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Global fits including B- K* m
u m

u signal N
P favouring coupling to m

uon

Let’s look at the extrem
e possibility with electrons only!!

The consistency of global fits with the electron requires  m
ore fine tuning relative 

to the m
uon only.

To develop the link with PV 
experim

ents

Including an electron contribution offers better fits to 
R

l
o
w

K
⇤

Kum
ar, London 

1901.04516

H
owever..

In the context of N
eutral current anom

alies



B anom
alies  

(N
eutral)

A
PV in Cs atom

W
eak charge of 

proton

D
irect Searches

W
hat is the goal of the talk?
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K
is

R
K

=
|C

b
L
+
R
µ
L
�
R |

2

+
|C

b
L
+
R
µ
L
+
R |

2

|C
b
L
+
R
e
L
�
R |

2

+
|C

b
L
+
R
e
L
+
R |

2

.
(12)

T
h
is

is
a

clean
ob

servab
le,

m
ean

in
g

th
at

it
is

n
ot

a↵
ected

by
large

th
eoretical

u
n
certainties,

an
d

its
S
M

p
red

iction
is

R
K

=
1.

Q
E

D
correction

s
give

a
sm

all
d
ep

artu
re

from
u
n
ity

w
h
ich

,
h
ow

ever,
d
oes

n
ot

exceed
few

p
ercents

[26].
H

ow
ever,

it
h
as

to
b
e

n
oted

th
at

n
ew

p
hysics

w
h
ich

a↵
ects

d
i↵

erently
µ

an
d

e
can

in
d
u
ce

th
eoretical

errors,
b
rin

gin
g

b
ack

th
e

issu
e

of
h
ad

ron
ic

u
n
certainties.
In

th
e

ch
iral-lin

ear
ap

p
roxim

ation
,
R

K
b
ecom

es

R
K

'
1

+
2
R

e
C

B
S
M

b
L
+
R
(µ�

e
)

L

C
S
M

b
L
µ
L

,
(13)

in
d
icatin

g
th

at
th

e
d
om

in
ant

e↵
ect

stem
s

from
cou

p
lin

gs
to

left-h
an

d
ed

lep
ton

s.
A

ny
ch

irality
of

qu
arks

w
orks,

as
lon

g
as

it
is

n
ot

orth
ogon

al
to

L
+

R
,
n
am

ely
u
n
less

qu
arks

are
axial.

It
is

im
p
ortant

to
n
otice

th
at

th
e

ap
p
roxim

ation
in

eq.
(13),

alth
ou

gh
cap

tu
rin

g
th

e
relevant

p
hysics,is

n
ot

ad
equ

ate
for

a
carefu

lp
h
en

om
en

ologicalan
alysis.

T
h
e

sam
e

rem
ark

rem
ain

s
valid

for
th

e
sim

p
lifi

ed
exp

ression
p
rop

osed
in

[22],
exp

an
d
ed

u
p

to
qu

ad
ratic

term
s

in
n
ew

p
hysics

coe�
cients.

T
h
e

reason
is

th
at

th
e

exp
an

sion
is

controlled
by

th
e

p
aram

eter
C

B
S
M

b
X
lY

/C
S
M

b
X
lY

,
a

nu
m

b
er

th
at

is
n
ot

alw
ays

sm
aller

th
an

1.
T

h
is

is
p
articu

larly
tru

e
in

th
e

p
resen

ce
of

n
ew

p
hysics

in
th

e
electron

sector
in

w
h
ich

—
as

w
e

sh
all

d
iscu

ss
in

d
etail

—
large

valu
es

of
th

e
W

ilson
coe�

cients
are

n
eed

ed
to

exp
lain

th
e

ob
served

an
om

alies.
F
or

th
is

reason
,
all

th
e

resu
lts

p
resented

in
th

is
p
ap

er
m

ake
u
se

of
th

e
fu

llexp
ression

s
for

b
oth

R
K

[24]an
d
,
as

w
e

sh
alld

iscu
ss

n
ext,

R
K

⇤.

2
.2

A
n
a
to
m
y
o
f

R
K

⇤

G
iven

th
at

th
e

K
⇤

h
as

sp
in

1
an

d
m

ass
M

K
⇤

=
892

M
eV

,
th

e
th

eoretical
p
red

iction
for

th
e

R
K

⇤

ratio
given

in
eq.

(1)
is

R
K

⇤
=

(1�
p)(|C

b
L
+
R
µ
L
�
R |

2

+
|C

b
L
+
R
µ
L
+
R |

2)
+

p �|C
b
L
�
R
µ
L
�
R |

2

+
|C

b
L
�
R
µ
L
+
R |

2 �

(1�
p)(|C

b
L
+
R
e
L
�
R |

2

+
|C

b
L
+
R
e
L
+
R |

2)
+

p �|C
b
L
�
R
e
L
�
R |

2

+
|C

b
L
�
R
e
L
+
R |

2 �
(14)

w
h
ere

G
F

is
th
e
F
erm

i
con

stant,
�
(a,b,c)⌘

a
2

+
b
2

+
c
2�

2(ab
+

bc
+

ac),
M

B
⇡

5.279
G
eV

,
M

K
⇡

0.494
G
eV

,
|V

tb V
⇤ts |⇡

40.58⇥
10

�
3.

Introd
u
cin

g
th
e
Q
C
D

form
factors

f
+
,T
(q

2)
w
e
h
ave

F
A
(q

2)
=

(C
1
0

+
C

01
0 )

f
+

(q
2)

,
(10)

F
V
(q

2)
=

(C
9

+
C

09 )f
+

(q
2)

+
2m

b

M
B
+

M
K

(C
7

+
C

07 )
f
T
(q

2)
|

{z
}

S
M

e
l
e
c
t
r
o
m
a
g
n
e
t
i
c
d
i
p
o
l
e
c
o
n
t
r
i
b
u
t
i
o
n

+
h
K
(q

2)
|

{z
}

n
o
n�

f
a
c
t
o
r
i
z
a
b
l
e
t
e
r
m

.
(11)

N
otice

th
at

for
sim

p
licity

w
e
w
rote

th
e
W

ilson
coe�

cient
C

9

om
ittin

g
h
igh

er-ord
er

↵
s -correction

s
[25].

N
eglect-

in
g
S
M

electrom
agn

etic
d
ip
ole

contrib
u
tion

s
(en

cod
ed

in
th
e
coe�

cients
C

(0
)

7

),
an

d
n
on

-factorizab
le

correction
s,

eq.
(12)

follow
s
from

E
qs

(8,9)
by

rotatin
g
th
e
coe�

cients
C

(0
)

9
,
1
0

on
to

th
e
ch
iral

b
asis.

5

The fits to the data

The fits generally involve one 
operator at a tim

e

Lets begin with the B anom
alies
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’A

m
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1704.05438 

N
e
w

p
h
y
sics

in
th

e
m
u
o
n

se
cto

r

W
ilson

B
est-fi

t
1-�

ran
ge

p
�
2S
M

�
�
2b
e
s
t

coe↵
.

‘clean
’

‘d
irty’

all
‘clean

’
‘d

irty’
all

‘clean
’

‘d
irty’

all

C
B
S
M

b
L
µ
L

�
1.33

�
1.33

�
1.33

�
0.99

�
1.01

�
1.10

4.1
4.6

6.2
�

1.70
�

1.68
�

1.58

C
B
S
M

b
L
µ
R

0.68
�

0.73
�

0.35
1.27

�
0.40

�
0.03

1.2
2.1

1.1
0.10

�
1.03

�
0.65

C
B
S
M

b
R
µ
L

0.03
�

0.20
�

0.15
0.32

�
0.04

�
0.01

0.1
1.3

1.1
�

0.26
�

0.29
�

0.25

C
B
S
M

b
R
µ
R

�
0.44

0.41
0.29

0.14
0.61

0.50
0.8

1.7
1.3

�
1.00

0.18
0.07

N
e
w

p
h
y
sics

in
th

e
e
le
ctro

n
se
cto

r

W
ilson

B
est-fi

t
1-�

ran
ge

p
�
2S
M

�
�
2b
e
s
t

coe↵
.

‘clean
’

‘d
irty’

all
‘clean

’
‘d

irty’
all

‘clean
’

‘d
irty’

all

C
B
S
M

b
L
e
L

1.72
0.15

0.99
2.31

0.69
1.30

4.1
0.3

3.5
1.21

�
0.39

0.70

C
B
S
M

b
L
e
R

�
5.15

�
1.70

�
3.46

�
4.23

0.33
�

2.81
4.3

0.9
3.6

�
6.10

�
2.83

�
4.05

C
B
S
M

b
R
e
L

0.085
�

0.51
0.02

0.39
0.29

0.30
0.3

0.7
0.1

�
0.21

�
1.55

�
0.25

C
B
S
M

b
R
e
R

�
5.60

2.10
�

3.63
�

4.66
3.52

�
2.65

4.2
0.5

2.5
�

6.56
�

2.70
�

4.43

T
ab

le
1:

B
est

fi
ts

assum
in
g
a
sin

gle
chiral

operator
at

a
tim

e,
an

d
fi
ttin

g
on

ly
the

‘clean’
R

K
,

R
K

⇤,
an

d
B

R
(B

s !
µ
+

µ
�
),
or

on
ly

the
‘dirty’

observables
as

discussed
in

the
text,

or
com

bin
in
g

them
in

a
global

fi
t.

A
s
far

as
the

electron
case

is
con

cern
ed,

w
e
on

ly
add

to
the

‘clean’
set

the
observables

data
from

B
R

(B
+

!
X

s e
+

e �
)
an

d
B

R
(B

+

!
K

+

e
+

e �
),

as
illustrated

in
appen

dix
A
.
T
he

data
a↵

ected
by

dom
in
an

t
theoretical

un
certain

ties
are

dubbed
as

‘dirty’:
the

sign
ifi
can

ce
quoted

here
w
ould

be
rescaled

by
a
factor

�
if
the

theoretical
un

certain
ties,

adopted
from

state-of-the-art
studies,

w
ere

un
der-estim

ated
by

the
sam

e
factor.
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From
 A

nom
alies to Parity Violation Experim

ents

These experim
ents can be classified into: 

A
tom

ic parity violation  
experim

ents in Cs 

Parity violation due to 
electron scattering of 
liquid hydrogen target 

Both these experim
ents m

easure the weak charge of the Cs N
ucleus and proton 

respectively  

CS W
ood et, al

Jefferson Lab Collab

In SM
 m

odel param
etrization 

C
o
n
f
r
o
n
t
i
n
g
B

a
n
o
m
a
l
i
e
s
w
i
t
h

a
t
o
m
i
c
p
h
y
s
i
c
s

G
.
D
’A

m
b
rosio

an
d

A
.
M
.
Iyer

IN
F
N
-S
ezion

e
di

N
apoli,

V
ia

C
in
tia,

80126
N
apoli,

Italia

F
.
P
iccin

in
i

IN
F
N
,
S
ezion

e
di

P
avia,

via
A
.
B
assi

6,
27100

P
avia

Italy

A
.D

.
P
olosa

D
ipartim

en
to

di
F
isica

an
d
IN

F
N
,
S
apien

za
U
n
iversità

di
R
om

a,
P
.le

A
ldo

M
oro

2,
I-00185

R
om

a,
Italy

W
e
con

sid
er

a
sim

p
le

im
p
lem

en
tation

of
a
m
in
im

al
Z

0
m
o
d
el

in
th
e
con

tex
t
of

th
e
an

om
alies

in
th
e

B
d
ecay

s.
W

ith
th
e
assu

m
p
tion

of
th
e
p
rim

ary
con

trib
u
tion

b
ein

g
d
u
e
to

th
e
electron

,
im

p
lication

s
from

th
e
recen

t
m
easu

rem
en
ts

on
th
e
w
eak

ch
arge

of
p
roton

Q
pW

an
d
th
e
C
aesiu

m
atom

Q
C
s

W
are

stu
d
ied

.
T
h
e
con

clu
sion

is
ch
aracterized

b
y
d
i↵
eren

t
lim

itin
g
b
eh

av
iou

r
d
ep

en
d
in
g
on

th
e
ch
irality

of
th
e
lep

ton
cu

rren
t.

