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Who? Why?
• I am giving this talk on behalf of several people who have submitted similar EOIs and who 

have self-organized into a group that is planning to submit an LOI to write a whitepaper. 
Currently we are: 

• Chris Hill, Brian Francis (OSU) 

• Albert De Roeck (CERN) 

• Andy Haas (NYU) 

• David Stuart, Matthew Citron (UCSB) 

• Yu-Dai Tsai (FNAL) 

• Jae Hyeok Yoo (Korea U.) 

• We are all involved in one or more “scintillator array” experiments 

• In short, for Snowmass we intend to produce an updated, consistent (apples-to-apples) 
comparison of these experiments to each other (and other exp. where relevant/possible) 

• This talk similar to one Matthew gave in previous EF session,   
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Others are welcome to join! 



What?
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• Inexpensive dedicated detector 

• With Q down to ~10-3e, dE/dx is 10-6 MIP -> need 
long, sensitive, active length to see signal, 𝒪(1) PE. 

• ~1 m x 1 m x 3 m scintillator + PMT array, pointing 
back to IP, in well shielded area near CMS/ATLAS   

• With triple coincidence, thought expected 
dominant random background would be 
controlled

• By scintillator array experiments, 
we mean something like that 
which Andy and I advocated in 
Phys.Lett.B 746 (2015) 117-120 

• Dark sector probe using 
distinctive signature 

• “millicharged” particles

1.4
 m

1 m

20 m

IP

Existing LHC Detector 

p p

Existing Counting Room

 ̄

Existing Wall  20 m

FIG. 3: A schematic showing the experimental setup proposed
in this work.

The time resolution of such scintillators is su�ciently
good (⇡5 ns) that background can be measured during
gaps within the accelerator bunch structure (such as the
abort gap), as well as in beam-o↵ periods. Since the
background rate for single PE pulses from dark-current,
noise, and background radiation is expected to be rel-
atively large (about 100 Hz to 1 kHz depending on the
quality of the detector elements used), we propose to add
extra layers of scintillators to form coincidences with a
signal in the corresponding bar of the first layer within
a narrow time window (⇡5 ns). Muons from either pp
collisions or cosmic rays could be vetoed if more than
a few PE are deposited. Furthermore, by inverting this
veto, these same muons could be used to align and time-
in the experimental apparatus. They would also provide
a “standard candle” against which PE depositions could
be compared.

While the background is expected to come domi-
nantly from the dark-current contribution, additional
background from activity in the scintillator, due to back-
ground radiation and subsequent photo-multiplier after-
pulsing, may also contribute significantly. These addi-
tional backgrounds can hopefully be reduced to manage-
able levels with additional shielding, detector optimiza-
tion, and pulse-shape discrimination. This will have to
be studied with small-scale detector tests in situ. With
regard to the dark-current background, we assume rates
of 550 Hz, 94 Hz, 12 Hz, and 10 Hz for NPE � 1, NPE �

2, NPE � 3, NPE � 4, respectively in a single PMT, ob-
tained from Fig. 65 of Ref. [27]. Assuming an instanta-
neous luminosity of 2⇥ 1034 cm�2s�1, and a trigger live-
time of 1.5 ⇥ 107 s, we can expect ⇠ 1010 background
events in 300 fb�1 for one or more PE in a single PMT.
With 200 bars needed to cover the 1 m2 of area discussed
above, the total background would be ⇠ 1012 events in

300 fb�1, expected to be delivered by 2022. For 3000
fb�1, since it will be delivered with an instantaneous lu-
minosity 1⇥1035 cm�2s�1 the live-time will only increase
by a factor of 2 and the expected background contribu-
tion would remain ⇠ 1010 for one or more PE in a sin-
gle PMT. Additional discrimination can be achieved by
adding two more layers of scintillators and requiring co-
incident PE hits. Assuming 5 ns timing resolution for
the PMTs, requiring a coincidence in the second layer
would reduce the background to 106 coincident events
with NPE � 1 in a PMT pair of back-to-back scintilla-
tor bars. Requiring triple-incidence by adding a third
layer would then bring the background to O(10) events
with NPE � 1, at the cost of a moderate loss in signal
e�ciency. It is possible that the slewing of small sig-
nals and/or time-of-flight di↵erences for photons within
the scintillators could degrade the timing resolution to
⇠ 10 ns, but even in this scenario the total background
contribution would only increase by a factor of ⇠ 4 when
triple-incidence is required. The experimental setup with
three layers is illustrated in Fig. 3.

