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Summer 2014 … were we ready for Run 2 of LHC?

• That summer, at a workshop at ICTP in Trieste, I gave a talk on this topic meant to stimulate 
discussion on whether there were any important uncovered areas in the planned LHC physics program 

• For the main goal for Run 2 of searching for a natural solution to Hierarchy problem, the 
conclusion was basically yes 

• Over the course of Run 1, we did a good job of plugging most/all holes already, or at least would do 
so with the data from Run 2  

• BUT, at around this time the ideas of neutral naturalness were emerging 

• Natural solutions to HP, where BSM states are not charged under SM so evade LHC detection 

• Likewise for DM program, depending on nature of DM might not couple directly to protons and could 
evade LHC detection   

• One can generalize these scenarios as those where BSM states are in hidden/dark sector only 
accessible through some portal

• Run 2 program covers Higgs portal (and neutrino portal not directly 
accessible), but what about vector portal? 

• Massive dark photons (~covered) 

• Massless dark photons, not covered

Hidden Sector Paradigm

Beyond the SM physics that lives in a “dark sector” 
Anatomy of  BSM scenarios with low energy degrees of  freedom

SM Dark Sector

Mediator

One organizing principle for probing it: focus on lowest-dimension allowed interactions:  
vector portal, Higgs portal, neutrino portal
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But massless dark photons have a distinctive signature, 
“millicharged” particles!

• If you add a new U(1), get 
mixing with SM U(1) 

• Generically, charge 
carriers of new U(1) 
will have small EM 
charge, proportional to 
the mixing 

• Holdom PLB 
196-198 (1986) 

• Typically 10-2 to 10-3 e, 
so they are called 
“millicharged particles” 

• Due to small EM charge 
interact very weekly with 
typical, ionization based, 
particle detectors 

• Need dedicated 
experiment to search 
for these

Adding Particles with Non-Quantized Charge 

If  there are new fermions charged under the new U`(1)

Gets rid of  “mixing term” and generates an apparent milli-hypercharge for the new fermions

After electro-weak symmetry breaking DS fermions acquire an EM charge

Thus in the massless phase, can have milli-charged particles!

B0
µ ! B0

µ + Bµ

L = LSM � 1

4
B0µ⌫B0

µ⌫ � 

2
B0µ⌫Bµ⌫ + i ̄(/@ + igD /B0 + iMmCP) 

Q = gD cos ✓W

5

B0
µ⌫Bµ⌫

The Massless Phase

Kinetic mixing portal minimal Lagrangian

Can diagonalize the Lagrangian again  
equivalent to:

Holdom - 1985, (Also Okun - 1982)

What happens when ?

B0
µ ! B0

µ + Bµ

L = LSM � 1

4
B0µ⌫B0

µ⌫ � 

2
Bµ⌫B0

µ⌫ +
1

2
m2

B0B0µB0
µ

mB0 = 0
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Adding Particles with Non-Quantized Charge 

If  there are new fermions charged under the new U`(1)

Gets rid of  “mixing term” and generates an apparent milli-hypercharge for the new fermions

After electro-weak symmetry breaking DS fermions acquire an EM charge

Thus in the massless phase, can have milli-charged particles!

B0
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µ + Bµ

L = LSM � 1

4
B0µ⌫B0

µ⌫ � 

2
B0µ⌫Bµ⌫ + i ̄(/@ + igD /B0 + iMmCP) 

Q = gD cos ✓W

5(normalized to charge of electron)
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would be liberated in a 1 m long scintillator. For a parti-
cle with electric charge Q < 1e, the energy deposition is
reduced by the factor of Q2 mentioned above, resulting
in just a few photons liberated on average in the same
1 m long scintillator. Allowing for an estimated detection
e�ciency of about 10%, we can therefore expect an aver-
age of one PE via an attached phototube for each mCP
with Q = 2 ⇥ 10�3e that traverses a standard length of
140 cm plastic scintillator [4]. The signal to search for
then is one or more PEs.

Similar to Ref. [4], 140 ⇥ 10 ⇥ 5 cm plastic scintillator
bars could be used, with an associated phototube and
readout for each bar. 200 such bars would be needed to
cover 1 m2 of area perpendicular to the beam-line, with
each mCP passing through the 140 cm length of a bar.
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.

We now estimate the dark-current background rate,
which we expect to be the dominant background contri-
bution if a search for mCPs were carried out with the
experiment we are proposing. Additional background
from activity in the scintillator, due to background radi-
ation and subsequent photo-multiplier afterpulsing, may
also contribute significantly, but can hopefully be reduced
to manageable levels with additional shielding, detector
optimization, and pulse-shape discrimination. This will
have to be studied with small-scale detector tests in situ.
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, obtained from Fig. 65 of Ref. [25]. Assuming
an instantaneous luminosity of 2 ⇥ 1034 cm�2s�1, and a
trigger live-time of 1.5⇥107 s, we can expect ⇠ 1010 back-
ground 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 instanta-
neous luminosity 1⇥1035 cm�2s�1 the live-time will only
increase by a factor of 2 and the expected background
contribution would remain ⇠ 1010 for one or more PE in
a single PMT. Additional discrimination can be achieved
by adding two more layers of scintillators and requiring
coincident PE hits. Assuming 5 ns timing resolution for

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 pro-
posed in this work. Three 1 m⇥1 m⇥1.4 m scintillators, each
composed of 200 10 cm⇥5 cm⇥140 cm bars could be deployed
in either the ATLAS or CMS counting room. The mCP signal
would consist of one or more photo-electrons deposited by the
mCP, as it travels through each of the three detector layers,
within a narrow timing window from each other.

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 composed
of 200 scintillator bars, and the mCP signal is one or more
PE at each of the three layers within a small ⇡5 ns win-
dow of each other. This setup could be realized if the
detector is placed in either of the counting rooms at AT-
LAS or CMS. We estimate the signal detection e�ciency
by estimating the Poisson probability that a mCP signal
leaves one or more PE. The average number of PE de-
posited by a mCP is given by � = ((Q/e)/(2⇥10�3))2 [4].
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 devia-
tion 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 calculation of the signal acceptance.

