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Goals For This Talk

Provide a brief BSM context & basic formalism

Introduce the dispersion relation framework

Apply the DR framework to nucleon & nuclear
contributions to the Wy box correction

Discuss possible tests
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Weak Decays: CKM Unitarity
d—ue \_/e (Vud Vus Vubl\
S—ue \_/e (l/t ¢ t) Vcd Vcs Vcb
b—ue \_/e \th Vts th/

Ackm = ([Vial* + 1Vsl* + |Vub|2)exp — 1

0.94906 + 0.00041  ]0.05031 = 0.00022|

0.00002

Acky = —0.0006 £ 0.0005




Precision ~ BSM Mass Scale

Precision Goal:

S Ak ~ O(104)

Heavy BSM Physics:

A~10 TeV (tree)
Acky ~ C (/A )?

A<1TeV (loop)

Ultralight BSM Physics:

Ackyy ~ & (a/4m) e <1 (loop)



Error Budget
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Error Budget
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Radiative Corrections

Dominant source of uncertainty:

Ve s 0*(f)
1% G Vud « M2
VW Mow = f/i 87 [ln (A—QZ> + Cyw ()
/ /
Y
e 0*(i) Short distance Long distance

Long distance

Sensitive to hadronic & nuclear dynamics
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Radiative Corrections & Ft Values

Corrected ft values:

Ft = ft(1+87) (1+ 65 — ) (1+A)°)

e

Outer

correction Nucl wavef’'n Nuclear struct
N:;l?)?tl';truct Not a RC part of M.,
P w E-dependent

E-independent
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0* — 0* Dispersion Corrections: g

-h
Ry

I Q-value B &, i
[ Half-life [ 8¢ - Bys
| Branching ratio

ﬂJJJJJJJi_

10c 140 26rnA| 34C| 38mK 42Sc 46V SOMn54CO
Parent nucleus

-l
N
T

-
o
T

Parts in 10°

Towner & Hardy, PRC 91 (2015) 2, 025501

be : scalar currents

Input for V,, & CKM
unitarity test
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Radiative Corrections & V

Superallowed Neutron
2984.43s
‘Vud‘Q = S AV Wm‘z _ 5099.345
(1+Ag) To(1 + 3X32)(1 + Ag)
(gA/gv)2
Hadronic & short Contains ApV

distance part of M,
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Il. Wy Box: Dispersion Relations
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Dispersion Relations

0*(f)
4
VYW
VYW
Y

07 (i)

Electroweak virtual Compton amplitude:

2| Tt T

THY [_guv 4 quqyl prp” iewjaﬁpaqﬁ T;
L (p-q) 2(p - q)

Radiative correction:

DXVJ?/ = 4raRe /

1 VA

d'q My Q@ +v*T3(v,Q%

@r)fMZ +Q2 QF My
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Dispersion Relations

0*(f) Dispersion relation: Im
W Write T, as integral f h\
over discontinuity 5 | & -
UV along cut 5| Vs

Y oo
. 2 T I
o) nw@) = [ [ 5 @
0

Electroproduction structure functions:

Iuv 1 v
WS = = > (2m)*8" (0 +q = px) (pl S 1X) (X] Tty ) do o< Ly, WH
X

o' oy PP o 1€ *Ppags
= |—¢" +—]F + iy Y A F.
[ 217 T pg)? 20p-q) ° ,




Dispersion Relations

v, 0*(f) Radiative Correction:
" vao _ o [ dQMg /OO ay L1 2D 5oy, g2y
\J\J\YWN yW o M MI%I/+Q2 I/(V—I—q)2 3 )
0 0
YW
y . 3 o0 dQ2M‘%V (0) 2
e 0*(i) = M3 (1,Q)

or Jo  Q2[M2, + Q7]

Nachtmann Moments:

1

0 N+1 [ dzg£N NE& 0
Mé)(N’Qz):N+2/ — 2:1;——N+1 FY
0
2,.2\ —1
E=2zx (1+4]\g2x)
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Dispersion Relations

v, 0*(f) Radiative Correction:
%4 SVA©) _ Q i dQQM%V ood (v + 2q) 72(0) 5
\JU\YWN YW M MI%I/+Q2/ VI/(V—I—q)Q 5 (1,Q7)
0 0
— y . 3 o° dQ2MY%V (0) 5
e 0+(|) — % 0 QQ[M%[/—I—Q%MS (LQ)