In Fig. 1 we show the estimated 95% C.L. exclusion
and 3� sensitivity of our proposal, assuming a detector
composed of three 1 m ⇥ 1 m ⇥ 1.4 m layers positioned
45o away from the beam-axis. Each layer would be com-
posed of 200 scintillator bars, and the mCP signal is one
or more PE at each of the three layers within a small
⇡5 ns window of each other. This setup could be re-
alized if the detector is placed in either of the counting
rooms at ATLAS or CMS. We estimate the signal detec-
tion e�ciency by estimating the probability that a mCP
signal leaves one or more PE, which we take to be Pois-
son distributed1. The average number of PE deposited
by a mCP is given by � = ((Q/e)/(2 ⇥ 10�3))2 [5], as-
suming that the mCPs energy loss is described by the
Bethe-Bloch equation [26] 2. Though the Lorentz force
on a mCP due to the magnetic field at either ATLAS
or CMS is suppressed by Q, we estimate that it would
produce a O(0.1 � 100) cm deviation in their trajectory
over 20 m for Q = (0.001 � 0.1)e and a momentum of
10� 100 GeV; we have neglected this e↵ect in the calcu-
lation of the signal acceptance.

In this Letter we proposed a model-independent search
for mCPs, which will extend sensitivity in the mass range
0.1 <

⇠ MmCP
<
⇠ 100 GeV by up to two orders of magni-

tude in electric charge over previous experiments. We
estimated the potential sensitivity of this experiment to

1 The true number of PE created must be fairly large, at least⇠ 10,
but the number we expect to observe with the tube is NPE ⇤ ✏e↵ ,
where ✏e↵ is the e�ciency for detecting a true PE, which is about
10% [5, 27]. Thus, the main e↵ect on the NPE ⇤ ✏e↵ distribution
is from the fluctuations in how many of the true PE get detected,
which is Poisson-distributed.

2 We checked that for charges near Q ⇡ 2 ⇥ 10�3 — when the
number of interactions reaches O(1) —- requiring one single hard
scatter by the signal that gives 1 PE gives a sensitivity that’s
comparable to that given by the Bethe-Bloch equation.
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What? (cont.)
• This paper soon led to 

the formulation of the 
millliQan 
collaboration, with 
proposed detector sited 
at P5 (near CMS)
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Overview of WP1 and WP2

M.Ezzeldine – MilliQan meeting – 26/07/2019

What has been done in these two phases:

• The support frame for the detector, installed.
• The concept of dividing the detector into sub-detector

modules.
• There are 54 modules distributed between 9 vertical layers,

6 modules in each.
• All modules are pointing towards IP positioned the front and

back grid.
• Each module weights 75 kg (according to the current design),

136mmx136mmx3100mm in dimension, and holds 16
scintillators and PMTs.
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WP3: Load distribution-Boundary conditions

M.Ezzeldine – MilliQan meeting – 26/07/2019

• In the horizontal position, the modules are
supported by two points, the load will be
distributed between the grids.

• Following each layer, the COG of each module.
differs with respects to the grids.

• Since the distribution of the modules in the
layers are symmetrical with respect to the
grids, we assumed the overall load distribution
is equal between the grids.

• In the pointing position , normal force is
introduced to the back grid, this force is due to
the process of stopping the module from sliding
down.

• The loads will be distributed as two forces along
the grids (27.4kg) and one force pushing on the
back grid(51.3 kg), as shown in the above
picture.

• The same assumption of the COG is taken to
simplify the model.

• Load distribution is verified with Ansys, available
report can be submitted if needed.