4

• Proposal to add detector that would be sensitive to 
milli-charged particles produced in LHC collisions 

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

• Install ~1 m x 1 m x 3 m scintillator array, pointing 
back to IP, in well shielded area of Point 5   

• With triple coincidence, random background is 
controlled

Looking for milli-charged particles with a new experiment at the LHC
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We propose a new experiment at the Large Hadron Collider (LHC) that o↵ers a powerful and
model-independent probe for milli-charged particles. This experiment could be sensitive to charges
in the range 10�3e � 10�1e for masses in the range 0.1 � 100 GeV, which is the least constrained
part of the parameter space for milli-charged particles. This is a new window of opportunity for
exploring physics beyond the Standard Model at the LHC.

With no clear evidence for the existence of grand unifi-
cation or magnetic monopoles, the quantization of charge
remains a mystery [1]. The search for a non-quantized
charged particle, commonly known as a milli-charged par-
ticle (mCP), progressed through the e↵orts of many di-
rect experiments and indirect observations over many
years [2, 3]. The parameter space spanned by the mass
and charge of the mCPs is strongly constrained by di-
rect searches from accelerator experiments [3–6] and in-
direct observations from astrophysical systems [2, 3, 7, 8],
the cosmic microwave background [9], big-bang nucle-
osynthesis [10], and universe over-closure bounds [2].
While direct laboratory searches robustly constrain the
parameter space of mCPs, indirect observations can be
evaded by adding extra degrees of freedom. In particu-
lar, the parameter space for mCPs with masses MmCP

0.1 <
⇠ MmCP

<
⇠ 100 GeV is largely unexplored by direct

searches.

In this Letter we propose a new search to be con-
ducted at the LHC with a dedicated detector targeting
this unexplored part of parameter space, namely mCP
masses 0.1 <

⇠ MmCP
<
⇠ 100 GeV, for charges Q at the

10�3e � 10�1e level. The experimental apparatus would
be one or more roughly 1 m3 scintillator detector lay-
ers positioned near one of the high-luminosity interaction
points of the LHC, such as ATLAS or CMS. The exper-
imental signature would consist of a few photo-electrons
(PE) arising from the small ionization produced by the
mCPs that travel unimpeded through material after es-
caping the ATLAS or CMS detectors. Moreover, the
experiment proposed is a model-independent probe on
mCPs, since it relies only on the production and detec-
tion of mCPs through their QED interactions.

We base the estimates for the potential reach of our
proposed experiment on a particular theoretical frame-
work, which we now briefly describe. While it is possi-
ble to simply add mCP particles to the Standard Model
(SM), this is both unappealing from a theoretical point
of view as well as strongly constrained by early universe
over-production of these particles (see [2, 3, 10, 11] and
references therein). A more appealing possibility is the
existence of an extra abelian gauge boson that is kinet-
ically mixed with the hypercharge of the SM as in the
original work of Holdom [12]. Any new matter that is

charged under this abelian gauge symmetry then cou-
ples as a mCP to the SM. This scenario also avoids the
problem of over production in the early Universe because
the mCP can annihilate to the massless gauge boson and
deplete [10, 13].

The simplest realization of this setup is a model with
a single extra abelian gauge field that couples to a mas-
sive Dirac fermion (“dark QED”) and that mixes with
hypercharge through the kinetic term [12],

L = LSM �
1

4
A0

µ⌫A
0µ⌫ + i ̄

⇣
/@ + ie0 /A

0
+ iMmCP

⌘
 

�


2
A0

µ⌫B
µ⌫ (1)

where  is a Dirac fermion of mass MmCP that is charged
under the new U(1) field A0

µ with charge e0, and the field-
strength is defined as A0

µ⌫ = @µA0
⌫ � @⌫A0

µ. The last
term in Eq. (1) is a kinetic mixing term between the field
strength of the new gauge boson and that of hypercharge.
Such a term is expected in grand unified theories and
more generally whenever there exists massive fields that
are charged under both hypercharge and the new gauge
boson, even when these heavy fields are not accessible at
low energies.

We can eliminate the mixing term by redefining the
new gauge boson as, A0

µ ! A0
µ + Bµ. Applying this

shift the mixing term cancels and the kinetic term of Bµ

receives an overall contribution of 2 that simply rede-
fines the hypercharge coupling. More importantly, this
field redefinition results in a coupling of the charged mat-
ter field  to hypercharge,

L = LSM �
1

4
A0

µ⌫A
0µ⌫

+ i ̄
⇣

/@ + ie0 /A
0
� ie0 /B + iMmCP

⌘
 (2)

The new matter field  therefore acts as a field charged
under hypercharge with a charge e0, a milli-charge [12].
The coupling of the mCP to the photon and Z0 boson
is determined by the SM decomposition of hypercharge
as Bµ = cos ✓W Aµ � sin ✓W Zµ. Therefore  couples to
the photon and Z0 boson with a charge e0 cos ✓W and
�e0 sin ✓W , respectively. The fractional charge in units
of the electric charge is therefore ✏ ⌘ e0 cos ✓W /e.
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Where could we put such a detector?
• Constraints: 

• Behind at least 5 m of concrete/rock from the IP 

• Space to accommodate the detector (~1m x 1m x 3m) 

• Floor loading compatible with detector+support structure ( up to 6000 kg ) 

• Power available, with possibility to add other services 

• Selected experimental area should remain clear of “visitors” during data taking 

• ATLAS did not have an adequate space 

• MoEDAL experiment (based on our paper) is planning on placing a similar detector 
at LHC Point 8 (opposite LHCb), but this location receives only a small 
fraction of the luminosity delivered by the LHC 

• With help of CMS physicists in technical roles in early 2016 we identified/selected 
an appropriate site at LHC Point 5 

• PX56 observation and drainage “gallery” (aka tunnel)
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Detector Location
Location	of	the	detector	and	integration
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• Sensitivity of experiment ∝ 1/(distance from IP)2, 
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Detector Concept
• Basic element is a 5 cm2 x 80 cm bar pf plastic scintillator (BC 408) + PMT  (HPK R7725) 

• Arranged in a 20 x 20 x 3 array 

• Supported by movable mechanical structure 

• Alignment to IP + retraction to allow passage through gallery  

1234

134

A

B

C

A

B

C

D D

D
W
G
.
 
N
O
.

S
H
E
E
T

R
E
V
.

REVISIONS

ZONE  REV.              DESCRIPTION                  DATE       APPROVED

5678

5678 2

   DO NOT SCALE THIS DRAWING

TITLE

SIZE CAGE CODE DWG. NO. REV.

