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Classical vs. Quantum forces
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Classical vs. Quantum forces

Pa Pg Can fermions also

EM, Gravity, Yukawa force... mediate interactions?

Q Exchange of a Single boson

Pa g

non-relativistic limit of amplitude:

Classical Force
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force range ~ inverse mass of mediator



Classical vs. Quantum forces

! ' ' '
Pa pa P‘ pB
EM, Gravity, Yukawa force... k exchange two fermions
Q Exchange of a Single boson
Quantum forces
Classical Force .k.

Pa Pg
non-relativistic limit of amplitude:
; Angular momentum conservation:
d 9d iqr 1 —MeT .
Vir)=- / 2 TAla) = - e only two fermions can!

(example: cooper pair)
force range ~ inverse mass of mediator
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The two-neutrino force

* The first correct neutrino force law  Feinberg & Sucher, 1968

G2 dispersion formalism
F

43S

VZV (7") X2

Four-Fermi Interaction



The two-neutrino force

The first correct neutrino force law  Feinberg & Sucher, 1968

G2 dispersion formalism

43S

VQV(T) =

The neutrino mass effect Grifols, Masso & Toldra, 1996

G2 r>m;t G2 m 5/2
1 . D v F v —2m,r
Dirac mass: Vs, (r) = 13 2 K3(2my ) 3 (W> e
H G2 7">>m_1 G2 m3 1/2
Majorana mass: M v TF v —2m,r
J Vil (r) = 55— Kg(zmy ) YRl e

Four-Fermi Interaction

force range ~ inverse of twice neutrino mass



The two-neutrino force

The first correct neutrino force law  Feinberg & Sucher, 1968

G2 dispersion formalism

43S

VQV(T) =

. Four-Fermi Interaction
The neutrino mass effect Grifols, Masso & Toldra, 1996

. G2 7”>>m_1 G2 m 5/2 .
Dirac mass: Vap(r) = 25— K3(2m” ) = 5 ( V) e
4o r 8 \mr f ~ f twi .
orce range ~ inverse of twice neutrino mass
1/2
: G% m r>myt G m}
. M v F v —2m,r
Majorana mass: VM (r) = 5.5 % K2(2my ) — S \mF) e

« Neutrino force versus gravity
weaker than gravity when distance
Vau(r)  GE/r° N( m )—2( r >—4 is larger than a nanometer
Varav(1)  Gym?2/r GeV

nm
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Why probe neutrino force?

* Prediction of QFT and SM, the unique long-range quantum force in SM

« Reveal the nature of neutrino mass (Dirac or Majorana)

« Sensitive to fundamental parameters (e.g., Weinberg angle)

0.245 RGE Running B B B B "?

e Particle Threshold ]
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U [GeV]

affect precision test of SM at low energy scales
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Why probe neutrino force?

* Prediction of QFT and SM, the unique long-range quantum force in SM
« Reveal the nature of neutrino mass (Dirac or Majorana)

« Sensitive to fundamental parameters (e.g., Weinberg angle)
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Why probe neutrino force?

Prediction of QFT and SM, the unique long-range quantum force in SM
Reveal the nature of neutrino mass (Dirac or Majorana)

Sensitive to fundamental parameters (e.g., Weinberg angle)

Helpful to search for quantum forces from other exotic
light particles (e.g., axion)
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How to probe neutrino force?
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How to probe neutrino force?

« Neutrino Force is weak = How to distinguish from other forces?

15



How to probe neutrino force?

« Neutrino Force is weak = How to distinguish from other forces?
Symmetry!

« Fundamentally, neutrino interaction violates parity symmetry.
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Symmetry!
« Fundamentally, neutrino interaction violates parity symmetry
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How to probe neutrino force?

« Neutrino Force is weak = How to distinguish from other forces?
Symmetry!

« Fundamentally, neutrino interaction violates parity symmetry

« QED conserves parity

» Looking at parity-violating process = Distinguish neutrino force effect from leading QED effect
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How to probe neutrino force?

