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D
ark sector for this talk –

a hypothetical sector consisting of 
relatively light (w

ithin kinem
atic reach) particles w

ith interactions 
orders of m

agnitude sm
aller than electrom

agnetic interactions. It m
ay 

(or m
ay not) include particles that constitute dark m

atter.

Prim
e exam

ples of dark sectors: A
xions, axion-like particles, dark 

photons, sterile neutrinos, light Z’ and h’. A
nd of course light dark 

m
atter particles. 

A
ccelerator-based experim

ents: Ferm
ilab, high-Lum

inosity e
+e

-

m
achines, searches at Jlab, SLA

C
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A
n attem

pt for a com
prehensive overview

 has been m
ade in 2016 and 

2017 

…
very long list of authors

•
Focus on light dark m

atter. N
ot enough on light m

ediators. 

•
H

ow
ever –

the case of proton-initiated m
achines is not covered 

too w
ell [in m

y opinion]. 
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O
u

tlin
e
 o

f th
e
 ta

lk
 

1.
Introduction. Structure of dark sectors. 

2.
Electron-initiated searches. A

nalyses of existing data from
 B

aB
ar. 

Projects at Jlab
and SLA

C
 (LD

M
X

). 

3.
Ferm

ilab
+ neutrino experim

ents and dark sectors 
§

Search for light dark m
atter in the beam

 dum
p m

ode. 
§

Possibility to search for visible decays of light particles w
ith 

neutrino detectors.
§

A
dditional possibilities w

ith m
uons

§
SeaQ

uestproposal

4.
C

onclusions



B
ig

 Q
u

e
s
tio

n
s
 in

 P
h

y
s
ic

s

“M
issing m

ass” –
w

hat is it? N
ew

 particle, new
 force, …

? 
Both?

H
ow

 to find out? 
C

hallenges ?? Too m
any options for D

M
. In “direct detection” or collider 

experim
ents there is an extrapolations from

 ~ kpc
scale (~ 10

21cm
)  

dow
n to 10

2cm
 scale. 

G
iven very “econom

ical” outcom
e of the LH

C
 experim

ents w
rtN

ew
 

Physics, w
e can go back to sim

ple possibilities for dark sectors



A
 s

im
p

le
 m

o
d

e
l o

f d
a
rk

 s
e
c
to

r

§
“Effective” charge of the “dark sector” particle c

is Q
 = e ×

e
(if m

om
entum

 scale q > m
V

). A
t q < m

V
one can say that 

particle c
has a non-vanishing EM

 charge radius,
. 

§
D

ark photon can “com
m

unicate” interaction betw
een SM

 and 
dark m

atter. V
ery light c

can be possible. 
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con

trib
u
tion

to
th
e
m
ix
in
g
an

gle
th
at

scales
as

�
⇥
⇤

g
⇥e/(12⇤

2)⇥
log(⇥

2U
V
/M

)
2.

In
p
rin

cip
le,

th
e
tw

o
sectors

can
b
e
”several

lo
op

rem
oved

”,
so

th
at

on
e

can
en
tertain

a
w
id
e
ran

ge
of

m
ix
in
g
an

gles.

2.
If

b
oth

grou
p
s
are

u
n
b
roken

,
m

V
⇧

0,
th
en

⌅
rep

resen
t
th
e
”m

illich
arged

p
articles”

w
ith

electric
ch
arge

q
�
=

e⇥.
F
or

m
V
⌥=

0,
at

|q
2|
<

m
2V
,
th
e
p
articles

⌅
can

b
e
th
ou

gh
t

of
as

n
eu
tral

p
articles

w
ith

a
n
on

-van
ish

in
g
electric

ch
arge

rad
iu
s,

r
2�
⌃

6⇥m
�
2

V
.
T
h
e

d
iagram

,
d
escrib

in
g
b
asic

in
teraction

b
etw

een
th
e
tw

o
sectors

is
sh
ow

n
in

F
ig.

1.

3.
If
th
ere

are
n
o
states

ch
arged

u
n
d
er

U
(1) ⇥

(or
th
ey

are
very

h
eav

y
),
an

d
m

V
is
taken

to
b
e
zero,

th
en

th
e
tw

o
sectors

d
ecou

p
le
even

at
n
on

-zero
⇥.

T
h
is
lead

s
to

th
e
su
p
p
ression

of
all

in
teraction

s
for

a
d
ark

p
h
oton

in
sid

e
a
m
ed
iu
m
,
if
m

V
b
ecom

es
sm

aller
th
an

th
e

ch
aracteristic

p
lasm

a
freq

u
en
cy,

an
d
all

p
ro
cesses

w
ith

em
ission

or
ab

orp
tion

of
d
ark

p
h
oton

s
d
ecou

p
le

as
⇤

m
2V
[8].

4.
N
ew

vector
b
oson

,
in
teractin

g
w
ith

th
e
S
M

v
ia

th
e
electrom

agn
etic

cu
rren

t,
con

serves
alld

iscrete
sy
m
m
etries

(p
arity,

fl
avou

r,
C
P

etc).
A
lso,

im
p
ortain

tly,
A

⇥d
o
es

n
ot

cou
p
le

d
irectly

to
n
eu
trin

os.
A
s
a
con

seq
u
en
ce,

th
e
in
teraction

stren
gth

d
u
e
to

th
e
ex
ch
an

ge
of

A
⇥can

b
e
taken

to
b
e
stron

ger
th
an

th
at

of
w
eak

in
teraction

s,
(e⇥)

2/m
2A

� ;
(e⇥g

⇥)/m
2A

� ⌅
G

F
.
T
h
is
p
rop

erty
p
roves

very
u
sefu

l
in

con
stru

ctin
g
th
e
ligh

t
d
ark

m
atter

m
o
d
els

w
ith

th
e
u
se

of
vector

p
ortal.

A
lth

ou
gh

th
is

m
o
d
el

w
as

k
n
ow

n
to

th
eorists

an
d
w
ell-stu

d
ied

over
th
e
years

(e.g.
R
efs.

[9,10]),
a
rev

ival
of

in
terest

to
m
o
d
els

b
ased

on
k
in
etically

-m
ix
ed

A
⇥o

ccu
rred

in
last

10
years,

as
a
resp

on
se

to
variou

s
astrop

h
y
sical

an
om

alies,
th
at

th
is
m
o
d
el

allow
s
to

ex
p
lain

in
term

s
of

w
eak

ly
-in

teractin
g
d
ark

m
atter.

S
u
b
seq

u
en
t
search

es
of

th
e
d
ark

p
h
oton

triggered
n
ew

an
aly

ses
of

th
e
p
ast

or
ex
istin

g
ex
p
erim

en
ts

[11–20],
an

d
gen

erated
n
ew

d
ed
icated

ex
p
eri-

m
en
ts

in
d
i⇤
eren

t
stages

of
im

p
lem

en
tation

[21–24].
In

th
is

ch
ap

ter,
w
e
are

goin
g
to

sh
ow

3
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Let us classify
possible connections betw

een D
ark sector and SM

H
+H

(l
S

2+
 A S)

H
iggs-singlet scalar interactions (scalar portal)

B
µn V

µn
“K

inetic m
ixing” w

ith additional U
(1)’ group

(becom
es a specific exam

ple of J
µ iA

µ extension)
LH

N
neutrino Y

ukaw
a coupling, N

–
R

H
 neutrino  

J
µ iA

µ
requires gauge invariance and anom

aly cancellation
It is very likely that the observed neutrino m

asses indicate that 
N

ature m
ay have used the LH

N
portal…

 
D

im
>4

J
µ A  ¶

µ a /f      axionic
portal

…
…

…
.