SHEETSCALE WEIGHT CALC. ACT.

DRAWN

THIS DWG IS IN ACCORDANCE
WITH ASME Y-14.5M

D

THIS DOCUMENT IS APPROVED 
AND MAINTAINED UNDER
ELECTRONIC CONFIGURATION
CONTROL

ENGINEERING
SALES DRAWING

17900 Great Lakes Parkway.  Hiram, OH  44234

SAINT-GOBAIN

THIS PRINT IS THE EXCLUSIVE AND CONFIDENTIAL PROPERTY OF SAINT-GOBAIN CRYSTALS, A 
SUBSIDIARY OF SAINT-GOBAIN CERAMICS & PLASTICS, INC. AND IS NOT TO BE FURTHER 
REPRODUCED OR DISCLOSED TO ANOTHER PARTY WITHOUT PRIOR WRITTEN PERMISSION FROM
SAINT-GOBAIN CRYSTALS. COPYRIGHT RESERVED, SAINT-GOBAIN CERAMICS & PLASTICS, INC. 2016

APPROVED

APPROVED AS NOTED

REVISED & RESUBMIT

CUST. INIT.

DATE

CUSTOMER APPROVAL

3.00
[76,2]

3.00
[76,2]

(.072 )
[1,82]

WRAPPING THICKNESS
TYPICAL

(39.64 )
[1006,8]

(31.639 )
[803,63]
AFTER

WRAPPING

(2.143 )
[54,43]

AFTER
WRAPPING

(2.143 )
[54,43]

AFTER
WRAPPING

-----

-
1

S
2
0
0
-
7
5
9
5

1 OF 10.500

-S200-7595

31.496X2H2BC408/2LApr-22-16S. WEEMS

NOTES:
 
1.  ALL DIMENSIONS ARE IN INCHES[MM].
 
    SCINTILLATOR: BC408
    31.496[800] X 2[50,8] X 2[50,8] D/M
 
    STANDARD WRAPPING:
    BLACK VINYL WITH ALUMINUM
    FOIL AS REFLECTOR.
 
    SADDLE ASSEMBLY
    (BLACK ABS)
 
    LIGHT SHIELD ASSEMBLY
    (MU-METAL)
 
    LIGHT SHIELD EXTENSION
    (ALUMINUM)
 
    PHOTOMULTIPLIER TUBE
    2", HTV R7725
    (WIRED FOR NEGATIVE HV)
 
    PLUG-ON VOLTAGE DIVIDER
 
    COVER PLATE
    (ALUMINUM)
 
    HV CONNECTOR: SHV, KINGS #1704-1
 
    SIGNAL CONNECTOR: BNC, KINGS #UG-657/U
 

US STANDARD
TOLERANCES UNLESS
OTHERWISE SPECIFIED
.X      .100 in.
.XX     .010 in.
.XXX    .005 in.
ANGLES  0  30'
MICRO FINISH 125  minches

METRIC
TOLERANCES UNLESS
OTHERWISE SPECIFIED
X       2.5mm
X.X     .25mm
X.XX    .13mm
ANGLES  0  30'
MICRO FINISH 3.18  mm

2

3

4

5

6

7

8

9

10

11

2

3

4

5

6 7

8

9

10

11

CH
5/4/16

�12

V.MECHANICS,COOLING,ANDMAGNETICSHIELDING

Wearedevelopingthemechanicstosupportthedetectorinthedrainagegallerysitesoas

toallowbothmodularassemblyandmovementofthedetectortoastowedpositionduring

accessperiods.

Wehaveaworkingdesignconsistingofthreestacks,oneforeachofthethreelayers

alongthemCPflightdirection,thatcanbeseparatelyassembled.Thescintillatorbarsare

mountedontrayswithineachstackassketchedinFig.2.Thethreestacks,eachofwhich

mightweighupto⇠2000kg,willbemountedonanadjustableplatformthatcantiltthe

fullassemblytopointtowardthecollisionpoint,orberetractedtoahorizontalorientation

tobemovedasideduringaccessperiods.

FIG.2:Asketchoftheworkingdesignforthemechanicalsupport.Therowsofscintillator

barsandPMTsaremountedintrayswithinthreeseparatestacks.Themiddlestackis

o↵sethorizontallyby1/2unitasdiscussedlaterinthisdocument.Anadjustableplatform

supportsallthreestacksandcanbetiltedtopointtowardthecollisionpointfordata

takingorberetractedtoahorizontalorientationduringaccessperiods.

Thesidesoftheassemblywouldbecoveredwithamu-metalskinformagneticshielding

andenclosedfortemperaturecontrol.Thesizeofthedrainagegalleryleaveslittleclearance

atthecornersofthedetector,whichconstrainsthethicknessandmountinginthoseregions.

However,thespacealongthesidesofthedetectorisnotconstrained.Weenvisionusing
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Theoretical Motivation

Demonstrator Plan

Andy Haas, NYU 5

Detector idea

● Aim to detect single photons in 3 adjacent large scintillators 
pointing back to IP, within a small time window (15 ns)

Detector unit: 5x5x80 cm scintillator + photomultiplier  

Produces light when charged 
particle passes through it

Converts light to 
electric signal

light

electric signal

20 x 20 x 3 unitsTo explain the existence of dark matter, a dark 
sector is introduced. A photon in the dark sector 

(dark photon) can mix with the photon in Standard 
Model, resulting in milli-charged particles.

FIG. 7: Expected sensitivity for di↵erent LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3� sensitivity (dashed), assuming 300 fb�1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb�1.

X. TIMELINE AND NEXT STEPS

We aim to have the experiment ready for physics during Run 3. To that end, we envisage

the following timeline:

• Construct small fraction of detector (⇠ 10%) in next 2 yrs

• Install partial detector in PX56 by end of Run 2 (YETS 2017 + TS in 2018)

• Commission and take data in order to evaluate beam-on backgrounds in situ

• Construction + Installation of remainder of detector during LS2 (2019–2020)

• Final commissioning by spring 2021

• Operate detector for physics for duration of Run 3 and HL-LHC (mid 2021–)

The next step in the milliQan project is to seek external funding to enable at least the

10% construction. No such funding has yet been secured for this project, but one or more

proposals to one or more funding agencies are being prepared for the near future.
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In order to estimate the feasibility of the experiment thoroughly, 1% of the detector is installed  as a “demonstrator”
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Demonstrator can “see” muons from collisionsLocation of detector in tunnel above LHC collision point Installed demonstrator

Also installed auxiliary detectors in order 
to improve understanding backgrounds   

milli-charged particles go through 3 layers

Collecting data with the demonstrator 
in 2018 to understand the detector 

system and study the backgrounds in 
great detail. UCSB has been a key 

player in building and operating the 
detector as well as data analyses.

