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Parity violation in yp Compton scattering
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Polarized beamyp Compton scattering provides a theoretically clean way to extract the isovector parity
violating pion-nucleon coupling constalni), . This channel is more tractable experimentally than the recently
proposed extraction df;l,ﬂN from the Bedaque-Savage process—polarized tat,vﬁeﬁ:ompton scattering. The
leading parity violating effect is calculated using heavy baryon chiral perturbation theory. The size of the
asymmetry is estimated to be4x 108 for 120 MeV photon energy.
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The isovector parity violatingPV) pion-nucleon coupling flipping of the target polarization should be employed. This
constanh;l,%N is responsible for the longest range part of theis impractical with the currently available experimental tech-
Al=1 PV NN forces[1-3]. It is expected to give dominant Niques and polarized proton targets; thus the Bedaque-
contributions to low energy quantities such as the nudleonSavage(BS) process is not favored experimentally. On the
and nuclear anapole momdi®i—11], and PV neutron radia- o_ther hand, rapid flipping qf beam hellcqy is a ste}ndard tec.h-
tive capturenp—dy. However, past attempts to extract hique already employed in many parltyawolatlng expert-
h), are not satisfactorysee[2,12,13 for reviews. In  MENts. Thus the polarized beam experimept- yp is ex-

many-body systems, several PV effects are enhanced a r;?grimentally more tractablg32]. Given the great interest in

1 . . . (l) . . . .
have been detected. On the other hand, the theoretical anaf1® determination ohzyy, we investigate thisyp parity
sis is complicated. The extractions froffF [14,15 and violating process using heavy baryon chiral perturbation
133C5[16—-19 systems differ by an order of magnitude with (€0 (HBYPT) [33,34. .
large uncertainties, while the measurement in t#&1 sys- We start by reviewing the symmetry constraints on the
tem gives a null resulf20]. In fewer-body systems, the Compton scattering process
theory is more under control but the PV effect is smaller such y(k,€)+p—y(k',e')+p 1)
that previous measurements could not reach the required pre- ’ ' '

cision [21-24. However, there are several high precisionyhere ,e) and ’,e’) are the initial and final photon mo-

new measurements under preparation or execution includingienta and polarization vectors. It has been known for a long

np—dy at LANSCE[25], yd—np at JLab[26], and the time that there are ten time reversal invariant structure func-

rotation of polarized neutrons in helium at NIST. It is ex- tions in the transition amplitude for this process. Six of them

pected that these experiments will put tight constraints on theonserve parity while four of them violate parity. This can be

value ofh) . seen easily by the following exercise in helicity amplitude
In the single nucleon system, a new PV observable wa§ounting. Using]\1,A) to denote a state with photon and

recently suggested by Bedaque and Sayage They found ~ proton helicityA, and x5 in the center of mass frame, 16

that the polarized targetp— yp Compton scattering asym- helicity amplltudes(xi,)\.él)\l,)\z) can bg constructed for

metry measurementcalculated to be~5x 108 for 100 protqn Compton scattering. These amplitudes transform un-

MeV photon energy would determineh(®) with an esti- der time reversal as

mated 15% uncertainty. To control systematic errors, the dif- T

ference in cross section for the proton spin polarized parallel (NLNSIN TN ) = (N1 Ao N1, 2

and antiparallel to the direction of the incident photon must

be measured during a short period of time with only thewhich is equivalent to taking a transpose transformation of

target polarization direction changed. To achieve this, rapidhe 4X 4 matrix. Thus ten time reversal invariant amplitudes

can be constructed through the linear combination
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The isoscalar nucleon anapole moment is dominatetifly,, ~ One can further separate these into parity consertf@

but not the isovector anapole moment which is more directly rel-and PV amplitudes. Two of the amplitudglel(+1,+1/2,
evant for the SAMPLE electron-protdid] and electron-deuteron —1,—1/2) andM+(+1,—1/2,—1,+1/2) have an additional
[5] PV experiments. symmetry. They are invariant under parity transformation,
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after having been made to conserve time reversal invariance ¢ L
The other eight amplitudes can be grouped into four PC anc—ji
four PV amplitudes using similar linear combinations to that
of Eq. (3). This demonstrates the well-known result that FIG. 1. The leading order contribution to parity violating struc-
there are six independent PC and four independent PV struédre functions;—#z in yp ComPtO“l)Scattering-_The solid square is
ture functions satisfying time reversal invariance in a protorfh€ weak operator with coefficieit;;y . Wavy lines are photons,
Compton scattering process. solid lines are nucleons, and dashed lines are pions. The crossed
In the center-of-mass frame. the six PC structure functiongraphs are not shown. Graphs with photons from the strong vertex
can be chosen as ' or insertion of the two-photon-pion vertex vanish in theA=0
gauge, and thus are not shown here.