E
x

a
m

p
le

 o
f d

a
rk

 s
e

c
to

r c
o

u
p

lin
g

s
 to

 th
e

 S
M

 (a
ls

o
 

k
n

o
w

n
 a

s
 “p

o
rta

ls
” )



S
im

p
le

s
t m

o
d

e
ls

 fo
r lig

h
t D

M
s

o
m

e
 e

x
a

m
p

le
s

§
Scalar dark m

atter talking to the SM
 via a dark photon 

(variants: L
m

u -L
tau etc

gauge bosons). W
ith 2m

D
M

< m
m

ediator .

§
Ferm

ionic dark m
atter talking to the SM

 via a “dark scalar” 
that m

ixes w
ith the H

iggs. W
ith m

D
M

> m
m

ediator .

A
fter EW

 sym
m

etry breaking S
m

ixes w
ith physical h, and can be 

light and w
eakly coupled provided that coupling A

 is sm
all. 

Sub-G
eV particles from

 these sectors are w
ithin kinem

atic reach 
of Ferm

ilab
experim

ents
9

�
�
=

2G
F

p
2

⇥
n
n

⇥
�
L
⇥

n

(47)

L
=

|D
µ �| 2�

m
2� |�| 2�

14
V

2µ
⌫

+
12
m

2V

V
2µ

�
✏2
V
µ
⌫ F

µ
⌫

(48)

5

�
�
=

2G
F

p
2

⇥
n
n

⇥
�
L
⇥

n

(47)

L
=

|D
µ �| 2�

m
2� |�| 2�

14
V

2µ
⌫

+
12
m

2V

V
2µ

�
✏2
V
µ
⌫ F

µ
⌫

(48)

L
=

�
(i@

µ �
µ

�
m

� )�
+
�
�
�
S
+

12
(@

µ S
)
2�

12
m

2S S
2�

A
S
(H

†H
)

(49)

5



L
ig

h
t D

M
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d
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u
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 d
e
te

c
t v

ia
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u
c
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a
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c
o

il 

10

D
irect D

etection

•
N

uclear recoil too w
eak -  

•
C

an w
e find a relativistic source of D

ark M
atter?

LU
X

X
EN

O
N

100

!
"#
$%#

&''%()
*+
,- ./

012''�'*-3425%(-6./%75216&84'*9%32%5:-8*25;

<=><<?<@@A><

%%B33CD,,96
3228'EF12G

5E*9:,%
%%)
&43'H*88I#

&594-IJ484CC454

<>
>

<>
<

<>
.

<>
K

<>
�=?

<>
�==

<>
�=.

<>
�=>

10
!3

10
!2

10
!1

1
10
!47

10
!46

10
!45

10
!44

10
!43

10
!42

10
!41

10
!40

10
!39

Cross!section !cm2" #normalised to nucleon$
C

D
M

S-Si

D
A

M
A

C
oG

eN
T

w
hat about here?

v
D
M

⇠
10

�
3

X
EN

O
N

100

LU
X

6

511 keV
m

otivated

M
ost m

oney spent

•
There is a large, potentially interesting part of W

IM
P D

M
 param

eter 
space that escapes constraints from

 D
M

-nuclear scattering, but is 
potentially w

ithin reach of other probes

•
V

iable m
odels im

ply the dark sector, or accom
panying particles 

facilitating the D
M

 à
SM

 annihilation. C
an create additional 

signatures w
orth exploring. 
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§
Searching for light (e.g. M

eV
 –

10 G
eV

) dark m
atter and m

ediators 
has becom

e an im
portant axis of activity at low

 and m
edium

 
energies. 

§
It is im

portant to probe both the dark m
atter and m

ediators.
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S
e

a
rc

h
 fo

r d
a

rk
 p

h
o

to
n

s
, S

n
o

w
m

a
s

s
 s

tu
d

y
, 2

0
1

3
 

10
�3

10
�2

10
�1

1
10
�11

10
�10

10
�9

10
�8

10
�7

10
�6

10
�5

10
�4

10
�3

10
�2

m
A' �G

eV⇥

⇥

A
'⇧

Standard
M
odel

U
70

E137

E141

E774

CH
A
RM

a
⇤,5
⌅

a
⇤,⌃2

⌅
favored

a
e

BaBar

K
LO
E

W
A
SA

SN

LSN
D

A
PEX⇤M

A
M
I

TestRuns

O
rsay

10
�3

10
�2

10
�1

1

10
�5

10
�4

10
�3

10
�2

m
A' �G

eV⇥
⇥

A
'⇧

Standard
M
odel

A
PEX⇤M

A
M
I

TestRuns

U
70

E141

E774

a
⇤,5
⌅

a
⇤,⌃2

⌅
favored

a
e

BaBar

K
LO
E

W
A
SA

O
rsay

H
PS

A
PEX

D
arkLight

V
EPP�3

M
ESA

M
A
M
I

F
IG

.
6.

P
aram

eter
sp
ace

for
d
ark

p
h
oton

s
(A

⇥)
w
ith

m
ass

m
A

0
>

1
M
eV

(see
F
ig.

7
for

m
A

0
<

1
M
eV

).
S
h
ow

n
are

existin
g
90%

con
fi
d
en

ce
level

lim
its

from
th
e
S
L
A
C

an
d

F
erm

ilab

b
eam

d
u
m
p
exp

erim
ents

E
137,

E
141,

an
d
E
774

[116–119]
th
e
electron

an
d
m
u
on

an
om

alou
s
m
ag-

n
etic

m
om

ent
a
µ
[120–122],

K
L
O
E
[123]

(see
also

[124]),
W
A
S
A
-at-C

O
S
Y

[125],
th
e
test

ru
n
resu

lts

rep
orted

by
A
P
E
X

[126]
an

d
M
A
M
I
[127],

an
estim

ate
u
sin

g
a
B
aB

ar
resu

lt
[116,

128,
129],

an
d
a

con
straint

from
su
p
ern

ova
coolin

g
[116,

130,
131].

In
th
e
green

b
an

d
,
th
e
A

⇥
can

exp
lain

th
e
ob

-

served
d
iscrep

an
cy

b
etw

een
th
e
calcu

lated
an

d
m
easu

red
m
u
on

an
om

alou
s
m
agn

etic
m
om

ent
[120]

at
90%

con
fi
d
en

ce
level.

O
n
th
e
right,

w
e
sh
ow

in
m
ore

d
etail

th
e
p
aram

eter
sp
ace

for
larger

valu
es

of
�.

