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What do we want to detect ?

> Neutron

2 ~1 GeV mass, keV to MeV in Kinetic energy with a flux of several neutron s

@ Interact through strong force

P Light Dark Matter produced in a W beam dump by an 12 GeV electron beam
3

@ Mass unknown, keV to MeV in kinetic energy

@ Interact through weak force

2 Hypothesis: behaves as a fast moving neutron
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Detection principle

P Detect the ionization produced when a particle scatters off nucleus of the gas material

s Neutron: C H (iso-butane)gas—m_ =~m
a Light Dark Matter (LDM): 'H, “He, CF , “Ar and “'Xe gas —m__?
\ paricie L1
P Identifiable if elastic scattering occurs o0
eg.n+H—->n+H ..
» Amplification with Gas Electron Multipliers ° .
enables detection of electrons produced by ... o
the nuclear recoil with nearly 100 % efficiency ° o :

I
|
Amplification

estimated

2D readout

P Readout: measure 2D + time (ie relative z) + charge (ie absolute z)
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Simulation steps

P Signal and background sources

P Geometry and materials

P Neutron/Light Dark Matter interaction with the detector

P Creation of the ionization in the gas target

» Electron transport from the primary ionization to the readout

P Electronic readout
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Signal and background sources

» Neutron

2 Neutron sources (e-beam, natural radiation)

» Internal background sources (alpha, beta etc ...)

» Light Dark matter
@ Light Dark Matter sources: € N — e N A'[— yy] or e N yy
@ Light Dark Matter detection: y + N — y+ N

» Background sources (neutron, **’Rn)
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Geometry and materials

» Directional TPC placed after a Tungsten (W) beam dump in a concrete cave

10uA 12GeV e-beam
W beam dump
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Probability of interaction

»P=0o.l.p
@ g cross section [b] (barn = 1e™** cm?)

2 ] target length [cm]

. 3 3 1 0.15h- i-C,H,, at 1 atm
2 p density [em™] =p_ [g/cm”] . %[mol 1/ MA[g/mol] .

« all
= inelastic
H

P Between a neutron and a H belonging to CH ) LN
0.1 4% C

=> (.11 % for 1 cm

» Between a neutron and a F belonging to CF,

Probability of interaction
o

o

C‘J'I T T T I
/

=>(0.003 % for 1 cm

» GEANTH4 results for 50 cm®, C H (1 atm)

=>~5 % efficiency at 1 MeV Tiinetic [MeV]
=> Good agreement between geant4 and analytical calculation

=> Efficiency can be adjusted by varying size and pressure
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P Attempt to simultaneously explain all recent results of direct and indirect dark matter detection
experiments

P Models include WIMP dark matter candidates, and a new force, mediated by “Dark Gauge Boson”
P Dark photon A' mixes with SM photon with kinetic mixing &

Dark Photon

e’ may =0
ee
A’

e
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The dark gauge boson A’

» Dark gauge bosons, or dark photons, A' =vy' = A = U, have been searched since the late 80s
% Collider

E!_: ru_: T x

» Very small couplings to Standard Model particles
» Low mass: of order MeV to GeV
» LDM can be produced off-shell or on-shell

10
w

BESII

107

102 i 10" 1 ,, 10
@ Current limits m,. [GeV/c®]

=> Low-energy and high-intensity beams or .
beam+target ideal tools

10

=> Collider: o « a’c*/ E_=2ab for e=10"and E =10 GeV/c*

* Fixed target

BR (A" — final state)

=> Fixed target: 6 « Z’o’e’ / m *= 151ab for Z=1 and m, *= 100MeV/c’
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—A' > ete
------ Al —
L A
----- A -t
----- A' - hadrons
107
m, [GeV/c?]

