Z (1, ho3; E s hy — hos | —, hy) (1, ’23 N_’23 | 57‘/\/)

B_ 1 m__
3y=—1 hy=—1

(23) (1) (23) (1)
X(X] oy X1 ) (T 3T s 5)
237 L hy —ho3 Lidy 3.3 -3
Then,

_ (®11)
(®0,0)

C. Granados, M. Sargsian, Phys. Rev. Lett. 103, 212001 (2009).



Quark Interchange Mechanism (QIM)

Working explicitly a nucleon wave function in quark (qqq)
components yields,

() u()d (=) — () d(+)u(-)

N()lp(+) = .
~pld(H)H)u(-)) + A (-ul+)
= Pl () ~ Pl u(-)u+)

+2pld(=)u(+)u(+)) — plu(=)u(+)d(+))
—plu(=)d(+)u(+),)
which results in a p parameterization of the scattering
amplitude and consequently of the cross section,
7(5.Oems 1) = 9(6) [Cp)F2(Oem) + Cal)F (Bem) (7 — bem) + Cul )PP (-

choosing
1

F(0
Oem.) o G Gem) @ — cos(Oem)))?
C. Granados, M. Sargsian, Phys. Rev. Lett. 103, 212001.(2009).




Quark Interchange Mechanism (QIM)

Independent amplitudes in NN elastic scattering

(+,+ITa 1+, +) = 61

(+, TR+ =) = ¢

(+HTR = =) = 2

(+—ITo 1+ =) = 3
(+, =TI =, +) = —¢a.

np elastic scattering amplitudes are derived in the QIM yielding,

$1(0c.m.) = (2=y)f(Oc.m.)+ (1 +2y)f(7 = Oc.m.) ®
$2(0c.m.) = 0
¢3(0c.m.) = (24 y)f(Oc.m.)+ (1 +4y)f(7m — Oc.m.)
ba(0c.m.) = 2yf(Oc.m.) + 2y (7 — Oc.m.)
¢5(0c.m.) = 0
where
y = x(1+x)

2 2
i)
314 p? 31+ p?

C. Granados, M. Sargsian, Phys. Rev. Lett. 103, 212001 (2009).



QIM scattering amplitudes pn — AA

Helicity conserving pn — AA amplitudes
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QIM scattering amplitudes pn — AA
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vd — AA in the HRM

l[)\.y]eQ,-\f(27r
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~vd — AA in the HRM
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1 Ny N2 . dzPL
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vd — AA in the HRM
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~vNN and B + B Kinematics |

D—BB
Calculating %(SNN, Oc.m.) within HRM, using ¢"N=BB (syy, 0V ) requires

using the right correspondence between 0. ,, and 0V .

In the center of mass reference frame for,
v+ NN — B+ B N+N—B+B

Py
q Ten

/ NN
p

t = (pww — p2r)? t (P2i — p2r)?

which leads to,
N_t, Mg My
2 2 4




vNN and B 4+ B Kinematics |l

that together with

S

1
ty + m% + m‘.23 + 7\/(5 — 4m,2V) (s — 4m28)cosn9£{m,
2 2
and )
s—M
t=m3 — TSNN (ﬁ— 5 — 4mf3c059clm) ,

is used to obtain that,

1 s— M2
N d 2 2
cosO . = [ NG \/s —4dmycosOc.m +s— 4mN:| .

2,/(s —4m3) (s — 4m3)

For s — oo,
cosfc.m. + 1

N
cosf ,, ~ 2



Summary of results
HRM angular distributions in vd — AA
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C. G. Granados and M. M. Sargsian, Phys. Rev. C 83,

054606 (2011).

R in Fig. (a)
SYD—AA
- oyd—pn
P s sensitive to model of baryon wavefunction
P> shows a strong dependence on 0. n, contrasting
R~ 1 expected from the onset of hidden color
components.
In Fig. (b)
-
SYD—ATTA
T gyd—ata0
P R doesn’t depend on the choice of wave function
» ATTAT channel is consistently larger than that of

the AT AL channel. If the isobars were produced
from a AA component of the initial deuteron wave
function, both channels should have the same
strength and R=1.



Summary of results
HRM angular distributions in vd — AA
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Summary of results
HRM angular distributions in vd — AA
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A-lsobar Production in Deuteron Breakup

Hard Processes Involving Nuclei
Hard Rescatrering Model of v + NN — NN
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Hard Processes

To probe short distance structure, introduce the study of hard
processes.
Kinematic Regime

> Large kinematic variables, s >> |t|, |u| atb—c+d

and |t|, |u| > m?, .
Itl, ol N » Mandelstam variables
s = (pa+ pb)> = (Pc + Pa)?
t=(pc — Pa)2 = (pd — F’b)2
» Facilitate factorization schemes. u=(pd— Pa)2 = (pc — p»b)

» Hadron wave functions dominated by
minimal Fock components, |N) ~ |qqq)

ep — eX at large Q? revealed

Explore the role of quarks and gluons
partons in nucleons

through Hard NN scattering

electron

Hadrons




Factorization
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Factorization

> Segment analysis in
subprocesses according to scale.