PC_ NI s . tx[pr. ; (el )
To=N[Ase- € + Ak €K' e+iAz0- (€' Xe) neglected. Note that these structure functions can be deter-

; R SR el otk (el * e RN el 7 mined experimentally(see the Appendix for more details
Tidgo- (ki xkje- € +idso[(€7xk)e-k thus the uncertainty from the PC part can be eliminated com-
—(exk')e™* -k]+idgo-[(e* XKk )e k' pletely. Here we use the HBPT result only for the sake of

estimation of the asymmetry. For the PV structure functions,
—(exk)e’* -K]IN, (5) the LO[O(Gre?) with G the Fermi coupling constaht

contributions have been calculated in R&X7]. We also list
whereN is the proton spinory is the Pauli matrix acting on them in the Appendix. They arise from the pion loop dia-
the nucleon spin indeX andk’ are the unit vectors in the ~ grams shown in Fig. 1 and contribute #-75. F, is an
andk’ directions, and the Coulomb gauge,& €,=0) is additional quantity we will need to compute. Its contribution

used. The PV structure functions can be chosen as comes from the pion loop diagrams shown in Fig. 2 and the
effect starts at NLO. Now we give some details of computing

C€') the F)-°.
The PC part of the relevant Lagrangian is

>

TPV=N[Fio (k+k')e - €'* —Fp(o- €' *k - et o€

— Fak-€"*k"-eo-(k+k')—iFsexe™* - (k+k")IN.

1 m? _
(6) LPC=3D,mD#m— == mf+iNv, DN
The F; _5 structures were first givgn in ReR27]. The inter- Oa 1
ference between, , and F; 3 contributes to the BS process. — F_:_NSM(DMWi)Ti N+ WNN[(U .D)2—D2]N

For the polarized beam proce%pﬂ yp considered here, the

contributions are from the interference betweép, and 7, ie _

and betweend; ¢ and 7 5. ~ NS S o+ mams]NFy,+ - )
Since we are interested in the low energy behavior of the N

proton Compton scattering process, chiral perturbatioRynere the pion decay constaft,=93 MeV, the pion-

theory provides a natural framework with which to work. As ,y ,cleon coupling constagi, = 1.26, N is the isospin doublet

a low energy effective field theory of QCD, chiral perturba- o the nucleon fields with velocity, D is the covariant

tion theory captures the symmetries of QCD and describeggrivative with gauge coupling on the proton B§N=(J

low energy observables by derivative and chiral expansions;ieA)MN, andSis the covariant nucleon polarization vec-

The SU(2) X U(1) symmetry structure of electroweak inter- 1. |4 the proton rest framey*=(1,0,0,0), S*=(0,0/2).

actions can also be incorporated with the weak boson exﬁo:(up+un)/2 and ;= (p,— n)/2 are the isoscalar and

change described by contact interactions while keeping thg\actor magnetic moments in nuclear magnetons, wijth
phOtof‘ as dynamical degrees of freedom in the chiral La- 2.79 andu,= —1.91. The ellipsis denotes terms with more
grangian.

HBxPT has been applied to the calculation of several
Compton scattering observables. The PC structure function: g
have been calculated up to next-to-leading ordetO), e
O(e?p) [34], and are listed in the Appendix. The proton e N ~ “
Thompson term is the only contribution at leading order_i' \ —i' X
(LO) and contributes ta4; only. The NLO contributions g

come from the tree level diagrams, pion-nucleon loop dia- §

grams, and Wess-Zumino term. They contribute to all the PC

structure functions4, ¢ and contribute to the long distance  FIG. 2. The first nonvanishing ordéXLO) contribution to par-
part of the proton polarizabilities. Higher order effects, suchity violating structure functionst, in yp Compton scattering. The

