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Introduction HRM of Deuteron Breakup

Hard photodisintegration of a nucleon pair

~+ NN — N+ N

@ High energy photon absorbed by a
NN system generating two
nucleons at large transverse
momentum.

9 sy = 4mfv + 4E, my,
compare to
SN = 2m%v + 2E - my from
N+ N — N + N processes.

@ Moderate beam energies access
hard kinematic regime, QCD
degrees of freedom become
evident.

@ Potentially probes NN interaction.

@ Studies can be extended to other
baryonic
channels,e.g.,.y + NN — A + A
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Introduction HRM of Deuteron Breakup

Hard rescattering model, HRM

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

@ Through the HRM d(~, p)n amplitude results in a convolution
of a hard process amplitude and a nuclear wave function,

i[A Q\/§27r3
(Mar, dar | A Ay, Ad) = _%X

S S i dar | T (s ) | i dar) W0 ™ (B ) mw (525
A2j
@ A parameter free cross section calculable through the input of

experimental data,
dgrd—pn __8a,_41 i
e (S 0cm) =57 5C(5)

n—pn 2
ngP P ( 9N ) > ‘f \UyR(Pz = O,Pt) ‘m (‘;ﬂp)g
° Angular distributions in pn elastic scattering data should be
reflected by v+ d — p + n data.

N
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Introduction HRM of Deuteron Breakup

Energy Distribution

Y+d—p+n
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v(d,p)n ~ s ' for E, > 2GeV,
s > 10GeV?
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Introduction

HRM of Deuteron Breakup

Angular Distributions

vy+d—p+n

E. C. SCHULTE et al.
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Schulte et al., Phys.Rev.C66:042201,2002.
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HRM of 3He

3He(vNN)N,

Scattering Amplitude

pp and pn breakup

Spectator Momentum Distributions
Polarization Transfer

S. J. Brodsky, et al., Phys. Lett. B578 (2004) 69.

a)
Pope —.
(3He ) :
b)
Pspe  —

Reinforcing understanding of y(d, p)n
@ Different predictions from QCD
models fitted to d(~, p)n.
@ Access to proton-proton breakup
channel.
@ Introduce spectator momentum
distributions.
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

S. J. Brodsky, et al., Phys. Lett. B578 (2004) 69.

o NN system with relative
momentum p; << my

@ Low momentum ps spectator
nucleon N;.

o N =gq, + res.

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

@ ~ triggers hard scattering off 2"
valence quark.

@ Two nucleons emerging at large
transverse momentum.
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Scattering Amplitude

(Ar1s Ar2, As | AL Ay, Aa) =
=il cilir — K + mgl F

Nty | —2 T T TSk —igT,
(1) /(py—kl)—mu: () [T, ]
iW1i—%+mq](_i)rN1; d*ky
(p1i — k1)2 — m? +ie (2m)*

ibhi — K + g+ mg]
(pri — ki + @)2 — m2 + ie

[~iQeet "]

(va) :

(N2) : / Mg(;@) —igTFy,]

(par — k)2 — m2 + ie
ihi — ko + mgl(=)Tny; d*ky
(P2i — k2)? — m? + ¢ (2m)*
CHe) / —iT3He - Oxs(Ps)in — Roi + mnl il + mp] d*py;
(PN — P2i)? — m% + ie p3; — m% +ie (2m)*
v,
[(p2i — k2) — (P1i — k1) — (9 — N2 + i€’

(&) :

1
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

P ’ Kt
Define line cone momentum fractions: o = Jz’ B <) = +N
PNN PNi(f)

and nuclear and nucleonic wave functions.
After performing loop integrations and using,

F+maY us(p)as(p),

s

for internal lines off mass-shell,the invariant amplitude is reduced

to:

5 TXof:m2f ’
¥ (P2r> X3, k2 ) )
(A1rs Aoy As [ A | Ay, Aa) = > { “7,72)“712f(ﬁ72f — ko)l—igT 4]
(175).(\19).(0) T
e ( ki g (pri — k1) Y™ (o, 1, kL)
uc(pri — k1 +4q d
ale =ta 40 Qa (@ 1) =D .

tALf mf ’
Py (prfsXqs k11) . F
{ N ——— Uy, (prr — k1)~ ig T Y luny,; (P2i — ko)

Ao st

Y2 " (pai, x2, ko.1) %
1—x (1—x) .