Hard subprocesses insensitive

>
g 3
& g + to large distance scale effects.
é + - Potentially workable through
e 5 ¢ g perturbative methods.
>

\/‘\/\/ Soft factors group long-distance

T, scale effects.
They’re mostly
approached phenomenologically

(Wetba | Tl ats) = D (e | b, B1,9)(Wa | af, B5,75)
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Factorization

» Segment analysis in
subprocesses according to scale.

Hard subprocesses insensitive

>
e
S g n to large distance scale effects.
é T E. Potentially workable through
3 ¢ k]
>

perturbative methods.
\/‘\/\/ Soft factors group long-distance
T scale effects.

H
They’re mostly
approached phenomenologically
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x (a1, B1,7 | Ya){az, B2,72 | ¥b),



Factorization

» Segment analysis in
subprocesses according to scale.

Hard subprocesses insensitive

to large distance scale effects.
Potentially workable through

TEHER, %+
- g perturbative methods.

>
\/‘\/\/ > Soft factors group long-distance

T, scale effects.
They’re mostly
approached phenomenologically

(Wetba | Tl ats) = D (e | b, B1,9)(Wa | af, B5,75)

o, B,y
X<O‘§76é77£70/151’y{ | TH(57 t) I 04175177170427/82772>
x{a1, B1,m | a){az, B2, 72 | b)),



Dimensional Counting Rules

X,p. X,p+q

X,p.
\_/\/—\/ XsP

In exclusive reactions a + b — ¢ + d, for hard subprocesses in the asymptotic limit

§ ~  f(ts)
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|
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itd
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(V3% )P +y,0
¥ 5 (p+a)
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Dimensional Counting Rules

In exclusive reactions

a+ b— c+d, for hard
subprocesses in the asymptotic
limit (—t,s — oo and fixed %),

~

f(t/s)

~S{

? ~ gl

leading to,

_ natnptnctng—4
Moabsed ~ S 2

and consequently,

b— cd 2
Ea e |Mab—>cd‘
dt 52
do ab—cd

o N Sf(na+nb+nc+nd72)
dt

with n; being the number of minimal
constituents of particle i taking part in the

hard subprocess.

S.J. Brodsky and G.R. Farrar, Phys. Rev. Lett. 31, 1153 (1973)

V. Matveev, R.M. Muradyan and A.N. Tavkhelidze, Lett. Nuovo Cimento 7, 719 (1973).



Dimensional Counting Rules

do

“v Na+np+nc+ng—2)
dt ab—scd

— s




Dimensional Counting Rules

pp elastic scattering

[
T

(do/dt)( mb/GeVv?)
B
T




Dimensional Counting Rules

pp elastic scattering

o
2

PP~ pp, By =90deg

[
T

8

(/10)*°dordt, mb/ Gev®
s o
< 8
T

(do/dt)( mb/GeVv?)
B
T

8

0.05

004

0.03

0.02

001

do Oscillations point to a more
——~S5 complex picture of the NN
interaction for the studied region.



Dimensional Counting Rules

pp elastic scattering

> Landshoff/Sudakof P A
interference (Pire,Ralston,1983) 5 e
°
8 ] % o007 |
g g
g g
‘KR
8 8 oo | A4
S
0‘015 1‘0 1‘5 2‘0 2‘5 f;O 3‘5 4‘0 45
» Heavy flavor resonances 5 Ger
interfering with a pQCD
background (Brodsky,de Oscillations point to a more
Teramond,1988) complex picture of the NN

interaction for the studied region.



Hard Photodisintegration of a NN System in Nuclei |

Understanding of the strong (1)

force can be improved by -

studies of v+ NN — N + N

reactions. AN
0

Hadronic and QCD descriptions of the NN force can be studied
through such reactions.

Hadron picture

% QCD picture
et ] % -
: 9 +...




Kinematic Advantages of Hard v+ NN — N+ N

N + N emerge at large transverse momentum from a short
range NN interaction.
s
—t ~s0o 5(1 —cos(Oc.m.))

Large center of mass energy of the emerging nucleons \/s/2 more
efficiently reached in v+ NN — N + N,

SyNN R 4m,2v + 2E,y - 2my,

compared to
SNN = Qm%, + 2E - mpy

in Npeam + Ntarget —* N + N processes (with E being the energy of
the nucleon beam).

Then, at moderate E, ~GeV and at large O¢ .,
v+ NN — N + N reaches the hard kinematic regime.



Producing High pr in v+ NN —

There are two basic approaches,

» Photon probes a preexisting compact NN system (large pr
component in initial state) in nucleus . This is assumed for
instance in approaches such as the reduced nuclear
amplitude (RNA)(Brodsky,Hiller,1983).

Or,
» the energetic photon is absorbed by a low pt NN system.

The energy transfer triggers a final state interaction from
which the nucleons emerge at large relative transverse.

The latter is the scenario for the hard rescattering model
(HRM) (Frankfurt et al. 2000) for which we develop
applications in what follows.



Hard rescattering model, HRM

L. Frankfurt et al.,Phys. Rev. Lett. 84, 3045 (2000)



Hard rescattering model, HRM

L. Frankfurt et al.,Phys. Rev. Lett. 84, 3045 (2000)

» v+ d — p+ n HRM amplitude results in a convolution of a
hard process amplitude and a nuclear wave function,
iAy]eQr vV2( 27)3

(Arfs Ao | M| Ay, Ag) = T Z/(/\zf Air | T (s t) | A Azp)
A2j

d’p

(2m)?’