T
h
e
con

strain
ts

are
th
en

com
p
ared

w
ith

th
ose

com
in
g
from

d
irect

search
es.

T
h
is

ob
servation

is
cru

cial
in

d
eterm

in
in
g
th
e
ex
act

n
atu

re
of

th
e
solu

tion
to

th
e
an

om
aly.

T
h
e

b
ou

n
d
s
on

th
e
sim

p
lifi

ed
m
o
d
els

from
atom

ic
p
h
y
sics

are
th
en

com
p
ared

w
ith

th
ose

from
d
irect

search
es.

W
e
d
em

on
strate

th
at

a
m
in
or

im
p
rovem

en
t
in

th
e
atom

ic
p
h
y
sics

m
easu

rem
en

ts
can

b
e

com
p
arab

le
w
ith

th
e
b
ou

n
d
s
from

d
irect

search
es

w
ith

p
ossib

ly
b
etter

sen
sitiv

ities
for

th
e
h
eav

ier
m
asses

(
&

3.9
T
eV

).
W
e
fi
n
ally

com
m
en

t
on

th
e
collid

er
p
rosp

ect
for

ob
serv

in
g
states

b
eyon

d
th
e

realm
of

reson
an

t
p
ro
d
u
ction

at
L
H
C
.

T
h
e
ob

servation
of

fl
avou

r
n
on

-u
n
iversality

in
th
e
sem

i
lep

ton
ic

d
ecays

of
th
e

B
m
eson

s
con

stitu
tes

on
e

of
th
e
stron

gest
h
ints

for
b
eyon

d
stan

d
ard

m
od

el
(B

S
M
)

p
hysics.

T
h
e
m
easu

rem
ent

of
th
e
th
eoretically

clean
ra-

tio
R

K

=
B
(
B

+

!
K

+

µ

+

µ

�
)
/B

(
B

+

!
K

+

e

+

e �
)
[1]

R

K

|
q

2
=
1�

6
G
e
V

2
=

0
.745

+
0
.
0
9
0

�
0
.
0
7
4

(
s
t
a
t)±

0
.036

(
s
y
s
t)

sign
aled

a
⇠

2
.6

�
d
eviation

from
th
e
stan

d
ard

m
od

el
(S
M
)

p
red

iction
of

R

S
M

K

=
1
.0003

±
0
.0001

[2,
3].

S
im

ilarly,
th
e

m
easu

rem
ent

of
R

K

⇤
=

B
(
B

0

!
K

⇤
0

µ

+

µ

�
)
/B

(
B

0!
K

⇤
0

e

+

e �
)
[4]:

R

K

⇤
=

(
0
.660

+
0
.
1
1
0

�
0
.
0
7
0 (
s
t
a
t)±

0
.024(

s
y
s
t)
,

low
q

2

0
.685

+
0
.
1
1
3

�
0
.
0
6
9 (
s
t
a
t)±

0
.047(

s
y
s
t)
,

m
ed

q

2 (1)

p
ainted

a
sim

ilar
p
ictu

re
to

th
at

of
R

K

.
A

com
p
arison

w
ith

th
e
S
M

p
red

iction
,
lead

s
to

a
2
.4
�
d
eviation

for
low

q

2

an
d
⇠

2
.5

�
for

m
ed
iu
m

q

2.
T
h
e
rep

orted
d
eviation

s
can

b
e
p
aram

etrized
in

term
s
of

ad
d
ition

al
contrib

u
tion

s
to

th
e
W

ilson
coe�

cients
of

th
e
follow

in
g
e↵

ective
op

er-
ators:

H
e
f
f

=
�
G

f

↵

p
2
⇡

V

t
b

V

⇤t
s X

i

O
X

Y

C

X
Y

(2)

w
h
ere

C

X
Y

=
C

S
M

X
Y

+
C

N
P

X
Y

.
T
h
e
ob

served
d
eviation

in
th
e
exclu

sive
m
od

els
for

th
e
an

gu
lar

ob
servab

le
P

05

[5]
in

B
!

K

⇤
µ
µ
d
ecays

by
th
e
L
H
C
b
[6,7]an

d
th
e
B
E
L
L
E
[8]

exp
erim

ents
su
ggested

th
e
p
ossib

ility
of

n
ew

p
hysics

in
th
e
m
u
on

sector
[9–15].

H
ow

ever,
th
e
exclu

sive
m
od

es
are

ch
aracterized

by
u
n
d
eterm

in
ed

p
ow

er
correction

s
m
akin

g
it

d
i�

cu
lt

to
sep

arate
th
e
N
P

e↵
ects

from
th
ose

of
th
e

S
M
.T
h
ere

are
several

fi
ts

involvin
g
d
i↵
erent

com
b
in
ation

s
of

W
ilson

coe�
cients

(W
C
)
for

th
e
lep

ton
s.

[15–19].
In

th
is

letter
w
e
w
ill

con
sid

er
th
e
oth

er
extrem

e
p
ossib

ility
w
h
ere

th
e
N
P
cou

p
les

solely
to

th
e
electron

.
O
n
e
d
im

en
-

sion
al

fi
ts

in
th
e
b
asis

of
E
q.

2
w
ere

con
sid

ered
in

[19].
In

a
sim

p
lifi

ed
m
od

el
w
ith

an
ad

d
ition

al
h
eavy

n
eu
tral

vector,
w
e
m
ake

th
e
fi
rst

attem
p
t
to

stu
d
y
th
e
im

p
lica-

tion
s
of

th
e
exp

lan
ation

s
of

th
ese

fi
ts

on
m
easu

rem
ents

in
atom

ic
p
hysics.

P
articu

larly,
w
e
are

interested
in

th
e

recent
m
easu

rem
ents

of
th
e
w
eak

ch
arge

of
th
e
p
roton

Q

pW

[20]
an

d
th
e
C
aesiu

m
atom

(
Q

C
s

W

).
In

th
e
S
M
,
it
re-

ceives
contrib

u
tion

d
u
e
to

th
e
follow

in
g
n
eu
tral

cu
rrent

L
agran

gian
:L

Q

W
,
Q

P
=

ē
�

µ

�

5

e

2
v

2

Xq
=
u
,
d

C

1
q

q̄
�

µ

q
(3)

T
h
e
tree-level

exp
ression

s
for

C

1
q

are
given

as:
C

1
u

=
�

12

+
43

sin
2✓

W
,
C

1
d

=
12

�
23

sin
2✓

W

T
h
e
S
M

valu
es

for
C

1
q

are:
C

S
M

1
u

=
�
0
.1887

±
0
.0022

an
d
C

S
M

1
d

=
0
.3419

±
0
.0025

.
T
h
e
exp

ression
s
for

th
e

w
eak

ch
arge

of
th
e
p
roton

an
d
C
aesiu

m
atom

(in
term

s
of

C

1
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W
e
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er

a
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p
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p
lem

en
tation

of
a
m
in
im

al
Z

0
m
o
d
el

in
th
e
con

tex
t
of

th
e
an

om
alies

in
th
e

B
d
ecay

s.
W

ith
th
e
assu

m
p
tion

of
th
e
p
rim

ary
con

trib
u
tion

b
ein

g
d
u
e
to

th
e
electron

,
im

p
lication

s
from

th
e
recen

t
m
easu

rem
en
ts

on
th
e
w
eak

ch
arge

of
p
roton

Q
pW

an
d
th
e
C
aesiu

m
atom

Q
C
s

W
are

stu
d
ied

.
T
h
e
con

clu
sion

is
ch
aracterized

b
y
d
i↵
eren

t
lim

itin
g
b
eh

av
iou

r
d
ep

en
d
in
g
on

th
e
ch
irality

of
th
e
lep

ton
cu

rren
t.

T
h
e
con

strain
ts

are
th
en

com
p
ared

w
ith

th
ose

com
in
g
from

d
irect

search
es.

T
h
is

ob
servation

is
cru

cial
in

d
eterm

in
in
g
th
e
ex
act

n
atu

re
of

th
e
solu

tion
to

th
e
an

om
aly.

T
h
e

b
ou

n
d
s
on

th
e
sim

p
lifi

ed
m
o
d
els

from
atom

ic
p
h
y
sics

are
th
en

com
p
ared

w
ith

th
ose

from
d
irect

search
es.

W
e
d
em

on
strate

th
at

a
m
in
or

im
p
rovem

en
t
in

th
e
atom

ic
p
h
y
sics

m
easu

rem
en

ts
can

b
e

com
p
arab

le
w
ith

th
e
b
ou

n
d
s
from

d
irect

search
es

w
ith

p
ossib

ly
b
etter

sen
sitiv

ities
for

th
e
h
eav

ier
m
asses

(
&

3.9
T
eV

).
W
e
fi
n
ally

com
m
en

t
on

th
e
collid

er
p
rosp

ect
for

ob
serv

in
g
states

b
eyon

d
th
e

realm
of

reson
an

t
p
ro
d
u
ction

at
L
H
C
.

T
h
e
ob

servation
of

fl
avou

r
n
on

-u
n
iversality

in
th
e
sem

i
lep

ton
ic

d
ecays

of
th
e

B
m
eson

s
con

stitu
tes

on
e

of
th
e
stron

gest
h
ints

for
b
eyon

d
stan

d
ard

m
od

el
(B

S
M
)

p
hysics.

T
h
e
m
easu

rem
ent

of
th
e
th
eoretically

clean
ra-

tio
R

K

=
B
(
B

+

!
K

+

µ

+

µ

�
)
/B

(
B

+

!
K

+

e

+

e �
)
[1]

R

K

|
q

2
=
1�

6
G
e
V

2
=

0
.745

+
0
.
0
9
0

�
0
.
0
7
4

(
s
t
a
t)±

0
.036

(
s
y
s
t)

sign
aled

a
⇠

2
.6

�
d
eviation

from
th
e
stan

d
ard

m
od

el
(S
M
)

p
red

iction
of

R

S
M

K

=
1
.0003

±
0
.0001

[2,
3].

S
im

ilarly,
th
e

m
easu

rem
ent

of
R

K

⇤
=

B
(
B

0

!
K

⇤
0

µ

+

µ

�
)
/B

(
B

0!
K

⇤
0

e

+

e �
)
[4]:

R

K

⇤
=

(
0
.660

+
0
.
1
1
0

�
0
.
0
7
0 (
s
t
a
t)±

0
.024(

s
y
s
t)
,

low
q

2

0
.685

+
0
.
1
1
3

�
0
.
0
6
9 (
s
t
a
t)±

0
.047(

s
y
s
t)
,

m
ed

q

2 (1)

p
ainted

a
sim

ilar
p
ictu

re
to

th
at

of
R

K

.
A

com
p
arison

w
ith

th
e
S
M

p
red

iction
,
lead

s
to

a
2
.4
�
d
eviation

for
low

q

2

an
d
⇠

2
.5

�
for

m
ed

iu
m

q

2.
T
h
e
rep

orted
d
eviation

s
can

b
e
p
aram

etrized
in

term
s
of

ad
d
ition

al
contrib

u
tion

s
to

th
e
W

ilson
coe�

cients
of

th
e
follow

in
g
e↵

ective
op

er-
ators:

H
e
f
f

=
�
G

f

↵

p
2
⇡

V

t
b

V

⇤t
s X

i

O
X

Y

C

X
Y

(2)

w
h
ere

C

X
Y

=
C

S
M

X
Y

+
C

N
P

X
Y

.
T
h
e
ob

served
d
eviation

in
th
e
exclu

sive
m
od

els
for

th
e
an

gu
lar

ob
servab

le
P

05

[5]
in

B
!