@ Branching ratio



e N—e NA'|—-yy] ore Ny

» Simulation with MadGra}oh and model computed by Yi-Ming Zhong

» Model based on 10.1007/JHEP11(2013)167 (R. Essig, J. Mardon, M. Papucci, T. Volansky, Y. Zhong)
& arXiv:1705.01633v1 (Y. Liu & G. Miller)

» Two production modes: on-shell (full line) and off-shell (dashed line)

» 1 MeV/c* <m,, <10 GeV/c* s m, = 5.0 GeV/c?
» 1 MeV/c® < m <S5 GeV/c? 107°F e §Z§ Egﬁ(@
— — m, =2.0 GeV/c?
. . . .. 19 —m, =1. 2
W e’ =0q’/ais the kinetic mixing between A' and y 107 e 0.9 Gev/
oo electromagnetlc coupling of A" toy = o m=058evic,
Ha=1/137 (SM electromagnetic coupling) - C mIo1Gevic
10" F 6008 Gevree
»o = gD2 / 4m 1s the dark sector constant % -
u g 18 the dark sector gauge coupling of A’ to — il
Dirac fermion dark matter (ie LDM) 5 10°F
ol —
© y beam profile at the TPC entrance depends of = o
mass difference between A' and y © JF
3000f 3000 1 0 -
52000 52000:— ::
107E
8 1000:— S 1000:— = | | |
: : 0 5 10
. R T2 93 T 1 2 m .[GGV/02]
¥ transverse distribution [m] % longitudinal distribution [m] A

_ 2 _ 2
lgal Jaegle (URy My = 4 GEVE™ -m =2 GeV/cy . pei 2016

1/2
. 2m? 4m?
I'vio—ete )= FE-EmQ 14+ —F 1 - —°
m =10 GeVc® -m =2 GeV/c’ i )=y ( m; mg
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Reach plot - general formula

J.D. Lewin, P.F. Smith Astr. Phys. 6 (1996) 87-112
Particle Dark Matter (Cambridge ed.)

P differential energy spectrum of nuclear recoils

dR 2
a—f; = RoS(TR)F (TR)I

DM DM*
2 R is the event rate per unit mass
s T is the recoil energy
R A"
a R is the total event rate
2 S is the modified spectral function
3 F is the form factor Nucleus Nucleus

@] is an interaction function
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Total cross section off nucleus and off nucleon

do”(M oA (M
(M) : T 4 M)

dTy  Vpo(M )AteM ) dTg dTy  u2(m) dTg AT

2
dN(M)  doMM ) p3(M)

P N event number if N = 2.3 CL =90 %, in this work N = 1

P V detector volume [cm’]

b p target density [em’] = P, [g/cm’] . 9\[2\[m01'1] / M [g/mol]

» ¢ WIMP/LDM flux [em?s”] — model dependent

[~ w nucleon reduced mass
P At exposure time [s]

nucleus reduced mass
P ¢ detection efficiency LN

M +A—>M +A
X X

P IV “interaction” between the WIMP/LDM and the nucleon/nucleus: T'*= F* 1
model dependent

s I=A*for SI or I = C*A*J(J+1) for SD
s F* (qr ) is the form factor
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WIMP flux vs beam-induced LDM flux

J.D. Lewin, P.F. Smith Astr. Phys. 6 (1996) 87-112
Particle Dark Matter (Cambridge ed.)

PO =pv /M [em’s’]
ap =0.3 [GeV/c*/cm’]
2 v_depends on WIMP velocity distribution choice

N
o
[+)]

T -

WIMP flux [cm?s]
2,
[

P Gaussian velocity distribution

I
|
I
Iy
|
I,
1 I
n
"
i umm
i,
I
\‘H‘H”‘
I,
i ummwmu
n
i,

7 iy
7 iy
7 uh\

2 4
1 M 10}
f(v) =——exp(-, )
\ 2to 20 Be—10¢ 1 107 . 107
a 0 is the speed dispersion = (3/2)"*v , bo=q=1/137 messeiel
. D — M- 2 4.0 GoV/o
v_local circular speed (= 220 km/s) »1=10pA0 — oo e
105:7' ::1”1; 6:géeV/c
v =V +v +v v =530 km/s L mIOaEe
detector galaxy sun earth escape _% e
1 —— m, = 0.005 GeVic

Hit rate due to
beam-induced

x flux [cm®sT]
S

background
[ ] S—
10715 .................
l |
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Elastic scattering

cm ME) MT 2
nucleus — M 2 2 v
(M_+Mp)

>

* T nucleus Kinetic energy in CMS

sM_and M_respectively WIMP/LDM and nucleus masses

s v WIMP velocity in CMS .
in LAB.

