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Parity-violatinge scattering
B Left-right polarization asymmetry hp — e p  scattering
' —-tp  GrpQy

t=(ke! KkL)?
4\/§II# R O

—>» measures interference between e.m. and weak currents
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Scale dependence MS scheme including higher orders

— In forward limit, gives o (a0 antas
proton weak charge T sntw(0=0.2386703

QU, =1 4sin !y

(tree level)
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Corrections to proton weak charge

vacuum
polarization

two-boson
exchange
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Corrections to proton weak charge
B Including higher order radiative corrections

Ql, = A+ Ap+ Ag)(L! 4sirf by (0)+ AL)

+ Tww + 1zz + |

| .
' £ ¥—— pox diagrams

0.0713+ 0.000¢

Erler et al., PRD72, 073003 (2005)

— WW andZzZ box diagrams dominated by short distances,
evaluated perturbativelywwbox gives- 25% correction!)

— ~Z box diagram sensitive to long distance physics,

has two contributions |, _ A+

N

vector e - axialh axiale - vectorh
(Pnite atE=0) (vanishes aE=0)



Axial h correction

m Axialhcorrection ! £, dominantz correction in
atomic parity V|olat|on at very low (zero) energy

—> computed byMarciano& Srlin (1980s) as sum of two parts:

o0 0

* |ow-energy part approximated l3orn
contribution (elastic intermediate state)

* high-energy parabove scal@a ! 1 GeV)
computed in terms of scattering from

free quarks

000

| I\/I
| 4si#y ) In =2+ Ciz(A)
/ \
0.0052(5 short- distance | long distance: 3/2+1

Marciano, Sirlin, PR29, 75 (1984); Erler et al., PRBS, 016006 (2003)
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Axial h correction

m Axialhcorrection ! £, dominantz correction in
atomic parity violation at very low (zero) energy

—> evaluate usinfprward dispersion relationwith
realistic Input(inclusive structure function)

kO k forward limit
t=(k! k')2" 0
s=(k+ p)?

* axialh contribution antisymmetric undelfQ— - EO:

2 . E ..
l e O/, (E) = !—/O AE i #m 07, (E)

% negative energy part corresponds to crossed box
(crossing symmetrg! U)



Axial h correction
B Imaginary part given by interfereneg” structure function

tos ' Qax 2)1 (02
1 . dW2 sz Ve(Q )2 (QZ)
(2ME )2 ;> 0 1+ Q2/M 2

ZME 1 ¥
% W2 _-M2+Q2 2) 3

. 2\ 2 = 2 n 2 - -
with ve(Q?) =11 4! (Q?)sin?"y (Q?) PRL 107 (2000 091806

Im O}, (E) =

—> scale dependence at,, given by

vacuum polarizatiogorrections, e.g. _ -
f W W
b 2 (5) (2 ! !
=1 =1 1ep(Q7) =1 1 g (QF)

1(Q?)

Jegerlehner, arXiv:1107.4683 [hep-ph]
' I(M2) =128.94 o
... Similarly for weak charges



Axial h correction

* elasticpart F; 7 =1 Q*G%,(Q?) G4(Q) ! (W21 M?)

% resonanceoart from parametrization of scattering data

(E) (x107)
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Lalakulich, Paschos
PRD74, 014009 (2006)

(T

—— elastic
6 -—-— resonance

Blunden, WM, Thomas
PRL107,081801 (2011)




AXxial h correction
% DISpart dominated by leading twisDFs at highw (smallx)

e.gatLo, F7?O% = 2e.¢9 ¢(z, Q%) ! @z, Q?)
q

— expand integrand inQ 2 in DISregion(Q? > 1 GeV*)

A(DIS) 37 2 Ue(Q%) a(Q?)
Reliz ™ (B)= o diQ 1+ Q2?/M

n Z(3
. 9@4 (5E2 3@2)M;’ (3)

11
moments MM (Q2) =~ dxx" 'F}*(x, Q?)
0



Axial h correction
B Sructure function moments

n=1 M:!J,Z(l)(QZ): %1| "s(#QZ)

— | 7 analog ofGross4ilewellynamith sum rule

1 OO F
A (DIS) N dQ* . 1s(Q%)
Relz ™ | (1" 4¢) 5 Q*(1+ Q2N 2) 1 :
Q3

— precisely result fronMarciano& Srlin!