K

⇤
µ
µ
d
ecays

by
th
e
L
H
C
b
[6,7]an

d
th
e
B
E
L
L
E
[8]

exp
erim

ents
su
ggested

th
e
p
ossib

ility
of

n
ew

p
hysics

in
th
e
m
u
on

sector
[9–15].

H
ow

ever,
th
e
exclu

sive
m
od

es
are

ch
aracterized

by
u
n
d
eterm

in
ed

p
ow

er
correction

s
m
akin

g
it

d
i�

cu
lt

to
sep

arate
th
e
N
P

e↵
ects

from
th
ose

of
th
e

S
M
.T
h
ere

are
several

fi
ts

involvin
g
d
i↵
erent

com
b
in
ation

s
of

W
ilson

coe�
cients

(W
C
)
for

th
e
lep

ton
s.

[15–19].
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th
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w
e
w
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con
sid
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th
e
oth

er
extrem

e
p
ossib

ility
w
h
ere

th
e
N
P
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p
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th
e
electron
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O
n
e
d
im

en
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sion
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fi
ts

in
th
e
b
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E
q.

2
w
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con
sid
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[19].
In

a
sim

p
lifi

ed
m
od

el
w
ith

an
ad

d
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C
esium

C
.S

.W
ood,S

.C
.B

ennett,D
.C

ho,*
B

.P
.M

asterson,†
J.L.R

oberts,C
.E.Tanner,‡

C
.E.W

iem
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The
am

plitude
of

the
parity-nonconserving

transition
betw

een
the

6S
and

7S
states

of
cesium

w
as

precisely
m

easured
w

ith
the

use
of

a
spin-polarized

atom
ic

beam
.

This
m

easurem
entgives

Im
(E1

p
n
c )/b

5
2

1.5935(56)m
illivolts

percentim
eterand

provides
an

im
proved

testofthe
standard

m
odelatlow

energy,including
a

value
forthe

S
param

eter
of2

1.3(3)e
x
p

(11)th
e
o

ry .The
nuclearspin–

dependentcontribution
w

as
0.077(11)m

illivolts
percentim

eter;this
contribution

is
a

m
anifestation

ofparity
violation

in
atom

ic
nucleiand

is
a

m
easurem

ent
of

the
long-sought

anapole
m

om
ent.

It
has

been
recognized

for
m

ore
than

20
years

that
electrow

eak
unification

leads
to

parity
nonconservation

(PN
C

)
in

atom
s

(1).T
hisphenom

enon
isthe

lack
ofm

irror-
reflection

sym
m

etry
and

isdisplayed
by

any
object

w
ith

a
left

or
right

handedness.Per-
haps

the
m

ost
w

ell-know
n

exam
ple

of
a

PN
C

effectisthe
asym

m
etry

in
nuclearbeta

decay
first

observed
in

1957
by

W
u

and
collaborators

(2).
Precise

m
easurem

ents
of

PN
C

in
a

num
ber

of
different

atom
s

have
provided

im
portant

tests
of

the
standard

m
odelofelem

entary
particle

physics
at

low
energy

(3).A
tom

ic
PN

C
is

uniquely
sensi-

tive
to

a
variety

of
“new

physics”
(beyond

the
standard

m
odel)

because
it

m
easures

a
set

of
m

odel-independent
electron-quark

electrow
eak

coupling
constantsthatare

dif-
ferent

from
those

that
are

probed
by

high-
energy

experim
ents.

Specifically,
the

stan-
dard

m
odel

is
tested

by
com

paring
a

m
ea-

sured
value

ofatom
ic

PN
C

w
ith

the
corre-

sponding
theoreticalvalue

predicted
by

the
standard

m
odel.T

hisprediction
requires,as

input,
the

m
ass

of
the

Z
boson

and
the

electronic
structure

ofthe
atom

in
question.

T
he

Z
m

ass
is

now
know

n
to

77
parts

per
m

illion
(4),

but
the

uncertainties
in

the
atom

ic
structure

are
1

to
10%

,
depending

on
the

atom
.In

recentyears,PN
C

m
easure-

m
ents

in
several

atom
s

have
achieved

un-
certaintiesofa

few
percent(5,

6).O
fthese

atom
s,

the
structure

of
cesium

is
the

m
ost

accurately
know

n
(1%

)
because

it
is

an
alkali

atom
w

ith
a

single
valence

electron
outside

ofa
tightly

bound
innercore.T

hus,

higher
precision

m
easurem

ents
of

PN
C

in
cesium

provide
a

sensitive
probe

ofphysics
beyond

the
standard

m
odel.

In
addition

to
exploring

the
physics

of
the

standard
m

odel,
high-precision

atom
ic

PN
C

experim
ents

also
offer

a
different

ap-
proach

for
studying

the
effects

of
parity

violation
in

atom
ic

nuclei.In
1957,it

w
as

predicted
that

the
com

bination
of

parity
violation

and
electric

chargesw
ould

lead
to

the
existence

of
a

so-called
anapole

m
o-

m
ent(7),butup

untilnow
,such

a
m

om
ent

hasnotbeen
m

easured.Fifteen
yearsago,it

w
aspointed

outthatan
anapole

m
om

entin
the

nucleus
w

ould
lead

to
sm

all
nuclear-

spin–dependent
contributions

to
atom

ic
PN

C
that

could
be

observed
asa

difference
in

the
valuesofPN

C
m

easured
on

different
atom

ic
transitions

(8).
W

ith
the

determ
i-

nation
of

the
anapole

m
om

ent,
the

m
ea-

surem
ent

of
this

difference
thus

provides
a

valuable
probe

of
the

relatively
poorly

un-
derstood

PN
C

in
nuclei.

H
ere,

w
e

report
a

factor
of

7
im

prove-
m

entin
the

m
easurem

entofPN
C

in
atom

ic
cesium

.
T

his
w

ork
provides

an
im

proved
test

ofthe
standard

m
odeland

a
definitive

observation
and

m
easurem

entofan
anapole

m
om

ent.
T

his
experim

ent
is

our
third-generation

m
easurem

ent
of

PN
C

in
atom

ic
cesium

.
C

onceptually,
the

experim
ent

is
sim

ilar
to

our
previous

tw
o

(6,
9).

A
s

a
beam

of
atom

ic
cesium

passes
through

a
region

of
perpendicular

electric,
m

agnetic,
and

laser
fields,w

e
excite

the
highly

forbidden
6S

to
7S

transition.T
he

handednessofthisregion
is

reversed
by

reversing
each

of
the

field
directions.T

he
parity

violation
is

apparent
as

a
sm

all
m

odulation
in

the
6S-7S

excita-
tion

rate
that

is
synchronous

w
ith

all
of

these
reversals.T

here
are

num
erous

exper-
im

ental
differences

from
our

earlier
w

ork,
how

ever,including
the

use
ofa

spin-polar-

ized
atom

ic
beam

and
a

m
ore

efficient
de-

tection
m

ethod.
T

his
paper

describes
the

basic
concept

ofthe
experim

ent,the
appa-

ratus,the
data

analysis,the
extensive

stud-
iesthathave

been
done

on
possible

system
-

atic
errors,and

finally,the
resultsand

som
e

of
their

im
plications.

Because
this

experi-
m

ent
has

involved
7

years
ofapparatus

de-
velopm

ent
and

5
years

studying
potential

system
atic

errors,
w

e
provide

only
a

rela-
tively

briefsum
m

ary
ofthe

w
ork

here.Fur-
therdetailson

both
the

technology
and

the
system

atic
errorsw

illbe
presented

in
subse-

quent,longer
publications.

Experim
entalconcept.In

the
absence

of
electric

fields
and

w
eak

neutralcurrents,an
electric

dipole
(E1)

transition
betw

een
the

6S
and

7S
statesofthe

cesium
atom

(Fig.1)
isforbidden
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backgrounds and corrections associated with each of the two halves of 
the experim

ent, are provided in M
ethods.

The asym
m

etry m
easurem

ent results are A
ep  =

 −
223.5 ±

 15.0 
(statistical) ±

 10.1 (system
atic) p.p.b. in the first half of the experi-

m
ent, and A

ep  =
 −

227.2 ±
 8.3 (statistical) ±

 5.6 (system
atic) p.p.b. in 

the second half. These values are in excellent agreem
ent w

ith each 
other and consistent with our previously published com

m
issioning 

result 3. Accounting for correlations in som
e system

atic uncertainties  
betw

een the tw
o m

easurem
ent periods, the com

bined result is 
A

ep  =
 −

226.5 ±
 7.3 (statistical) ±

 5.8 (system
atic) p.p.b. The total 

uncertainty achieved (9.3 p.p.b.) sets a new
 level of precision for  

parity-violating electron scattering (PVES) from
 a nucleus.

The relationship between the m
easured asym

m
etries A

ep  and the 
proton’s w

eak charge Q
w p is expressed by equation (3), w

here the  
hadronic-structure-dependent term

 B(Q
2, θ) grows with the m

om
en-

tum
 transfer Q

2. H
igher-Q

2 data from
 previous PVES experim

ents (see 
online references, M

ethods) were included in a global fit 3,7,8 to con-
strain the proton-structure contributions for the short extrapolation 
from

 our datum
 to Q

2 =
 0 in order to determ

ine Q
w p, the intercept of 

equation (3). The average Q
2 of this experim

ent (0.0248 G
eV

2 c −
2) is 

m
uch sm

aller than that of any other PVES experim
ents used in this fit, 

with correspondingly sm
aller contributions from

 the proton structure. 
The superior precision of the Q

weak  m
easurem

ent tightly constrains the 
fit near Q

2 =
 0, where the connection to Q

w p can be m
ade.

The param
eters of the global fit 3,7,8 to the PV

ES data are the  
axial-electron–vector-quark weak-coupling constants C

1u  and C
1d , the 

strange charge radius ρ
s  and strange m

agnetic m
om

ent µ
s  (which char-

acterize the strength of the proton’s electric and m
agnetic strange-quark 

form
 factors) and the strength of the neutral weak (Z

0 exchange) isovector  
(T =

 1) axial form
 factor 

=
G

Z
T

A
(

1). The EM
 form

 factors G
E  and G

M  used 
in the fit w

ere taken from
 ref. 9; uncertainties in this input w

ere 
accounted for in the result for Q

w p and in its uncertainty.
The ep asym

m
etries shown in Fig. 2 were corrected

1,3 for the energy- 
dependent part of the γZ-box weak radiative correction

10–13 and its 
uncertainty. N

o other electroweak radiative corrections need to be 
applied to determ

ine Q
w p. H

owever, ordinary electrom
agnetic radiative 

corrections (brem
sstrahlung) were accounted for in the asym

m
etries 

used in the fit, including our datum
. D

etails of the fitting procedure, as 

well as a description of the corrections applied to the asym
m

etry for 
this experim

ent, are described in M
ethods.

The global fit is shown in Fig. 2 together with the ep data, expressed 
as A

ep (Q
2, θ =

 0)/Α
0 . To isolate the Q

2 dependence for this figure,  
the θ dim

ension w
as projected to 0° by subtracting [A

calc (Q
2, θ) −

  
A

calc (Q
2, θ =

 0)] from
 the m

easured asym
m

etries A
ep (Q

2, θ), as 
described in refs 3,8. H

ere A
calc  refers to the asym

m
etries determ

ined 
from

 the global fit. The fit includes all relevant PV
ES data for the 

scattering of polarized electrons on protons (ep), deuterons (e 2H
) and 

4H
e (e 4H

e); see M
ethods. The PV

ES database provides a data-driven 
(as opposed to a m

ore theoretical) constraint on the nucleon structure 
uncertainties in the extrapolation to Q

2 =
 0. W

e consider this to be 
the best m

ethod to provide our m
ain result (denoted in Table 1 as 

e

e
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p
Z

0

Z
0

Fig. 1 | Parity-violating electron scattering from
 the proton. An 

incom
ing electron, e, with helicity +

1 scatters away from
 the plane of  

the ‘parity-violating m
irror’. The im

age in the parity-violating m
irror 

shows the incom
ing electron with the opposite helicity, −

1; instead of 
scattering into the plane of the parity-violating m

irror (as it would in a  
real m

irror), it scatters out of the plane of the parity-violating m
irror.  