AasA1is A2 As

L dxq Pk dxo ki Y3 (e, PL,Ps) dov d?p

G (,)7777%_77_(p1f,_,p2f)7 (2

v
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

struck quark factor

\ A
ue(pri — k1 + q)[=iQjee | "y~ Jupy; (p1j — k1) 20— (1—x))(1—a))
- ! ~ imé(a — iex S ==l = O
(1 — x)s (@ — (e + ie€)) imd(or = ac)Qje 7\/ s"(1—x1) Gy Uiy
= iTé(a — ac)Qie \/Eé 5
~x1—0 c) Wi Ay s/ 9CA~ 9myiAy
where,
200
1 2 m§(17x1)+m‘27x1+(k1 7x1p1)2J_ L 3
ac:1+,— my — a ) 180 |
s X — X E
NN 1 1 160 |
140 |
@ ~ selects quark helicity. 120
s . 100
@ Ws3,,.'s magnitude peaks sharply at a = %, r
80
1 £
then set ac = 3 o b
@ Restricted by a¢, x3 ~ kﬁ_/s’, then for 20 [
large s’, x1 ~ 0 20 |
= Pq = PN and Mg = An °5 o2 0.4 0.6 o8 1
@ ~ selects nucleon helicity. o
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

. Qi
(A1s X2 s | Ai | Ay, Aa) = i[Aq]e > / le,

ﬁ

(m17:m2¢)5(m27): X1/ X2i

w,v\zf»"fzf - wzlivnli
_ . v
— Uy [—igTe Y ] ugy ——— X
1—x

(1 =)
TALFm1F A2j»12i
711},\/ oy, [*"gTF’Y‘L]W -LN : :
1— Xll 1f c 12/ 1—x)
2 2
v I kL do Ak ML (o f‘pﬁ
x1 22m)3 xp 2(2m)3 | CHe 2’7"
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Accounting for all possible quark interchange diagrams we obtain,

A~y ]ev2(2m)?
(A1F> A2fs As | M| Ay, Ap) = — 2 x

\/ 25hn
d“py

2
N- IM by _ - =
{QF1 > / (Nari Arr IT,SN (s tv)| Ay )‘21>w3|ﬁevNR(Pla Ay B2, A2ji Ps,y As)mpy @n)?
A2i

. 2
N, IM A = = = d°p1
Q2" / (Nafi Arf IT,\C/JN (swns )] Agis A*>w3lﬂe,NR(pl’ X1ii B2, Ay Pss As)mpy oy }
A1

3

where charge factors Qf are introduced such that,

> M TR Ian) = o (B T 1)
ieN
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

For the quark interchange NN amplitudes we choose NN helicity
amplitudes labeled as follows:

<+ HTR I+ +> = 6
<A H TR+ - > = ¢s
<HHTR= - > = ¢
<+, | Ta . —> = ¢3
<+ |TOM —+> = —¢a. (4)

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 ) ) ) )

—_— == + |g2|* + |¢3]* + |pal® + 4[5 [).
™ 167rs(s—4m,2\,)2(‘¢1’ |02|° + |@3]” + |9al” + 495 [)
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

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

d’p,
(2r)?
B [ [(QM 62+ Qo (+,—\0) = QrosWif,(++. %)