AgA~iA
d IA2f (=
X V%R "(P1, B2)mn



Hard rescattering model, HRM

L. Frankfurt et al.,Phys. Rev. Lett. 84, 3045 (2000)

» A parameter free cross section calculable through the input of experimental
data,

dUW‘HP"( Bem) 8 41C(E) daPHP“( N
— s, .m. = —_—TmT — -) X S,
dt em 9 s s dt c.m-

2

dzPr
(2m)?

X

/ iR (p; = 0, pe)y/mn

» Energy and Angular distributions in pn elastic scattering data should be

reflected by v+ d — p + n data.



Energy Distribution

y+d—=>p+n
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Energy Distribution

y+d—=>p+n

Jo
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© Mainz
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© This work

Bochna et al. 1998
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(5/10)*°do/dt( mb/ GeVv®)
o
N

o
[

o

68710121416 18 20 2
s (Gev?)

y+d—=p+n~st for E, >2GeV, s > 10GeV?
However, pn elastic scattering data is not good enough to
clearly confirm HRM prediction



Angular Distributions

Yy+d—=>p+n

E. C. SCHULTE et ai.
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Figure: pn elastic scattering for
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Hard Photodisintegration of a NN System in 3He |

NN breakup studies can be extended to v+ pp — p+ p

> Because of much better pp elastic scattering data, the HRM
approach applied to pp photodisintegration can be tested
experimentally better than the pn case.

» The energy behavior of y>He — (p + p) + ns potentially probes
the transition from a Hadronic to a QCD description of the NN

force.
At low beam energies q .
Y 4+ pp — p + p is suppressed i B>
because of the neutral charge of the S @'_v—(ls/

mesons mediating the force.

v¥He — (p + p) + ns proceeds
largely through a three body (two
steps) interaction:

P pn P
In hard pp breakup however, the photon couples to quark currents
that now mediate the pp interaction making possible for



Hard Photodisintegration of a NN System in 3He Il

v*He — (p + p) + ns to proceed through ~ + pp — p + p which
becomes dominant.

PP - PP, 8,=90deg

» Features of pp elastic
scattering such as

o008 [

(5120 dofdt, mb! Gev®

°
2

oscillations in energy oo
distributions are expected Z
to appear as well in oos
v3He — (p + p) + ns.

» Predictions on spectator momentum distributions of
v3He — (p + p) + ns cross sections and on polarization

observables provide yet more experimental checks on the validity
of the HRM approach to NN breakup.



3He Photodisintegration within the HRM

Main assumptions

» Photon interacts with a NN
system with relative momentum
pL << mpy

» Third nucleon (Ns) is spectator
to YNN reaction.

» The photon is absorbed by a
valence quark of a nucleon from
the NN system.

» Struck quark rescatters off
valence quark of 2" nucleon.

S. J. Brodsky, et al., Phys. Lett. B578 (2004) 69.
» This rescattering produces 2

nucleons emerging at large
transverse momentum.

M. M. Sargsian and C. Granados, Phys. Rev. C 80, 014612

(2009)



Calculation of Scattering Amplitude

(Ar1s Ars As | M| Ay, Ap) =
—iThy e — -+ ma]
(prr — k1) — m2 + ie

ilghi — ki + mql(— f)er,- d*ky
(p1i — k)2 — m? +ie (27)*
ibhi —k +a+ mg]
(pri — ki + @)% — m2 + ie
—iTh ior — 6 + ma]
(por — ko)2 — mg +ie
ihi — o + mal(=i)Ty, d" ko

(N1) : Tyl

iS(k1)

[—iQee™ ]

(va) =

(N2) : o [—igTL )]

iS(k2) .
(p2i — k)2 —m?2 + ¢ (27)"
s (P IF/NN —pi +myl il + my] d*py;
(He) / : J e
(P — P2i)? N+l€ P2f—m,\,+le

idH Y 5 ,p
(p2i — k2) — (p1i — k1) — (a — ]2 + i€’

(g) :
(3)



Light cone variables

p=(p",p . pL)
with
+ . - o . _
pr=po+pz P =po— Pz PL=(PxPy)

Light cone momentum fractions

+
o = Pai
=2,
Pnn
and
K"k
X =—7; X = k.
pl'}' 3
Then,
1 _
d4p2i = Epﬁv_Ndadpzidsz’
and

d*k = fp, Fdxdk; d?k,



v — NN Kinematics

v — NN Reference Frame

We consider a reference frame where q* = 0. Having that

syv = (pwn + q)? and SN = SNN — M,2VN, the 4-momenta of the
photon and of the NN system are respectively:

q= (q+a q_) CIL) = (Oa \/ S;\/Nao))
MZ
— + — NN
P = (pNN7 Pnns qNNJ_ \/ SNN’ —
V NN

For pﬁ,\, >> I\/I,ZVN, the v — NN system approaches its center of
mass reference frame.