« Neutrino Force is weak = How to distinguish from other forces?
Symmetry!

« Fundamentally, neutrino interaction violates parity symmetry

« QED conserves parity

» Looking at parity-violating process = Distinguish neutrino force effect from leading QED effect

Atomic Parity Violation!

19



Atomic Parity Violation

« The physical observable: Parity-violating transitions in atom (such as the electric-dipole transition)

A’de‘A><A‘VPV‘B>
Ep — EA

Y = (), |B) = 34
A

+ (A< B)
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Atomic Parity Violation

« The physical observable: Parity-violating transitions in atom (such as the electric-dipole transition)

A’de‘A><A‘VPV‘B>

EPV = (A4, B) =3 !

< Ep — EA

« What we observe: optical rotation angle of the incident light

L
P — ”7 Re (nr(A\) — ni.(\)) oc Im EXY

ng,1,: refractive index of polorized photon

+ (A < B)

L

3

1

L
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Atomic Parity Violation

» The leading effect in APV comes from
the tree-level Z-exchange force

Measurement of Parity science, 1997
e > > € Nonconservation and an Anapole
Moment in Cesium

Z C. S. Wood, S. C. Bennett, D. Cho,* B. P. Masterson,¥
J. L. Roberts, C. E. Tanner,i C. E. Wieman§

- -+ The amplitude of the parity-nonconserving transition between the 6S and 7S states of
:\ > > \ cesium was precisely measured with the use of a spin-polarized atomic beam. This
= measurement gives Im(E1_, )/B = —1.5935(56) millivolts per centimeter and provides an
improved test of thmgy, including a value for the S parameter
of =1.3(3)gxp (1 Dineory- The nuclear spin—-dependent contribution was 0.077(11) millivolts
. . per centimeter; this contribution is a manifestation of parity violation in atomic nuclei and
Already measured for s-wave states in Cesium is a measurement of the long-sought anapole moment.

experimental error: 0.35%
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Atomic Parity Violation

» The leading effect in APV comes from
the tree-level Z-exchange force

Measurement of Parity science, 1997
e > > € Nonconservation and an Anapole
Moment in Cesium

Z C. S. Wood, S. C. Bennett, D. Cho,* B. P. Masterson,¥
J. L. Roberts, C. E. Tanner,i C. E. Wieman§

- -+ The amplitude of the parity-nonconserving transition between the 6S and 7S states of
:\ > > \ cesium was precisely measured with the use of a spin-polarized atomic beam. This
= measurement gives Im(E1_, )/B = —1.5935(56) millivolts per centimeter and provides an
improved test of thmgy, including a value for the S parameter
of =1.3(3)gxp (1 Dineory- The nuclear spin—-dependent contribution was 0.077(11) millivolts
. . per centimeter; this contribution is a manifestation of parity violation in atomic nuclei and
Already measured for s-wave states in Cesium is a measurement of the long-sought anapole moment.

experimental error: 0.35%

» Neutrino force is the loop correction, but much longer range!
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Neutrino force versus Z force

Z forces m,' ~ 107 cm
short-range

‘ Vy ~ Gpod(r)

(Ws|Vz| V) ~ GrP3(0)Y;(0)
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Neutrino force versus Z force

Z forces m,* ~ 1071 cm v forces my, ~0.1eV m;!'~107* cm
short-range long-range

‘ VZ ~ GF53(7“) VQV ~ GQF/TS

1

(Ws|Vz| V) ~ GrP3(0)Y;(0) (W | Vo [U;) ~ G%/d?’r \IJ}(r)T—B\IJZ(r)
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Neutrino force versus Z force