T
h
is
p
aram

eter
sp
ace

can
b
e
p
rob

ed
by

several
p
rop

osed
exp

erim
ents,

in
clu

d
in
g
A
P
E
X

[132],

H
P
S
[133],

D
arkL

ight
[134],

V
E
P
P
-3

[135,
136],

M
A
M
I,

an
d
M
E
S
A

[137].
E
xistin

g
an

d
fu
tu
re

e
+
e �

collid
ers

su
ch

as
B
A
B
A
R
,
B
E
L
L
E
,
K
L
O
E
,
S
u
p
erB

,
B
E
L
L
E
-2,

an
d
K
L
O
E
-2

can
also

p
rob

e

large
p
arts

of
th
e
p
aram

eter
sp
ace

for
�
>

10 �
4�

10 �
3;

th
eir

reach
is

n
ot

exp
licitly

sh
ow

n
.

strin
g
th
eory

con
stru

ction
s
can

gen
erate

m
u
ch

sm
aller

�.
W

h
ile

th
ere

is
n
o
clear

m
in
im

u
m

for
�,
valu

es
in

th
e
10

�
1
2�

10
�
3
ran

ge
h
ave

b
een

p
red

icted
in

th
e
literatu

re
[140–143].

A
d
ark

sector
con

sistin
g
of

p
articles

th
at

d
o
n
ot

cou
p
le

to
any

of
th
e
kn

ow
n
forces

an
d

contain
in
g
an

A
⇥
is

com
m
on

p
lace

in
m
any

n
ew

p
hysics

scen
arios.

S
u
ch

h
id
d
en

sectors
can

h
ave

a
rich

stru
ctu

re,
con

sistin
g
of,

for
exam

p
le,

ferm
ion

s
an

d
m
any

oth
er

gau
ge

b
oson

s.

T
h
e
p
h
oton

cou
p
lin

g
to

th
e
A

⇥
cou

ld
p
rovid

e
th
e
on

ly
n
on

-gravitation
al

w
in
d
ow

into
th
eir

existen
ce.

H
id
d
en

sectors
are

gen
eric,

for
exam

p
le,

in
strin

g
th
eory

con
stru

ction
s
[144–147].

an
d
recent

stu
d
ies

h
ave

d
raw

n
a
very

clear
p
ictu

re
of

th
e
d
i�
erent

p
ossib

ilities
ob

tain
ab

le
in

typ
e-II

com
p
actifi

cation
s
(see

d
otted

contou
rs

in
F
ig.

7).
S
everal

p
ortals

b
eyon

d
th
e
kin

etic

21

D
ark photon m

odels w
ith m

ass under 1 G
eV, and m

ixing angles ~ 10
-3

represent a “w
indow

 of opportunity” for the high-intensity experim
ents, 

not least because of the tantalizing positive ~ (a/p)e 2correction to the 
m

uon
g -2.

“bum
ps in m

ll ” 
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U
p

d
a

te
 fro

m
 2

0
1

6

A
t Jlab, H

PS, A
PEX

 and D
arkLightexperim

ents can further advance 
sensitivity to light m

ediators coupled to electrons, such as dark photons. 
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J
la

b
A

P
E

X
, T

. N
e

ls
o

n
 ta

lk
, 2

0
1

7

A
t Jlab, H

PS, A
PEX

 and D
arkLightexperim

ents can further advance 
sensitivity to light m

ediators coupled to electrons, such as dark photons. 

A
ccidental

Q
ED

 (no 
efficiency 
correction)

D
ata

0.1
0.3

0.5
10
-8

10
-7

10
-6

10
-5

0.1
0.3

0.5

10
-8

10
-7

10
-6

10
-5

e
+e
-HA

'LM
assHG

eVL

a'êa H2s sensitivityL

Sensitivity
ofProposed

R
un
Plan

C
A

D
B

3

A
PEX

A
′ search using H

all A  
high-resolution spectrom

eters (H
RS)

H
R

S−right

H
R

S−left

Electron, P = E0/2

Positron, P = E0/2

.

.

Septum

W
 target

B
eam

H
R

S detectors
Septum

Target

e �
e
�

�

A
�

Z
Z

e
+

e
–

Physics Process

e
+

e
–

Spectrom
eters

~
100 !A

Test run (2010):  
concept &

 technical dem
onstration; 

w
eekend run achieved; new

 sensitivity.

Full run:  
PA

C
 approved and prioritized,  funded, 

projected to run ~
2018. O

ptim
ized septa 

m
agnet constructed. Sm

aller beam
 line 

item
s funded and H

R
S detectors ready.

0.7-5.3%
 X

0
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J
la

b
H

P
S

, T
. N

e
ls

o
n

 ta
lk

, 2
0

1
7

A
t Jlab, H

PS, A
PEX

 and D
arkLightexperim

ents can further advance 
sensitivity to light m

ediators coupled to electrons, such as dark photons. 
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Im
p

o
rta

n
t a

c
tiv

itie
s
 in

 a
n

a
ly

zin
g

 
B

a
B

a
r

d
a
ta

A
 lot of im

portant activities happen in connection w
ith dark sectors 

at B
aB

ar(A
nalyses by B

. Echenard
++)

§
Search for light pseudoscalarH

iggses(such as those in N
M

SSM
)

§
D

irect search for a visibly decaying dark photon up to 10 G
eV

§
D

irect search for an invisibly decaying dark photon (e.g. to a pair 
of light dark m

atter particles)
§

Searches for m
ulti-particle final states (H

iggs-prim
e-strahlung, 

resulting in 3 charged pairs, search for bound states of light dark 
m

atter)
§

Search for light exotic particles coupled predom
inantly to m

uons 
and tau leptons. 

A
ll of these searches can be im

proved at B
elle II.
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B
aB

arcollaboration has published new
 results tw

o w
eeks ago, 

1702.03327.   Search of e
+e

-à
g

+ V
 à

g + cc

§
C

om
plem

entary to N
A

64
§

C
overs all of the dark photon param

eter space, decaying invisibly, 
consistent w

ith alleviating the m
uon g-2 discrepancy

B
a
B

a
r

re
s
u

lt o
n

 in
v
is

ib
ly

 d
e
c
a
y
in

g
 A

’

6

 (G
eV)

A
'

m
0

1
2

3
4

5
6

7
8

)σSignificance (

0

0.5 1

1.5 2

2.5 3

F
IG

.
2:

S
ign

al
sign

ifi
can

ce
S

as
a
fu
n
ction

of
th
e
m
ass

m
A

0.

) 2
 (G

eV
2X

M
25

30
35

40
45

50
55

60

 )    2Events / ( 0.5 GeV

1−
10

1 10

/df = 69.0/77
2
χ

25
30

35
40

45
50

55
60

Pull

2− 0 2

F
IG

.
3:

B
ottom

:
sign

al
fi
t
for

m
A

0
=

6.21
G
eV

to
a
com

-
b
in
ation

of
⌥
(2S

)
an

d
⌥
(3S

)
d
atasets,

sh
ow

n
for

illu
stration

p
u
rp

oses.
T
h
e
sign

al
p
eak

(red
)
corresp

on
d
s
to

th
e
lo
cal

sig-
n
ifi
can

ce
S

=
3.1

(glob
al

sign
ifi
can

ce
of

2.6�
).