HRM Scattering Amplitude for v 4+3 He — N + N + N,

After performing loop integrations on p,; and k~— variables, N> and spectator
systems are put on mass shell. Using that,

p+m= Z us(p)us(p),

for internal lines off mass-shell in the p,J\r,N >> M,ZVN approximation and by defining

nuclear and nucleonic wave functions,

Oy, (Puw — P) T, (P)Ta, (Ps)T3f,,

AAALLA2,As _
\U3ﬁe 1Az (047 pJ_) - 5 m2+p? (4)
My — a(1—a)
_ T A
. _ Oy(p— k)vs(k)Twup(p)
WN (Pa X, kJ_) - m2(1—x)+m2x+(k, —xp, )? (5)

N x(1—x)



HRM Scattering Amplitude for v 4+3 He — N + N + N,

After performing loop integrations on p,; and k~ variables, Ny and spectator
systems are put on mass shell. Using that,

Pt me Y us(p)is(p),

for internal lines off mass-shell in the p,tN >> M,ZVN approximation and by defining

nuclear and nucleonic wave functions,
the invariant amplitude is simplified to:

TA2f sm2f
v (P2ry X3, ka1 ) F v
(A1 Xafs As | M| Ay, Aa) = > /{ N P s (P2r — ko)[—igTe v"]
(75, (M9),(¢) 2
_ o a, ) N VPP
Gc(p1i — k1 + @)[—iQiee’ | T v luyy (pri — k1) pt ™ (pri, x1, ki)
ue(p1j — k1 + q) p X
(1 — x1)s"(a — (e + i€)) (1—xp) .
TA1£5m POTRT
O Y (e x| k) CF ou Y22 P2y x2, ka1 )
— Oy (p1r — k)[—igT. v luny; (p2i — ko) ————————— ¢ X
1—x{ (1—xp) )
WAL A2 As
o APk o dPloL Vs (@, pL,Ps) go d?p
Grr(n 2t He — (1 > par) . @)

x 2027)3 xp 2(2m)3 (1-a) o 2(2m)3



~v-quark hard scattering factor

_ . A
“;(Pl/ — ki + q)[*’Q/e( ‘"‘A]Um,(pl/ - kl)
(1 —x1)s" (. — (e + i€))

. . . Kt +
can be calculated in the approximation Recall that x; = &, o = "f' and having that,

p1+l. — kl+ >> k| ,mgq, in which the spinor Pi P

of a quark of a given helicity ng = %1 ) ) )

and a given energy E4 can be written = 1l - ms(1 = x1) + mgx + (ki — xap1)}
ShN x1(1 — x1)

Up, =~ \/Eq( X1lq )

an"]q
in which x are Pauli spinors.
1

a—actie
principal value term we obtain,

Then using also that

~ —ird(o — ac) + P(=~—) and neglecting the

a—aoc

Uc[—iQjec M e

(1 = x1)s’ (v — (cve + i€))

21-(1=x)(1 —a))
S/(l — X1)

dexy 5771f)w

~ imé (o — ozc)Q,-e)\»y\/

then ~y only interacts with a quark having its same helicity, i.e.,if n1; = A\, and

consequently we have that = n;



« selection in v +3 He — (N + N) + N

A

B[ iQec )" v Juyy, 21— (1)1 —a))

= ~ i — Qe ———————— 02, 0p N
M=) (e tie) o T )iedy (1 —x) S A T

allows to perform the « integration in calculating M.
ac Is then approximated to % which corresponds to the situation in which both

nucleons in NN contribute equally to pﬁN. This is justified by the strong peak of

V3. 's magnitude at o = %
From
_ o mE(L—xq) + mixg + (k= xap1)?
ac =1+ - |"n — .1 200
S x(l = x1) Egi
100 b
in the large s’ limit, ac = 1/2 leads Mor
120
to x1 ~ k2, /s'. Because k?| << s, wf
this corresponds to having the valence o |
wl
quark contributing to most of the 20
o ‘ ‘
momentum of its parent nucleon = o o e o

pq ~ py and g & An.



« selection in v +3 He — (N + N) + N

A
B[ iQec )" v Juyy, 21— (1)1 —a))

= ~ i — Qe ———————— 02, 0p N
M=) (e tie) o T )iedy (1 —x) S A T

allows to perform the « integration in calculating M.
ac Is then approximated to % which corresponds to the situation in which both
nucleons in NN contribute equally to pﬁN. This is justified by the strong peak of

), : _1
W3, 's magnitude at o = 3.

From
L, omil—x)+ mf,Xl + (ki — xp1)3

ac:1+,— My — 1 Ty _ X =1-x

SN xa(l =) q p—pq q
in the large s’ limit, ac = 1/2 leads Xq~l X~ 2
to x1 ~ k2, /s'. Because k?| << s, before
this corresponds to having the valence X ~1
quark contributing to most of the after 4
momentum of its parent nucleon =

pq ~ py and g & An.



HRM scattering amplitude of v+ He — N + N + N;

After the considered approximations are applied to M, the scattering amplitude
for v + He — N + N + Ns takes the form,

Qi
V2s!