Z forces m,* ~ 1071 cm v forces my, ~0.1eV m;!'~107* cm
short-range long-range

‘ VZ ~ GF53(7“) VQV ~ GQF/TS

1

(Ws|Vz| V) ~ GrP3(0)Y;(0) (W | Vo [U;) ~ G%/d?’r \IJ}(r)T—B\IJZ(r)
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Failure of 1/r°

v forces
long-range
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Failure of 1/r°

v forces
long-range

(VW) ~ G [ dPrwm

1

1
75

\I!Z(r)

s =0 (LS|Vo,|185) ~ | —dr =

28



Failure of 1/r°

v forces ) 1
long-range (U g |Vay | W) ~ G%/d?’r W (r) 5 i(r)

1
s =0 (LS|Vo,|15) ~ r—3dr=oo

* Indicate the failure of 4-Fermi approximation at short distances

 To correctly calculate the neutrino APV effects, it is necessary to
know the short-range behavior of the neutrino force
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Failure of 1/r°

v forces ) 1
long-range (U g |Vay | W) ~ G%/d?’r W (r) 5 i(r)

1
s =0 (LS|Vo,|15) ~ r—3dr=oo

* Indicate the failure of 4-Fermi approximation at short distances

 To correctly calculate the neutrino APV effects, it is necessary to
know the short-range behavior of the neutrino force
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Neutrino force beyond 4-Fermi

Xl > / >
2
v VQV (7“) GF

A 47-‘-37a5

Feinberg & Sucher, 1968

4-Fermi theory: r > 1/m,

breaks down whenr < 1/m,

31



Neutrino force beyond 4-Fermi

Xl > >
GQ
vV _ F
A V2V (7“) 47-‘-37a5
Feinberg & Sucher, 1968
14
X2 < <

4-Fermi theory: r > 1/m,

breaks down whenr < 1/m,

) Self-energy Diagram

X1 — T AANAAN
X2 —A‘ X2 — I AAAAN

(c) Penguin Diagram (PG2)

What does the force look like at UV?

X1
v
v
A
X2

b) Penguin Diagram (PG1)

w

w

—

S

(d) Box Diagram

full electroweak theory

valid at all distances
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The full-range neutrino force

Ghosh, Grossman, Sieng & BY, [2410.19059]

4
g 1 ; - ; X1 X1
VSE(p) = e 2+z2)Ei(—z)+e*(2—z)Ei(z)+2
$20) = (1) ggrer [ @ +2)Bi(-a) + % (2= 2)Ei(0) + ] 3 N7
z=mgr, Ei(z)=- /oo dt t~te™? v
—z g A
Xz X2
9 9 2 9 (a) Self-energy Diagram (b) Penguin Diagram (PG1)
PG\ _ g 0 _Virt (2mW + 3t) — 2 (mW + t) log (1 + t/mW) A AN
‘/E) (7") - 3.2 dte 5 5 X1 W
2048m3c2,r Jo t2 (t —m%) z
% I A I
Vobox(r) L g4 /‘OO " e_\/frm%/Vt (t + 2m%/[/) + (t2 _ 2m%{/) (t 4+ m%}[/) ].Og (1 + t/m%/v) (c) Penguin Diagram (PG2) (d) Box Diagram
- 3 2
512mor 0 2 (t+2m%/V)
This full expression is lacking in literature
Renormalizable neutrino force, valid at all distances for more than 50 years
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Comparison of three

x10~7 x10-8
— V5 4 — o
o 2
£
~
=
X0
-2
2 4 6 8 3 4 5 6 7 8
r/mg1 r/my '
(a) Self-energy diagram (b) Penguin diagram
xi"
0 [ V&)ox
-1
N —2
£
=
<3
S
—4
-5
2 3 4 5 6 7 8
r/my!