B
lu
e
solid

lin
e
sh
ow

s
th
e
fu
ll
P
D
F
,
w
h
ile

th
e
m
agen

ta
d
ash

ed
lin

e
cor-

resp
on

d
s
to

th
e
b
ack

grou
n
d
con

trib
u
tion

.
T
op

:
d
istrib

u
tion

of
th
e
n
orm

alized
fi
t
resid

u
als

(p
u
lls).

th
e
frequ

entist
p
rofi

le-likelih
ood

lim
its

[29].
F
igu

re
5

com
p
ares

ou
r
resu

lts
to

oth
er

lim
its

on
"
in

ch
an

n
els

w
h
ere

A
0

is
allow

ed
to

d
ecay

invisib
ly,

as
w
ell

as
to

th
e

region
of

p
aram

eter
sp
ace

con
sistent

w
ith

th
e
(g

�
2)

µ

an
om

aly
[5].

A
t
each

valu
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production and scattering of light 
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M
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 is not pulsed –
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D
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E137
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N
e
w

 p
ro

je
c
t L

D
M

X
. 

The challenges are great (e.g. w
hat else can create m

issing 
energy/m

om
entum

 and escape detection at 1 ppb level? ) but the 
potential pay-off is quite significant!

e 2scaling (rather than e 4) allow
s a “faster” increase of sensitivity(PO

T)
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§
Ferm

ilab
is the m

ain Lab in the U
S solely devoted to particle 

physics.
§

A
nd am

ong all particles, its focus is on neutrinos and m
uons

§
Lots of still unexplored sensitivity to dark sectors. 

§
In particular, light scalars m

ixed w
ith the H

iggs can be m
ost 

efficiently studied at hadron m
achines (produced via K

 or B
 

decays). 
§

It has not been enough theoretical interest yet in studying Ferm
ilab

experim
ental sensitivity to dark sectors. 
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p
Standard stuff: p

+, K
+,..

n

Exotic stuff: light D
M

 c, light m
ediators V

N
eutrino detector

O
ptions:

1.
Exotic stuff is “m

etastable”, decays to SM
 inside the detector

2.
Exotic stuff is ”stable”, but can scatter on SM

 particles

3.
Exotic particles can m

odify neutrino scattering itself. 

e, g
etc

V

n
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T
y
p

e
s
 o

f n
e
w

 p
h

y
s
ic

s

4.  There is of course also a possibility of active-sterile oscillation

5.
C

om
bination of all of the above: e.g. Sterile neutrinos can have 

”secret interactions”, and also scatter off SM
 particles. 

(In light of recent cosm
ological constraints, ~1eV

 m
ass 

LSN
D

/M
iniboone-style sterile neutrinos im

ply
a dark sector!)

n 
Sterile state
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M
iniB

oone
has com

pleted a long run in the beam
 dum

p m
ode, as 

suggested in

B
y-passing B

e target is crucial for reducing the neutrino background 
C

urrently, suppression of n
flux ~50. 

Tim
ing is used (10 M

eV
 dark m

atter propagates slow
er than neutrinos) 

to further reduce backgrounds. First results –
2016, 2017

Im
portant contribution from

 P deN
iverville, B

 B
atell. 

M
iniBooN

E
90%

 C
.L.

M
iniBooN

E sensitivity to vector portal D
M
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stron

g
evid

en
ce

for
d
ark

m
at-

ter
(D

M
)
from

ob
servation

s
of

gravitation
al

p
h
en
om

en
a

across
a
w
id
e
ran

ge
of

d
istan

ce
scales

[1].
A

su
b
stantial

p
rogram

of
exp

erim
ents

h
as

evolved
over

th
e
last

sev-
eral

d
ecad

es
to

search
for

n
on

-gravitation
al

interaction
s

of
D
M
,
w
ith

yet
n
o
u
n
d
isp

u
ted

evid
en
ce

in
th
is

sector.
M
ost

of
th
ese

exp
erim

ents
target

D
M

w
ith

w
eak

scale
m
asses

an
d
are

less
sen

sitive
to

D
M

w
ith

m
asses

b
elow

a
few

G
eV

.
T
o
com

p
lem

ent
th
ese

ap
p
roach

es,
n
ew

search
strategies

sen
sitive

to
D
M

w
ith

sm
aller

m
asses

sh
ou

ld
b
e

con
sid

ered
[2].

F
ixed

-target
exp

erim
ents

u
sin

g
b
eam

s
of

p
roton

s
or

electron
s
can

exp
an

d
th
e
sen

sitivity
to

su
b
-G

eV
D
M

th
at

cou
p
les

to
ord

in
ary

m
atter

via
a
light

m
ed
iator

p
arti-

cle
[3–18].

In
th
ese

exp
erim

ents,
D
M

p
articles

m
ay

b
e

p
rod

u
ced

in
collision

s
w
ith

nu
clei

in
th
e
fi
xed

target,
of-

ten
a
b
eam

d
u
m
p
,
an

d
m
ay

b
e
id
entifi

ed
th
rou

gh
interac-

tion
s
w
ith

nu
clei

in
a
d
ow

n
stream

d
etector.

R
esu

lts
from

p
ast

b
eam

d
u
m
p
exp

erim
ents

h
ave

b
een

rean
alyzed

to

B
e

T
a

r
g

e
t

E
a

r
t
h

A
i
r

D
e
c
a

y
P

i
p

e

S
t
e
e
l

B
e
a

m
D

u
m

p

M
i
n

i
B

o
o

N
E

D
e
t
e
c
t
o

r

p
⇡

0

V

�

�
†

�
N

�
5
0
m

4
m

4
8
7
m

F
IG

.
1.

S
ch
em

atic
illu

stration
of

th
is

D
M

search
u
sin

g
th
e

th
e
F
erm

ilab
B
N
B

in
o↵

-target
m
o
d
e
togeth

er
w
ith

th
e
M
in
i-

B
o
oN

E
d
etector.

T
h
e
p
roton

b
eam

is
steered

ab
ove

th
e
b
ery

l-
liu

m
target

in
o↵

-target
m
o
d
e
low

erin
g
th
e
n
eu

trin
o
fl
u
x
.

p
lace

lim
its

on
th
e
p
aram

eters
w
ith

in
th
is
class

of
m
od

els.
In

th
is

L
etter,

w
e
rep

ort
on

th
e
fi
rst

d
ed

icated
search

of
th
is
typ

e
(p
rop

osed
in

[6]),
w
h
ich

em
p
loys

8
G
eV

p
roton

s
from

th
e
F
erm

ilab
B
ooster

N
eu

trin
o
B
eam

(B
N
B
),

re-
con

fi
gu

red
to

red
u
ce

n
eu
trin

o-in
d
u
ced

b
ackgrou

n
d
s,com

-
b
in
ed

w
ith

th
e
d
ow

n
stream

M
in
iB
ooN

E
(M

B
)
n
eu
trin

o
d
etector

(F
ig.