(A1Fs Aards | M| Ay, Aa) = i[Ay]e
(m1£:m2¢)5(m27): A1/ X2

d,,‘[l)\zfmzf - d)zliv"li
_ . v
7 Unpe [—i8Te 7] uny; X

1—x) (1 —x1)
IRSTALTS A2, M2j
LD, [,,'g-r’rvl»t]u7 L
1— Xll 1f c 12/ 1— )
G/L,uﬁ d?ky L dxp d?ky | ML () = 1 , )d2f72
x1 2(27)3 xp 2(2m)3 | CHe 2" 7 (2n)2

which is written as a convolution of a NN elastic scattering amplitude with a
component of a nuclear wave function.
LV

LN




HRM scattering amplitude of v+ He — N + N + N,
Accounting for all possible quark interchange diagrams we
obtain,

iAylev2(2r)? y
\/2S}n

N; IM A - . o
{QF1 Z/ (Nofi Aaf IT,S)N (swnvs t)l /\'y?/\2i>“’3aevNR(P17 Ay P2y A2ii Bsy As)my
Aoj

(A1 Xars As | M| Ay, Ap) =

d’py
(2m)?

2
N IM A o o - d°py
Q2> / (Xari Arr IT,\?N (s tn)l Au:h)%,ﬂe’NR(Ph A1ii P2, Ayi s, As)my (27r)2}
Mg

()

Dominance of the quark interchange

(QI) mechanism (Wh1te et al.
where charge factors Qf are 1994 )
introduced such that,

S QMY TN ab) = QN - (a'b | T ab) N
ieN

1




v +3 He — N 4+ N + N, Scattering Amplitudes
NN scattering amplitudes |

For the quark interchange NN amplitudes, we

Dominance of the quark interchange choose NN helicity amplitudes labeled as follows:
(QI) mechanism (White et al. 1994)
<t HTAM4, +> = &
N, <+HHTIML — 5> = 4
N, :: > E % <+,+\T,Z,\m\—,—> = &
<+, =Ty 1H—=—> = &3
<+7\T,8JM\7+> = —¢a (6)

All other helicity combinations can be related to the above amplitudes through
the parity and time-reversal symmetry. The cross section of a NN scattering is
defined as

do.NN—) NN 1 1 1

- = 2 2 2 2 2
= T sy 21O H el H 1 o apgs) ()




v +3 He — N 4+ N + N, Scattering Amplitudes
NN scattering amplitudes ||

Then for NN breakup in 3He, using the antisymmetry of the 3He ground state
wave function we have,

(4 A | M| +,00) = /[QF%“’:%HJ*’" )+ QrorV, ()| m"'g:)t
(ot MU0 = B [ [(@F 62+ QoW (= 0s) = QeosWif (+.+,0)
d’p,
" (2m)?
(i he [ M|+ 00) = B/ —(QF" da + QP83 W34 (+, =, As) + Qras Wi (+, 2
(== As [ M| +,00) = /[QF%W (J“*’ASHQF¢2W?:}€(+’+’AS)] mN?;:)t

iev/2(27)3

- .
\/ 25yn

where B =



NN Breakup cross sections
Then for the averaged squared amplitude one obtains,

e?2(2m)® 1

o {2QF|¢5| So + QE(|p1)? + [#2]*) S+
NN

- 2
M| =
[(Qﬁ%g + QP60+ (Qou + Q2 03)% 534}
(8)
where Qf = QQII + QIFV2 and S1», S34, and Sy are partially

integrated nuclear spectral functions:

1 l 2
d’py

(2m)?

)

512(t17t2704 Ps) Nyy 3He NR(p17)‘17 t1; B2, A2, to; P57)\3)mN

A=Xo=—13 A3=—1

p

d’p,
(2m)?

Sza(t1, t2, @, Bs) = Ny 3He NR(PL AL t1; B2, A2, t2; Bs, A3)my ———=

Ar=—Ap=—1 Ag=—

and
So = S1o + S34. (11)



NN Breakup cross sections

Assuming the massless approximation for the interchanging
quarks, their corresponding helicities are conserved during the
hard subprocess, leading to the vanishing of NN amplitudes
that don’t conserve helicity, i.e.,

2 =
¢s = 0
then for NN scattering,
do.NN—)NN B 1 1 1 ) s )
o _ﬁs(s—4m,2v)§(‘¢1| + [83]° + |¢al%), (12)

while for NN breakup

-2 e?2(2m)% 1
P = 200

{le-‘(|¢1|2)512+

25N 2

[(QM 63+ Q26 + (QF1du + QF*¢2)*| Saa} (1)



Hard pn Breakup

We now consider the v +3 He — p + n + ps reaction.
Using that,

» for large angle pn scattering ¢z ~ ¢g,
» in the QI model it is found that QF" = %,
» and that for 3He in its ground state, Sfy ~ S5 ~ 5%,

we obtain that,

v 12— (eQFpm)*(2m)° doP" P (s, tn) Sg”

M 2= 16msyn(sunw — 4m3
| ‘ S;VN NN( NN N) dtN 2 )
and for the differential cross section,
'y3He—>(pn)p spn ~ 13z 2 pn—pn
do 0?1674 (0=3,Ps)  syn(sww —4m?)  do (sww, tn)
e — 7. ,
dt% i 2 (sww — PR )2(s — M3,,) dty



Hard pp Breakup
To calculate v +3 He — p + p + ns we use that

> for pp scattering, ¢a ~ —¢3 for large 0c.m(Ramsey,Sivers,1992),

» from the exclusion principle and S state dominance of the nuclear wave
function, S{5 << S§7,