Two working conditions

Horizontal working position

Pointing working position

2

Rock

CMS

To 
surface

φ = 43°

θ = 6°

FIG. 1. The position of the detector, shown as a blue rectangular volume, in an elevation view (left) and plan view (right).
The dashed lines represent the projection of the center of the detector to the CMS IP.

millicharged particle the interaction strength is reduced
by a factor of (Q/e)2 with respect to that of a particle
of the same mass that has charge e. The detector signal
is also reduced by the same factor, and is typically too
small to be recorded by detectors designed for particles
of charge e. The production of millicharged particles in
collider experiments would result in events with missing
transverse momentum, however, SM processes with neu-
trinos as well as instrumental e↵ects tend to overwhelm
their signatures. No searches for particles with Q . 0.1e
have been performed at hadron colliders.
It is then clear that dedicated detectors are needed to

search for millicharged particles at a hadron collider. In
2016, we discussed the possibility to build such a detector
at the LHC, which we called milliQan [25], at the CMS
experimental site and aligned with the CMS interaction
point (IP). Since then we have installed and operated
a small fraction of such a detector (“milliQan demon-
strator”) to measure backgrounds and provide a proof of
principle and feedback for the full detector design. In
2018, the demonstrator collected a data set of proton-
proton (pp) interactions corresponding to an integrated
luminosity of 37.5 fb�1, at a center-of-mass energy of
13 TeV. This corresponds to 86% of the total luminos-
ity delivered by the LHC in the period the demonstrator
was operational. While the demonstrator is only ⇠1%
of the full milliQan, the data collected already provides
competitive constraints on the existence of millicharged
particles of mass 20–4700 MeV/c2 and Q/e ⇠ 0.01–0.3.

II. DETECTOR

A thick sensitive volume is required to be capable of
observing the small energy deposition of a particle with

Q . 0.1e. The milliQan demonstrator is, therefore, com-
posed of three layers of 80⇥ 5⇥ 5 cm scintillator bar ar-
rays pointing to the CMS IP, with each array consisting
of three pairs of bars, stacked on a 3.6 m long rectangu-
lar aluminum tube, for a total of 18 bars. We label the
closest, middle and furthest layer from the CMS IP as
layer 1, layer 2 and layer 3, respectively.

The milliQan demonstrator is located in an under-
ground tunnel at a distance of 33 m from the CMS IP,
with 17 m of rock between the CMS IP and the demon-
strator that provides shielding from most particles pro-
duced in LHC collisions. In the CMS coordinate sys-
tem [24], the detector is positioned at an azimuthal angle
(�) of 43� and pseudorapidity (⌘) of 0.1. Diagrams of the
detector’s position are shown in Fig. 1. Located 70 m un-
derground, the muon flux from cosmic rays is reduced by
a factor of ⇠100 compared to the surface. The detector
is aligned using standard laser-based survey techniques
such that the center of the scintillator array projects a
line to within 1 cm of the CMS IP. This alignment is vali-
dated using muons produced at the CMS IP, as discussed
in Section IVC.

In addition to the scintillator bars, additional com-
ponents were installed to reduce or characterize certain
types of backgrounds. Lead bricks are placed between
the layers to prevent low-energy secondary particles from
one layer from entering another layer. Four scintillator
slabs are located along the length of the detector to tag
throughgoing particles, provide time information, and
shield the bars from neutron radiation. Thin scintilla-
tor panels cover the top and sides, providing the ability
to reject cosmic muons. Lastly, hodoscopes consisting of
2 ⇥ 2 ⇥ 45 cm scintillator volumes are used to identify
the tracks of beam and cosmic muons. A diagram of the
detector components is shown in Fig. 2, and a photo-

17

WP3: Cage detailed design

M.Ezzeldine – MilliQan meeting – 26/07/2019

• The side beams are welded to the grids’ beams.
• At these connection points, where the loads are transferred from the grids to

the sides, reinforcing plates (circled in black) are added

• Experimental design at an advanced stage of experimental design (validated. full 
simulation, in-situ experience with alignment, calibrations, backgrounds, fully 
engineered mechanics/electronics) … only need $ 

milliQan
arXiv:1607.04669



Physics obtained from 1% milliQan demonstrator! 
• One reason at advanced stage is we built, installed, and operated a 1% 

prototype 

• “Physics” run in 2018, collecting ~35/fb, 2000h of data 

• Operational experience (triggering/DAQ/DQM) 

• Used for range of studies to prove feasibility of full detector: 
alignment, calibrations, background measurements 

• e.g. modified full milliQan design to have 4-fold coincidence  

• Fully simulated in GEANT4 (validated with data) 

• Able to produce competitive limits with only 1% 
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• Material interactions (described in Section IVC:
typically 1–5% depending on the charge and mass
of the �.

• Pulse timing (described in Section III): typically
1–40% depending on the charge of the �.

• hNPEi calibration (described in Section III): 1–50%
depending on the SR populated by the �.

• Limited simulated sample size: up to 30%.