1).

arXiv:1702.02688v1  [hep-ex]  9 Feb 2017
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The off-target run of M
iniB

oone
is 

a success (despite the absence of 
D

M
 signal!):

•N
eutrino background from

 the 
beam

 is brought dow
n to be 

com
parable from

 cosm
ics

•D
ata are w

ell described by M
C

•M
ore sensitivity in future exp

C
om

paring
to

otherexperim
ents

 (G
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χ
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R
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C
o

n
s
tra

in
ts

 o
n

 H
ig

g
s
-lik

e
 m

e
d

ia
to

rs

From
 K

rnjaic
2015 (certain curves need to be revised)

Q
uestion: Is there a further sensitivity to S

from
 K
à
p

S
follow

ed by S
decay in the near detector at SN

B
 (LA

r1N
D

)?

N
A

62
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M
o

d
e
ls

 w
ith

 H
N

L
 a

n
d

 a
 d

ip
o

le
 c

o
u

p
lin

g

•
M

agill, Plestid, M
P, Tsai, to be subm

itted. C
onsider a heavy 

neutral lepton w
ith dim

=5 couplings to photons and neutrinos:

•
This m

odel has tw
o free param

eters, m
D

and d
g , and the dipole 

coupling gam
m

a has a dim
ension of inverse m

ass. 

•
The signature of this m

odel is an upscattering
of norm

al neutrino 
into N

D , and subsequent [discplaced] decay of N
 w

ith a gam
m

a in 
the final state:

•
In the past, this m

odel has been suggested as a candidate for 
explaining extra n

e like events at M
iniboone, G

ninenko, 2011. 

3

by

2d
=

3m

16⇡
2

eG
F

p
2

=
1.6

⇥
10

�
1
0

⇣

mG
eV

⌘

µ
B

=
4.74

⇥
10

�
8

⇣

mG
eV

⌘

.
(1)

In
the

above,
m

is
typically

on
the

order
of

a
few

eV
and

d
is

m
uch

too
sm

all
to

be
phenom

enologically
vi-

able.
In

this
paper,w

e
w

illbe
m

ainly
interested

in
these

dipole
interactions.

T
herefore,w

e
consider

the
possibil-

ity
that

m
ass

m
ixings

to
SM

neutrinos
are

absent
(or

sm
allenough

to
be

ignored)
and

that
B

SM
physics

is
re-

sponsible
for

generating
sizable

dipole
interactions.

To
im

plem
ent

this
idea,

w
e

start
by

augm
enting

the
stan-

dard
m

odelneutrino
sector

w
ith

a
heavy

neutrallepton
state

N
D

=

 

NN
c †

!

.
(2)

In
the

above
equation,w

e
w

illassum
e
N

D
to

be
a

D
irac

ferm
ion

com
posed

of
the

N
and

N
c

W
eylferm

ions.
To

param
etrize

generaldipole
interactions,w

e
consider

the
follow

ing
neutrino

dipole
portalLagrangian

L
d
=

iN̄
D
/@N

D
+
(d

� ⌫
L
�
µ
⌫ F

µ
⌫P

R
N

D
+
h
.c.)�

m
N̄

D
N

D
,

(3)
w

here
�
µ
⌫
=

i[�
µ
,�

⌫ ]/2
and

the
right-handed

projection
operator

has
been

explicitly
w

ritten
for

convenience.
W

e
em

phasize
the

judicious
requirem

ent
that

the
absence

of
m

ass
m

ixing
betw

een
⌫

and
N

,and
the

absence
of

M
a-

jorana
m

asses
for

N
,

im
plies

that
this

m
odel

doesn’t
contribute

to
the

observed
neutrino

textures.
To

see
this,

im
agine

instead
that

w
e

had
access

to
m

0N
N

,
a

M
ajorana

m
ass

term
for

the
H

N
L.

T
hen,

SM
neutrino

m
ass

m
ixings

could
be

generated
by

the
process

show
n

in
Fig.3.

W
ith

access
to

only
a

H
N

L
D

irac
m

ass
ofthe

form
N
N

c,a
sim

ilar
process

cannot
occur.

�
i

�
j

N

�

N

1

FIG
.3:

Loop
levelcontribution

to
the

⌫
m

ass
m

ixing
m

atrix
in

the
presence

ofa
M

ajorana
m

ass
term

for
the

heavy
neutrallepton

N
.

W
ith

only
N

c
D

irac
m

asses,
such

diagram
s

w
illnot

be
generated.

B
oth

the
lack

of
M

ajorana
m

asses
for

N
and

the
absence

of
a
⌫
N

coupling
can

be
enforced

by
charging

the
SM

leptonic
sector

and
the

H
N

L
under

an
additional

U
N
(1)

sym
m

etry,
w

hich
is

preserved
by

the
dipole

coupling,and
consequently

these
criteria

are
technically

natural.

A
bove

the
electrow

eak
scale

an
S
U
(2)

⇥
U
(1)

inter-
pretation

of
d

w
ould

require
a

H
iggs

insertion,
so

that
the

dipole
interaction

is
really

a
dim

ension
6

operator.
T

herefore,in
the

lim
it

oflarge
⇤

the
m

axim
um

expected
d

is

d
m

a
x
⇠

ev

⇤
2

⇠
100

G
eV

⇤
2

(4)

w
here

strong
dynam

ics
at

the
scale

⇤
is

presum
ed.

O
th-

erw
ise,ifthe

new
sectorispertubative,w

e
w

ould
expecta

loop
factor,and

d
m

ax,
p
ert ⇠

G
eV

/⇤
2.

To
consider

neu-
trino

dipole
couplings

w
hich

respect
the

fullsym
m

etries
ofthe

standard
m

odel,w
e

w
rite

dow
n

the
Lagrangian

L
=

L̄
�d̄

W
W

aµ
⌫ ⌧

a
+

d̄
B
B

µ
⌫

�

H̃
�
µ
⌫ N

D
+

h
.c.

(5)

w
here

H̃
=

i�
2 H

⇤
and

⌧
a

=
�
a/2.

It
w

ill
prove

useful
to

param
etrize

the
dipole

couplings
as

d
B
,W

=

vd̄
B
,W

cos
✓
w
/ p

2.
A

fter
spontaneous

sym
m

etry
break-

ing
ofthe

H
iggs,one

obtains

L
=

d
W

p
2
cos

✓
W

�

¯̀L
W

µ
⌫ �

µ
⌫N

D

�

+
d
B
⌫̄
L
[F

µ
⌫
�

tan
✓
w
Z
µ
⌫ ]�

µ
⌫N

D
+

h
.c.

(6)

w
here

W
µ
⌫
⌘

@
µ
W

�⌫
�

@
⌫ W

�µ
,

and
term

s
involving

W
3

µ

and
(W

±
)
2

have
been

om
itted.

In
practice,

w
e

use
the

fullset
ofinteractions.

N
otice

that
the

norm
alization

of
the

photon
field

strength
term

in
E

q.
(6)

m
atches

that
ofE

q.(3).

A
t

this
point,

a
choice

needs
to

be
m

ade
as

to
the

flavour
structure

of
the

dipole
interactions.

M
ost

neu-
trino

beam
dum

p
experim

entsw
illstrongly

constrain
d
µB

,
since

they
abundantly

produce
m

uon
flavoured

neutri-
nos

from
charged

pion
decay.