» and obtaining from QI diagrams that Qpp = 3

Then, for hard pp breakup in 3He photodisintegration,

M = ﬂf{zcz (63/—I64)?S30}

2sNN

and for the corresponding differential cross section,

oo 2 o 4]

1
= aQ,Q:’pp167r4S§f(a ==,PBs)

dt% 2’ 142¢? (SNN*pNN)z(Sf 3He)
doPPPP(syp, ty)
dt ’
where,
2 2 —
BB e o Bl
¢1 d)]_ |¢1|



vNN and N + N Kinematics |

do? 3 He— (pp)n
dt d3
5

N
doPPPP (s, 0, )

Calculating T

(swn, Oc.m.) within HRM, using requires

using the right correspondence between 0. ,, and OV

In the center of mass reference frame for,

N+N-—=N+N
Y+ NN— N+ N

/ NN
p

1f

(P2i — par)?

t = (pnn — P2r)? ~ (PNN ~ por)?



vNN and N + N Kinematics Il

which leads to,

2 2
N My Mun
2 2 4
that together with
sy — 4m?
= T (1 - cos(0,))

and

m2

t=— NNV 1 — 4N os(0cm)) + m%v
2 SNN

is used to obtain that,

(SNN NN \/SNN — A\/SNN — 4mNCOS Oc.m. + 4m?\l _ MIZ\IN

2(5NN — 4mN) Z(SNN — 4m%\1) ’

cos(B¥ m)=1—

Then for instance, to calculate a HRM 3He photodisintegration cross section for
Oc.m. = 90°, from the above equation we’ll need to have a numerical input for the

corresponding NN elastic scattering cross section at 6V = 60°



pn and pp breakup at 6., = 90°

>
3 .
do 7" He—(pn)p — 0l 16 4S8 (a = 1,Bs)
7 = aQF pplbm ————
dr4ps 2
ES
s (s — 4m?) doP" P (s, ty)
,
(swv — PRw)?(s = M3, ) dty
>
3
do v He—(pp)n 5 . 1 232
= aQ 167 SPP(a = =, P.
dtdzps F,pp 34( > 5)1 Tac?

s

s (suy — 4miy)
> 12 2
(swn — PRy )? (s — M3He)

doPP PP (s, ty)

)

dt

Sy (Gevz)
10 15 20 25 30
o 1 T T T T T
>4 3
D He — (pn) +
8 ¥* (pn) +p
o e T
< 4
510 -
B
=)
R y+*He — (pp) +n
10}
1 2 3 4 5 6

FlgU r€: Energy dependence of s weighted
differential cross sections at 90° c.m. angle scattering
in "~-NN"system. In these calculations one

integrated over the spectator nucleon momenta in the
range of 0-100 MeV/c.

M. M. Sargsian and C. Granados, Phys. Rev. C 80,
014612 (2009)



pn and pp breakup at 6., = 90°

s (GeV?) I
4 6 8 10 12 14 16 18 20 22 Ly
1.077 T T T T T T T T % Y
F o wmainz b o
P \ dly.p)n ; gaenar ] 3,
—~o8f \ 90° c.m. = JLab E89-017] E0
E < This work =
3 [ -- 1 g
Qos- \ mrem 3
2 f \i N\ ER
= ‘;#\i % g
T 0.4 IS ~] )
37t g \M‘ N
“odf S
a. ]
o. L
T
0.10 “‘ | 3He(y.pp)n —
[, % soem 1
Lol ]
1
L \.\\ 1
\ t
oos ¢ -
L \ \ * 4
\
CONE , :
N 5
L b. [ Py DU
0.04; T 3 3 P S 06—
E, (GeV) 5 %% B =60
2o B
0.3,
02 3 4
0.1 .
1. Pomerantz et al. [JLab Hall A Collaboration], Phys. Lett. B 10715750 25730738 40 45

684, 106 (2010) [arXiv:0908.2968 [nucl-ex]] s(Gev



s (GeVZ)
20 22

°
o
-

!
- g

*He(y,pp)n
90°c.m.

sMdordt (kb Gev®)
g
=/
E3
=

o
o
N——

3

I. Pomerantz(2010)

E, (GeV)

(/10)*°do/dt (mb/ GeVv?®)

14 16 18 222
GeV

» HRM calculated 3He(ypp)n energy distribution in

agreement with experimental data.

» Note

503He(7pp)n(5)mgpp(5)



Polarization Transfer

For a circularly polarize photon C. measures the asymmetry of the
hard breakup reaction with respect to the helicity of the outgoing

proton.
S {l R A M+ 2P = (= 200 As | M|+, 2012}
XofiXs Aa
Cr = 3 . (14)
Y [Oan dorn As [ M| +,20)]
A1FAofiAssAa
Then
_ (19112 = 1621)S*F + (193> — [¢al*)ST~ (15)
T 20525t + (Jo1l? + [6212)ST + (16312 + [gal2)ST
with,
sEE (0, n,0,5) =
o2 2
P2, L (16)
(@m)?