(c) Box diagram

UV diagrams

-2 1r — %
7 | ] — e
i i i — Vbox
104} | L ’
! ! A: Attractive
i i i R: Repulsive
N 107 i i ]
£ i
=17 | |
> i i '
10710} i i .
1012} | ]
1014}
ARA ; RRA IRAA! AAA
102 101 EETIL T
-1
r/mz

Self-energy (penguin) changes sign twice (once) around 1/m,

Box does not change sign the whole range

34
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Neutrino force contribution to APV

« Parity-violating neutrino forces in muonium and positronium:

V;\E/(’r’) _ |:2 (Uﬁ— O'e) * Pe + (Uﬁ Xma'e) . v:| [3 (1 _ 43%}[/) VOSE(’)") _ (2 _ 43%}[/) VOPG(’]")]
e ¢ All the V, have

2(0z x0e)-V been computed

VES(r) = [3 (1 — 43%,‘/) VOSE(T) — (2 — 43%,1/) VOPG(T) + Vobox('r)]

Me
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Neutrino force contribution to APV

« Parity-violating neutrino forces in muonium and positronium:

V;\_'L;(’r‘) _ [2 (Uﬁ— O'e) * Pe + (Uﬁ Xma'e) . V:| [3 (1 _ 48%4/) VOSE(’)") _ (2 _ 43%}[/) VOPG(’]")]
e ¢ All the V, have

2(0z x0e)-V been computed

VES(r) = [3 (1 — 43%‘/) VOSE(T) — (2 — 48%4/) VOPG(T) + Vobox('r)]

Me

« What we want to compute: neutrino force contribution relative to the Z force

v J
= @ C’j — <B|VPV|A> The parity-violating
iB AB Ejp— Ep matrix elements

36



neutrino force contribution

« £ = 0 (s-wave) state n, = S
) /Z force contribution
2

SE_ 9
o= 327r2c%,v ’

po_ 9 (1= 25) |y (1+cy)* =3 (7T+4cky) +6 (3+2ck) lo (L)
T 9672 (1 — 43%‘,) w w w) 208 C%V

2 1 2. c?
— 6 (1+cjy)” log? (1+%) —12 (14 cfy) " Lis (1+V‘;%V)],

0 (453r)

25672 (1 —4s%,)
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neutrino force contribution

« £ = 0 (s-wave) state n, = S
/Z force contribution
2
SE g
Uy o
32%20%,[,

[27r2 (1+ C%V)2 —3(7+4cjy) +6(3+ 2cjy) log (c%)
W

2
—6(1+ )’ log? (1+%) — 12 (1+c%v)2L12( W )]

Cly 1—|—c%v

pbox _ g° (4+3%) . The loopltree ratio is accidentally
25672 (1 — 4s7y) enhanced by (1 —4sj,)  ~ 20




« £ = 0 (s-wave) state

My

_ 2 2 \2 2 2 1
= 9672 (1 452, [27r (1+ ciy) 3(7+4CW)+6(3—|—2CW)10g( )

box __

neutrino force contribution
Ny = : -
/ force contribution

2
w

—6 (1 —I—c%v)210g2 (1 + %) —12(1 +C%V)2Lig ( ly )]

Ciy 1+cs ) |
g* (4 + 3n?)

25672 (1 —4s%,)

The loopltree ratio is accidentally
enhanced by (1 —4sj,)  ~ 20

Numerically:

s2, = 0.23863
nSE ~ —0.2% ,
o ~ 4% ,
N ~ 12% .
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¢« £ =0 (S-Wave) state neutrino force contribution

T = / force contribution
, - Numerically:
nSE = g ,
322, sty = 0.23863
PG g (1 — 23%{/) 2 2 \2 2 2 1 SE
n, = 5 | 2T (1+cjy)” —3(7+4cjy) + 6 (3 + 2ciy) log —5 n, =~ —0.2% ,
9672 (1 — 43W) Ciy
PG
2\27_ 2 1 2 \2 C%/V ™ 7% ’
—6(1+c lo 14 5| —-12(1+c Li :
(1) log ( c%v> (14 civ) 2(1+c%v) >~ 12% .
box 9 (4+37°)

My

— ~ The loopl/tree ratio is accidentally
25672 (1 — 4s7y) enhanced by (1 —4sj,)  ~ 20