Matthew Citron
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Installation team in front of the demonstrator
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(U. Chicago)

Brian Francis
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Josh De La Haye 
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Alignment to CMS IP (without line-of-sight)

• Allows initial alignment good to < ~cm (over 33 m!) 

• Final alignment using muons from IP 

Survey network points installed in 
drainage gallery

605.05.2017 A. Behrens, A. Maurisset

CMS coordinate system

z Survey network points known in 
CMS coordinate system

z Support points permanently fixed 
on walls 

z Accessible and visible from 
instrument station

How we perform the alignment afterwards...

7

1. Measurement of survey network points installed in the 
drainage gallery and known in CMS coordinate system

2. Measurement of outer survey reference points on MilliQan
detector to determine them in CMS coordinate system

3. Calculation of detector center and orientation wrt CMS 
coordinate system (based on fiducialisation)

4. Calculation of correction values for detector alignment

5. Then MilliQan team needs to correct the detector position 
by the given values

6. Control of detector position by survey
7. Further correction of detector position by MilliQan team if 

necessary (for each position correction, we repeat points 
2 to 6)

CMS coordinate system

Detector 
coordinate system

The alignment of the detector 
depends on the quality of the 
adjustment possibilities !

Each iteration takes time !

Without mechanical fine-tuning it 
will take a lot of iterations and 
you will not reach the nominal 
position !

05.05.2017 A. Behrens, A. Maurisset

How we perform the alignment afterwards...

7

1. Measurement of survey network points installed in the 
drainage gallery and known in CMS coordinate system

2. Measurement of outer survey reference points on MilliQan
detector to determine them in CMS coordinate system

3. Calculation of detector center and orientation wrt CMS 
coordinate system (based on fiducialisation)

4. Calculation of correction values for detector alignment

5. Then MilliQan team needs to correct the detector position 
by the given values

6. Control of detector position by survey
7. Further correction of detector position by MilliQan team if 

necessary (for each position correction, we repeat points 
2 to 6)

CMS coordinate system

Detector 
coordinate system

The alignment of the detector 
depends on the quality of the 
adjustment possibilities !

Each iteration takes time !

Without mechanical fine-tuning it 
will take a lot of iterations and 
you will not reach the nominal 
position !

05.05.2017 A. Behrens, A. Maurisset

Main	objective	of	the	structure
ØThe	main	objective	of	the	structure	is	to	hold	a	detector	volume	
of	6000	Kg	and	align	it	towards	the	interaction	point	(IP)

6/29/17 fawzi.s.s@hotmail.com 17

Aligned	in	the	horizontal	direction Aligned	in	the	Vertical	direction
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Simulation & Expected Sensitivity

• Use madGraph + madOnia 
to simulate production 
via modified Drell-Yan 

• Propagate particles through 
parameterized simulation of 
material interactions with 
CMS & rock 

• Count rate of incidence on 
1 m2 face of milliQan 
detector 

• GEANT simulation of 
milliQan detector 
response 

• Sensitive to wide range of 
well-motivated, unexplored, 
parameter space 

• Q/e down to nearly 
0.001 

• Masses from 100 
MeV to 100 GeV �14

(a)

(b)

FIG. 4: Depiction of the (a) full detector and (b) a single scintillating block with coupled

phototube, as implemented in the Geant4 detector simulation. The mCP is yellow and

radiated photons are green.
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FIG. 4: Depiction of the (a) full detector and (b) a single scintillating block with coupled

phototube, as implemented in the Geant4 detector simulation. The mCP is yellow and

radiated photons are green.
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FIG. 6: Expected sensitivity for di↵erent LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3� sensitivity (dashed), assuming 300 fb�1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb�1.

regarding Geant4.
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Expected Backgrounds
• Expect 17 m of rock will shield particles form pp collision (except muons) to 

negligible levels 

• Muons (from LHC or cosmics) not actually a background since will be very bright 
(~1M photons in scintillator) 

• They will be a small source of dead time though 

• Expect irreducible background to be from dark current pulses in PMTs 

• Assuming dark rate of ~1kHz, triple-incidence in 15 ns window reduces this to 
~10-6 Hz 

• 𝒪(50) bkg events in 3000 fb-1  

• Expect additional sub-dominant, reducible, backgrounds from activity in the 
scintillator, background radiation, and photo-multiplier after pulsing 

• Background rate can be monitored in situ during beam-off periods 

• Best way to understand backgrounds prior to this is via a concept “demonstrator” 
detector prototype in drainage gallery 

• We installed a 1/100 scale such device about 1 year ago �15



Demonstrator Design

• In order to verify the feasibility and optimize 
the design of the experiment thoroughly, 
~1% of the detector is installed as a 
“demonstrator” 

• 3 layers of 2x3 scintillator+PMT  

• Scintillator slabs and lead bricks  
• Tag thru-going particles, shield radiation 

• Scintillator panels to covering top and sides 
•  Tag/reject cosmic muons 


• Hodoscope packs

• Get tracks of beam/cosmic muons  IP

scintillator
PMT

�16



Demonstrator Design

• In order to verify the feasibility and optimize 
the design of the experiment thoroughly, 
~1% of the detector is installed as a 
“demonstrator” 

• 3 layers of 2x3 scintillator+PMT  

• Scintillator slabs and lead bricks  

• Tag thru-going particles, shield radiation 

• Scintillator panels to covering top and sides 
•  Tag/reject cosmic muons  

• Hodoscope packs 

• Get tracks of beam/cosmic muons  IP

scintillator 
slab

lead brick
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Demonstrator Design

• In order to verify the feasibility and optimize the 
design of the experiment thoroughly, ~1% of 
the detector is installed as a “demonstrator” 