The dom
inant electrom

agnetic interaction, m
ediated by the photon  

(γ, blue wavy line), conserves parity. The weak interaction, m
ediated 

by the neutral Z
0 boson (dashed red line), violates parity. The weak 

interaction is studied experim
entally by exploiting parity violation through 

reversals of the incident-beam
 helicity, which m

im
ic the parity-violating 

m
irror ‘reflection’.
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The global fit is illustrated using ep asym

m
etries from

 this experim
ent 

(Q
weak  2018), from

 the com
m

issioning phase of this experim
ent 3 (Q

weak  
2013), as well as from

 the earlier experim
ents H

APPEX, SAM
PLE, PVA4 

and G
0 (see M

ethods), projected to θ =
 0° and reduced by a factor A

0 (Q
2) 

appropriate for each datum
. The data shown here include the γZ-box 

radiative correction and uncertainty. Inner error bars correspond to one 
standard deviation (s.d.) and include statistical and system

atic uncertainties. 
O

uter error bars on the data indicate the additional uncertainty estim
ated 

from
 the forward-angle projection (for som

e data points, inner and outer 
error bars coincide). The solid line represents the global fit to the com

plete 
PVES database (see M

ethods), and the yellow band indicates the fit 
uncertainty (1 s.d.). The arrowhead at Q

2 =
 0 indicates the standard-m

odel 
prediction
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0708(3)
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, which agrees well with the intercept of the fit 
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). The inset shows a m

agnification of the region 
around this experim
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eV
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backgrounds and corrections associated with each of the two halves of 
the experim

ent, are provided in M
ethods.

The asym
m

etry m
easurem

ent results are A
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 −
223.5 ±

 15.0 
(statistical) ±

 10.1 (system
atic) p.p.b. in the first half of the experi-

m
ent, and A

ep  =
 −

227.2 ±
 8.3 (statistical) ±

 5.6 (system
atic) p.p.b. in 

the second half. These values are in excellent agreem
ent w

ith each 
other and consistent with our previously published com

m
issioning 

result 3. Accounting for correlations in som
e system

atic uncertainties  
betw

een the tw
o m

easurem
ent periods, the com

bined result is 
A

ep  =
 −

226.5 ±
 7.3 (statistical) ±

 5.8 (system
atic) p.p.b. The total 

uncertainty achieved (9.3 p.p.b.) sets a new
 level of precision for  

parity-violating electron scattering (PVES) from
 a nucleus.

The relationship between the m
easured asym

m
etries A

ep  and the 
proton’s w

eak charge Q
w p is expressed by equation (3), w

here the  
hadronic-structure-dependent term

 B(Q
2, θ) grows with the m

om
en-

tum
 transfer Q

2. H
igher-Q

2 data from
 previous PVES experim

ents (see 
online references, M

ethods) were included in a global fit 3,7,8 to con-
strain the proton-structure contributions for the short extrapolation 
from

 our datum
 to Q

2 =
 0 in order to determ

ine Q
w p, the intercept of 

equation (3). The average Q
2 of this experim

ent (0.0248 G
eV

2 c −
2) is 

m
uch sm

aller than that of any other PVES experim
ents used in this fit, 

with correspondingly sm
aller contributions from

 the proton structure. 
The superior precision of the Q

weak  m
easurem

ent tightly constrains the 
fit near Q

2 =
 0, where the connection to Q

w p can be m
ade.

The param
eters of the global fit 3,7,8 to the PV

ES data are the  
axial-electron–vector-quark weak-coupling constants C

1u  and C
1d , the 

strange charge radius ρ
s  and strange m

agnetic m
om

ent µ
s  (which char-

acterize the strength of the proton’s electric and m
agnetic strange-quark 

form
 factors) and the strength of the neutral weak (Z

0 exchange) isovector  
(T =

 1) axial form
 factor 

=
G

Z
T

A
(

1). The EM
 form

 factors G
E  and G

M  used 
in the fit w

ere taken from
 ref. 9; uncertainties in this input w

ere 
accounted for in the result for Q

w p and in its uncertainty.
The ep asym

m
etries shown in Fig. 2 were corrected

1,3 for the energy- 
dependent part of the γZ-box weak radiative correction

10–13 and its 
uncertainty. N

o other electroweak radiative corrections need to be 
applied to determ

ine Q
w p. H

owever, ordinary electrom
agnetic radiative 

corrections (brem
sstrahlung) were accounted for in the asym

m
etries 

used in the fit, including our datum
. D

etails of the fitting procedure, as 

well as a description of the corrections applied to the asym
m

etry for 
this experim

ent, are described in M
ethods.

The global fit is shown in Fig. 2 together with the ep data, expressed 
as A

ep (Q
2, θ =

 0)/Α
0 . To isolate the Q

2 dependence for this figure,  
the θ dim

ension w
as projected to 0° by subtracting [A

calc (Q
2, θ) −

  
A

calc (Q
2, θ =

 0)] from
 the m

easured asym
m

etries A
ep (Q

2, θ), as 
described in refs 3,8. H

ere A
calc  refers to the asym

m
etries determ

ined 
from

 the global fit. The fit includes all relevant PV
ES data for the 

scattering of polarized electrons on protons (ep), deuterons (e 2H
) and 

4H
e (e 4H

e); see M
ethods. The PV

ES database provides a data-driven 
(as opposed to a m

ore theoretical) constraint on the nucleon structure 
uncertainties in the extrapolation to Q

2 =
 0. W

e consider this to be 
the best m

ethod to provide our m
ain result (denoted in Table 1 as 
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Fig. 1 | Parity-violating electron scattering from
 the proton. An 

incom
ing electron, e, with helicity +

1 scatters away from
 the plane of  

the ‘parity-violating m
irror’. The im

age in the parity-violating m
irror 

shows the incom
ing electron with the opposite helicity, −

1; instead of 
scattering into the plane of the parity-violating m

irror (as it would in a  
real m

irror), it scatters out of the plane of the parity-violating m
irror.  

The dom
inant electrom

agnetic interaction, m
ediated by the photon  

(γ, blue wavy line), conserves parity. The weak interaction, m
ediated 

by the neutral Z
0 boson (dashed red line), violates parity. The weak 

interaction is studied experim
entally by exploiting parity violation through 

reversals of the incident-beam
 helicity, which m

im
ic the parity-violating 

m
irror ‘reflection’.
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and G
0 (see M

ethods), projected to θ =
 0° and reduced by a factor A
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2) 

appropriate for each datum
. The data shown here include the γZ-box 

radiative correction and uncertainty. Inner error bars correspond to one 
standard deviation (s.d.) and include statistical and system

atic uncertainties. 
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uter error bars on the data indicate the additional uncertainty estim
ated 

from
 the forward-angle projection (for som

e data points, inner and outer 
error bars coincide). The solid line represents the global fit to the com

plete 
PVES database (see M

ethods), and the yellow band indicates the fit 
uncertainty (1 s.d.). The arrowhead at Q

2 =
 0 indicates the standard-m

odel 
prediction

2, 
=

.
Q

0
0708(3)

w p
, which agrees well with the intercept of the fit 

(
=

.
±

.
Q

0
0719

0
0045

w p
). The inset shows a m

agnification of the region 
around this experim

ent’s result, at 〈
〉=

.
−

Q
c

0
0248G

eV
2

2
2.

Table 1
 | R

esults extracted from
 the asym

m
etry m

easured in the 
Q

w
eak  experim

ent

M
ethod

Q
uantity

Value
Error

P
VES fit

Q
w p

0.0719
0.0045

ρ
s
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0.11

µ
s

−
0.19

0.14
=

G
Z

T
A

(
1

)
−

0.64
0.30

P
VES fit +

 AP
V

Q
w p

0.0718
0.0044

Q
w n

−
0.9808

0.0063
C

1u
−

0.1874
0.0022

C
1d

0.3389
0.0025

C
1  correlation

−
0.9318

P
VES fit +

 LQ
C

D
Q

w p
0.0685

0.0038
Q

w
eak  datum

 only
Q

w p
0.0706

0.0047
Standard m

odel
Q

w p
0.0708

0.0003
‘P

VES
 fit’ refers to a glob

al fit incorp
orating the Q

w
eak  result and

 the P
VES

 d
atab

ase, as d
escrib

ed 
in M

ethod
s. W

hen com
b

ined
 w

ith A
P

V
1

4
,1

5 (to im
p

rove the C
1

d  p
recision), this m

ethod
 is d

enoted 
as ‘P

VES
 fit +

 A
P

V’. If the strange form
 factors in the glob

al fit (w
ithout A

P
V) are constrained

 to 
m

atch LQ
C

D
 calculations

1
6, w

e lab
el the result as ‘P

VES
 fit +

 LQ
C

D
’. The m

ethod
 lab

elled
 ‘Q

w
eak  

d
atum

 only’ uses the Q
w

eak  d
atum

, together w
ith electrom

agnetic
9, strange

1
6 and

 axial 1
8 form

 
factors from

 the literature in lieu of the glob
al fit. U

ncertainties are 1
 s.d

.
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m
es in the fields of nuclear and particle 

physics search for evidence of physics beyond that explained by 
current theories. The observation of the H

iggs boson com
pleted the 

set of particles predicted by the standard m
odel, which currently 

provides the best description of fundam
ental particles and forces. 

H
owever, this theory’s lim

itations include a failure to predict 
fundam

ental param
eters, such as the m

ass of the H
iggs boson, and 

the inability to account for dark m
atter and energy, gravity, and 

the m
atter–antim

atter asym
m

etry in the Universe, am
ong other 

phenom
ena. These lim

itations have inspired searches for physics 
beyond the standard m

odel in the post-H
iggs era through the direct 

production of additional particles at high-energy accelerators, 
which have so far been unsuccessful. Exam

ples include searches 
for supersym

m
etric particles, which connect bosons (integer-

spin particles) with ferm
ions (half-integer-spin particles), and 

for leptoquarks, which m
ix the fundam

ental quarks with leptons. 
A

lternatively, indirect searches using precise m
easurem

ents of 
well predicted standard-m

odel observables allow highly targeted 
alternative tests for physics beyond the standard m

odel because they 
can reach m

ass and energy scales beyond those directly accessible 
by today’s high-energy accelerators. Such an indirect search aim

s to 
determ

ine the weak charge of the proton, which defines the strength 
of the proton’s interaction with other particles via the well known 
neutral electroweak force. Because parity sym

m
etry (invariance 

under the spatial inversion (x, y, z) →
 (−

x, −
y, −

z)) is violated 
only in the weak interaction, it provides a tool with which to isolate 
the weak interaction and thus to m

easure the proton’s weak charge 1. 
H

ere we report the value 0.0719 ±
 0.0045, where the uncertainty is 

one standard deviation, derived from
 our m

easured parity-violating 
asym

m
etry in the scattering of polarized electrons on protons, which 

is −
226.5 ±

 9.3 parts per billion (the uncertainty is one standard 
deviation). O

ur value for the proton’s weak charge is in excellent 
agreem

ent with the standard m
odel 2 and sets m

ulti-teraelectronvolt-
scale constraints on any sem

i-leptonic parity-violating physics not 
described within the standard m

odel. O
ur results show that precision 

parity-violating m
easurem

ents enable searches for physics beyond 
the standard m

odel that can com
pete with direct searches at high-

energy accelerators and, together with astronom
ical observations, 

can provide fertile approaches to probing higher m
ass scales.