FIG. 8. Exclusion at 95% confidence level compared to ex-
isting constraints from colliders, CMS, ArgoNeuT and SLAC
MilliQ [10–16, 22] as well as the indirect constraint from the
CMB relativistic degrees of freedom [21].

Under the signal plus background hypothesis, a mod-
ified frequentist approach is used to determine observed
upper limits at 95% confidence level on the cross section
(�) to produce a pair of �s, as a function of mass and
charge. The approach uses the LHC-style profile likeli-
hood ratio as the test statistic [64] and the CLs crite-
rion [65, 66]. The observed upper limits are evaluated
through the use of asymptotic formulae [67]. Figure 8
shows the exclusion at 95% confidence level in mass and
charge of the �. The exclusion is compared to existing
constraints, showing new sensitivity for � masses above
700 MeV.

VII. FUTURE PLANS

In Refs. [25, 32] we assumed the largest irreducible
background to the signal would come from dark-current
pulses in the PMTs. From experience gained by operat-
ing the demonstrator, we now know that an equally im-
portant background comes from correlated e↵ects caused
by activity in the scintillator (from e↵ects such as en-
vironmental radiation or cosmic muon showers). This
realization prompted us to revisit the milliQan design,

adding a fourth layer in order to mitigate the contribu-
tion from these correlated backgrounds.
We have studied the e↵ect of adding a fourth layer with

the demonstrator. The demonstrator has three rather
than four layers so backgrounds are determined for three-
fold coincidence and then extended to four-fold using an
additional pulse in a slab. The results of this study indi-
cate that the contribution from pure dark-current over-
lap drops to a negligible level for the case of four-fold
coincidence, even with the somewhat high-noise PMTs
that are used in the demonstrator. The calculations pre-
sented in Refs. [25, 32] remain a conservative estimate
of the milliQan discovery potential since the background
with four layers as measured with the demonstrator is
significantly smaller than the estimate used in those sim-
ulations.
Given the experience obtained from the demonstrator,

we are confident that the proposed full-scale detector will
perform as expected provided su�cient funding becomes
available.

VIII. CONCLUSIONS

We have deployed a prototype dedicated detector at
the LHC to conduct the first search for elementary parti-
cles with charges much smaller than the electron charge
at a hadron collider. We analyzed a data sample of
proton-proton collisions collected at

p
s = 13 TeV pro-

vided by the LHC, corresponding to an integrated lumi-
nosity of 37.5 fb�1. The existence of new particles with
masses between 20 and 4700 MeV is excluded at 95%
confidence level for charges varying between 0.006e and
0.3e, depending on mass. New sensitivity is achieved
for masses larger than 700 MeV. The successful opera-
tion of the milliQan demonstrator and search carried out
have shown the feasibility of a dedicated detector for mil-
licharged particles at the LHC and provided important
lessons for the design of the full detector.
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New milliQan-like proposals

• Success of this simple 
scintillator approach has (more 
recently) led to proposals to 
install milliQan-like detectors at 
other accelerator complexes 

• FerMINI at FNAL 

• SUBMET at J-PARC
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J-PARC with sensitivity for m < ~1.5 GeV 

experiment for ⇠ 3 years, the expected number of �s is in the order of 1016 at ✏ = 1 and it is in

the order of 109 at ✏ = 10�4.

3 Site and detector concept

In J-PARC, a 30 GeV proton beam is incident on a graphite target to produce hadrons that

subsequently decay to a muon and muon neutrino in the decay volume. The remaining hadrons

are then dumped in the beam dump facility. Since they are MIPs, muons penetrate the beam

dump and are identified by the muon monitor located behind the beam dump facility. The

on-axis near detector (INGRID) is inside the Neutrino Monitor (NM) building located at 280 m

from the target. The space between the muon monitor and INGRID is filled with sand.

Beam dump

Muon 

monitor

Decay volume

Target

�SUBMET
30 GeV 
proton

0 m120 m280 m

Neutrino 
Monitor 
building

Figure 2: Illustration of the experimental site. �s are produced near the target and reach
SUBMET after penetrating the beam dump, the muon monitor and the sand.