• 3 layers of 2x3 scintillator+PMT  

• Scintillator slabs and lead bricks  

• Tag thru-going particles, shield radiation 

• Scintillator panels to covering top and sides 

•  Tag/reject cosmic muons  

• Hodoscope packs 
• Get tracks of beam/cosmic muons  

IP

scintillator 
panel
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Demonstrator Design

• In order to verify the feasibility and optimize 
the design of the experiment thoroughly, 
~1% of the detector is installed as a 
“demonstrator” 

• 3 layers of 2x3 scintillator+PMT  

• Scintillator slabs and lead bricks  

• Tag thru-going particles, shield 
radiation 

• Scintillator panels to covering top and sides 

•  Tag/reject cosmic muons  

• Hodoscope packs 

• “Tracks” of beam/cosmic muons  
IP

hodoscope 
packs
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Mechanical Structure Deployed in TS1 of 2017

• Supports weight of “final” milliQan 

• Rotates out of position to allow passage

Lowering of the box to the entrance of the gallery 

Placing the parts on the Trans palette 

Lowering of the box to the entrance of the gallery 

Placing the parts on the Trans palette 

Structure fully assembled  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

60 cm passage between the structure and the wall 

 

Points marked on the ground by survey team. 

The next day (Tuesday) the assembly of the structure began, where the first layer was assembled and brought to its place 
and aligned with the 2 points marked by the survey team, while keeping a passage of 60cm between the structure and the 
wall of the gallery. (All of this was done with supervision from Rob, Harry and Fawzi) 

The first layer was then leveled to a horizontal position using the leveling feet. And after that the assembly of the rest of the 
structure began. 

 

Assembly of the first layer 

 

 

The technical stop (TS1) started on Monday morning, during the afternoon all the parts of the support structure were put in 
a box and lowered through the main entrance using a mobile crane. When the parts reached the entrance of the gallery, the 
various parts were put on a Trans palette and transported to the assembly site. During this time, the survey team was 
working on the assembly site to mark 2 points on the ground (the center of rotation, and the  other point to point to IP) 

All parts of the structure in one box 

 

 

 

 

 

 

 

 

 

 

 

 

Mobile crane 

 

Transporting the parts to the assembly location 

The Survey team marking the points 

 

 

 

 

 
Transporting the parts to the assembly location 

The Survey team marking the points 
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Demonstrator Installed in TS2 of 2017

• Upgraded during 2017 YETS

Detector Concept
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milliQan:  A new detector for milli-charged particles at the LHC
Claudio Campagnari, Matthew Citron, Riccardo Escobar Franco, Connor Grady, Jonathan Guiang, Ryan Heller, Ryan Hensley, 

Leonardo Jappelli, Christopher Madsen, Bennett Marsh, Justin Michel, David Stuart, Jae Hyeok Yoo  (UCSB)

Theoretical Motivation

Demonstrator Plan

Andy Haas, NYU 5

Detector idea

● Aim to detect single photons in 3 adjacent large scintillators 
pointing back to IP, within a small time window (15 ns)

Detector unit: 5x5x80 cm scintillator + photomultiplier  

Produces light when charged 
particle passes through it

Converts light to 
electric signal

light

electric signal

20 x 20 x 3 unitsTo explain the existence of dark matter, a dark 
sector is introduced. A photon in the dark sector 

(dark photon) can mix with the photon in Standard 
Model, resulting in milli-charged particles.

FIG. 7: Expected sensitivity for di↵erent LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3� sensitivity (dashed), assuming 300 fb�1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb�1.

X. TIMELINE AND NEXT STEPS

We aim to have the experiment ready for physics during Run 3. To that end, we envisage

the following timeline:

• Construct small fraction of detector (⇠ 10%) in next 2 yrs

• Install partial detector in PX56 by end of Run 2 (YETS 2017 + TS in 2018)

• Commission and take data in order to evaluate beam-on backgrounds in situ

• Construction + Installation of remainder of detector during LS2 (2019–2020)

• Final commissioning by spring 2021

• Operate detector for physics for duration of Run 3 and HL-LHC (mid 2021–)

The next step in the milliQan project is to seek external funding to enable at least the

10% construction. No such funding has yet been secured for this project, but one or more

proposals to one or more funding agencies are being prepared for the near future.
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Target this region!  

GeV range unprobed, 
and would be 

produced at LHC

In order to estimate the feasibility of the experiment thoroughly, 1% of the detector is installed  as a “demonstrator”
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2x3$configura-on$$
@ 2x2$configura2on$not$touched$except$for$the$ch8$and$
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@ R7725$on$ch8$replaced$with$R878$

@ moved$sidecar$bars$to$the$top$right$side$of$each$layer$
@ sidecar$support$removed$

@ added$new$bars$to$the$top$leP$side$of$each$layer$
@ BoQom$layer:$OSU$bars$
@ Middle$and$top$layers:$UCSB$bar+PMTs

Slabs$
@ L@shape$support$for$slab$2$and$3$made$by$Rob$$
@ no$support$for$slab1$because$it$fits$nicely$between$HS$

packs$and$MQ$bars:$puZng$some$tape$would$be$enough$
@ slab4$(top,$not$shown$in$the$photo)$needs$a$mount$that$

Rob$will$make$

HV$spli6ers$
@ Moved$down$below$the$table$to$give$space$for$panels$
@ ET$box$under$boQom$layer$and$R878/R7725$boxes$under$

top$and$middle$layers
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Hodoscope$
@ Added$one$horizontal$pack$to$boQom$HS$$
@ Added$one$ver2cal$pack$to$top$HS

M. Citron mcitron@ucsb.edu 12
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Double gaussian for beam/non beam component  
 → time allows strong non-beam background rejection
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muons

Demonstrator can “see” muons from collisionsLocation of detector in tunnel above LHC collision point Installed demonstrator

Also installed auxiliary detectors in order 
to improve understanding backgrounds   

milli-charged particles go through 3 layers

Collecting data with the demonstrator 
in 2018 to understand the detector 

system and study the backgrounds in 
great detail. UCSB has been a key 

player in building and operating the 
detector as well as data analyses.

Matthew Citron
(UCSB)

Ryan Heller
(UCSB)

Jae Hyeok Yoo
(UCSB)

Installation team in front of the demonstrator
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Able to detect single photons

Max Swiatlowski
(U. Chicago)

Brian Francis
(OSU)

Josh De La Haye 
(CERN)

Installed 
demonstrator 

(before covering with 
panels)

• Been taking data ~continuously 
since then (during and between fills)
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Demonstrator: in situ charge calibration
• Important because it allows us to study efficiency for 

small charge depositions 

• Is it sufficient to be able to see milli-charged pls?  