* Relate F; and M, to data and/or

« Compute F;,(% and M, using same
methods used to describe semi-
leptonic scattering processes with

nucleon & nuclear targets "



Leptoproduction: Had & Nuc Response

Nuclei Free nucleons
o O Elastic Hadronic
Elastic
Resonances
i Regge/
Quasi- ' _
Elastic Hadronic Deep Inelastic

R
esonances Regge/

Deep Inelastic

Discrete

GDR
Levels
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lll. Wy Box: Free Neutron
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Leptoproduction: Had & Nuc Response

Nuclei Free nucleons
o Elastic  yadronic
Elastic
Resonances
: Regge/
Quasi- .
Elastic Hadronic Deep Inelastic
Resonances

7 Pion Production

!

Single nucleon: PRL 121 (2008) 241804
ARV =0.02361(38) = 0.04267 (22)
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Neutrino Scattering

6 3f T
léiz.s;— ) N, ”'-_i = x%’[zz : 'HH? I-I
o THATT

Free nucleons

15F Vﬁ' 1 < ® WA25

; / Ao CCFR

= BEBC/GGM-PS

o.5f— L — Regge + Bomn + A
C — pQCD
0" aasaal s aadal s s sl sl PR
0.1 1 10 100
Q2 (GeV?)

Compute contributions to M;P*'P at
each Q? from different w regions

Isospin rotate to M;(©

O Elastic

Hadronic
Resonances

7 Pion Production

Regge/
Deep Inelastic




Neutrino Scattering

Free nucleons

0>
rE T Parton + pQCD
i ~2GeV-

L — S Np--Bes_H Regge -~ —-—--

e WA25 cg +BG § +VMD

A CCFR
- = BEBC/GGM-PS 5 N
C 1 —R B A : " " -

o.5E — pg%%e +Born + M (0 +m ) - 5GeV? W
0 ...6.I1 " ..; P .....:‘Io " .....;.&J e
Q2 (GeV?)

—p - lllustrate w/ Born
Compute contributions to M;P*P at

each Q? from different w regions

Isospin rotate to M,(© .



Born Contribution

FYEP = —GA(Q*)G1(Q%)5(1 — ),

Fm = —7104Q)C5(@2)60 ~ ),
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Neutrino Scattering

Free nucleons

ro

O
- %{ A
3 Parton + pQCD
( ~2GeV~
L — S Np--Bes_H Regge -~ —-—--
: évégg cg +B.G +VMD
: = BEBC/GGM-PS > .
. —R B 5 ) 2 B
o.5E — pg%%e +Bom +A M (0 4m ) 1‘ - 5GeV? W
0 ...6.I1 " ..; — .....:‘Io " .....;.&J g ‘
Q2 (GeV?)

o ) n N + Resonance
Compute contributions to M;P*P at

each Q? from different w regions

Isospin rotate to M,(© N



Non-resonant

W 7 W ¥
n % >y 5 P n % — 5

ax N + Resonance

Resonant
A(1232): v p only Form falctors
v
Fl/p+1/p 2_7/ mal'a 1 E
e M m (W2 —=mj)?+mil'} 3

) D —— AT
3 res W2 _ mR mR 167’('304
R

X Z (ARpJ +AemJ ) Ag,,]z
Jz:1/2,3/2
A

F; : both 1/2, 3/2

F,9 :only 1/2 .



Neutrino Scattering

Free nucleons

_‘ ;%jﬁ BTy Parton + pQCD

e WA25

A CCFR
[ = BEBC/GGM-PS
os5F L — Regge + Bomn + A
i — pQCD
0" sl " ul sl sl g
0.1 1 10 100
Q2 (GeV?)