as the proton recoil effect, the short distance contributions ofeatures of the graphs are as defined in Fig. 1. The photon-nucleon
proton polarizabilities, and the two-pion loop corrections, arecouplings are magnetic couplings.
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pion fields and insertions of higher powers of derivative andoperators involve more derivatives. There are only two PV
pion mass. Massive hadronic excitations such as kaons armperators[3] with one derivative that might contribute to
deltas are “integrated out.” Their effects are encoded in the}“y'-o_ But the PV vector operatoEv“n DMT+ can be re-
higher dimensional operators. moved by applying the equation of motion after integration
The nonleptonic PV part of the relevant Lagrangian is by parts[31]. An explicit calculation to diagrams with this

" operator also gives a vanishing result. The PV axial vector

pv_ mNN i R TIVE | R operatorﬁS"pw*DMw* contribution depends on the proton
L 5 ¢ N 7N+ Ihonwm pintH.c. polarization and thus does not contributefg It gives cor-
rections toF;_z only at higher orders and can be neglected.
+eeey (8) In this calculation delta contributions are encoded in the

higher order operators and will contribute through higher
where the ellipses denote terms with more pion fields an@rder diagrams. If one considers the delta-nucleon mass dif-
derivatives. This Lagrangian was first given in R&f with  ferenceA~300 MeV as a light scale as,, andw are, then
a different phase convention for the pion field. We adopt theone needs to sum factors of,./A and w/A to all orders.
same convention as Refgl0,11]. hS},ﬂN was estimated by This can be done by mcludlng delta as a dynamical degree of
matching onto four-quark Fermi theory and was found to beéfreedom[33,35. In this expansion, the delta diagrams will
dominated bys quark contributions, contribute to 1_L4° through A loop diagrams and tree dia-
grams with unknownyNA couplings. In the expansion with
|h(1) I~ GFFWAX~5X10,7 ) which we work, theA is considered as a large or heavy
7NN 2 ' scale, so factors af./A andw/A are treated perturbatively.
Thus below the pion production threshold<<m_) the delta
whereA,~1 GeV is the chiral perturbation scale. This es-contributes a factor ofr(1 /A? 0%l A?)~25% correction to
timation |s consistent with the “best value” obtained in Ref. ]—“NLO This is the dominant source of the uncertainty.
[1] and close to one resulR8] from QCD sum rules. A The PV asymmetry can be defined by the difference in the
recent calculation in the S8) Skyrme model yieldmg,lh),,\, cross sectiorfin the center-of-mass framéor photon helic-
~(£)08 1.3X10° 7 [29]. The radiative correction on the ity A ,=*1 and—1 normalized to the sum
hi X vertex is discussed in Rf30]. B B
"The h{Rx term is the only term inC *¥ with a nonderiva- A (o, 0)= (do/df)(ny=+1) ~ (do/d) (2=~ 1) _
tive pion-nucleon coupling. It contributes 18, through the i (do/dQ)(N,=+1)+(da/dQ)(A,=—1)
pion loop diagrams in Fig. 2 and gives 1D

24 hD ) ) Again, the PC structure function$, _g can be extracted from
Fio_ € 9aNzNsn | E(sin‘li) } (10) experiments to further reduce theoretical input and eliminate
8\/§mNFW7T ® ' the uncertainties from the PC part. Here we insert the PC
HBxPT result in order to get an estimation of the size of the
where the photon-nucleon coupling is magnetic.is the  asymmetry. In this treatment, the helicity asymmetry contri-
photon energy in the center-of-mass frame. Higher order P\jution starts at NLO,

w

2 sirf

Re[ALOFNLO 4 NLOp FLO* 5 rLo*  7LO% (1 4 cosp)]
|A&O|2(1+cosz0) e ’

A, 0,0)=

+AFYOLFIO (14 cosd) + F57 (13 cosh) + F5°7 (1-cog6)]
ANSOLFEO" (14 cos0) + F50" (3—cos) + F5O7 (1 cog)]— AYLOFLO" (1+ cosh)}

4(1+cosb)
| ALC12(1+ cog0)