• Want to know number of photoelectrons (NPE) that 
mCP will produce 

• Two ingredients: 

• Select cosmic muons from vertical paths 

• Get single photoelectron (SPE) charge from 
afterpulses 

• (SPE pulse area measurement also done on 
the bench as a validation) 

• With these can calculate NPE for cosmic muon (Q=1e) 

• NPE (Q=1e) = Pulse area (cosmic muon) / Pulse 
area (SPE) 

• Extrapolate this to NPE for fractional charges by Q2 NPE = 
SPE

cosmic muon

�22



Demonstrator Results: in situ charge calibration

High voltage [V]
310

Pu
ls

e 
ar

ea
 [p

Vs
]

1

10

210

310

410

 = 4900
PE

Channel 5, N

B-field on

 factor of ~5k

cosmics

SPE

• NPE for Q=1e is ~5k 

• Flight distance of cosmic muons in 
scintillator is 5 cm 

• For through-going muons, the flight 
distance is 80 cm 

• NPE for thru-going muon is 5k x 
80/5 = 80k 

• Since NPE is proportional to Q2  

• NPE = 1 for Q ~ 0.003e 

• Consistent with full Geant4 simulation 
results (and calculations in original 
paper)

�23
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Demonstrator: muons from CMS 

• Use the demonstrator to study muons 
from pp collisions in CMS 

• Select thru-going particles 

• Useful for alignment, triggering, 
timing calibration, etc

Event display of a muon from CMS

IP
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Demonstrator Results: muons from CMS 
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CMS instantaneous • Demonstrator is “seeing” 
muons from collisions at 
CMS IP 

• Reproduces both 
integrated and 
instantaneous luminosity 
recorded by CMS 

time constant 
= 13 ± 2 h

beam lifetime
= 14 h
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Advanced Design for Mechanical Supports for Modules 

Full-detector Design

➢ Been working with a new Lebanese student, Maytham, on a design for 
the full detector – including how to support all bars/PMTs, plus cooling 
to -20C, plus veto shields, etc.

➢ Under supervision of Martin and especially Rob (and Maytham’s 
advisors)

➢ We’ve been meeting almost every week (usually Fridays at 3pm CERN)
➢ Currently quite advanced! Main design ~done!

Full-detector Design

➢ Modules are 15x15cm… room inside for spacers, supports, cold air flow…
➢ 12-bar modules connect into 6-module “layers”
➢ There are 7 layers total, in 3 steps (3,2,2), for 504 bars total

The “cage” holds the layers together and
attaches them to the support structure

X 4 units assembled, the pointing is achieved by the shape of the 
plates as shown.

3. The new idea:
X 1 unit assembled: (the plates sits on each other and connected by 

screws).

�26

Fitting test will be done as soon as 
possible
it is a frame that represents the whole volume of the detector
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milliQan Collaboration
• ~20 people, 12 institutes, 6 countries 

• 9 “CMS” groups 

• The Ohio State University (C. Hill*, B. Francis) 

• University of California, Santa Barbara (D. Stuart, C. Campagnari) 

• The University of Nebraska (F. Golf)  

• CERN (A. Ball, A. De Roeck, M. Gastal) 

• The University of Bristol (J. Brooke, J. Goldstein) 

• Karlsruhe Institute of Technology (R. Ulrich) 

• Lebanese University (H. Zaraket) 

• University of Virginia (C. Neu) 

• FNAL (J. Hirschauer) 

�27*denotes co-spokepersons 3rd milliQan collaboration meeting, Nov. 2017

• 2 “ATLAS” groups 

• New York University (A. Haas*, B. Kaplan) 

• University of Chicago (D. Miller, M. Swiatlowski) 

• 2 “Theory” groups 

• Perimeter Institute/McMaster Univ. (G. Magill) 

• Brookhaven National Lab (E. Izaguirre)



Summary & Next Steps

• milliQan is a proposed experiment sited 
in a in a vestigial drainage gallery that will 
detect millicharged particles produced 
by pp collisions by CMS 

• Unique sensitivity to unexplored 1-100 
GeV and Q<0.3e region 

• 1% demonstrator installed last year; being 
used to validate design and measure 
backgrounds 

• Learning a lot about background and 
gaining experience in detector 
operation 

• Demonstrator data might provide first 
sensitivity to the uncovered region 

• If funding arrives in time, hope to install 
full-scale experiment during LS2; run for 
Run 3 and beyond!
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FIG. 7: Expected sensitivity for di↵erent LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3� sensitivity (dashed), assuming 300 fb�1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb�1.

X. TIMELINE AND NEXT STEPS

We aim to have the experiment ready for physics during Run 3. To that end, we envisage

the following timeline:

• Construct small fraction of detector (⇠ 10%) in next 2 yrs

• Install partial detector in PX56 by end of Run 2 (YETS 2017 + TS in 2018)

• Commission and take data in order to evaluate beam-on backgrounds in situ

• Construction + Installation of remainder of detector during LS2 (2019–2020)

• Final commissioning by spring 2021

• Operate detector for physics for duration of Run 3 and HL-LHC (mid 2021–)

The next step in the milliQan project is to seek external funding to enable at least the

10% construction. No such funding has yet been secured for this project, but one or more

proposals to one or more funding agencies are being prepared for the near future.
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LHC P5
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Prins,1 Harry Shakeshaft,1 David Stuart,3 Max Swiatlowski,8 and Itay Yavin7, 6

1
CERN

2
University of Bristol
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(Dated: July 19, 2016)

Abstract

In this LOI we propose a dedicated experiment that would detect “milli-charged” particles

produced by pp collisions at LHC Point 5. The experiment would be installed during LS2 in

the vestigial drainage gallery above UXC and would not interfere with CMS operations. With

300 fb�1 of integrated luminosity, sensitivity to a particle with charge O(10�3) e can be achieved

for masses of O(1) GeV, and charge O(10�2) e for masses of O(10) GeV, greatly extending the

parameter space explored for particles with small charge and masses above 100 MeV.
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Basics of Readout & Trigger
• Readout via CAEN V1743 12 bit digitizer 

• 16 channels 

• Sampled at 3.2 GS/s (a sample each 312.5 ps) 

• 1024 analog buffer ring (320 ns long).  