In the electroweak standard m
odel, elastic scattering is m

ediated by 
the exchange of neutral currents (virtual photons and Z

0 bosons) 
between fundam

ental particles. A particle’s weak charge, Q
w , is analo-

gous to—
but distinct from

—
its electric charge, q; the form

er quantifies 
the vector coupling of the Z

0 boson to the particle, whereas the latter 
quantifies the vector coupling of the photon to the particle. The proton’s 
weak charge Q

w p is defined
1 as the sum

 of the weak vector coupling 
constants C

1q  of the Z
0 boson to its constituent up (u) and down (d) 

quarks:

=
−

+
Q

C
C

2(2
)

(1)
w p

1u
1d

The Z
0 exchange contribution to electron–proton scattering can be 

isolated via the weak interaction’s unique parity-violation signature 

(see Fig. 1). Interference between electrom
agnetic and weak scatter-

ing am
plitudes leads to a parity-violation asym

m
etry A

ep  that can be 
m

easured with a longitudinally polarized electron beam
 incident on 

an unpolarized-proton target:
σ

σ
σ

σ
=

−+ +
−

+
−

A
(2)

ep

H
ere, σ

±  represents the cross-section of the helicity-dependent elastic 
scattering (ep) of polarized electrons (e) on protons (p), integrated over 
the scattered-electron detector acceptance. H

elicity (±
1) indicates the 

spin direction of the electrons in the beam
 as either parallel (+

1) or 
anti-parallel (−

1) to their m
om

enta.
M

easuring A
ep  at a sm

all four-m
om

entum
 transfer (Q

2) suppresses 
contributions from

 the proton’s extended structure relative to the pro-
ton’s weak charge Q

w p. H
owever, A

ep  is sm
all at sm

all Q
2 values, m

aking 
its m

easurem
ent challenging. In the low-Q

2 lim
it, the parity-violation 

asym
m

etry can be expressed
1 as:

θ
/

=
+

A
A

Q
Q

B
Q(

,
)

(3)
ep

0
w p

2
2

where 
α

=
−

/
π

A
G

Q
(4

2)
0

F
2

, −
Q

2 is the four-m
om

entum
 transfer 

squared, B(Q
2, θ) represents the proton’s extended structure defined in 

term
s of electrom

agnetic, strange and axial form
 factors, θ is the (polar) 

scattering angle of the electron in the laboratory fram
e with respect to 

the beam
 axis, G

F  is the Ferm
i constant and α is the fine-structure 

constant.
The Q

weak  experim
ent 3,4 (see Extended D

ata Fig. 1) used a beam
 

of longitudinally polarized electrons accelerated to 1.16 G
eV

 at the 
Thom

as Jefferson N
ational Accelerator Facility. Three sequential 

acceptance-defining lead collim
ators, m

atched to an eight-sector 
azim

uthally sym
m

etric toroidal m
agnet, selected electrons scattered 

from
 a liquid-hydrogen target at angles between 5.8° and 11.6°. In 

each m
agnet octant, elastically scattered electrons were directed to a 

quartz detector fronted by lead pre-radiators. Cherenkov light pro-
duced by the electrom

agnetic shower passing through the quartz was 
converted to a current by photom

ultiplier tubes at each end of the 
quartz bars. These currents were integrated for each 1-m

s-long heli-
city state of the beam

. For calibration purposes, and to confirm
 our 

understanding of the acceptance and backgrounds, drift cham
bers 

were periodically inserted upstream
 and downstream

 of the m
agnet 

to track individual particles during dedicated periods of low-current 
running.

To achieve a precision of less than 10 parts per billion (p.p.b.), 
this experim

ent pushed existing boundaries on m
any fronts: higher  

polarized-beam
 intensity (180 µA

), faster beam
-helicity reversal 

(960 s −
1), better G

eV-scale beam
 polarim

etry 5 precision (±
0.6%

), 
higher liquid-hydrogen target 6 lum

inosity (1.7 ×
 10

39 cm
−

2 s −
1) 

and cooling power (3 kW
) and higher total detection rates (7 G

H
z). 

Following a brief com
m

issioning period, the experim
ent was divided 

into two roughly six-m
onth run periods, between which im

provem
ents  

w
ere m

ade prim
arily to polarim

etry and helicity-related beam
- 

m
onitoring and control instrum

entation. Further details, including the 

*A list of participants and their affiliations appears at the end of this Letter.
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‘PVES fit’), which is 
=

.
±

.
Q

0
0719

0
0045

w p
. Below we discuss the sensi-

tivity of this result to variations in the experim
ental and theoretical 

input used to determ
ine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear system

s depends 
on their (different) u and d quark content. Because ep, e 2H

 and e 4H
e 

data are included in the global fit, C
1u  and C

1d  are reasonably well deter-
m

ined. H
owever, if the very precise atom

ic-parity violation (A
PV

) 
result 14,15 on 133Cs is also included in the global fit, C

1u  and C
1d  can be 

determ
ined with greater precision and then used to extract the neu-

tron’s weak charge 
=

−
+

Q
C

C
2(

2
)

w n
1u

1d
. W

e note that inclusion or 
exclusion of the APV result has negligible im

pact on our result for Q
w p, 

which is derived from
 the intercept of the global fit. The results for C

1u , 
C

1d , Q
w p and Q

w n obtained by including A
PV

 in the PV
ES global fit, 

which are listed in Table 1 as ‘PVES fit +
 APV

’, are in agreem
ent with 

the standard-m
odel values 2.

W
hile our preferred result is based on the data-driven analysis of 

PV
ES fit, the final determ

ination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
O

ne of the dom
inant uncertainties in the term

 B(Q
2, θ) of equation 

(3) arises from
 the know

ledge of the strange-quark contributions. 
These have been determ

ined very precisely in recent theoretical  
calculations 16,17 em

ploying lattice quantum
 chrom

odynam
ics 

(LQ
CD

). Using these theoretical results to constrain the extrapolation 
to Q

2 =
 0 results in a slightly lower weak charge and a reduction in 

the uncertainty, as shown in Table 1 (‘PV
ES fit +

 LQ
CD’). The APV 

result w
as not included in this determ

ination of Q
w p; its inclusion 

m
akes negligible difference.
Because the proxim

ity to threshold (Q
2 →

 0) and precision of our 
Q

weak  result overwhelm
ingly dom

inate the fits described above, it is 
possible to go one step further and use the Q

weak  datum
 by itself to 

determ
ine Q

w p. The fact that the strange and axial form
 factors contri-

bute so little at the kinem
atics of the Q

weak  experim
ent (0.1%

 and 2.5%
, 

respectively) also helps m
otivate this consistency check. Using the sam

e 
electrom

agnetic form
 factors 9 as in the fits above, the sam

e lattice  
calculation

16 for the strange form
 factors, and following the extraction 

m
ethod of ref. 18 for the axial form

 factor, the Q
w p result obtained by 

using just the Q
weak  datum

 falls in-between the consistent results of the 

other determ
inations described above, which em

ploy the entire PVES 
database (see Table 1, ‘Q

weak  datum
 only’). The uncertainty of the Q

w p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form

 factors, but is only 4%
 larger than the uncertainty 

of the global fit result, which uses the entire PVES database. The dom
-

inant correction, from
 the electrom

agnetic form
 factors (23.7%

), is well 
known in the low-Q

2 regim
e of the Q

weak  experim
ent.

The Q
w p determ

inations described above can be used to test the  
prediction of the standard m

odel for sin
2θ

W , the fundam
ental  

Q
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Fig. 3 | Variation of sin
2θ

W  with energy scale Q
. The m

odified-m
inim

al-
subtraction ( M

S) schem
e is shown as the solid curve 2,19, together with 

experim
ental determ

inations at the Z
0 pole 2 (Tevatron, LEP1, SLC, LH

C), 
from

 APV
 on caesium

14,15, M
øller scattering (E158) 22, deep inelastic 

scattering of polarized electrons on deuterons (e 2H
; PV

D
IS) 23 and from

 
neutrino–nucleus scattering (N

uTeV
) 24. It has been argued

25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark m

om
enta, charge-

sym
m

etry breaking and strange-quark m
om

entum
 asym

m
etries. O

ur new 
result is plotted in red at the energy scale of the Q

weak  experim
ent, 

Q
 =

 0.158 G
eV

 (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and system

atic uncertainties.
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Fig. 4 | M
ass and coupling constraints on new physics. a, Constraints, 

at the 95%
 confidence level, on the axial-electron–vector-quark weak-

coupling constants C
1u  and C

1d , derived from
 the weak charge determ

ined 
in this experim

ent using the global fit m
ethod ‘PV

ES fit’ (blue band) and 
the APV

 result 2,14,15 on 133Cs (gold band). The com
bined (95%

 confidence 
level) constraint is shown by the black ellipse. Contours of the m

ass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-m

odel values 2 
of C

1u  and C
1d , which are denoted by the red square. b, M

ass reach Λ/g 
(95%

 confidence level) as a function of the quark-flavour m
ixing angle 

θh  for the Q
weak  ‘PV

ES fit’ result (blue curve), for the 133Cs APV
14,15 

result 2 (gold curve) and for both results com
bined (black curve). The two 

m
axim

a in the blue curve at θh  =
 tan

−
1(n

d /n
u ) =

 tan
−

1(1/2) =
 26.6° and 

206.6° correspond to Λ
− /g =

 8.4 TeV
 and Λ

+ /g =
 7.4 TeV

 in equation (4), 
respectively.
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Lets com
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ents (Parity Violating ones) 
Jefferson Lab Q

weak Collab  
N

ature 

extraction of the weinberg angle from
 these m
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ents
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s
t
a
t)±

0
.024(

s
y
s
t)
,

low
q

2

0
.685

+
0
.
1
1
3

�
0
.
0
6
9 (
s
t
a
t)±

0
.047(

s
y
s
t)
,

m
ed

q

2 (1)

p
ainted

a
sim

ilar
p
ictu

re
to

th
at

of
R

K

.
A

com
p
arison

w
ith

th
e
S
M

p
red

iction
,
lead

s
to

a
2
.4
�
d
eviation

for
low

q

2

an
d
⇠

2
.5

�
for

m
ed

iu
m

q

2.
T
h
e
rep

orted
d
eviation

s
can

b
e
p
aram

etrized
in

term
s
of

ad
d
ition

al
contrib

u
tion

s
to

th
e
W

ilson
coe�

cients
of

th
e
follow

in
g
e↵

ective
op

er-
ators:

H
e
f
f

=
�
G

f

↵

p
2
⇡

V

t
b

V

⇤t
s X

i

O
X

Y

C

X
Y

(2)

w
h
ere

C

X
Y

=
C

S
M

X
Y

+
C

N
P

X
Y

.
T
h
e
ob

served
d
eviation

in
th
e
exclu

sive
m
od

els
for

th
e
an

gu
lar

ob
servab

le
P

05

[5]
in

B
!

K

⇤
µ
µ
d
ecays

by
th
e
L
H
C
b
[6,7]an

d
th
e
B
E
L
L
E
[8]

exp
erim

ents
su
ggested

th
e
p
ossib

ility
of

n
ew

p
hysics

in
th
e
m
u
on

sector
[9–15].

H
ow

ever,
th
e
exclu

sive
m
od

es
are

ch
aracterized

by
u
n
d
eterm

in
ed

p
ow

er
correction

s
m
akin

g
it

d
i�

cu
lt

to
sep

arate
th
e
N
P

e↵
ects

from
th
ose

of
th
e

S
M
.T
h
ere

are
several

fi
ts

involvin
g
d
i↵
erent

com
b
in
ation

s
of

W
ilson

coe�
cients

(W
C
)
for

th
e
lep

ton
s.

[15–19].
In

th
is

letter
w
e
w
ill

con
sid

er
th
e
oth

er
extrem

e
p
ossib

ility
w
h
ere

th
e
N
P
cou

p
les

solely
to

th
e
electron

.
O
n
e
d
im

en
-

sion
al

fi
ts

in
th
e
b
asis

of
E
q.

2
w
ere

con
sid

ered
in

[19].
In

a
sim

p
lifi

ed
m
od

el
w
ith

an
ad

d
ition

al
h
eavy

n
eu

tral
vector,

w
e
m
ake

th
e
fi
rst

attem
p
t
to

stu
d
y
th
e
im

p
lica-

tion
s
of

th
e
exp

lan
ation

s
of

th
ese

fi
ts

on
m
easu

rem
ents

in
atom

ic
p
hysics.