Compute contributions to M;**'P at
each Q? from different w regions

Isospin rotate to M,(©
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Regge Contribution

w /4 vptop C(Q?) fin(W) v\
Y g o WY B = [1+@Q2/m2] [1 +@Q?/mZ,] (Vo)
S
i p + .
n e p o _ 1 Cyw (Q?) fen (W) (1) ’
P36 [+ /mi] [T+ @2 /mi, ] \wo
W W / 2 = 2 = 2
M"/\. a P NV « Matching a_t Q?=0and Q? =2 (GeV)
R S [PQCD regime] 2 C.,, (Q%) = C(Q?)
naw
L N £ * Factor of 1/36: matching at pQCD
scale
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Neutrino Scattering
DIS
Free nucleons

: &iﬂ}m .

e WA25
A CCFR
. = BEBC/GGM-PS
osf 1 — Regge + Borfi + A > -
: — pQcCDd
T | i

: PR TeT | sl PR T | e
0 01 1 10 100
Q2 (GeV?)

Born + ( N + Res) +

Compute contributions to M;**P at
Regge

each Q? from different w regions

Isospin rotate to M,(© N



Wy Box: Update from 2006

o
D‘yfvjé = %[CDIS + Cp + C*fe99e . 0™ 4 OFes]

CHM5 =0.829(83) — OB =0.91(5)

CM> = 0.14(14) — CFfe99e 1 0™V 1 OFes = 0.48(7)

| —— This work
L ——— MS

q 12 See W. Marciano
> Fys(0%) = Q (1 0?) talk today

M@ (1,09 1 (1 + Q%M )

AT BT ET] BT ET] BTEN R BT RN T BTN T] ST ET] BT AN T B AR T BT |
10¢ 10* 10° 10% 10* 10° 10' 10* 10® 10° 10¢
Q2 (GeV?)

30




Future Tests

- Lattice computation of M, (Q?)

PV electron scattering

Isospin relation

0
AR =Y, —

n
3,74

SolLID ?

EIC ?
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IV. Wy Box: Nuclei
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Leptoproduction: Had & Nuc Response

Nuclei Free nucleons
o O lastic Hadronic
Elastic

Resonances

Regge/
Deep Inelastic

Quasi-

. Hadronic
Elastic

R
esonances Regge/

Deep Inelastic

Discrete

GDR
Levels

7 Pion Production

A 4

Quasielastic response |--->  Part of 8 : “ CgNuel ”

New work 33



Quasielastic Contribution to Jy¢

~__ g o
WL’ Y
(7 > <— Free nucleon W »
N

PO

A \/\ /" /\vl A’

Nucleon distribution functions

: 3./Vm§1 d3p
TRy S -TE 4 - E )
WH' = amp JE( VE(p+q) {w—-[E(p+q) (p)1}

x0(py—|p)o(p+aql-p)f*(P+Q,P),

e.g. Relativistic Fermi Gas Donnelly et al ‘91 34



Quasielastic Contribution to Jy¢

~__ g
v
SN

=

N

\

\ ]

N4

N

5QE = 2

= —C
NS o QFE

A A" A’
T 7 dv(v + 2q) (0), QF
_ 2 d 2 F ) 2
CoE O/ @ | Mu(v + q)2 3, YW (v, Q%)

1

A

FORP (1,Q%) = —GaG

_

~

Fp

L3> (B2 =k

P

M 324

ki

— Functions of B.E., M-

Nucleon form factors

~
Pauli blocking
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TH: Nucleon Born Contribution to oy

\\‘ N //
W % §i Y
N
\ \/ [
A T A T A
TH** approach: N x free nucleon S (0) ~S
loop computation but with Gy — 45 G

“quenched” nucleon ff’s Ga — qaG2a

** Towner & Hardy 26



Impact on dy¢

N

=

W,
_{

A”

Cor — q(SO)QACB) = —(

4.640.9) x 107

/

Neglects A-
dep variations

Ave over 20
transitions

/

-
/)'ptimistic: o

Correlations
2-body currents
Rel corrections
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Refinements

e Apply state-of-art method
pply state-of-art methods
vy s .
7 N \‘ » Correlations
() [ ) « 2-body currents
oA T A * Rel corrections

Consistency w/ CVC ?

3100

Mg *Ca “Ga "Rb I
3090 10 34y 38my, 46y 54
c CI*"K (o

v Co 3090
3080 “0 *"Al *Ar “Sc*Mn

S e R e

. |
3040 i » 3060 Lo oo e e

3030 T 5 10 15 20 25 30 35




Other Nuclear Corrections

Nuclei Free nucleons
O Elastic Hadronic
Resonances
. Regge/
Quasi- , .
Elastic Hadronic Deep Inelastic

Resonances

Regge/
Deep Inelastic

Discrete GDR

Levels

7 Pion Production

__________ > Part of s

Low-lying transitions
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0" — 0" Decay: Oys

A
_I_
N One-body Two-body:
GS — GS
or
? Full nuclear Greens fn:
excited intermediate states

40
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0" — 0" Decay: Oys

Nuc.