Re[AYOFO + A [OFYO", (12

We have used the LO result for the PC cross section, so

L7 o m it %=y = Aoy 20)- -~

5 (1+cos6). (13
N

It is instructive to study the low energy limiiw(<m_) of the asymmetry. Keeping the first term in thém, expansion,
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2 2 2n2
e e w (1+kp)€w
ALO:__, ANLON 1+ 2k —(1+k 2C0$0 , ANLO:_ANLON_ p ,
1 MN 3 [ p ( p) ]ZMﬁ 4 5 ZMﬁI
.ANLO _(1+ Kp)ezw fLO*:]_-LO*N_ enghSTl,\),Nwz NLO* enghSTl,\),NanS (14)
° amg Tt ? 24\2m%F, m2" "~ * 24\272F ;Mym?2'’

with ]—"50* =O(w4/mj‘7) andk,=u,—1. The inverse power ah, dependence in thé&’s explains why there are no intrinsic
unknown two-photon—two-nucleon counterterms at this order. In this low energy limit, the asymmetry has a simple form,

h ([ 20+ (ot 1)2]siP0—2(1+cosO)[2un— (p—1)?]} 02 w? mi
Aw(w<m7,9)=— gahzind[24n Mp ] - [21n Mp 1} ) e (15)
24\27%F ,m2(1+ co6) m2’ A?
|
The vanishing ofA,, at backward angleso= ) is a con- me
sequence of time reversal invariance and is a general prop- (17)

erty for all values of the photon energy. For backscattering, 2my(@=m;)

the change of photon spin direction corresponds tdJa
=2 operation and hence is a forbidden transition for th
proton matrix element. Thus neither photon nor proton spin

direction changes but the helicities change signs. Using Eqcinown [36]. Without this resummation, we should restrict

(_3) io; trf)\tim?h_r everszil_lt igvariant amplitud_f anl:lji((j)\é) tourselves tav<<130 MeV such that the factor in EGL7) is
c_o(ntriblu,te toZ)t,he |;\€;1r28p;nlqjmee§3nserves parily and does no sufficiently less than 1. To probe how far away from the

For a numerical estimation of the maanitude of the as m_threshold our calculation is still under control, we compare
metrv. w u N Iid o= '/2 Ivvh ; gnitu YMihe result of expanding th&,, to NLO to that of expanding
elry, we consider= iz, where the total amplitude to NLO, then squaring it to get #e,

(the A,-F, interference term is included in the latter casée

is required in order to shift the pion production threshold
rom m,, to m,+mZ2/2my (in the laboratory frameto re-
over the recoil effect. The resummation procedure is well

- h o \3 the difference between these two quantities is consistent with
Aw( w< mw,5> ~—-8.8x107° il — (70 M V) the estimated higher order contribution, then the result with-
5x10 € out extra resummation will be valid. We find the difference

(16) increases withw and reaches 14% ai=120 MeV, so our
expansion is presumably still useful up to 120 MeV.
with ~25% uncertainty. In Fig. 4, we show the angular distribution ab
In Fig. 3, we show the photon energy dependence of the=120 MeV for the same estimated value bfyy. The
estimated asymmetry @-= /2. Assuming the naive size for maximum asymmetry is nedr= /2 but slightly biased to-
h estimated in Eq. (9), the asymmetry is Wward the forward direction. The asymmetry vanisheshat

7NN . . . .
A" (120 MeV, /2)~ —3.8<10°%, with the higher order = as required by time reversal invariance.

uncertainty ~ (m%/A?, w?/A?)~25%. Note that very near In conclusion, parity violatingyp— yp Compton scatter-
the pion production threshold, resummation of terms withing provides a theoretically clean way to extrav&i,ﬂN. The
powers of dominating source of the PV effect comes from the PV pion
loop contributions. The magnitude of the helicity asymmetry
0
1 0
10°A,, s -1l @=120MeV
"-2 10 AW .2
3 e=n2 3
-4 -4
20 40 60 80 100 120
25 50 75 100125150175
o (MeV)