P
articu

larly,
w
e
are

interested
in

th
e

recent
m
easu

rem
ents

of
th
e
w
eak

ch
arge

of
th
e
p
roton

Q

pW

[20]
an

d
th
e
C
aesiu

m
atom

(
Q

C
s

W

).
In

th
e
S
M
,
it
re-

ceives
contrib

u
tion

d
u
e
to

th
e
follow

in
g
n
eu

tral
cu

rrent
L
agran

gian
:L

Q

W
,
Q

P
=

ē
�

µ

�

5

e

2
v

2

Xq
=
u
,
d

C

1
q

q̄
�

µ

q
(3)

T
h
e
tree-level

exp
ression

s
for

C

1
q

are
given

as:
C

1
u

=
�

12

+
43

sin
2✓

W
,
C

1
d

=
12

�
23

sin
2✓

W

T
h
e
S
M

valu
es

for
C

1
q

are:
C

S
M

1
u

=
�
0
.1887

±
0
.0022

an
d
C

S
M

1
d

=
0
.3419

±
0
.0025

.
T
h
e
exp

ression
s
for

th
e

w
eak

ch
arge

of
th
e
p
roton

an
d
C
aesiu

m
atom

(in
term

s
of

C

1
q )

are
given

as:

Q

pW

=
�
2
[2
C

1
u

+
C

1
d ]

Q

C
s

W

=
�
2
[55(2

C

1
u

+
C

1
d )

+
78(

C

1
u

+
2
C

1
d )]

(4)

F
ollow

in
g
th
e
in
d
ep

en
d
ent

m
easu

rem
ents

for
th
e
p
roton

[20]
an

d
th
e
C
aesiu

m
atom

[21],
th
e
allow

ed
ran

ges
at

1
�

are:

Q

pW

=
0
.0719±

0
.0045

;
Q

C
s

W

=
�
72
.58(29)

e
x
p
t (32)

t
h
e
o
r
y

(5)
T
h
e
sim

u
ltan

eou
s
com

p
atib

ility
of

b
oth

th
ese

m
easu

re-
m
ents

is
illu

strated
in

F
ig.

1.
It

gives
th
e
corresp

on
d
in
g

2
�

ran
ges

allow
ed

by
th
e
m
easu

rem
ent

of
w
eak

ch
arge

of
p
roton

(gray)
an

d
C
aesiu

m
(b
row

n
)
in

th
e
C

1
u

�
C

1
d

2

p
lan

e.
T
h
e
central

valu
e
in

th
e
S
M

is
rep

resented
by

th
e

b
lack

p
oint

an
d
lies

in
th
e
region

of
overlap

d
u
e
to

b
oth

exp
erim

ents.
T
h
e
left

p
lot

gives
th
e
ran

ge
for

th
e
w
eak

ch
arge

m
easu

rem
ents

of
th
e
p
roton

w
h
ere

th
e
th
eoretical

an
d
exp

erim
ental

errors
in

E
q.

5
are

ad
d
ed

in
qu

ad
ratu

re
w
h
ile

th
e
right

p
lot

corresp
on

d
s
to

th
e
lin

ear
su
m
.
A
s
ex-

p
ected

,
w
ith

th
e
errors

ad
d
ed

lin
early,

th
e
S
M

exh
ib
its

a
greater

d
egree

of
con

sisten
cy

w
ith

th
e
m
easu

rem
ents.

T
o

facilitate
com

p
arison

w
ith

[20],
w
e
w
ill

restrict
ou

r
an

al-
ysis

to
th
e
errors

b
ein

g
ad

d
ed

in
qu

ad
ratu

re.
A
ny

N
P

contrib
u
tion

to
eith

er
th
e
C

1
u

or
C

1
d

m
u
st

satisfy
th
e

con
straints

from
b
oth

th
e
m
easu

rem
ents

sim
u
ltan

eou
sly

an
d
w
ill

b
e
th
e
focu

s
of

th
e
follow

in
g
d
iscu

ssion
.
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A
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e
C

1
u
C

1
d
p
lan

e
d
u
e
to

m
easu

re-
m
en
ts

of
w
eak

ch
arge

of
p
roton

(gray
)
an

d
C
aesiu

m
(b
row

n
).

T
h
e
cen

tral
valu

e
in

th
e
S
M

is
rep

resen
ted

b
y
th
e
b
lack

p
oin

t.
T
h
e

left
p
lot

corresp
on

d
s
to

th
e

error
in

E
q
.
5

ad
d
ed

in
q
u
ad

ratu
re

w
h
ile

th
e
righ

t
corresp

on
d
s
to

th
e
lin

ear
su
m
.

N
e
w

p
h
y
sic

s
c
o
n
trib

u
tio

n
s

T
h
e
coe�

cients
C

1
q

in
E
q.

3
can

receive
correction

s
d
u
e
to

d
i↵
erent

exten
sion

s
of

th
e
S
M
.
T
h
ey

can
b
e
in
-

d
u
ced

eith
er

at
tree

level
d
u
e
to

th
e
d
irect

exch
an

ge
of

h
eavy

vectors
or

at
on

e-loop
.
B
efore

w
e
d
iscu

ss
a
sp
e-

cifi
c
im

p
lem

entation
of

a
w
ell

d
efi

n
ed

N
P

scen
ario,

w
e

con
sid

er
a
gen

eric
N
P

contrib
u
tion

to
E
q.

4
as:

L
N

P

=
ē
�

µ

�

5

e

⇤
2

Xq
=
u
,
d

C

0
N

P

1
q

q̄
�

µ

q
=

ē
�

µ

�

5

e

2
v

2

Xq
=
u
,
d

C

N
P

1
q

q̄
�

µ

q

(6)

w
h
ere

w
e
d
efi
n
e
C

N
P

1
q

=
2
v

2
C

0
N

P
1
q

⇤

2
.
N
ote

th
at

th
e
ap

p
ear-

an
ce

of
factor

(
1

v

2 )
in

E
q.

6
is

to
facilitate

com
p
arison

w
ith

th
e
S
M

contrib
u
tion

in
E
q.

3.
C
om

b
in
in
g
E
qs.

3
an

d
6,

w
e
get

L
=

ē
�

µ

�

5

e

2
v

2

Xq
=
u
,
d

C

e
f
f

1
q

q̄
�

µ

q

w
h
ere

C

e
f
f

1
q

=
C

S
M

1
q

+
C

N
P

1
q

an
d

corresp
on

d
in
gly

lead

to
correction

s
to

E
q.

4.
S
im

ilar
to

th
e
S
M
,
th
e
C

N
P

1
q

(
C

0
N

P

1
q

to
b
e
p
recise)

can
b
e
factored

into
th
e
N
P

ax-
ial

vector
cou

p
lin

g
to

electron
s
(
g

A
V

e

)
an

d
th
e
vector

cou
p
lin

g
to

light
qu

arks
(
g

V

q

)
an

d
can

b
e
exp

ressed
as:

C

0
N

P

1
q

=
g

V

q

g

A
V

e

.
T
h
e
ran

ge
of

th
ese

cou
p
lin

gs
can

b
e

in
fl
u
en

ced
by

ob
servation

s
in

oth
er

fl
avou

r
sectors

w
h
ich

cou
ld

b
e
lim

ited
by

th
e
allow

ed
region

s
in

F
ig.

1.
Im

-
p
lication

s
of

th
e
m
easu

rem
ents

of
Q

pW

an
d
Q

C
s

W

on
N
P

p
aram

eters
h
ave

b
een

con
sid

ered
in

[22–25].
In

th
e
fol-

low
in
g,

w
e
con

sid
er

an
e↵

ective
m
od

el
w
ith

a
h
eavy

n
eu
-

tral
vector

Z

0
in

th
e
context

of
th
e
ob

served
evid

en
ce

for
lep

ton
fl
avou

r
u
n
iversality

violation
in

th
e
sem

i-lep
ton

ic
d
ecay

of
B

m
eson

s.
U
sin

g
th
e
ob

servation
s
from

atom
ic

p
hysics

in
d
i↵
erent

sim
p
lifi

ed
realization

s
of

Z

0,
w
e
stu

d
y

its
im

p
act

on
th
e
allow

ed
solu

tion
s
as

w
ell

as
on

d
irect

search
es.

W
h
ile

th
e
an

om
alies

corresp
on

d
to

a
fl
avou

r
ch
an

gin
g

ob
servab

le,
Q

C
s
,
p

W

is
ch
aracterized

by
th
e
fl
avou

r
d
iago-

n
al

tran
sition

.
T
hu

s
a
correlation

is
p
ossib

le
on

ly
w
ith

th
e
aid

of
an

u
n
d
erlyin

g
m
od

el
ch
aracterized

by
a
fl
avou

r
sym

m
etry.

W
e
fi
t
th
e
W

ilson
coe�

cients
for

th
e
an

om
a-

lies
at

B
m
eson

scale
an

d
d
eterm

in
e
th
e
correlation

b
e-

tw
een

th
e
d
i↵
erent

cou
p
lin

gs.
T
h
is

correlation
b
etw

een
th
e
cou

p
lin

gs
g

q

,
g

e

is
th
en

u
sed

to
com

p
u
te

its
e↵

ects
on

th
e
C

1
q

w
h
ich

are
d
eterm

in
ed

at
q

2

=
0.

W
e
n
ow

d
iscu

ss
a
m
in
im

al
m
od

el
of

h
eavy

n
eu

tral
vectors

w
h
ich

can
fa-

cilitate
th
is

correlation
.

M
i
n
i
m
a
l
Z

0
m
o
d
e
l
:
M
od

els
w
ith

ad
d
ition

al
h
eavy

gau
ge

b
oson

s
can

b
e
con

sid
ered

a
con

sequ
en

ce
of

an
exten

d
ed

gau
ge

sym
m
etry

v
i
z
.

U
(1)

,
S
U
(2)

e
t
c
.

[26].
A
ltern

a-
tively,

th
ese

states
cou

ld
also

m
an

ifest
as

K
alu

za-K
lein

excitation
s
of

gau
ge

fi
eld

s
in

extra-d
im

en
sion

al
m
od

els.
[27].

A
m
in
im

al
fram

ew
ork

in
th
e
context

of
B

an
om

a-
lies,

b
u
t
w
ith

m
u
on

s,
w
as

con
sid

ered
in

[28].

T
h
e
p
attern

of
th
e
F
C
N
C

cou
p
lin

gs
is
d
eterm

in
ed

by
th
e

stru
ctu

re
of

th
e
cou

p
lin

gs
of

th
e
ferm

ion
s
to

th
e
gau

ge
b
oson

s.
A
ssu

m
in
g
th
e
u
p
-qu

arks
to

b
e
in

th
e
m
ass

b
asis,

th
e
rotation

m
atrix

in
th
e
d
ow

n
sector

is
D

L

=
V

C
K

M

.
W

h
ile

th
e
left

h
an

d
ed

rotation
is

set
by

ch
arged

cu
rrent

cou
p
lin

gs,
th
ere

rem
ain

s
an

am
b
igu

ity
in

th
e
form

of
th
e

right
h
an

d
ed

rotation
m
atrix.

F
or

sim
p
licity

w
e
assu

m
e

th
e
rotation

m
atrix

for
d
ow

n
typ

e
sin

glets
to

also
follow

D

R

⇠
V

C
K

M

.
T
h
e
m
od

elassu
m
es

a
U
(2)

fl
avou

r
sym

m
e-

try
in

th
e
cou

p
lin

g
of

th
e
qu

arks
to

th
e
Z

0:
irresp

ective
of

th
e
ch
irality

w
e
requ

ire
g

q

=
g

s

=
g

d

to
N
P
.
T
h
is

is
essential

in
ob

tain
in
g
a
V

C
K

M

like
scalin

g
in

ord
er

to
satisfy

th
e
con

straints
from

�
F

=
2
p
rocesses

[29,
30].