If �s are produced, because of their low interaction probability, they will penetrate the beam

dump facility, the muon monitor, and the sand without a significant energy loss. Therefore,

they can be detected at the NM building if a detector sensitive to identifying such particles

is installed. We consider the area behind the V-INGRID on B2 (⇠ 30 m underground) as a

potential detector site. The distance from the axis of the neutrino beam is ⇠ 5 m. As described

below, the signal acceptance is only slightly smaller than the on-axis location.

The detector concept proposed here is based on a similar proposal made in [9], namely, using

4

SUBMET
arXiv:2007.06329

Fermilab with sensitivity for m < ~5 GeV

FerMINI



Snowmass Plans

• Pick up where CERN PBC report 
(and others) have left off 

• Use data and/or lessons learned 
from demonstrator to update 
sensitivity projections with “realism” 
for scintillation based detectors at 
range of facilities: LHC, J-PARC, 
FERMILAB 

• Characterization/
understanding of backgrounds 
(and how to reject them) 

• Guide design of future 
detectors based on experience 

• Add other experiments where 
relevant? If more expert 
collaborators join us …
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Fig. 15: Projected sensitivities to the dark photon invisible mode (BC2). The filled areas correspond to already
excluded regions. Sensitivities are shown in a parameter space where a relic particle responsible for the full DM
content would lie on a single line (pseudo-DIRAC fermion case shown). Exclusion limits are derived as function
of the A’ mass mA

Õ and its coupling ‘ to SM particles. The mass of the relic DM particle and its A’ coupling are
fixed to m‰ = 1/3 mA

Õ and –D = 0.1, respectively. (See [2] for details and references.)

Fig. 16: Projected sensitivities to millicharged particles (BC3). The filled areas correspond to already excluded
regions. (See [2] for details and references.)

shown as typical examples. In both cases significant uncharted territories can be covered, with the main
players being SHiP and the LHC-LLP searches. They feature a similar mass reach due to the production
via meson decays. For BC4 they have complementary coupling reach, and a significant new range at
lower mass can be explored by KLEVER, but also NA62 (not shown on the plot). For heavy neutral
leptons (BC8) SHiP has the broadest coverage. Early discovery potential is provided by NA62++ and

55

C
ER

N
-PBC

-R
EPO

R
T-2018-003

Sum
m

ary
R

eportofPhysicsBeyond
C

ollidersatC
ER

N

R.Alem
any

1,C
.Burrage

2,H
.Bartosik

1,J.Bernhard
1,J.Boyd

1,M
.Brugger 1,M

.C
alviani 1,

C
.C

arli 1,N
.C

haritonidis 1,D
.C

urtin
23,A.D

ainese
34,A.de

Roeck
1,M

.D
iehl 3,B.