• Analog noise is about 0.75 mV per channel, allowing good 
identification of and triggering on single PE signals 

• Trigger 

• If 2 of 3 bars coincident in 15 ns window, self-triggers to read 
out whole detector 

• Separate from CMS trigger 

• Data will be read out via CAEN CONET 2 over 80 Mbps  
optical fiber to a PCI card in dedicated DAQ 

• Separate from CMS DAQ
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Powering, Slow Controls, Monitoring, Timing 
• Operationally, milliQan will be 

independent from CMS  

• Self-triggering, separate 
dedicated DAQ, separate 
dedicated DCS 

• Only needs from CMS would be 
basic infrastructure (power, ethernet), 
delivered luminosity, and LHC clock 

• Few other things would be nice 
(e.g.  Run / luminosity section / 
orbit markers, BPTX)

Reminders(

April(6th,(2017( MilliQan(Monthly(Mee;ng( 2(

HV(schema;cs(

April(6th,(2017( MilliQan(Monthly(Mee;ng( 3(

MilliQan Timing System

1

FPGA host

timing 
board

TCDS fibre 
from CMS

V1
74

3
clock

utility 
LVDS

TRG

PC

U
S

B

Timing Box

• Timing box receives TCDS fibre from CMS 
• Recover LHC clock and send to V1743 
• Decode CMS run/lumi/orbit signals 
• Receive trigger from V1743, and readout data to PC �31



Cooling PMTs will improve sensitivity

• While cooling PMTs will complicate infrastructure/safety requirements, modest cooling can provide 
almost an order of magnitude reduction in dark rate 

• Sensitivity estimates used 550 Hz per PMT 

• Ongoing R&D into cooling 

• 80 Hz per PMT with cooling to -20 deg C

4

Using our “cooler”, can test dark rate vs. PMT temperature

Using ethanol, we can easily go down to -30C, and probably push lower

There's a copper box with feed-throughs inside the insulators, 
where coolant pipes transfer heat

For old tubes, like our Hamamatsu R329-02 or R2083, we saw some 
decrease in rate when cooling, but the 9814B is dramatic and repeatable
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Dark rate (Hz)

Temperature (C)

80 Hz dark rate at -20C (-4F)

100 Hz with 3” scintillator
(inside, at sea level)
(but most of these extra events
 are >1 PE events and reducible)

We estimated 550 Hz background
rate per PMT/scint in LOI

9814B @-1.7kV

-3 mV trigger

Detector	cooling	concept

02/06/17 martin.gastal@cern.ch 10
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Demonstrator Upgraded during 2017-18 YETS

• Now have 18 
milliQan bars 

• 9 thin scintillator 
veto sheets 

• 4 scintillator 
slabs between 
bars 

• Expanded 
hodoscope 

• Timing 
information from 
CMS 

• 4 magnetic field 
sensors 

• Temperature & 
humidity sensors 

• Fire protection 
system

Particles

R878

ET

R7725

Channel Map 
Post-YETS 18
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Jae Hyeok Yoo 
(UCSB) ICHEP2018 Seoul (07/07/2018)

Preparing the demonstrator in SX5

06/09/17 martin.gastal@cern.ch 9

¾A MilliQan team assembled and tested the demonstrator in SX5 – Sept 1/15
¾Many thanks to HCAL for letting us use their alcove

Assembling the demonstrator

06/09/17 martin.gastal@cern.ch 15

¾Mechanics
Lowering the demonstrator

06/09/17 martin.gastal@cern.ch 14

¾Taking the components to the detector location

Detector Concept
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milliQan:  A new detector for milli-charged particles at the LHC
Claudio Campagnari, Matthew Citron, Riccardo Escobar Franco, Connor Grady, Jonathan Guiang, Ryan Heller, Ryan Hensley, 

Leonardo Jappelli, Christopher Madsen, Bennett Marsh, Justin Michel, David Stuart, Jae Hyeok Yoo  (UCSB)

Theoretical Motivation

Demonstrator Plan

Andy Haas, NYU 5

Detector idea

● Aim to detect single photons in 3 adjacent large scintillators 
pointing back to IP, within a small time window (15 ns)

Detector unit: 5x5x80 cm scintillator + photomultiplier  

Produces light when charged 
particle passes through it

Converts light to 
electric signal

light

electric signal

20 x 20 x 3 unitsTo explain the existence of dark matter, a dark 
sector is introduced. A photon in the dark sector 

(dark photon) can mix with the photon in Standard 
Model, resulting in milli-charged particles.

FIG. 7: Expected sensitivity for di↵erent LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3� sensitivity (dashed), assuming 300 fb�1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb�1.

X. TIMELINE AND NEXT STEPS

We aim to have the experiment ready for physics during Run 3. To that end, we envisage

the following timeline:

• Construct small fraction of detector (⇠ 10%) in next 2 yrs

• Install partial detector in PX56 by end of Run 2 (YETS 2017 + TS in 2018)

• Commission and take data in order to evaluate beam-on backgrounds in situ

• Construction + Installation of remainder of detector during LS2 (2019–2020)

• Final commissioning by spring 2021

• Operate detector for physics for duration of Run 3 and HL-LHC (mid 2021–)

The next step in the milliQan project is to seek external funding to enable at least the

10% construction. No such funding has yet been secured for this project, but one or more

proposals to one or more funding agencies are being prepared for the near future.
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Target this region!  