W
ith

th
is

b
ackgrou

n
d
,
th
e
m
ost

gen
eral

L
agran

gian
,
af-

ter
electrow

eak
sym

m
etry

b
reakin

g,
resp

on
sib

le
for

b!
s

2

p
lan

e.
T
h
e
central

valu
e
in

th
e
S
M

is
rep

resented
by

th
e

b
lack

p
oint

an
d
lies

in
th
e
region

of
overlap

d
u
e
to

b
oth

exp
erim

ents.
T
h
e
left

p
lot

gives
th
e
ran

ge
for

th
e
w
eak

ch
arge

m
easu

rem
ents

of
th
e
p
roton

w
h
ere

th
e
th
eoretical

an
d
exp

erim
ental

errors
in

E
q.

5
are

ad
d
ed

in
qu

ad
ratu

re
w
h
ile

th
e
right

p
lot

corresp
on

d
s
to

th
e
lin

ear
su
m
.
A
s
ex-

p
ected

,
w
ith

th
e
errors

ad
d
ed

lin
early,

th
e
S
M

exh
ib
its

a
greater

d
egree

of
con

sisten
cy

w
ith

th
e
m
easu

rem
ents.

T
o

facilitate
com

p
arison

w
ith

[20],
w
e
w
ill

restrict
ou

r
an

al-
ysis

to
th
e
errors

b
ein

g
ad

d
ed

in
qu

ad
ratu

re.
A
ny

N
P

contrib
u
tion

to
eith

er
th
e
C

1
u

or
C

1
d

m
u
st

satisfy
th
e

con
straints

from
b
oth

th
e
m
easu

rem
ents

sim
u
ltan

eou
sly

an
d
w
ill

b
e
th
e
focu

s
of

th
e
follow

in
g
d
iscu

ssion
.
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th
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u
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u
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to
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re-
m
en
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of
w
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ch
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of
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an
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T
h
e
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e
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S
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is
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y
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b
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p
oin
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T
h
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to
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error
in

E
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ad
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ed

in
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u
ad

ratu
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w
h
ile

th
e
righ
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d
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lin

ear
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u
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T
h
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coe�
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3
can
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s
d
u
e
to

d
i↵
erent

exten
sion

s
of

th
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T
h
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can
b
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-

d
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level
d
u
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to

th
e
d
irect

exch
an

ge
of

h
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vectors
or

at
on
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B
efore

w
e
d
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ss
a
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cifi
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entation
of

a
w
ell

d
efi

n
ed

N
P

scen
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w
e

con
sid

er
a
gen
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N
P
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u
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to
E
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as:
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ē
�

µ

�

5

e

⇤
2

Xq
=
u
,
d

C

0
N

P

1
q

q̄
�

µ

q
=

ē
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w
h
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w
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n
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Light quarks and chiral lepton current
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N
on-universality at Colliders



Can we say som
ething about the structure of the solutions at the colliders?

This non universality in the couplings should in principle also show up in a collider.

For a Z’ resonant production, traditional searches are in the form
 of a “bum

p hunt”

Consider the case, when both partial decay into electron and m
uon final states is 

narrow width
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exercise
to

extract
th
e

p
attern

of
th
e
W

ilson
coe�

cients
w
h
ich

fi
t
th
e
d
ata.

T
h
e

solid
b
lack

lin
e
in

F
ig.

8
rep

resents
th
e
id
eal

case
w
ith

equ
al

e�
cien

cies
of

th
e
electron

an
d
m
u
on

.
In

th
is

case,
it

w
ou

ld
b
e
exactly

correlated
to

th
e
ratio

of
W

ilson
co-

e�
cients

as

�
=

N
µ

N
e
'

✓
g
e

g
µ ◆

2

=

✓
C

µ9

C
e9 ◆

2

(13)

In the lim
it S<<<B

If the reconstruction efficiencies are sam
e, then the ratio is ratio of square of 

W
ilson coefficients



W
hat are the prospects of an electron only solution in com

parison to a m
uon only 

solution?

From
 indirect searches to colliders

Current Lepton m
ass reconstruction efficiencies

F
i
g
u
r
e

3
:
D
istrib

u
tion

of
th
e
recon

stru
cted

m
ass

for
th
e
d
i-electron

(left)
an

d
d
i-m

u
on

(right)
fi
n
al

state.
T
h
e
p
lot

b
elow

gives
th
e
com

p
arison

of
corresp

on
d
in
g

sen
sitivity

as
a

fu
n
ction

of
�
Z

0
at

L
in

t
=

3000
fb

�
1
(see

text
for

d
etails)

lim
it

✏
e '

✏
µ
,
th
en

th
e
ratio

�
is

sim
p
ly:

�
=

N
µ

N
e
'

✓
�
Ve

�
Vµ

◆
2

=

✓
C

µ9

C
e9 ◆

2

(4.2)

It
is
n
ecessary

to
u
n
d
erstan

d
th
at

th
e
w
eak

accep
tan

ce
of

th
e
electron

is
d
u
e
to

th
e
strin

gent
isolation

criteria
as

w
ell

as
m
ap

p
in
g
it

to
a
sin

gle
track

in
th
e
T
racker.

In
ord

er
to

in
crease

th
e
accep

tan
ce

for
th
e
electron

w
e
give

u
p
th
e
stan

d
ard

electron
isolation

as
em

p
loyed

in
exp

erim
ents

an
d
ad

vocate
th
e

an
alysis

u
sin

g
‘electron

jets’.
B
efore

m
ovin

g
to

‘electron
jets’

w
e
fi
rst

ou
tlin

e
th
e
gen

eric
jet

clu
sterin

g
algorith

m
b
elow

:

–
6
–

D
’A

m
brosio, F. Conventi, Iyer, Rossi, M

angano  
To appear



4

F
IG

.
3:

F
igu

res
sh
ow

in
g
contou

rs
of

total
sign

al
sign

ifi
can

ce
as

a
fu
n
ction

of
b
ran

ch
in
g
fraction

into
th
e

lep
ton

s.
T
h
e
left

p
lot

corresp
on

d
s
to

th
e
cu

rrent
m
u
on

recon
stru

ction
an

d
th
e
right

is
p
ost

th
e
H
L
u
p
grad

e.
T
h
e
b
en

ch
m
ark

u
sed

is
M

Z
0
=

5
T
eV

.
W
e
assu

m
e

at-m
ost

20%
b
ran

ch
in
g
fraction

into
th
e
lep

ton
s
w
h
ich

corresp
on

d
s
th
e
d
iagon

al
lin

e.

T
h
e
‘nu

ll’
hyp

oth
esis

H
0

assu
m
es

th
e
p
resen

ce
of

a
sig-

n
al

w
ith

u
n
iversal

cou
p
lin

g
of

Z
0
to

th
e
lep

ton
s
an

d
is

sim
p
ly

s
+

b
w
h
ere

s(b)
=

s
l (b

l ).
T
h
e
altern

ate
hyp

oth
-

esis,
H

A
is

p
aram

etrized
as

µ̂
s
+

b
w
h
ere

µ̂
is

d
efi

n
ed

as
th
e
‘u
n
iversality’

stren
gth

p
aram

eter
an

d
0


µ̂


2.
T
h
e
statistic

is
d
efi

n
ed

in
d
ivid

u
ally

for
th
e
d
i-electron

(m
u
on

)
fi
n
al

state
w
ith

corresp
on

d
in
g
sign

al
stren

gth
s

µ̂
e (µ̂

µ
).N

ote
th
at

µ̂
e
+
µ̂
µ
=

2
irresp

ective
of

th
e
in
d
ivid

-
u
al

valu
e.

T
h
e
u
n
iversal

case
corresp

on
d
s
µ̂
e
=

µ̂
µ
=

1.
T
h
e
d
etector

e↵
ects

are
en

cod
ed

in
th
e
resp

ective
m
u
lti-

p
licity

s
l (b

l )
for

th
e
sign

al(b
ackgrou

n
d
)
assu

m
in
g
equ

al
b
ran

ch
in
g
fraction

s
b
etw

een
th
e
lep

ton
s.

A
n
on

-u
n
iversal

asp
ect

favorin
g
on

e
of

th
e
lep

ton
s
is

th
en

qu
antifi

ed
by

th
e
resp

ective
d
ep

artu
re

from
µ̂
=

1.
F
or

a
qu

antifi
cation

of
th
e
test

statistic,
th
e
sign

al
an

d
b
ackgrou

n
d
events

are
b
in
n
ed

an
d
are

P
oisson

d
is-

trib
u
ted

in
each

b
in
.
U
sin

g
th
is,

th
e
test

statistic
in

E
q.

8
can

b
e
w
ritten

as:

q
µ̂
=

X
✓
2n

i log
n
i

u
i
+

u
i �

n
i ◆

(9)

w
h
ere

n
i
=

µ̂
s
i
+

b
i
p
aram

eterizes
th
e
d
eviation

from
n
on

-u
n
iversality

an
d

w
e
are

testin
g
th
e
p
u
re

u
n
iversal

hyp
oth

esis
u
i
=

s
i
+

b
i .

F
ig.4

gives
th
e
d
istrib

u
tion

of
th
e
statistic

q
µ̂
as

a
fu
n
ction

of
µ̂
for

b
oth

th
e
electron

an
d

m
u
on

at
3
ab

�
1

for
M

Z
0
=

5
T
eV

an
d

a
p
rod

u
c-

tion
cross-section

of
0.1

fb
.
T
h
e
w
id
th

of
th
e
p
arab

ola
is

d
i↵
erent

for
th
e
electron

s
an

d
m
u
on

s
on

accou
nt

of
th
e

d
i↵
erent

recon
stru

ction
an

d
accep

tan
ce

e�
cien

cies.
O
b
-

servation
of

any
d
eviation

d
eviation

(µ̂
�

1)
corresp

on
d
s

to
m
easu

re
of

n
on

-u
n
iversality

at
a
statisticalsign

ifi
can

ce
p
q
µ̂
stan

d
ard

d
eviation

.
T
h
e
left

p
lot

assu
m
es

th
e
nu

ll
hyp

oth
esis

to
b
e
th
e
u
n
iversal

exh
ib
its

a
m
in
im

u
m

at
µ̂
=

1
for

b
oth

th
e
lep

ton
s
corresp

on
d
in
g
to

th
e
nu

ll
hy-

p
oth

esis
of

u
n
iversality.

F
rom

th
e
cu

rve
its

easy
to

id
en

-
tify

th
at

a
>

2
�

d
eviation

from
u
n
iversality

is
p
ossib

le

F
IG

.
4:

D
istrib

u
tion

of
test

statistic
as

a
fu
n
ction

of
th
e

n
on

-u
n
iversality

p
aram

eter
µ̂
.
L
eft:

T
h
e
nu

ll
hyp

oth
esis

corresp
on

d
s
to

u
n
iversal

cou
p
lin

gs
of

Z
0
to

th
e
lep

ton
s.

R
ight:

T
h
e
nu

ll
hyp

oth
esis

corresp
on

d
s
to

µ̂
=

1.8
for

m
u
on

s
an

d
0.2

for
lep

ton
s.

(see
text

for
d
etails)

for
µ̂
�

1.8
an

d
µ̂


.2.
T
h
e
latter

w
ou

ld
h
ow

ever
lead

to
th
e
in
feren

ce
w
h
ere

th
e
d
ata

for
th
e
corresp

on
d
in
g
lep

-
ton

is
also

in
creasin

gly
con

sistent
w
ith

th
e
b
ackgrou

n
d

on
ly

hyp
oth

esis
(µ̂

=
0).

T
hu

s
th
ere

is
a
n
ecessity

to
test

b
oth

th
e
m
od

es
in
d
ivid

u
ally

as
is

illu
strated

in
th
e

right
p
lot

of
F
ig.4.

T
h
e
b
lack

cu
rves

are
sim

ilar
to

th
e

on
es

in
th
e
right

p
lot.