124

. . Vi 2
muonium: n* = nSF 4 nPG ~ 4% agree with naive estimate loop J

Vieee ~ 16m (1—452,) ~ OO
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¢« £ =0 (S-Wave) state neutrino force contribution

= Z force contribution
) Numerically:
SE g
n, = — ’
$m7c, 52, = 0.23863
2 1—9 2
e = 2 ( SV‘;) or? (1+ &&)” — 3 (7+4c%) +6 (3+ 2c}) log % noF ~ —0.2% ,
9672 (1 — 4s2,) Ciy pQ
2 \27 . 2 1 2 V21 Cly T ™ %,
—6(1+cjy) " log 1+% —12 (1 + ¢jy) " Lip T ) | nbOXN12%
v - y
2 2
pbox — 9 (4+3m )2 . The loopitree ratio is accidentally
25672 (1 — 4s7y) enhanced by (1 —4sj,)  ~ 20
: et SE |, . PG Vioop 9°
muonium: n°* = n>* +n, Y ~ 4% agree with naive estimate

positronium: n¢ = pSF + pP'G 4 pbox ~ 16% additionally enhanced by the box diagram
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¢« £ =0 (S-Wave) state neutrino force contribution

= Z force contribution
) Numerically:
SE 9
n, = - )
32, 5%, = 0.23863
pa _ 90 (1—2s3) 2 2 2 2 2 1 SE
nhC = on? (14 )" — 3 (7+4¢y) +6 (3+2¢%) log | - -~ —0.2%,
9672 (1 — 4s2,) Ciy/ PG
2 \27 2 1 2 \27- Ciiy (2 %,
—6 (1 + cjy) " log 1+% —12 (1 +cjy) " Lig )| nboxz12%
y :
2 2
pbox _ Y (4+37%) . The loopitree ratio is accidentally
25672 (1 — 4s7y) enhanced by (1 —4sj,)  ~ 20
. T7 SE PG ‘/iOOp g2
muonium: n°* = n>* +n, Y ~ 4% agree with naive estimate ~

~ O(5%)
Viree 1672 (1 — 4s%,)
positronium: n¢ = pSF + pP'G 4 pbox ~ 16% additionally enhanced by the box diagram

2 comparable to the current APV experimental
h t . v g __ ~ .
cavy atot 1 67z ~ 0.37% error (0.35%) in Cesium
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neutrino force contribution

» Higher-? states Ny = Z forces

/ force contribution
short-range

Tree-level contribution is highly suppressed for higher-? states
VZ ~ GF(S3 (7“)

Neutrino force contribution is dominated

Yet, observing APV for ¢ + 0 states is still unrealistic in experiments
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Neutrino force effects on extracting sin“0,,

« APV measurement = weak charge Q,, = Weinberg angle sin?8,, = precision test of SM at atomic scale
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Neutrino force effects on extracting sin“0,,

« APV measurement = weak charge Q,, = Weinberg angle sin?8,, = precision test of SM at atomic scale

« Currently, there exists a 20 slight tension between the APV measured value and the SM predicted value

0.245 RGE Running i B
e Particle Threshold
Measurements
0.240 :_ ‘]VSLAC !5-158
B ~
3 » APV Queak \\
‘D 0235 F N
= X eDIS
v o
[ LEPI
C B Tevatron SLC ILHC
0.230 — N
0.225 [ ] ol ol gl
10~% 10°3 1072 1071 1 101 102 103 10°

u [GeV]

Taken from PDG (2024)
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Neutrino force effects on extracting sin“0,,

« APV measurement = weak charge Q,, = Weinberg angle sin?8,, = precision test of SM at atomic scale

iaaabatween the APV measured value and the SM predicted value

« Currently, there exists a 20 slig

0.245 New Physics?
Probably not...

0.240
Qweak \\
3, N
‘D 0.235 N
= eDIS
o Taken from PDG (2024)
LEPI
- Tevatron SLC ILHC
0.230 N
0225 L lIIIl|.|l N
10_4 10_3 10_2 10_1 1 101 102 103 10° i

u [GeV]