200
100

100

Count [a.u.]
WIMP mass [GeV/c ]
o
o

1 1 1 | 1 1 1 | 1
0 0.002 0.004
WIMP speed distribution [c] T ucieus [kKeV]
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Interaction function

J.D. Lewin, P.F. Smith Astr. Phys. 6 (1996) 87-112
Particle Dark Matter (Cambridge ed.)

PSI:ocolAl
PSD:cal

o= CAJ(J+1)

4 C related to the quark spin

s AMJ(J+1) related to nuclear magnetic moment and the unpaired nucleon spin

Table 3: Values ol A2J(J + 1) for various isotopes

Igal Jaegle (UF)

MJ(+ L :
lsolope J : : W+ ) WN C’f)'h,p\' TW ;\"5,1 GL»\:N‘S,,—I
single particle ‘ odd group - NOM EMC [36] EMC 1 ) o _lepin
NQM MO |36 MO el Ty N
L L/ 0.75 0.75 _ _ '
oy m . o Sp | 0.14£0.01 |0.096 % 0.009 | 0.06 £ 0.02 APRY v\
I : 0 Nl = z
23N .3/.,) 0.15 0.011 ¥ 0.002 £ 0.001 | 0.012 £ 0.003 | 0.03 £ 0.01 T (*rrzf;t') (mf; )
“Na 3/2 A5 .0 -
e - - — 1 A .02 46 .04 A5 . 2
2TAl -3/2 0.35 0.087 - P 010 = 0.0 0-16 = 0.0 055 = 0.10 Scfii cos? 249 dcos? 23
4301y 7/2 0.321 0.152 Hn 0.40 £ 0.02 0.34 £ 0.03 | 0.26 & 0.07 T
T3(e 0/: 0.306 0.065 Bp 0.16 £ 0.01 0.10 = 0.0L | 0.06 £0.02 | » , \* e\ 1
UINL | 9/2 0.306 0.162 Bn | (T£5) x 107 | 0.010 £ 0.003 | 0.03 £0.0L | 7 \mje) cos2Oy | \my; ) dcos?y
LT 152 0.35 0.007 Zp | Lol 09£01 | 03202 | /N1 o
— — N — tan? #y L) fant i
19Xe | 1/ 0.75 0.124 Zn | 020£004 |0.002£ 0006 01£0.L |« \mye m;
BXe | 3/ 0.15 0.055

Table 4: Values of WIMP-nucleon spin lactors; My = V& My sin By =~ 109 GeVe?

MC4BSM 2018
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Nuclear Form Factor

J.D. Lewin, P.F. Smith Astr. Phys. 6 (1996) 87-112
Particle Dark Matter (Cambridge ed.)

P One nuclear form factor per nucleus

P Momentum transfer q=| p —p _ _
nucleus at rest nucleus after elastic scattering
P Spin dependent
P Spin independent
=
101 spin independent
i spin dependent
S 107
v
Q, L
& W
& 107
o
= -
= 107E
1 | 1 1 1 1 I 1 1 1 1 —g 1 1 1 1 I 1 1 1 1 |
1 15 0% 5 10
q [fm”] o [fm]
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Nuclear Form Factor

J.D. Lewin, P.F. Smith Astr. Phys. 6 (1996) 87-112
Particle Dark Matter (Cambridge ed.)