GeV range unprobed, 
and would be 

produced at LHC

In order to estimate the feasibility of the experiment thoroughly, 1% of the detector is installed  as a “demonstrator”

LHC beam

CMS

Interaction 
point

milliQan

Jae$Hyeok$Yoo$(UCSB) No$mee2ng$(02/15/2018) 1

slab1

slab2

slab3

2x3

2x3

2x3

2x3$configura-on$$
@ 2x2$configura2on$not$touched$except$for$the$ch8$and$

ch9$
@ ch8$bar$and$ch9$bar$switched$
@ R7725$on$ch8$replaced$with$R878$

@ moved$sidecar$bars$to$the$top$right$side$of$each$layer$
@ sidecar$support$removed$

@ added$new$bars$to$the$top$leP$side$of$each$layer$
@ BoQom$layer:$OSU$bars$
@ Middle$and$top$layers:$UCSB$bar+PMTs

Slabs$
@ L@shape$support$for$slab$2$and$3$made$by$Rob$$
@ no$support$for$slab1$because$it$fits$nicely$between$HS$

packs$and$MQ$bars:$puZng$some$tape$would$be$enough$
@ slab4$(top,$not$shown$in$the$photo)$needs$a$mount$that$

Rob$will$make$

HV$spli6ers$
@ Moved$down$below$the$table$to$give$space$for$panels$
@ ET$box$under$boQom$layer$and$R878/R7725$boxes$under$

top$and$middle$layers

B
ri
a
n

Hodoscope$
@ Added$one$horizontal$pack$to$boQom$HS$$
@ Added$one$ver2cal$pack$to$top$HS

M. Citron mcitron@ucsb.edu 12
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MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))-MinIf$(time_module_calibrated,(layer==1&&nPE>=200)) {MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))>0&&MinIf$(time_module_calibrated,layer==1&&nPE>=200)>0&&beam}

beam
Entries  1769
Mean  1.956− 
Std Dev     8.824

MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))-MinIf$(time_module_calibrated,(layer==1&&nPE>=200)) {MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))>0&&MinIf$(time_module_calibrated,layer==1&&nPE>=200)>0&&beam}

Double gaussian for beam/non beam component  
 → time allows strong non-beam background rejection
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Downward 
cosmic muons

Upward 
beam 

muons

Demonstrator can “see” muons from collisionsLocation of detector in tunnel above LHC collision point Installed demonstrator

Also installed auxiliary detectors in order 
to improve understanding backgrounds   

milli-charged particles go through 3 layers

Collecting data with the demonstrator 
in 2018 to understand the detector 

system and study the backgrounds in 
great detail. UCSB has been a key 

player in building and operating the 
detector as well as data analyses.

Matthew Citron
(UCSB)

Ryan Heller
(UCSB)

Jae Hyeok Yoo
(UCSB)

Installation team in front of the demonstrator
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Able to detect single photons

Max Swiatlowski
(U. Chicago)

Brian Francis
(OSU)

Josh De La Haye 
(CERN)

Lowering the demonstrator

06/09/17 martin.gastal@cern.ch 14

¾Taking the components to the detector location
Installation of demonstrator
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Demonstrator Upgraded during 2017-18 YETS

• Added additional set of milliQan bars in 
vertical dimension to aid with cosmic 
identification 

• Added thin sheets on scintillator on top and 
side to aid in cosmic veto  

• Added scintillator slabs between between 
bars to help understand longitudinal 
“showers” 

• Added some environmental sensors to help 
understand environment 

• Added more hodoscope packs to aid in 
“tracking” �35



Demonstrator: timing of thru-going particles 

David Stuart, UC Santa Barbara

Milli-charged particlesMilliQan Demonstrator: running with 1% of full detector 

E.g.,: muons from collisions

22

Learning a lot about operations and backgrounds.

Top-bottom hit time [ns]

Event display of a muon from CMS top

bottom
Distance between 
top and bottom = 
3.6 m 

3.6
 m

~22 ns

co
sm

ic
s

be
am

Top hit time - bottom hit time [ns]
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Jae Hyeok Yoo 
(UCSB) ICHEP2018 Seoul (07/07/2018)

Alignment of demonstrator
Survey and alignment

¾The detector had to be aligned with CMS IP
¾Projection of CMS network into gallery done during TS1
¾Alignment of detector carried out by Noemie Beni and Benoit Cumer

06/09/17 martin.gastal@cern.ch 18
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Jae Hyeok Yoo 
(UCSB) ICHEP2018 Seoul (07/07/2018)

Charge calibration: bench setupSetup

3

PMT
LED

HV

e.g. -1450 V

Function
Generator

DRS
(scope)

TRG INPMT Output

2000x filter 20 ns pulse

Optional cardboard 
light-blocker

Trigger scope on the LED 
pulse, so PMT response falls in 
well-defined time window

No need for any peak-finding, 
and allows us to trigger on 
“blank” (0-PE) events

Can control 〈NPE〉 by varying 
amplitude of input LED pulse

PMT

LED

3D-printed 
casing to hold 
PMT, LED, filters

LED:
Thorlabs LED430L
430 nm (blue/violet)

PMTs:
Hamamatsu R878
Hamamatsu R7725
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Jae Hyeok Yoo 
(UCSB) ICHEP2018 Seoul (07/07/2018)

Charge calibration: bench results
SPE Calibration

5

● SPE Calibration usually relies on fitting the peak of the 
area distribution to, for example, a gaussian

● Neglects large tail on left due to non-optimal trajectories 
in PMT (e.g. photon skips cathode and strikes first 
dynode directly, electron skips dynode, etc.)

● LED method allows us to account for this by measuring 
the 0-PE spectrum directly 

SPE Calibration Strategy

● Obtain pulse area distributions for both “LED on” and 
“LED blocked” configurations

● Scale so left edges match, and then use ratio of areas 
to estimate f = (fraction of 0-PE events)

● Assuming Poisson distribution, 

● Calculate average SPE response with:

R878 @ 1450V

Dotted histogram is estimated area distribution for events with at least one PE

Vertical line is estimated mean response from SPE events

Method from Saldanha et al., https://arxiv.org/abs/1602.03150

1PE

2PE
1PE peak at 80 pVs
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History of millicharged particle searches 
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SLAC MilliCharge Experiment

Good time resolution is essential, 
and tricky for small (SPE) pulses! 
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Comparisons to Neutrino Experiments

Comparisons 

arXiv: 1806.03310 [hep-ph] 8 Jun 2018 

 
 
 
 
 
This flattening is artificial, as we 
did not include the more 
complicated production of mCP 
from QCD/hadronic physics … 
(only DY and prompt resonances). 
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Additional Physics Motivations

More Motivation? 

¾ Recent excitement that milli-charged 
dark matter at the 1% mass-density 
level is a leading explanation for 
the EDGES 21-cm result 
 

¾ The mass/charge region favored is 
in a sweet-spot of milliQan sensitivity 

 
¾ Also other signals beyond mCP… 

like heavy neutrinos with large eDM: 
arXiv:1803.03091 

arXiv:1710.06894 
�43