 Neglecting the neutrino force will affect the extracted value of sin?6,, from APV

a2 0! )
sin“ 6};, — sin“ 6
W Wn o [3N in?
; ~ + (4N —32) (1 — 4sin“ 0
sin? Oy N +3Z [ ( ) ( w)]
Ow : true value including neutrino force effect Z: number of protons

{/V: extracted value without neutrino force N number of neutrons

n from neutrino force has
been calculated above
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 Neglecting the neutrino force will affect the extracted value of sin?6,, from APV

sin? 07, — sin? Oy o

sin? Oy TN +32

[BNV + (4N —32) (1 — 4sin” Oy ) ]

n from neutrino force has
been calculated above

Oy : true value including neutrino force effect

{/V: extracted value without neutrino force

* The neutrino force effect;

—

, sin? O — sin? Oy
muonium : 5
sin“ Oy
, , sin? 64, — sin® Oy
positronium : .5
sin” Oy

sin? O — sin? Oy

heavy atoms :
Y ( sin? Oy

(current experimental error ~ 0.8%)

Z: number of protons

N: number of neutrons

) ~ —0.2%,

) ~ —0.7% ,

)

Neglecting the neutrino effect
= measured value < true value
3 2 133
N (L8 N g3
N +3Z 1672
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Neutrino effect in atomic system

0.245 RGE Running T o I
e Particle Threshold
Measurements
0.240 :_ SLAC 5158
2 N
3 :_ APV Quweak \\

‘D 0.235 | fN :
£ ' eDIS )
7)) o -

LEPI -
C Tevatron SLC ILHC ]
0.230 — N -
0-225 : | |||||||I 1 1 IIIIId 1 1 llllld 1 1 IIIIId 1 1 IIIIId 1 1 IIIIIII 1 1 Illlld 1 1 Illll:ﬁ
10~4 103 1072 101 1 101 102 103 10°
u [GeV]
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Neutrino effect in atomic system

0.245

Neutrino force is

i non-negligible
0.240 F
3 : * neutrino effect is sizable in atoms
‘D 2 . .
O :  help alleviate the tension
wn L
C Tevatron
0230 £ N
0225 Emsasd ool vcnl el el il
104 1073 1072 107! 1 101 102 103  10°
H [GeV]
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Conclusion

« We derive a new formula of neutrino force beyond 4-Fermi approximation
that is applicable at any distance

« Contrary to what people thought before, the neutrino force contributes
significantly to APV, comparable to the current experimental sensitivity

* Neutrino force has sizable effect on atomic measurement of Weinberg angle
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Dispersion technique for quantum forces

* Amplitude from QFT = extract the imaginary part = effective potential

B 1
- 872p

Vet (7)

o0
/ dt DiSC [’I:ANR (t)] e_ﬁr Feinberg, Sucher & Au, 1989
0

Disc [t ANr(t)] = tANR(E + t€) — tANR(E — t€) = —2Im [Angr(f)] (With € — 0+)

The discontinuity part is always finite according to the optical theorem
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Electric-dipole forbidden transition

|A) and |B): eigenstates with same parity

|A): eigenstate with opposite parity

electric-dipole transition is forbidden by selection rule: (A|d.|B) =0

[A) = |A) = |A) + Canld),  Cyp = EYevld)

Parity-violating potential perturbs the eigenstates:

B) — |B') = |B) + Cpald),  Cpa =G0

_ 3 AL AV B) |

(A'|d|B")
|de| Fr — Fn

+ (A < B)
A



Neutrino effects on extracting sin?0y,

_92 —mzgr _g2 e—mzfr ") NG
= loop contributions =Z(1—4sin“0 - N
64 cos? 0y, Cw T 647 cos? Oy, Qw T +loop contribution Qw ( W)

Z: number of protons

Oy : true value
N number of neutrons

01, extracted value assuming only Z force

* Oy, and 8',, are connected by:

. (BIVl4)
cos? Oy cos? 0w ., g? e~ ™Mz’ C‘J‘lB - E 4 EVE B
Q CaB = 0 Cip x 647r<B| . |A) 7
v w Cap = C45(1+n)

sin? 0], — sin” Oy n . 9
—> g S sz BNV (AN =32) (1 s’ 0w)]
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Photon penguin diagrams

X1 X1
Z g
X X
X X
y A
X2 X2
g
(a) Self-energy (ySE1) (b) Self-energy (ySE2) =
X1 X1 =
X X1 v
X2
gl X2
X2 < X2
(c) Penguin (vPG1) (d) Penguin (yPG2)
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Radiative corrections to APV

* The 1-loop radiative correction up to O(aGr) was computed long ago

Radiative corrections to atomic parity violation Parity violation in atoms induced by radiative corrections

W. J. Marciano

Department of Physics, Brookhaven National Laboratory, Upton, Long Island, New York 11973 W? J. Marciano and A. L Sanda
o Department of Physics, The Rockefeller University, New York, New York 10021
A. Sirlin (Received 26 January 1978)

Department of Physics, New York University, New York, New York 10003
(Received 16 July 1982)
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Radiative corrections to APV

* The 1-loop radiative correction up to O(aGr) was computed long ago

Radiative corrections to atomic parity violation Parity violation in atoms induced by radiative corrections

W. J. Marciano

Department of Physics, Brookhaven National Laboratory, Upton, Long Island, New York 11973 W? J. Marciano and A. L Sanda
o Department of Physics, The Rockefeller University, New York, New York 10021
A. Sirlin (Received 26 January 1978)

Department of Physics, New York University, New York, New York 10003
(Received 16 July 1982)

« The 0(G2) neutrino contribution was neglected previously Therefore, terms of order Gya(m*/M,’) are re-
garded as being of order G* and are neglected in

our analysis.']

G+ ~Gpq®/mz — 0

The amplitude of neutrino loop vanishes when g% — 0
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Radiative corrections to APV

* The 1-loop radiative correction up to O(aGr) was computed long ago

Radiative corrections to atomic parity violation Parity violation in atoms induced by radiative corrections

W. J. Marciano

Department of Physics, Brookhaven National Laboratory, Upton, Long Island, New York 11973 W? J. Marciano and A. L. Sanda
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« The 0(G2) neutrino contribution was neglected previously Therefore, terms of order Gya(m*/M,’) are re-
garded as being of order G,* and are neglected in

our analysis.']

G+ ~Gpq®/mz — 0

The amplitude of neutrino loop vanishes when g% — 0 The neutrino force has a range much

larger than Z force, so the §-function
But this is only correct for §-function approximation (m% — ) approximation is no longer applicable!
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How does long-range interaction contribute?

When there exists long-range PV interaction, the correct way is:

1) Perform Fourier transform of the amplitude to get the effective potential

(instead of taking g% — 0 at the amplitude level)
q

2) Convolve the parity-violating potential with the atomic wave functions

Lesson: The zero-momentum transfer limit (g*> — 0) cannot capture the

long-range contribution to the APV matrix elements
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Asymptotic behaviors

* Long-range limitr > 1/m,:

SE 94 G%
Vo (r) = _5127r3m§l,v7‘5 ~ 167315
4 G2
‘/ObOX(,r,) — _ g - - _ F
12873 my;, 1o 437D

« Short-range limit r < 1/m:

4 1
VOSE<7“) ~ g 08 (er)

- 30727730%‘/ r
VPG (1) ~ gt log® (mwr)
0 512m3cd, r

g* log2 (mwT)

box ~
W (r) ~ =563 r

4 G2
VbPG (,r) _ g _ F
2567r3c%,vm2zm%vr5 8m3rd

All reduce to the 1/r° form at long distances

All scale as 1/r at short distances

But penguin and box are enhanced by log?(my1)
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