P One nuclear form factor per nucleus

P Momentum transfer q =| p

nucleus at rest pnucleus after elastic scattering

P Spin dependent
P Spin independent

spin independent
spin dependent

WIMP mass [GeV/c 7]

I -9 I I 1 I | I I
10 0 5

q [fm_1] q [fm"‘]

P Remark: if enough energy is transferred one can deduce from the position of the minima

what kind of interaction did occur
Igal Jaegle (UF) MC4BSM 2018 17



Detection efficiency

» Depends on the thresholds and WIMP/LDM velocity/Kinetic energy distribution

» Energy deposited eg through ionization

X+p—=>X'+p+e

[ f,-w*“‘“' i thresholds:

0.8l /" s » Energy threshold
s _ » Minimum track length
= [ v measurable
2904 0.5 s GEM: at least 3 holes
woof I

i -F, P =50torr | covered
i +C, P=50torr
0-2__ oF, P = 75 forr =
TR : P Directionality
i L L Ly L L 0 ! ! ! \ \ \ \ ! | !
% 5c|)0 10|00_ 15|00 2o|00 50 . 100 s L/o>3
Tl [keV] WIMP mass [GeV/c?]

Kinetic

» SRIM simulation and quenching factor

Igal Jaegle (UF) MC4BSM 2018 18



Code validation

P Code tested by putting the input parameters corresponding to DMTPC and XENON100

P Detection efficiency approximated by a constant value

o™ [pb]

107

Igal Jaegle (UF)

10%E

10E

10_15

102

a o F "
® 10_7% .‘\_/

DMTPC 0.1 kgy

o oo = 50 %
B V=1m’
- P=100 torr

thr. = 50 keV
u At=1y

| /
7.\ Lo Ll
10 10° 10°

WIMP mass [GeV/c?]
Quenching factor determined from SRIM

10°F
4] XENON100
10 E code
C * _ codew/e=25%
5
105} 1
#
o 10 6 ;‘,

10°L 40 kg
" thr. = 4.5 keV
ook At=11.17 d

\IH‘
10°

0l ] Ll

10 >

1 10 10
WIMP mass [GeV/c?]

Constant quenching factor 25 %
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Design optimization

P 1 m’divided into 3 detectors of drift length of 33.33 cm
P other key ingredients

s energy threshold 1 keV
s spacing between GEM holes 0.140 mm

s pad size 0.2 mm
s transverse diffusion

7(‘:- . 480 T | T T T [ T I T
ie)
%) (b) ® CF, _
_ttg (@) 80% CF4 + 20‘70 iC4H10
Q= 320 O 95% CF4 +5%DME  —]
26
£
S~

SE
= 3

C)v

C

O
.|

-

©

oo E/P  (kV/cm/atm) 6636A3

D

eff

= 80 um/\ cm

400

vy [Lm]

&)

200

S. Biagi, Nucl. Instr. & Meth. A283 (1989) 716.
S. Biagi, Nucl. Instr. & Meth. A310 (1991) 133.

J. Va’vra, P. Coyle, J. Kadyk, and J. Wise, SLAC-PUB-5728 (1992).

Igal Jaegle (UF)
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z [cm]

2
pad\2 Cj

On =\ | 7— ] +32
: \/(\12) Nes

2 pad: pad size
2 CD transversal

diffusion constant
@ Neff effective

number of primary
electrons
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Design optimization

» 1 m’divided into 3 detectors of drift length of 33.33 cm
P other key ingredients

s energy threshold 1 keV

s spacing between GEM holes 0.140 mm

s pad size 0.2 mm

P transverse diffusion

T
ny —\ P f(P)

P by changing only the pressure

S. Biagi, Nucl. Instr. & Meth. A283 (1989) 716.
S. Biagi, Nucl. Instr. & Meth. A310 (1991) 133.

J. Va’vra, P. Coyle, J. Kadyk, and J. Wise, SLAC-PUB-5728 (1992).

Igal Jaegle (UF) MC4BSM 2018
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Pressure optimization

» 1 m’of CF,divided into 3 detectors of drift length of 33.33 cm

P other key ingredients
s energy threshold 1 keV
43 GEM holes covered L.> (0.7 mm

salL/o>3

P figure of merit calculated for two WIMP masses 10 GeV / ¢* and 100 GeV / ¢

Igal Jaegle (UF) MC4BSM 2018
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Pressure optimization

L(T ,P) above thres

d FOM(P) M3 .
it £5 2.p(P)V - AZ. dT F(qr ) f [T_P) dz

P ficure of merit for SI —
g T,

—
OIJ
———
|1

torr 30000

Rtiatiatintintinrint iyt
[}
Lo~ haoo

23888833
Q

it
-

=

=
=3
g3
3
merit

200008

Count [a.u]
Count [a.u.]