T
h
e
colou

red
cu

rves
corresp

on
d
to

testin
g
a
sp
ecifi

c
n
on

-u
n
iversality

ratio
hyp

oth
esis:

ou
t

of
th
e
total

assu
m
ed

b
ran

ch
in
g
fraction

of
20%

into
th
e

lep
ton

s,
w
e
assu

m
e
19%

for
th
e
m
u
on

an
d
th
e
rem

ain
in
g

for
th
e
electron

.
In

th
is

scen
ario

can
b
e
rejected

at
>

95%
C
L
at

th
e
H
L
-L
H
C

w
ith

3
ab

�
1.

T
h
e
com

p
u
tation

s
of

th
e
in
d
ivid

u
al

sign
ifi
can

ces
can

b
e
p
u
t
to

fu
rth

er
u
se

by
estim

atin
g
ratios

an
d
w
ill

b
e
d
iscu

ssed
b
elow

.

N
O
N
-U

N
IV

E
R
S
A
L
IT

Y
R
A
T
IO

S

In
th
e
follow

in
g
w
e
d
iscu

ss
a
m
eth

od
ology

b
ased

on
th
e

com
p
u
tation

of
th
e
in
d
ivid

u
al

sign
ifi
can

ces.
It

w
h
ich

is
in
d
ep

en
d
ent

of
its

total
w
id
th

an
d
is
p
u
rely

a
m
easu

re
of

th
e
n
on

-u
n
iversality

of
its

cou
p
lin

g
into

th
e
corresp

on
d
-

in
g
fi
n
al

state.
H
ow

ever
for

th
e
sake

of
exp

lan
ation

w
e

d
em

on
strate

it
in

th
e
context

of
n
arrow

w
id
th

reson
an

ces.
A

u
sefu

l
ob

servation
for

th
e
reson

ant
p
rod

u
ction

of
n
ar-

row
w
id
th

ob
jects

is
th
e
factorization

of
th
e
p
rod

u
ction

cross-section
(�
)
an

d
th
e
b
ran

ch
in
g
fraction

into
th
e
fi
n
al

states
(B

).
A
ssu

m
in
g
a
d
i-lep

ton
fi
n
al

state,
th
e
nu

m
b
er

of
events

N
l
at

a
given

integrated
lu
m
in
osity

is
sim

p
ly

N
l
=

�B
l ✏

l L
w
h
ere

✏
l
is
collid

er
accep

tan
ce

e�
cien

cy
for

th
e
lep

ton
s.

In
gen

eral
it
is
d
i↵
erent

for
th
e
electron

s
an

d
th
e
m
u
on

s.
A

u
sefu

l
m
easu

re
is

to
sim

p
ly

con
sid

er
th
e

ratio
N

l /N
l 0
w
h
ere

l,l 0
=

e,µ
an

d
l6=

l 0.
H
ow

ever,
given

th
e
large

associated
b
ackgrou

n
d
w
h
ich

m
u
st

also
b
e
taken

into
accou

nt,
th
e
follow

in
g
m
easu

re
is
m
ore

ap
p
rop

riate:

R
=

vuuut
2(S

l +
B

l )
log h1

+
S
l

B
l i�

2S
l

2(S
l 0
+

B
l 0)

log h1
+

S
l 0

B
l 0 i�

2S
l 0

(10)

D
’A

m
brosio, F. Conventi, Iyer, Rossi, M

angano  
To appear



3

F
IG

.
2:

L
eft

p
lot

gives
th
e
cu
rrent

exp
ected

recon
stru

ction
for

for
th
e
d
i-lep

ton
s
invariant

m
ass.

T
h
e
R
ight

p
lot

gives
th
e
exp

ected
im

p
orvem

ent
for

th
e

d
i-m

u
on

w
ith

th
e
H
L
u
p
grad

e.

on
th
e
�⇥

B
ll
for

th
ese

states
[18].

P
arallelto

th
e
existin

g
tech

n
iqu

es,
it
is
also

in
stru

ctive
to

ask
if
ad

d
ition

al
m
ea-

su
res

cou
ld

b
e
con

stru
cted

w
h
ich

cou
ld

p
ossib

ly
p
reem

p
t

a
d
irect

d
iscovery

th
rou

gh
an

evid
en
ce

ofn
on

-u
n
iversality

in
th
e
ob

served
b
ran

ch
in
g
fraction

s.
T
o
facilitate

th
is
w
e

con
sid

er
th
e
reson

ant
p
rod

u
ction

of
a
h
eavy

Z
0
accord

in
g

to
th
e
follow

in
g
m
atrix

elem
ent.

M
(p

p
!

Z
0,Z

0!
l
+

l �
)

w
h
ere

l
=

e,µ
(6)

T
h
e

m
od

el
fi
le

for
th
e

sign
al

is
gen

erated
u
sin

g
F
E
Y
N
R
U
L
E
S
[19]an

d
m
atrix

elem
ent

for
th
e
p
rocess

is
p
ro-

d
u
ced

u
sin

g
M
A
D
G
R
A
P
H
at

14
T
eV

centre
of

m
ass

en
ergy.

W
e
u
se

P
Y
T
H
I
A
8
[20]

for
th
e
sh
ow

erin
g
an

d
h
ad

ron
iza-

tion
an

d
con

sequ
ently

u
se

th
e
C
M
S
card

of
D
E
L
P
H
E
S
3
.
4

[21].
W
e
b
egin

w
ith

an
an

alysis
of

trad
ition

al
reson

an
ce

search
es

into
th
e
d
i-lep

ton
fi
n
al

states.
In

th
is

in
stan

ce
w
e
assu

m
e
th
e
w
id
th

for
eith

er
fi
n
al

state
is
<

5%
of

th
e

m
ass

of
th
e
reson

an
ce.

E
v
e
n
t
s
e
l
e
c
t
i
o
n
:
In

ord
er

to
id
entify

th
e
lep

ton
s
from

th
e
Z

0
w
e
d
em

an
d
th
e
follow

in
g
criteria:

A
)
T
w
o
isolated

lep
ton

s
(electron

s
an

d
m
u
on

s)
w
ith

a
m
in
im

u
m

p
T

=
50

G
eV

an
d

n
o
m
issin

g
en
ergy.

T
h
e

m
ain

sou
rce

of
b
ackgrou

n
d
is
th
e
p
p
!

Z
/
�
⇤
!

ll
w
h
ere

l
=

e,µ
.

In
ord

er
to

p
op

u
late

th
e
sign

al
p
h
ase

sp
ace,

th
e
events

are
gen

erated
w
ith

m
in
im

u
m

invariant
m
ass

m̂
=

800
G
eV

an
d
th
is
red

u
ces

th
e
e↵

ective
cross

section
of

th
e
p
rocess

to
⇠

130
fb

at
14

T
eV

.
It

is
n
atu

ral
to

fi
n
d

th
at

d
i-m

u
on

fi
n
al

state
en
joys

⇠
20%

m
ore

accep
tan

ce
e�

cien
cy

th
an

th
at

of
th
e
d
i-electron

.
H
ow

ever,
w
ith

p
rior

to
th
e
H
L
u
p
grad

e,
th
e
electron

s
en
joy

a
far

su
p
e-

rior
m
ass

con
stru

ction
com

p
ared

to
th
e
m
u
on

as
sh
ow

n
in

th
e
left

p
lot

of
F
ig.

2.
A
s
a
resu

lt
of

th
is

in
th
e
m
ass

b
in

arou
n
d
th
e
Z

0
p
ole

th
ere

are
m
ore

d
i-electron

events
th
an

th
e
corresp

on
d
in
g

d
i-m

u
on

events.
T
o
qu

antify
th
is

asp
ect,

w
e
b
in

th
e
S
M

an
d
th
e
sign

al
events

in
th
e
ran

ge
0
<

m
ll
<

8000
G
eV

,
in

100
G
eV

b
in
s.

W
e
com

p
u
te

th
e
follow

in
g
variab

le:

Z
=

s
X

i

✓
2(s

i
+

b
i )
log 1

+
s
i

b
i �

�
2
s
i ◆

(7)

W
h
ere

th
e
su
m

ru
n
s
over

th
e
b
in
s
an

d
s
i
an

d
b
i
are

th
e

sign
al

an
d
b
ackgrou

n
d
event

m
u
ltip

licities
in

th
e
i th

b
in
.

T
h
is

is
a
m
esu

re
of

th
e
sign

al
sen

sitivity
at

a
given

lu
-

m
in
osity.

N
ote

th
at

if
b
i
o

s
i
for

a
given

b
in
,
th
en

E
q.

7
sim

p
ly

red
u
ces

to
s
i / p

b
i .

T
b
e
b
in
n
ed

com
p
u
tation

of
th
e
variab

le
is

sen
sitive

to
th
e
N
P

n
ew

p
hysics

e↵
ects

in
in
d
ivid

u
al

b
in
s
an

d
is

fairly
d
em

ocratic
of

th
e
reson

ant
m
ass.

W
e
estim

ate
th
e
in
d
ivid

u
al

sign
ifi
can

ce
for

b
oth

electron
an

d
m
u
on

fi
n
al

state
an

d
extract

th
e
total

sig-
n
ifi
can

ce
by

ad
d
in
g
th
em

in
qu

ad
ratu

re.
T
h
e
p
lots

in
F
ig.

3
gives

contou
rs

in
th
e
total

d
i-lep

ton
sign

ifi
can

ce
as

a
fu
n
ction

of
b
ran

ch
in
g
fraction

s
into

th
e
electron

B
e

an
d
m
u
on

B
µ
.
W
e
assu

m
e
at

m
ost

20%
total

b
ran

ch
in
g

fraction
into

th
e
lep

ton
s
w
h
ich

corresp
on

d
s
to

th
e
d
iago-

n
allin

e.
T
h
e
region

s
b
elow

corresp
on

d
s
to

sm
aller

valu
es.

T
h
e
left

p
lot

corresp
on

d
s
to

th
e
cu
rrent

m
u
on

recon
stru

c-
tion

w
h
ile

th
e
right

p
lot

corresp
on

d
s
to

th
e
sam

e
an

alysis
after

th
e
H
L
u
p
grad

e.
G
iven

th
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b
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b
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re
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b
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recon
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b
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p
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p
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=
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=
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=
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b
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=
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b
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b
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d
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+

b
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b
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d
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b
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b
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m
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b
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d
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re
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=
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b
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b
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into
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re
is
m
ore

ap
p
rop

riate:

R
=

vuuut
2(S

l +
B

l )
log h1

+
S
l

B
l i�

2S
l

2(S
l 0
+

B
l 0)

log h1
+

S
l 0

B
l 0 i�

2S
l 0

(10)

5

N
ote

th
at

in
th
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b
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b
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u
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p
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b
ecom

es
m
ore

accu
rate

w
ith

m
ore

d
ata.

T
h
e
error

in
R

is
com

p
u
ted

by
a
lin

ear
error

p
rop

-
agation

as

�R
=

R
c s

✓
�S

e

S
e

◆
2

+

✓
�S

µ

S
µ

◆
2

+
14

✓
�B

µ

B
µ

◆
2

+
14

✓
�B

e

B
e

◆
2

(13)
w
h
ere

th
e
central

valu
e
R

c
is

in
d
ep

en
d
ent

of
th
e
inte-

grated
lu
m
in
osity

L
.

T
h
e
m
easu

rem
ent

of
R

is
illu

s-
trated

for
a
light

reson
an

ce
5
T
eV

in
F
ig.5.

T
h
e
w
id
th

corresp
on

d
s
to

th
e
1
�

error
b
an

d
at

th
e
corresp

on
d
in
g

lu
m
in
osity.

T
h
e
p
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p
u
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=
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p
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To Conclude

The  current and future experim
ents m

ay hold the key to unravelling the anom
alies

K physics is also an interesting prospect with the advent of N
A

62

Coupled with direct searches at the H
L and (possibly) FCC, a bigger picture m

ay 
em

erge
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