<+7+7>\5 ‘ A ‘ +7>‘A>

/ [QF¢5‘U3H€(+7 AS) + QF¢1W3H6(+7 =+, AS)] my

(s = As [ A+, 2a)

d’py

(2m)?
B [ (@ o+ QoW (+, = As) + QeéaWih (4., M)

xXmpy

<77+7>‘S ‘ A ‘ +7)‘A>

d’pL
Xmpy (27r)2
d’py
<_7 _>>\S ‘ A ‘ +7>‘A> = / [QF¢5\U3HE(+7 >‘ ) + QF¢2W3HS(+7+7)‘S):| my (271')2

iev/2(2m)3

\/ZS;VN '

where B =
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Then for the averaged squared amplitude one obtains,

=2 e“2(2x)
ol # {2QR1652S0 + QR(101* + 102 ) S1a+
(@63 + Q) + (QF 61 + Qes)?] S3a
(6)
where Qf = Q,’_yl + Q,’_yz and S1o, S34, and Sy are partially
integrated nuclear spectral functions:

1 1
2 2

Sia(t1, b, 0, Bs) = Ny Y > / SHe,NR(PL AL i p27)‘21t2vp57)‘3)mN(2 2| (M)
A=Xo=—1A3=-1}
1 1
2 2 1 d?p, 2
4 — 2 3. -8B -
Ssalti, o, 0, Bs) = Nyw Y 3 /W3He,NR(pla AL t1; P2, A2, t2; Bs, A3)miy @n)? (8)

Ar=—Jo=—1A3=-1}

and

So = S12 + Sas. (9)
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

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.,

p2 = 0
¢5 =
then for NN scattering,
dO.NN—>NN B 1 1 1 R , .
gt Tom s(s —any) 291 T4l H 104, (10)

while for NN breakup

e?2(2m)% 1
S 2sh 2
[(Q'FV1¢3 + QM 04)? + (QM o4 + 02%3)2] 534} (11)

M = { Q21611510+

/
2syn
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Hard pn Breakup

o For large angle pn scattering ¢3 = ¢4,

o while for pn breakup Q2" = %
pn
pn

@ and for 3He ground state 5 5 ~ 2
yielding,
_ 2(01)6 doPn—pn t gPn
2= O T (s — amiy 7T 6T (g
SuN dty 2
and for the differential cross section,
dU’Y3He~>(Pn)P CaQ? 16nt Sg"(a _ %7 Bs) suv (s — 4m2) doP™P (s, ty)
de &2 e 2 (v — PR ) (s — M,,,) dty ’
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Hard pp Breakup

o For pp scattering, ¢4 ~ —¢3 for large Oc.m.

@ From exclusion principle and S state dominance of the nuclear
wave function, Sf¥ << S£?,

o with QFF =3,

for pp breakup,

2 (P21

1M asty 2 (2P U0sI=10a)?S3) (14)

Then, for the corresponding differential cross section,

3
do He—(pp)n 1. 23 s (s — 4m3)
pe) = D‘Q%,pp167r45§:(a =% PS)l 202 52 NMz x
de b + (svw = pn)?(s — M3)
doPPPP (s, ty)
T )
where,
c? = (ﬁ ~ Cﬁ
T2 e
1 1
and,
g = |93l=1oal. (16)
3
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

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

° 014612 (2009)

2
da,Y3H94>(pn)p ) . Sg"(a _ %7 Bs) Sy (GeVY)
———5 ——— = aQf plbn ————— 10 15 20 25 30

dtdEPs ’ 2 ~ 1l
S ]
> 3
D y+’He — (pn) + p
s (s — 4m?) doP" P (s, ty) (] ———
(s — P (5 — M2, ) dt ’ S
NN NN 3 e N =10 -1

B
e

o T y+*He - (pp) +n

-2
do 3 He—(pp)n " 4 erp 1 232 10
3 =aQf ,pl6m S (o= ~,Bs) ——— lnnnnlnnnnlannnlnnnsiannafinanan
dedes 21420 123 456 7 8 9
s E, (GeV)
> 1
sun(suy — 4my)
(s — Pay)2(s — M2 ) .
He FIgU €. Energy dependence of s' weighted
doPP7PP(syy, ty) differential cross sections at 90° c.m. angle scattering
dt ’ in " v-NN"system. In these calculations one
integrated over the spectator nucleon momenta in the
range of 0-100 MeV/c.
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer
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HRM of 3He

Scattering Amplitude
pp and pn breakup

Spectator Momentum Distributions
Polarization Transfer

2y
12 14 16 18 snge\lzg 06 pp - pPp
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@ HRM calculated 3He(ypp)n energy distribution in agreement
with experimental data.