SH
iP

how
ever,

being
a

⌫
e

and
⌫
⌧

factory,is
an

idealsetting
to

study
alldipole

couplings.
For

LH
C

and
supernovae

probes,
w

e
assum

e
d
e�
,B

,W
=

d
µ�
,B

,W
=

d
⌧�
,B

,W
,

since
the

neutrinos
only

show
up

in
the

finalstate.

B
.

Q
uantitative

Features

W
ith

the
Lagrangian

show
n

in
E

q.(3),w
e

can
already

startto
understand

basic
featuresofH

N
Ls,w

hich
w

e
w

ill
m

ake
m

ore
precise

in
the

follow
ing

sections.
In

term
s

of
production

in
neutrino

beam
dum

ps,
the

nature
of

the
dipole

interaction
and

the
D

irac
m

ass
of

the
H

N
L

pre-
cludes

traditional
production

m
ethods,

w
hich

typically
rely

on
m

ass
m

ixing
w

ith
left-handed

SM
neutrinos.

In-
stead,

production
w

ill
dom

inantly
proceed

via
neutrino

upscattering,w
herein

an
incom

ing
neutrino

scattersoff
of

a
charged

state,such
as

an
electron

or
a

nucleus,produc-
ing

N
.

Ifthe
incom

ing
neutrino

scattersoff
the

w
hole

nu-
cleus

and
the

process
happens

coherently
(i.e.

�
/

Z
2),

4

w
e

can
im

m
ediately

get
a

crude
estim

ate
for

the
sensi-

tivity
w

e
w

illachieve.
In

the
lim

it
ofinfinite

m
ass

ofthe
nucleus,the

problem
reduces

to
the

scattering
in

the
ex-

ternalE
M

field
A

µ
=

(A
0 (~q),0)

created
by

the
nucleus.

C
alculating

the
cross

section
to

logarithm
ic

accuracy
for

�
1

R
2n
u
c


t

�
m

4N

4
E

2⌫ ,w
e

find

�
⌫!

N
=

4↵
Z

2|d|
2⇥

log

✓

4E
2

⌫

m
4N
R

2nuc

◆

.
(7)

A
t

SH
iP

w
ith

a
lead

target
(Z

=
8
2),

future
bounds

should
allow

us
to

probe
dipole

couplings
of

d
to

the
level

of
d
=

10
�
7

G
eV

�
1.

For
these

couplings,
w

e
can

expecta
production

crosssection
atSH

iP
ofroughly

7.6⇥
10

�
4
0

cm
2,tim

es
a

logarithm
ic

factor
oforder

5.
Since

w
e

are
focusing

on
relatively

sm
alldipole

couplings,
it

is
ofinterest

to
know

the
tim

e
scale

and
length

scale
of

N
.

T
hisplaysa

crucialrole
in

B
B

N
,supernovas,colliders

and
beam

dum
ps.

G
iven

a
decay

rate
of

�
=

|d|
2m

3N

2⇡
.

(8)

and
incom

ing
neutrino

energies
of

E
⌫

=
50

G
eV

,
the

decay
length

and
lifetim

e
of

N
scales

as

tdec
=

⌧
�
=

3.3
⇥
10

�
7s

✓

500
M
eV

m
N

◆

4

✓

10
�
7

G
eV

�
1

d

◆

2

L
dec

=
c⌧
�
�
=

100m

✓

500
M
eV

m
N

◆

4

✓

10
�
7

G
eV

�
1

d

◆

2

.(9)

T
his

turns
out

to
be

a
very

convenient
length

scale.

III.
IN

T
E
N

SIT
Y

F
R

O
N

T
IE

R

A
tneutrino

beam
dum

p
experim

ents,H
N

L
production

can
happen

in
a

large
variety

of
w

ays.
In

all
cases,

w
e

consider
the

regim
e

w
hen

N
is

produced
on-shell

and
travels

som
e

distance
before

decaying
to

a
photon

and
neutrino

inside
the

detector.
H

aving
an

H
N

L
lifetim

e
and

energy
consistent

w
ith

the
necessary

flight
distance

is
enforced

by
m

ultiplying
the

production
cross

section
byP

dec (L
1 ,L

2 )
=

ex
p
[�

L
1 /L

dec ]�
ex
p
[�

L
2 /L

dec ].
(10)

W
e

find
that

it
is

a
good

approxim
ation

to
consider

kine-
m

atics
in

w
hich

N
reaches

the
detector

(as
opposed

to
the

daughter
particles).

T
his

is
because

the
outgoing

photon
and

neutrino
becom

e
collinear

to
N

for
m

oderate
boosts

of
N

.
T

he
angle

betw
een

the
photon

and
neutrino

in
the

lab
fram

e
can

be
expressed

in
term

s
of

the
angle

�
betw

een
the

photon
and

the
z-axis

in
the

rest
fram

e
of

N
as

follow
s

cos
✓
=
�

1
�
�
2

N
�
2

sin
2

�

�
2

N
(1

�
�
2

cos
2

�
)

lim
�
N
!

1
✓
=

2

sin
�

1�
N
.

(11)

T
his

equation
reveals

that
w

hen
�
N

>
10,about

80%
ofthe

random
values

of
cos

✓
w

illbe
greater

than
0.8.

O
f

course,for
sm

allboosts,this
argum

ent
fails.

T
herefore,

w
e

alw
ays

apply
the

cuts
described

in
A

ppendix
B

to
en-

sure
proper

kinem
atics

of
the

photon.
T

here,
it

is
also

fully
described

how
the

region
of

integration
of

t
is

de-
term

ined.
O

nce
w

e
have

obtained
the

cross
section,cuts,

photon
detection

effi
ciency

and
lum

inosity,
w

e
can

set
lim

its
follow

ing
the

discussion
in

A
ppendix

A
.

W
e

now
review

the
details

ofhow
H

N
Ls

are
produced.

A
.

N
eutrino

U
pscattering

N
eutrino

upscattering
is

the
dom

inant
production

m
echanism

for
N

.
It

happens
w

hen
an

incom
ing

neu-
trino

interacts
w
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into

a
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H
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state
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.
T
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H

N
L

sub-sequentially
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into
a

neutrino
and

a
photon;an

explicit
exam

ple
is

pro-
vided
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Fig.
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T
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FIG
.4:

Tree
levelneutrino

scattering
process

w
ith

a
finalstate

photon,arising
from

sterile
neutrino

contributions
to

the
neutrino

m
agnetic

dipole
m

om
ent.

W
e

w
ork

in
the

narrow
w

idth
approxim

ation,and
by

proxy
assum

e
the

above
diagram

factorizes.

locations.
Firstly,it

can
happen

inside
the

actualdetec-
tor,in

w
hich

case
E

q.(10)
assum

es
the

values
of

L
1

=
0

and
L
2

⇠
L

detector .
A

lternatively,
it

can
happen

in
the

line
ofsight

(LO
S),hadron/m

uon
shielding

or
dirt

m
ate-

rial
w

hich
separates

the
source

w
here

the
neutrinos

are
being

produced
and

the
detector.

In
thiscase,L

1

⇠
L

L
O

S
and

L
2

⇠
L

L
O

S
+

L
detector .