A = o .y
/‘V3He'NR(P1y)\17i5,t1vpza)\27i s t2i Ps, Az)my

and ST =StT 4 S+~



Polarization Transfer

(I611? — [62) ST + (931> — |6a*) ST~
205 25T + (I¢1]2 + [6212)SHF + (1632 + [9a?) ST

Through previous assumptions for pp and pn breakup,

Cpp ~ ‘¢3’ ’¢4‘2 ~0
|93 + [@a]?

C,) =

which results from the suppression of ST and from ¢3 ~

And,

N\¢1’2+’¢3|2 |¢4\2 2

|$1]2 + |3]% + |¢al? S

(17)

(18)

P4

(19)



Summary |

Large angle high energy breakup of a NN system in 3He has been studied in pp
and pn breakup channels within the framework of the QCD hard rescattering
model, HRM.

HRM predicted energy dependencies, in accordance with counting rules, agree
with recent experimental observations which supports the explicit role of QCD
degrees of freedom in the reaction.

» Calculated HRM ~ +3 He — p + p + ns differential cross section at
ONN = 90° agrees well with experimental data without the introduction of
adjustable parameters. (Note suppression from |¢3| — |¢a| factor with
respect to pn breakup).

» The s~ behavior of the observed cross section for v +3 He — p + p + ns
indicates the dominance of the two body process in the reaction.

Additional observables are calculated from the HRM applied to
~ 43 He — N + N + Ns, which predicts

» a broader spectator’s momentum distribution for pp breakup in relations to
pn breakup.

> Czp,p suppression in relation to Cf,"

Experimental confirmation of these predictions will further reinforce the HRM
picture of breakup processes

The encouraging experimental results motivate the study of more processes that

can be described through the hard rescattering model.



A-lsobar Production in Deuteron Breakup
Motivation |

The study of the deuteron
photodisintegration into
AA-isobars channels was proposed
as a venue for investigating the

evolution of a nucleon-nucleon I
system into a six quark system.

The onset of a six quark picture of the deuteron could then be marked by a
large increase of the yd — AA cross section. This prediction assumes that

such cross section is small for a nucleon dominated deuteron wave function

because of its suppressed AA components.

In contrast, for a six quark deuteron, NN

and AA components contribute with

comparable strength to the deuteron wave

function (roughly 10% and 8% respectively) 1 [a [4
while more than 80% is contributed by CC Vd = Vo YN+ \ 25 Yan + \ i
(hiden color) components for which unlike N

or A, C has a color charge

(Brodsky,Ji,Lepage,1983).

cc



A-lsobar Production in Deuteron Breakup
Motivation |l

High energy vd — AA with AA emerging at large transverse momentum is
thought to probe the onset of hidden color components in the deuteron.
Assuming that the high pr AA system was created in the initial state of
the interaction, in the asymptotic limit we have that

do_-ydﬁAA do_'yd%pn

~

dt dt

Under this same assumption we also have that,

dawd—mHA* do_fyd—»A*AO

dt dt ’

since both AA channels in general contribute with the same strength to the

spin-isospin wave function of the deuteron. In the QCD hard rescattering

model (HRM), the high pr AA system is created in a final state interaction
mainly through a pn rescattering reaction. As it’ll be shown in what follows
under this scenario, the hard rescattering model predicts a dominance of

~d—ATtA— ~d—ATA0 i i .
do o over 9 i which contrasts the picture described above.




A-lsobar Production in Deuteron Breakup
Motivation Il

For comparison, we also estimate within the HRM the strength of AA

channels in deuteron breakup relative to that of vd — pn



A-lsobar Production in Deuteron Breakup
~vd — AA in the HRM

|
> )|
!

| 7
Py ) <

As it was the case for yd — pn, through the HRM for vd — AA we find that,

dO'A/d—>AA(5; gc.m.) aQ:‘%,AAsﬂA do.pn—)AA(& ai'vm) I
_ : So,NR)
dt s dt

apn—)AA(s,g‘l:Vm )

But has not been well measured in the required kinematic regime.

C. G. Granados and M. M. Sargsian,[arXiv: hep-ph 1007.4705] (2010)



A-lsobar Production in Deuteron Breakup
~vd — AA in the HRM

As it was the case for vd — pn, through the HRM for vd — AA we find that,

do1970 (s, 0 m)  OQF AnBT! doP A (s, 0N, )

= S
dt s/ dt 0,NR>

o_pn%AA(sygN ) . 3 . 3 .
——— <M~ has not been well measured in the required kinematic regime.

But
dt
Then model dependent pn — AA amplitudes ¢ are input in
- 11 e?
|'/Vl|2'yd—>AA = 5 39a
232s

%[5 {IQM + QMo + (@M + Q")ss + (@M + Q)67
+ 534 {1QM 03 + Q% gul? + Q" g4 + Qo652
+ QMg + QM0 + QM g0 + QM s }]

C. G. Granados and M. M. Sargsian,[arXiv: hep-ph 1007.4705] (2010)



~vd — AA in the HRM
pn — AA scattering amplitudes

Helicity conserving pn — AA amplitudes

1 1 1 1
Z 42T 4=
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~vd — AA in the HRM
pn — AA scattering amplitudes