(works because result depends on lowest moment of
valencerDF, with model-independent normalizatin

n=3 M@ @)= 1 ax2, +I1x2y 1+ L=Q)

— related tox? -weighted moment of valendeDFs
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Axial h correction

* DIOregion atQ® < 1 GeV? does not afforDFdescription
—> In absence of data, consider models with general constraint:

#* F3 % (Xmax, Q?) should not diverge in limiQ2 — 0

* F,°(z,Q? should matchPDFdescription atQ? = 1 GeV?

C1+12/Q35
1+12/Q?

Fo2 1 (Q¥)%3 asQ?" @

Model 1 F.7%(x,Q2) = F3 7 (% QF)

Model 2 F?l “ frozen at Q% = 1 value for all 7?2

Féz finite as Q%! 0
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Axial h correction

7 | |
5 — elastic
_ —.— resonance
5 2
= o --- DIS (0°<1), Model 1 -
x4 -—- DIS (0°<1), Model 2 ]
DIS (0°>1,n > 3)
=
< Y
]
D
Y
s 4 Blunden, WM, Thomas
| R PR R PRL107, 081801 (2011
0 1 2 3
E (GeV)

—> dominated byn = 1 DISmoment: 32.8 x 10 ¢
(weakE dependence)
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Axial h correction
B correction atE=0

l e(J, = 0.00064 + 000023 + 0.00350" 0.0044(4

1 1

1

elastic resonance

m correction atE = 1.165 GeV (Qweak)

| el A

DIS

> = 0.00005 + 000011 + 000352 = 0.0037(4

cf. MS® value:0.0052(5) (~1% shift in Q%)

* Marciano, Sirlin, PR29, 75 (1984)

m shiftsQf, from 0.0713(8) — 0.0705(8)
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Vector h correction

B Vector h correction ! ¥, vanishes aE =0, but experiment
hask ~ 1 GeV - what Is energy dependente

— forward dispersion relation

2QE ~ 1
* led’,(E)= . dE’E,Z,, =3 #m 0O, (E)

* integration overEX 0 corresponds to crossed-box,
vector h contribution symmetric undeEO« - EO

— Imaginary part given by
o ‘s Q7 dQ?

dW 2
(s" M2)2 0 1+ Q2M 2

s (Qmax " @°)
Q*(W=" M?+ Q)

I mOY,(E) =

zZ Z
R+ F)

Gorchtein, Horowitz, PRIZL02, 091806 (2009)
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Vector h correction
m F; 5 structure functions

% parton model forDiSregion

2t =) ) (a0 = 2

* Inresonanceaegion use phenomenological input fér
(e.g.Christy-Bosted), empirical(sLAc)pt for R

— for transitions tol = 3/2 states(e g.A), CVC
and isospin symmetry give © = (1+ Qb )F

— for transitions tol = 1/2 states vy ! ~Z rotations
pxed byCVC andp, nhelicity amplitudes
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Vector h correction

m Total ! ¥, correction

Re! Y, =0.0047% %55

or 6.6, 2 % of uncorrected @,

—

O
o weak
> 0.8 Q
E=1.165 GeV
-
D?\
o 06
0.4 o K\_
highw
0.2 ; \‘§(~-\________
2 Sibirtsev, Blunden, WM, Thomas
: resonance ’ , :
N PRDS2, 013011 (2010)

\ 4
0 05 1 15 2 25 3 35 4
E (GeV)

16



Red,,(E) (x 107)
O O O = =
N (@))] o o N

O
N

Combined vector and axidl correction

QY, = 0.0713 !

0.070% | (atE=0)

+0.0047

:;:;:;:;:;:;:;:;:;1;I;I;1;1;izi;i:3:3:3:3:3:3:32313.£ At E:1165 GGV,

E-dependent
correction 1S

+ 0.0040

Blunden, WM, Thomas, PRI7, 081801 (2011)
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Other calculations

Rislow & Carlson

l e! Y, =0.0057% 0.000¢

Rislow, Carlson
PRD&3, 113007 (2011)

— compatible withsBMTwithin errors

18



Other calculations

Gorchtein, Horowitz & Ramsey-Musolf

Re! ), =0.0054+ 0.002(

- Re |z - Ava. (Model 1,11)
i Rel lzzA( 2

Gorchtein, Horowitz,
Ramsey-Musolf
PRC84, 015502 (2011)

— central value consistent withBMTandRC,
but 2 x larger uncertainty
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Other calculations

Gorchtein, Horowitz & Ramsey-Musolf

Re! ), =0.0054+ 0.002(

06— |

05

04

R 0.3 MSTW PDF:

\JJ

02

0.1

0.0- N. Hall et al. (2012)

—> |arge uncertainty on non-resonant background
- signibcantly larger than expected frebrs
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Parity-violatingDIS
Constraints fromPVDISasymmetriegeos-o11 on deuteriun)
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Parity-violatingDIS
Constraints fromPVDISasymmetriegeos-o11 on deuteriun)
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Parity-violatingbIs
m Constraints fromPVDISasymmetriegeos-011 on deuteriun)
v P+ (L )Fz!Z+ B(y" g2 /27

A I Il I
PV xy oy (1 T )F2

et Gorchtein et al. model
+ uncertainty
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W lGeV” Hall, Blunden, WM et al. (2012)
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Parity-violatingDIS
Expected inelastic asymmetry data frapweak

| Q°=0.06 GeV

—— BHMT (2012) preiim)

3 ‘\\ ’\// --- with CR background
P ——  &!"l al@eference)
2 L L | L1 | L PR | L1 L
1.5 2 2.5
W (GeV)

— constrain inputrF,”* structure functions fae! |,
(updated analysis in progress)

Hall, Blunden, WM et al. (2012)
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APVin 133Cs
m Parity violating dipole transitios s, , — 7S;,, sensitive

to weak mixing anglé& ~ 0)

— weak charge o€s

Qw (Cs) = 55 &Y, + 78 O,

AN

weak charge obound pin Cs nucleus

B Nuclear effect on elastid contribution- Pauli blocking

—> Intermediate stateN (in target rest framemust have
momentum abovéermi level

Ig| > pe ! 260 MeV

L Q*>Qfn =2M?% 1+ piM2-1 ~p;
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APVin 133Cs
B SgnibPcantly reduced elastic contribution

| 780 1 0000641 000029  O7FY : 0.00044 ! 0.00020

B Total ! Zz correctionsdominated byDIS contributions

P N
total 0.0040(4) 0.0032(4)
MS 0.0052(5) 0.0040(4)
AQN -0.0012 -0.0008
AQw (Cs)  -0.065 -0.060

— overall shift in weak chargeelative tomM9
| Qu (Cs) = ! 0.12€

or|—0.16% of (ﬁv{p(CS) = _73-20(35: Blunden, WM, Thomas
arXiv:1208.4310
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ffect on weak mixing angle

0.250

I sin? 6y ~ 0.000¢

Standard Model

e Completed Experiments

LN LN B B

shift INAPV(Cs)f 0.245 Future Experiments — -
central value [ shift in central value w/out correctloln

I sin®Hy =~ 0.001°

n N -
I%.I? 0.240 \I{ SLAC E158 I

S : v-DIS )
- - APV(Cs ]
‘@ 0.235 | (Ce) .
Mgller [JLab)] (A—II ]

0.230 [ Qweak [JLab] # T P00 1

. PV-DIS [JLab] CDF ]

0_225 [ L1 sl PETITEETIT IR | METIEETIT | Lo anul IR ETIT BT S S A AT | L4 s ‘

10 100 1000 10000

0.001 0.01 0.1 1
Q (GeV) Bentz et al., PLBY3, 462 (2010)

—> Qweak: large shift in central valugf. MS

—> APV(Cs) shift in central valuef. MSby ~ 1/3 of error bar
(~ 4 x larger than quotedM uncertainty

27



Further application: TBE neutrino scattering

B May expect similar two-boson exchan@®E)effects
IN neutrino scatteringQE, DIS)

YW *
F3

B Relevant forn beta decay, extraction atkM
matrix elementv,,

1 ! s(QZ)
F(Q)) — = 1-
as inBjorken & GLSsum rules
cy
2 2
V=1,A,1! QT+ my

vector meson dominance

—
low Q2

Marciano, Sirlin, PRL96, 032002 (2006)
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Summary

B ~Z box corrections computed via dispersion relations
from inclusiveyz interference structure functions

— new formulation in terms of moments puts on Prm-
footing earlier estimates within Ofree quark modelO

B Jgnibcant energy dependergctorhadron correction
—> for Qweak kinematics, shifts central value of weak charg
QY =0.0713 ! 0.0705
—> signibcant constraints from nedwDISasymmetry data

B ~Z corrections to APVin 133Cs
—> shift relative tomMSvalue forQw (Cs) of- 0.16%

| sin“fy ! 4 x SM uncertainty
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