In
allour

results,w
e

alw
ays

consider
both

production
in

the
target

and
the

LO
S.In

the
LO

S,
w

hich
is

typically
very

large
com

pared
to

the
detector,

w
e

take
care

to
sam

ple
over

m
any

production

4

w
e

can
im

m
ediately

get
a

crude
estim

ate
for

the
sensi-

tivity
w

e
w

illachieve.
In

the
lim

it
ofinfinite

m
ass

ofthe
nucleus,the

problem
reduces

to
the

scattering
in

the
ex-

ternalE
M

field
A

µ
=

(A
0 (~q),0)

created
by

the
nucleus.

C
alculating

the
cross

section
to

logarithm
ic

accuracy
for

�
1

R
2n
u
c


t

�
m

4N

4
E

2⌫ ,w
e

find

�
⌫!

N
=

4↵
Z

2|d|
2⇥

log

✓

4E
2

⌫

m
4N
R

2nuc

◆

.
(7)

A
t

SH
iP

w
ith

a
lead

target
(Z

=
82),

future
bounds

should
allow

us
to

probe
dipole

couplings
of

d
to

the
level

of
d
=

10
�
7

G
eV

�
1.

For
these

couplings,
w

e
can

expecta
production

crosssection
atSH

iP
ofroughly

7.6⇥
10

�
4
0

cm
2,tim

es
a

logarithm
ic

factor
oforder

5.
Since

w
e

are
focusing

on
relatively

sm
alldipole

couplings,
it

is
ofinterest

to
know

the
tim

e
scale

and
length

scale
of

N
.

T
hisplaysa

crucialrole
in

B
B

N
,supernovas,colliders

and
beam

dum
ps.

G
iven

a
decay

rate
of

�
=

|d|
2m

3N

2⇡
.

(8)

and
incom

ing
neutrino

energies
of

E
⌫

=
50

G
eV

,
the

decay
length

and
lifetim

e
of

N
scales

as

tdec
=

⌧
�
=

3.3
⇥

10
�
7s

✓

500
M
eV

m
N

◆

4

✓

10
�
7

G
eV

�
1

d

◆

2

L
dec
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c⌧
�
�
=
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✓
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M
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m
N

◆

4

✓

10
�
7

G
eV

�
1

d

◆

2

.(9)
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his
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be

a
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convenient
length

scale.
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E
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F
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O
N

T
IE

R

A
tneutrino

beam
dum

p
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ents,H
N

L
production

can
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a

large
variety

of
w

ays.
In

all
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w
e

consider
the

regim
e

w
hen

N
is
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and
travels

som
e

distance
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a
photon

and
neutrino

inside
the

detector.
H

aving
an

H
N

L
lifetim
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and

energy
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w
ith

the
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distance

is
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by
m

ultiplying
the

production
cross

section
byP
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=

ex
p
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L
1 /L

dec ]�
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p
[�
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(10)

W
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N
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N

for
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�
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e
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follow
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✓
=

�
1
�

�
2

N
�
2

sin
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�

�
2

N
(1

�
�
2

cos
2

�
)

lim
�
N
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✓
=

2

sin
�

1�
N
.

(11)
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 to
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ip

o
le

 c
o

u
p

lin
g

•
M

iniB
oone

and future LA
r1-N

D
 

have sensitivity to d
-1~ 1000 

TeV
scale!

•
W

e need help in understanding 
backgrounds at M

iniB
oone

and 
LA

r1-N
D

•
C

ER
N

 experim
ent SH

iP
w

ill 
also have a strong sensitivity 
(but only in ~10 tim

e scale).

•
O

ne need to have a closer look 
at the sensitivity of various n
experim

ents in m
any m

odels, 
as it is quite significant!
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N
e
w

 e
x
p

e
rim

e
n

ta
l o

p
p

o
rtu

n
itie

s
 

w
ith

 m
u

o
n

 b
e
a
m

s
•

An accum
ulation of anom

alies in the m
uon sector? (discrepancy in g-2, m

uonic
atom

 Lam
b shift, new

 anom
alies in sem

ileptonic
B

-decays…
.)

•
M

uon beam
 dum

p (to look for displaced vertices)

•
PN

C
 experim

ent, w
here the m

uon helicity is sw
itched using the g-2. 

2

D
etector

Target (Pb)

0.2 m
5 m

e
+

e
−

γγ

(a)

(b)

160 G
eV  

μ beam

NA64-TYPE
D

etector
Target (W

)

1.5 m
3 m

e
+

e
−

γγ

(a)

(b)

3 G
eV  

μ beam

FERMILAB

F
IG

.
1.

S
etu

p
s
for

m
u
on

b
eam

-d
u
m
p
ex
p
erim

en
ts

at
N
A
64

(left)
an

d
F
erm

ilab
(righ

t).
F
or

th
e
N
A
64-ty

p
e
ex
p
erim

en
t,

th
e

m
u
on

b
eam

en
ergy

is
⇠
160

G
eV

an
d
th
e
target

m
aterial

is
lead

.
W
e
fo
cu

s
on

th
e
m
issin

g
en

ergy
search

es
w
ith

S
d
ecay

s
in
to

e
+

e
�

(a)
an

d
�
�
(b
).

F
or

F
erm

ilab
ex
p
erim

en
t,

th
e
m
u
on

b
eam

en
ergy

is
⇠
3
G
eV

an
d
th
e
target

m
aterial

is
tu
n
gsten

.
W
e

fo
cu

s
on

th
e
d
ecay

s
w
ith

d
isp

laced
vertices

of
S
.
T
h
e
len

gth
s
of

th
e
targets

an
d
th
e
d
etectors

are
sh
ow

n
in

th
e
p
lot.

w
h
ere

H
is

th
e

S
M

H
iggs

d
ou

b
let,

an
d

L
,
E

are
th

e
lep

ton
d
ou

b
lets

an
d

sin
glets

resp
ectively.

T
h
e

e↵
ective

op
erator,

O
5 ,

can
b
e

em
b
ed

d
ed

into
a

fu
ll

m
od

el
in

a
variety

of
w

ays.
R

efs.
[22,

23]
d
iscu

ss
th

e
p
h
en

om
en

ology
of

su
ch

a
m

od
el

an
d

ch
oose

d
i↵

erent
typ

es
of

U
V

com
p
letion

ofO
5

w
ith

vector-like
ferm

ion
s

or
m

u
ltip

le
H

iggs
states

resp
ectively.

T
h
e

latter
U

V
com

p
letion

gen
erates

stron
g

con
straints

for
th

e
m

ass
ran

ge
m

S

>
2
m

µ

d
u
e

to
recent

search
es

of
u
n
exp

ected
p
eaks

in
th

e
d
i-m

u
on

m
ass

sp
ectru

m
for

B
!

K
(µ

+

µ
�

)
d
ecays

at
th

e
L
H

C
b

[24].
T

h
e

m
ass

ran
ge

of
m

S

<
2
m

µ

rem
ain

s
largely

u
n
exp

lored
.