Helicity conserving pn — AA amplitudes Obtained in the quark exchange model
pn — ATAL
pn — ATTA~
2
o1 = GNaaf(0en) — F(r = 0cm)) 2 y
1 ¢l = 7§NAAf(ec.m4)
¢3 = §NAA(4f(9£V.m.) + f(r—62,) 2 "
5 ¢3 = _gNAAf(ec.mA)
o1 = GNan(F(0em)) + f(m = 0cn) 1 N
¢ = —=Naaf(0:,)
b = P20, fr—0Y,) A\
6 \/g c.m.
o1 = M(%( n) = Flx = 0Y,)) Nea
3\[ o7 = Tf(egm.)
=  =Naaf(0,
¢s g A8 G ¢s = —Naaf(0),)

1 _
¢ = ENAAf(W—eymAL ¢ = 0



vd — AA in the HRM

1 2
|/Vl|.,d _atA- = E;S,QI%,AA {S12 [|611* + |¢6|? + |67/°]
t t 2
+S34 [(¢3J2r¢4 +2¢5 — ¢>3> + (¢4 ;L e +2¢3 — ¢>4)

t t 2
+(¢8;i9+2¢5—¢s) +(B1% 20 - o) }}

- 1 e?
|M\3,dﬁ>A++A— = ETS,Q%,AA {512 (|¢1|2 + |¢6|2 + \‘157‘2)

+ S [ (263 — 64)* + (264 — 63) + 5ls ] | -



vd — AA in the HRM
Angular Distributions

10

@ (b)
[ d(yda/d(yp)n b dyA™)ATd(yah)A°
. . At
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C. G. Granados and M. M. Sargsian, Phys. Rev. C 83,

054606 (2011).

R in Fig. (a)

> is sensitive to model of baryon
wavefunction

» shows a strong dependence on ¢ m
contrasting R~ 1 expected from the
onset of hidden color components.

In Fig. (b)

» R doesn’t depend on the choice of
wave function

» AYTA™ channel is consistently
larger than that of the AT A°
channel. If the isobars were
produced from a AA component of
the initial deuteron wave function,
both channels should have the
same strength and R=1.



Thank you



Three-body/two-step reaction

» Dominant at low to intermediate
beam energies (E, ~ 200MeV).

» HRM amplitude does not
interfere with two-body/one-step
amplitude.

» HRM cross section scales like
s~'2 at large energies from
second rescattering.




Introducing the light-cone wave function of 3He [?, ?, 7]

A4 — _ _
M40 (Pnn — P) T, (P) T, (Ps)

2 2
2 mytp
MNN a(l—a)

\UAA)\l JA2,As

3He (OZ,PJ_) = (20)

defining quark wave function of the nucleon as

_ m2(1—x)+m2x+(kL —xp_ )?
N x(1—x)

w)/;/m(pv X, kJ_) =




L.L. Frankfurt and M.I. Strikman, Phys. Rep. 76, 214 (1981)

Wspe(a, pis s, ps, 1) = V2(21)* myWsye nr(a, po, s, ps, 1) (22)

A. Nogga A. Kievsky, H. Kamada, W. Gloeckle, L. E. Marcucci, S. Rosati and M. Viviani, Phys. Rev. C 67,
034004 (2003).



SU(6)Helicity Amplitudes

For pp scattering:

Farrar et al.,(1979).

( ) = 144f((9(_‘/\//) + 144f(71’ — QCM) (23)
(Ocm) = 0
(Z)3((9CM) = 56f(9c/\//) + 68f(7‘r — eCM)
( ) = —68f(9c1\/l) — 56f(7'r — 9CM)
(0cm) = 0



Uncertainty in v*He— NN + N

AAsALA215As _ 1
4W3He PR (e = j»pl’ps)

R = ) 24
(pS) doac W;I%—‘I’c:li’&i’)\s (ce,pL,ps) ( )

Qc \/(1704.:)045

This ratio depends on the kinematics of the spectator nucleon, and for the case of

ps < 100 MeV/c, R(ps) ~ 1.1, which corresponds to ~20% of uncertainty in the

cross section of the reaction calculated with the ac = % approximation.



Spectator Momentum Distributions

.
oPP (so]1d) oP" (dotted)
;4 GeV
T 14 Es—p
I _ S S,Z
010 -2 Qs = ——————— = Qp — QnNN
£10 -3 ST Ma/A
R
\Z_:f]_o g with
b 10 L L L L
0.6 07 08 09 1 111213 14 2
GS SNN = MNN aF E.,m,,aNN.

oll
5 10

09 £ »> Asymmetry around o = 1 due to s—11

83 B dependence.

0.6 =T > pp distribution broader than pn.

06 07 0809 1 1112 13 14 » R drops around o = 1 from the
0 suppression of same helicity two proton
components of the nuclear wave function
0_pp at small momenta.

Ratio=

M. M. Sargsian and C. Granados, Phys. Rev. C 80, 014612 (2009)



	-Isobar Production in Deuteron Breakup
	Hard Processes Involving Nuclei

	Outline
	Introduction
	Hard Processes
	Hard Processes Involving Nuclei

	 3He Photodisintegration within the HRM
	Scattering Amplitude
	pp and pn breakup
	Polarization Transfer
	Summary

	-Isobar Production in Deuteron Breakup
	Further Applications