W

v (]
A
= +
N One-body Two-body:
\_ GS — GS
or e
Towner 1992; T&H compilations
Nuc * ? Full nuclear Greens fn:

excited intermediate states

J. Engel
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0* — 0" Decay: Oys

W
Nuc.

Needed: state of
art calc’s & tests
w/ A,

174

One-body

Towner 1992; T&H compilations

Nuc.*

\

Full nuclear Greens fn:
excited intermediate states

/

J. Engel
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V. EW Boxes More Generally
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('°C) & nuclear p-decay;
beam normal asymmetry, Olympus... provide tests

. A | J
v l /  Elastic | v / Inelastic | v
: H : : |
Born Coulomb distortions Dispersion corr.
V=20 Wy

44



Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('°C) & nuclear p-decay;
beam normal asymmetry, Olympus... provide tests

. A | J
v I /  Elastic | v / Inelastic v
: H : i !
Born Coulomb distortions Dispersion corr.
V=20 W,y A A

V= y Beam normal
asymmetry
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('°C) & nuclear p-decay;
beam normal asymmetry, Olympus... provide tests

v l /  Elastic | v / Inelastic | v
C H : i |
Born Coulomb distortions Dispersion corr.
A A
Zf_ N\ Abrahamyan et al, PRL
E 109 (2012) 192501
_F V=y Beam normal
g LF Q ~ asymmetry
U
E m- e
ME TR
'165_. C L '|:’b RPN P R A |r1 « JLabHallA
0 0.05 0.1 0.150 [GeOVQ] 0.25 0.3 0.35 ° Future.. Mainz’ J Lab 46




Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('°C) & nuclear p-decay;
beam normal asymmetry provides, Olympus... provide tests

v l /  Elastic | v / Inelastic v
: H : : |
Born Coulomb distortions Dispersion corr.
A A A A
V=20, Wy

V=y Beam normal

asymmeftry

Important for O (0.1%)
probes of PV 2C(e,e’) &
superallowed pB-decay

V=2% W Nucleus-dependent QED

& EW corrections 47



Dispersion Corrections

Proposal: (1) carry out a consistent set of computations for
A, , PV asymmetry, & 6,5 using different methods (2) develop
a program of A, measurements to test computations

v I / - Elastic | v / Inelastic | v
: i : i I
Born Coulomb distortions Dispersion corr.
A A A A
V=20, Wy

V=y Beam normal

asymmeftry

Important for O (0.1%)
probes of PV 2C(e,e’) &
superallowed pB-decay

V=2% W Nucleus-dependent QED

& EW corrections 48



0* — 0* Dispersion Corrections: g

14 J
12 L I Q-value § 65 i

1 Halt-ie 018 - B be : scalar currents
10 - l | Branching rajio 7

| HHH

Parts in 10°

zl J J J J L Input for V,; & CKM
0 e unitarity test

10C 140 26mA| 34C| 38mK 42Sc 46V SOMn54CO

Parent nucleus

Towner & Hardy, PRC 91 (2015) 2, 025501

» Re-compute with state-of-the-art many-body methods

« Test w/A, predictions & expt for 1°B, "N, 26Mg, 34S, 38Ar, 4°Ca, 4°Ti, °°Cr,
%Fe

 Investigate strategy for obtaining reduced error bars 49



1V. Outlook

Studies of neutron and nuclear p-decay are heading to a
new era of precision, with a goal 6Ax,, ~ O(10?)

Hadronic and nuclear uncertainties in computing the Wy box
radiative correction remain one of the key challenges to
reaching this goal

Recent developments using dispersion relations open a hew
path toward reducing this uncertainty with an opportunity for
new experimental tests using leptoproduction & theoretical
tests with lattice QCD

There exists an exciting opportunity to implement a unified,
comprehensive program EW box computations (-decay, PV
electron scattering ) and experimental tests with polarized

electron-nucleus scattering (A, ).
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