In
th

is
m

ass
ran

ge,
th

e
n
ew

light
p
articles

can
b
e

relatively
lon

g-lived
,
an

d
thu

s
am

en
ab

le
to

b
eam

-d
u
m

p
exp

erim
ents

an
d

fi
xed

-target
search

es.
In

th
is

p
ap

er,
w

e
investigate

th
e

p
otential

of
exp

erim
ents

w
h
ere

th
e

light
scalar,

S
,

is
sou

rced
by

th
e

collision
of

m
u
on

s
w

ith
nu

clei.
S
u
b
sequ

ent
d
isp

laced
d
ecays

of
S

p
resent

an
op

p
ortu

n
ity

for
b
oth

th
e

m
issin

g
m

om
entu

m
an

d
th

e
an

om
alou

s
en

ergy
d
ep

osition
search

es.
W

e
take

th
e

existin
g

C
E

R
N

an
d

F
erm

ilab
m

u
on

1

sou
rces

as
an

exam
p
le

an
d

illu
strated

ou
r

m
ain

id
ea

in
F
ig.

1.
F
or

a
N

A
64-typ

e
setu

p
at

C
E

R
N

[25,
26],

th
e
d
a
rk

em
ission

of
S

states
w

ith
S

d
ecayin

g
ou

tsid
e

of
th

e
d
etector

w
ou

ld
cau

se
th

e
an

om
alou

s
loss

of
m

u
on

en
ergy,

w
h
ich

can
b
e

d
etected

in
th

e
m

u
on

scatterin
g

exp
erim

ent.
T

h
e

m
u
on

b
eam

w
ith

b
eam

en
ergy

arou
n
d

a
few

G
eV

at
F
erm

ilab
w

ou
ld

also
p
rovid

e
a

great
op

p
ortu

n
ity.

H
ere

m
u
on

s
are

stop
p
ed

in
th

e
d
en

se
m

aterial,
an

d
su

b
sequ

ent
an

om
alou

s
en

ergy
d
ep

osition
is

search
ed

d
irectly

b
eh

in
d

it.
In

w
h
at

follow
s,

w
e

d
em

on
strate

th
at

b
oth

ap
p
roach

es
allow

p
rob

in
g

u
n
exp

lored
p
arts

of
th

e
p
aram

eter
sp

ace
of

th
e

sim
p
lifi

ed
m

od
el

p
otentially

resp
on

sib
le

for
th

e
a
µ

d
iscrep

an
cy.

W
e

u
se

th
e

b
rem

sstrah
lu

n
g,

µ
+

+
N

!
µ

+

+
N

+
S

,
as

th
e

m
ain

p
rod

u
ction

m
ech

an
ism

as
illu

strated
in

F
ig.

2,
w

h
ere

an
in

cid
ent

m
u
on

,
µ

+

,
interacts

w
ith

a
target

nu
cleu

s,
N

,
by

exch
an

gin
g

a
p
h
oton

,
�
,
an

d
rad

iates
th

e
exotic

scalar,
S

.
T

h
e

tw
o

m
u
on

b
eam

-
d
u
m

p
exp

erim
ents

con
sid

ered
in

th
is

p
ap

er
can

b
e

easily
im

p
lem

ented
w

ith
on

ly
m

od
est

m
od

ifi
cation

s/ad
d
ition

s
to

th
e

existin
g

exp
erim

ental
in

frastru
ctu

re.
L
ookin

g
into

m
ore

d
istant

fu
tu

re,
th

e
p
roton

b
eam

-d
u
m

p
facilities,

su
ch

as
S
H

iP
[27],

w
ou

ld
also

p
rovid

e
stron

g
sen

sitivities
to

m
u
on

-cou
p
led

light
states.

T
h
e

p
ap

er
is

organ
ized

as
follow

s:
W

e
fi
rst

sh
ow

tw
o

sp
ecifi

cation
s

of
th

e
sim

p
lifi

ed
m

od
el

in
S
ec.

II
an

d
an

alyze
th

e
tw

o
p
rop

osed
m

u
on

b
eam

-d
u
m

p
exp

erim
ents

in
S
ec.

III.
W

e
sh

ow
th

e
resu

ltin
g

exp
ected

sen
sitivities

in
S
ec.

IV
,

con
clu

d
e,

an
d

d
iscu

ss
oth

er
related

exp
erim

ents
in

S
ec.

V
.

II.
M

O
D
E
L
S

W
IT

H
N
E
W

L
IG

H
T

S
C
A
L
A
R
S

F
or

th
e

sim
p
lifi

ed
m

od
el

introd
u
ced

in
th

e
p
reviou

s
section

,
E

q.
(1),

th
e

cou
p
lin

gs
g
`
=
e
,
µ
,
⌧

are
free

p
aram

eters.
T

h
e

m
u
on

an
om

alou
s

m
agn

etic
m

om
ent,

a
µ

,
receives

correction
s

d
u
e

to
th

e
on

e-loop
contrib

u
tion

of
S

,

�
a
µ

=
g
2

µ

8
⇡

2

Z
1

0

d
z

(1�
z)

2(1
+

z)

(1�
z)

2

+
z(m

S

/
m

µ

)
2

.
(3)

R
equ

irin
g

th
is

correction
to

red
u
ce

cu
rrent

ten
sion

b
etw

een
m

easu
rem

ent
an

d
th

e
S
M

calcu
lation

of
a
µ

,
on

e
arrives

at
th

e
p
referred

valu
es

of{
g
µ

,m
S }

p
aram

eters.
F
or

exam
p
le,

given
g
µ

=
5⇥

10
�

4

an
d

m
S

=
100

M
eV

,
�

a
µ

is
arou

n
d

1
.6⇥

10
�

9.
T

h
is

w
ou

ld
b
rin

g
th

e
th

eoretical
an

d
exp

erim
ental

valu
es

for
th

e
m

u
on

an
om

alou
s

m
agn

etic
m

om
ent

w
ith

in
2
�
.

O
th

er
cou

p
lin

gs,
g
e

an
d

g
⌧ ,

still
rem

ain
s

free.
H

ere
w

e
w

ill
con

sid
er

tw
o

m
od

els
w

ith
fu

rth
er

sp
ecifi

cation
s

on
th

e
cou

p
lin

gs
of

g
e

an
d

g
⌧ :

1

“
M
u
o
n
”
o
r
“
µ
”
r
e
f
e
r
s
t
o
µ
+

f
o
r
t
h
e
m
u
o
n
b
e
a
m
-
d
u
m
p
e
x
p
e
r
i
m
e
n
t
s
.

Sensitivity to lepto-phylic
scalars in the m

uon beam
 

dum
p can be com

parable or 
com

plem
entary to N

A
64. 

(C
hen, M

P, Zhong, 2017)
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C
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s
io

n
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•
There is a lot of interest to search for light w

eakly coupled states 
[dark sectors] in N

orth A
m

erica.

•
I gave a brief overview

 of som
e accelerator-based experim

ents, 
progress and hopes. 

•
Electron-initiated searches w

ere a m
ain focus of the U

S com
m

unity 
for a w

hile, yet there are m
any opportunities at Ferm

iLab. 

•
M

ay be it is a good tim
e for Ferm

ilab
to take a closer look at 

sensitivity of upcom
ing program

s (SN
B

 experim
ents, D

U
N

E, 
SeaQ

uest, m
uon experim

ents, possibly R
ED

TO
P) to the leading 

dark sector candidates/m
odels. A

nd m
ay be even co-ordinate w

ith 
C

ER
N

. 