@ Note
U3He(7pp)n(5)wgpp(s)
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Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Spectator Momentum Distributions

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

oPP(solid) oP"(dotted)

E =4 GeV
y
1 a:Es_Ps,z:a —
:g 5 = 7MA/A A NN
-4
-5 q
N | | | | | | | ith
06 07 0809 1 1112 13 15.4 SNV = MI%IN + Eympcn.
oll
5 10
X9 | @ Asymmetry around a = 1 due to s~ 11
0.8 dependence.
8(75 3 @ pp distribution broader than pn.
0.6 07 08 09 1 11 12 13 14 @ R drops around a = 1 from the suppression

a
s of same helicity two proton components of

Hard photodlsmtegratlon of He?



Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Polarization Transfer

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

{160 208, As 1M T+, 201 = 1(=, Aap, As | M |+, 20) 12}
AofiAsiAa
Cy = 5 : (1)
> [{A1Fs Aars As | M|+, Aa)
A1fFA2fAsiAa
Then
- (16112 — [621)STT + (1631 — |9al?)ST 18)
7 = 5
7 20525t + (J6nl? + [62[2)ST + (19312 + [042)ST—
with,

Si'i(tl,%a,ﬁs):

2
dzPQ,L

Z Z (2m)2

(19)

A 1 1
YA P1, A1 ==, t1; P2, Ao = £ —, t2; Ps, A
3He,NR(p1’ 1 5 ik A2 5 2P 3)my

15
=—3 3=

and ST =StT S5t~



Scattering Amplitude
pp and pn breakup

HRM of 3He Spectator Momentum Distributions
Polarization Transfer

Polarization Transfer

(1112 = [6212)ST + (I¢3)* — |pal*)ST—

“ = SGalSt £ (0P +10aP)S + (P 1 s 2D

Through previous assumptions for pp and pn breakup,

2 2
CPP ‘¢3’ ’¢4‘ ~ 0’ 21
62+ (4] &)
and,
CPn |¢1|2 + |¢3|2 |¢4|2 N g (22)
|P11% + [#3]2 + |pa2 3
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Summary

Summary

o 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.

o Calculated HRM 3He(ypp)n differential cross section at
ONN = 90° agrees well with experimental data without the
introduction of adjustable parameters. (Note suppression from
|p3] — |pa| factor with respect to pn breakup).

@ HRM predicts a broader spectator's momentum distribution
for pp breakup in relations to pn breakup.

@ From the HRM, Cgp is suppressed in relation to Cg"
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Summary

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 s712

at large energies from second
rescattering.
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Summary

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

Aa — _ _
M50 (P — P)Tx, (p) T, (ps)

AL, A2, A
VR ) = T @)
Man — Py )

defining quark wave function of the nucleon as

up(p)M iy (p — k)L (k)
_ mi(1—x)+mix+ (kL —xp. )
N x(1—x)

w)/;/m(paxv kL) = (24)

Hard photodisintegration of He®



Summary

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

\U3He(aa pPL, s, Ps,J_) = \/§(2W)3mN\U3He,NR(a7 pL,xs, pS,J_) (25)

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

(2003).
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Summary

SU(6)Helicity Amplitudes

For pp scattering:

Farrar et al.,(1979).

= 144f(Ocm) + 1441 (7 — Ocm) (26)
0

561 (0cm) + 68f (m — Ocm)

—68f(0cm) — 56f(m — Ocm)

=0

-
w

—~ N A/~ /N
)
Q
<

~— N N ~—~ —
I
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