D
öbrich

1,
L.Evans 1,J.L.Feng

24,M
.Ferro-Luzzi 1,L.G

atignon
1,S.G

ilardoni 1,S.G
ninenko

19,
G

.G
raziani 32,E.G

schw
endtner 1,B.G

oddard
1,A.H

artin
16,I.Irastorza

20,J.Jaeckel ú4,
R.Jacobsson

1,K
.Jungm

ann
5,K

.K
irch

6,F.K
ling

24,W
.K

rasny
13,M

.Lam
ont ú1,

G
.Lanfranchi 7,J-P.Lansberg

27,A.Lindner 3,K
.Long

12,A.M
agnon

1,G
.M

allot 1,F.M
artinez

Vidal 21,M
.M

oulson
7,M

.Papucci 1,J.M
.Paw

low
ski 4,I.Pedraza

25,K
.Petridis 18,

M
.Pospelov

8,S.Pulaw
ski 31,S.Redaelli 1,S.Rozanov

9,G
.Rum

olo
1,G

.Ruoso
10,J.Schacher 29,

G
.Schnell 11,P.Schuster 22,Y.Sem

ertzidis 14,A.Siem
ko

1,T.Spadaro
7,S.Stapnes 1,A.Stocchi 28,

H
.Ströher 15,G

.U
sai 30,C

.Vallée ú9,G
.Venanzoni 26,G

.W
ilkinson

33,and
M

.W
ing

16

1European
O

rganization
for

N
uclear

Research
(C

ERN
),G

eneva,Sw
itzerland

2U
niversity

ofN
ottingham

,N
ottingham

,U
nited

K
ingdom

3D
ESY,H

am
burg,G

erm
any

4Institute
for

TheoreticalPhysics,H
eidelberg

U
niversity

,H
eidelberg,G

erm
any

5VSI(Van
Sw

inderen
Institute)U

niversity
ofG

roningen,G
roningen,N

etherlands
6ETH

Zurich
and

PaulScherrer
Institute,Villigen,Sw

itzerland
7LN

F-IN
FN

,Frascati,Italy
8Perim

eter
Institute,W

aterloo
and

U
niversity

ofVictoria,Victoria,C
anada

9C
PPM

,C
N

RS-IN
2P3

and
Aix-M

arseille
U

niversity,M
arseille,France

10LN
L-IN

FN
,Legnaro,Italy

11U
niversity

ofthe
Basque

C
ountry

U
PV/EH

U
and

Ikerbasque,Bilbao,Spain
12Im

perialC
ollege,London,U

nited
K

ingdom
13LPN

H
E,C

N
RS-IN

2P3,Sorbonne
U

niversity
and

U
niversity

Paris
D

iderot,Paris,France
14K

AIST/IBS,D
aejeon,Korea

15FZJ,Juelich,G
erm

any
16U

niversity
C

ollege
London,London,U

nited
K

ingdom
18U

niversity
ofBristol,Bristol,U

nited
K

ingdom
19Institute

for
N

uclear
Research,M

oskow,Russia
20U

niversity
ofSaragossa,Saragossa,Spain

21IFIC
/C

SIC
U

niversity
ofValencia,Valencia,Spain

22SLAC
,M

enlo
Park,U

SA
23U

niversity
ofToronto,Toronto,C

anada
24U

niversity
ofC

alifornia,Irvine,U
SA

25Autonom
ous

U
niversity

ofPuebla,M
exico,M

exico
26IN

FN
,Pisa,Italy

27IPN
O

,C
N

RS-IN
2P3,U

niversities
ofParis-Saclay

and
Paris-Sud,O

rsay,France
28LAL,C

N
RS-IN

2P3,U
niversities

ofParis-Saclay
and

Paris-Sud,O
rsay,France

29U
niversity

ofBern,Bern,Sw
itzerland

30U
niversity

ofC
agliari,C

agliari,Italy
31U

niversity
ofSilesia,K

atow
ice,Poland

32IN
FN

,Florence,Italy
33U

niversity
ofO

xford,O
xford,U

nited
K

ingdom
34IN

FN
,Padova,Italy

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

-
*PBC

co-coordinator
and

co-editor
ofthis

sum
m

ary
report

1

arXiv:1902.00260v1  [hep-ex]  1 Feb 2019

Yu-Dai Tsai



Additional Material
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• Neutrino detectors provide sensitivity to 
millicharged particles through hard (> MeV 
recoil) electron scattering 

• Many recent results! 

• Would be interested in collaborating to expand 
scope of project: full consideration of all 
complementary methods to search for mCPs!

9

Searching for millicharged particles with 
other experiments

1806.03310  

1902.03246, 
1911.07996 

2002.11732 

Fixed source neutrino experiments

Production in cosmic 
ray showersDetection with LarTPC

https://arxiv.org/pdf/1806.03310.pdf
https://arxiv.org/pdf/1806.03310.pdf
https://arxiv.org/pdf/1902.03246.pdf
https://arxiv.org/pdf/1911.07996.pdf
https://arxiv.org/pdf/1902.03246.pdf
https://arxiv.org/pdf/1911.07996.pdf
https://arxiv.org/pdf/2002.11732.pdf
https://arxiv.org/pdf/2002.11732.pdf
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Why milli-charged?

ℒ = ℒSM −
1
4

B′ μνB′ μν −
κ
2

B′ μνBμν

massless U’(1) boson in the dark sector 

kinetic mixing

B’B

κ ∼ 10−3 − 10−2‘dark EM’

SM dark 
sector

(naturally ∼ α/π)

Kinetic mixing with a new massless ‘dark’ boson can 
provide link between SM and a hidden/dark sector 
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ℒ = ℒSM −
1
4

B′ μνB′ μν −
κ
2

B′ μνBμν + iψ(∂ + ie′ B′ + iMmCP)ψ

Standard trick - redefine gauge field B’: B′ → B′ + κB

{

Now add fermion charged under new U’(1):

Why milli-charged?

ℒ = ℒSM −
1
4

B′ μνB′ μν + iψ(∂ + iκe′ B + ie′ B′ + iMmCP)ψ

new fermion has small EM charge: milli-charged particle