0., (deg)
FIG. 3. The estimated photon helicity asymmetvy, defined in
Eqg. (11) shown as a function of photon energy with the photon FIG. 4. The angular distribution of the estimated photon helicity
reflection angleg=x/2 in the center-of-mass frame. The naively asymmetryA ., defined in Eq(11) and calculated in HBPT in the
estimated value dﬁﬁ,lh),N=5>< 10 7 is taken as input, and a HPT center-of-mass frame for 120 MeV photon energy. The naively es-
estimation used for the parity conserving amplitude. timated value thTl,\),N=5>< 107 is taken as input.
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is estimated to be~4x10 8 at 120 MeV photon energy
with ~25% uncertainty for a natural sizgY),, under the
framework of HByPT. Thus we have found a model inde-
pendent way to constrain{ with ~25% uncertainty. We
note that the~25% uncertainty is predominantly due to the
delta and can in principle be reduced by inclusion of the
delta as an explicit degree of freedom. Unfortunately this
would require additional experiments to measure the PV
yNA coupling. However, even with- 25% uncertainties;/p
Compton scattering will greatly improve our understanding

PHYSICAL REVIEW (4 055206

y .wZ+wZW A3
arcsmﬁ = | (A3)
2
NLo_ (1+Kp)2w
4 2
2My

egA

“arelo ),

 wZ
arcsmﬁ, (A4)

of h}),. We are optimistic that this experiment is feasible
for current experimental techniques and facilities. NLO_ e’w ) e’gaw®
As 2 (At Kp) = o
2M§ 8m2F2(m2—t)
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APPENDIX ANO_ (14 k) + — ng i
The following PC structure functions computed to M 8 Fa(me—1)
O(e’p) are taken from Eqg4.28a—¢ of Ref. [34] [with a
; . e gAw L wZ
typo in Eq.(4.28b corrected: f j dz arcsm—
8772F2 R
ALO— _ e_2
1 My’ ,X(1-x)2(1-2)° wz wzW
— 20— | arcsin= + ,
2.2 2 we R R?
e 2M7 —t
AYHO= I S m,—JmZ— 0+ (A6)
8wk, V-t
with
y 1 t J-t 1d t (1-2)\/—t
Zarctan, ——— zarcta ,
2 m, Jo 2 —w?2? t=(k—k’)*=—2w?(1—cos#),
Al
(AD W= m2— w?z?+t(1—2)%x(x— 1),
(Ao 2w  e*giw?t ZmZJld t (1-2)/-t
=— Z arctaR————= _ 2 v v
2 M2 87TF727 (—02)o > — o222 R=\m2+t(1—2)%x(x—1). (A7)
2(1-z)Jt(w?z>— mi) Expressions of PC Compton scattering for the unpolarized
- 4mfr—4w222—t(1—z)2 , (A2) differential cross sectiodo/d(), proton-photon spin parallel

2
w
AFO=——[1+2kp—(1+kp)? cosd]

e’gatw e’ga (M2
) - arcsif— —
8mF (m_—t) 8mF |l @ m;
’ga 11 x(1-x)z(1—2)°
SN RISy
47°F o Jo w3

asymmetry4;, and proton-photon spin perpendicular asym-
metry A, are given in terms of PC structure functions in
Eqgs.(4.18 and(4.19 of Ref.[34]. These structure functions
can be extracted experimentally. For example, below the
pion production threshold«{<<m,), one can extract,; and
Az by measuringdo/d() and A at 6=0. SlnceA are all
real below pion production threshold anqocA +A3 and
A x Ay A3, measurements off| and A, are sufficient to
extract4; and.Aj;.

The following PV structure functions are given by
Ref. [27]:
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hd)

1—x
Filo, 9)— ””Nf de dy(1—2y)
><w[I(—l;Xw,Fnz)—I(—1;—Xw,Fn2)],
]—'(wB)—egASTl'\)INJ’ flxd w[Z(—1;Xw,m?)
2T 2 \2mF Yy
~I(—1;—xo,m)],
(1) 1-x
fg(w,ﬁ):\/_—mf dxf dyy(1—x—y)(2y—1)

X 03[ Z(— 2:Xw,M?) —I(— 2;— Xw,m?)],
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azzmi+2y(1_x—y)w2(1—cost9), (A8)

where the functions/(«;b,c) are defined by Jenkins and
Manohar in Ref[33]:

I(a:b,c)= f dN(N2+2\b+0C)¢,
0

LA 1 (A= JAT-mPtie
- ; 1m = 10 ’
2JA%—mP+ie g A+ JA’—mP+ie
I(—2;A,m?) ! - I(—1;A,m?) |.
—2;A,m%) = — - ,m
2(A2 2+|e) 2

(A9)
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