Figure of

10000
X
. | | P T T R | . o ol e e ] e,
0 50 100 0 50 100 150 10 20 30
T [keV) Track length [mm] P [torr]
3 1
10 i —P = 1.00torr
—M, =10 GeV | —P =200 torr
M, =100 GeV P = 5.00 torr 4000l
) 10° —P = 10.00 torr
8 P = 15.00 torr
", \ — P = 20.00 torr =
?“}2 N \ ';' P = 2500 torr o
= Ny ot P = 30.00 torr E
= N = =
5 5 g
3 \ g1 & 2000
L
X
\ i
P I PP R ] I A DT, S B, R L L |
50 100 0 50 100 150 100 200
..... ieion [KEV] Track length [mm] P [torr]
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Pressure optimization

d FOM(P) _ ua

P figure of merit for SI 3T dz

d L(T ,P) above thres
T- Far ) J

Lkt L(T_P)

4000 Ty

3000

2000

1000

80 “©ar Pixe
- 100

40 60

20

0 1000 2000 3000 0 50 100 150 200 0 200 400

R !~1N

60 100

40

50

P
=

0 500 100015002000

FOM [a.u.]

Pressure [torr]
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Number of tracks

Beam-induced background

B —— Simu: He
—— Simu: C
- Simu: O
—— Simu: em
i Simu: p
100
S0
; Y A |
OJJ:H!:[' - Uy ey
0 200 400 600 800
dE/dx [keV/cm]
Igal Jaegle (UF) MC4BSM 2018

» dE/dx selection criteria can remove all
non recoil gas-nucleus hit

» Most hit detected in the TPC are back-
scattering ie not pointing to the beam
direction but to the cave

» Only neutron can produce recoil gas-
nucleus

» Neutron background should be produced
mostly by natural radiation according to
Geant4
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Beam-induced light dark matter scattering distributions

m_ =4 GeVc® - m =2 GeV/c?

o
=1
@

2 mb)

“0.02

o,/ Z%/ € [mb]
o,/ Z%/ € [mb]

o/ 2/

0.01

[mb]

oyl 22/ €8

When 2 x LDM mass ~ dark photon mass, there is a clear scattering pattern
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Beam-induced light dark matter scattering distributions

m =4 GeV¢? - m = 2 GeV/c? m =10 GeVc? - m = 2 GeV/c?

A’ A?

7 000 T 20 = 015 _
—0.0008] " . = e e || T E E
% 8 15~ Nig RS o =
™ 0.00044 N lllllllr ll R N N
&.00021 J 5] "lllﬁ = > 0.05 >
~ X 9
0 0
1 100 100
0 00 190
2 o100
50
@ 0 o

=)

E

o

w

.

N
&

©

With Hydrogen scattering pattern is more pronouced
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Reach plot

P SI case

P By lowering the pressure the directional sensitivity increases for low mass WIMP/LDM
beam-induced LDM 1y exposure, 150keV thres.

- c1m? -
M;=10GeV:1Tm -1keV-z,,=3333cm-1y

forr

10"
= | ---- DAMA 3a w/o ion chan.
B T -------- DAMA 3o w/ ion chan.
10—2 || — CoGent 2011
= | \ D*, 6, (*He) - P = 230 torr
- 1 > D% 6 (%C/CF,)-P=54
10° ] . 1 - D} amng / CF,)- P =54 forr
E R « Do (TAr)-P=7torr
—_ - ﬁ --------- + Do ("'Xe)-P=1.15tor}
= o - sl
o] R "
Q
—_ 10‘4 -
Z =
© -
5|
107E
-G i
10°F
10—?I I | | l | L1 | | | | | I | |
1 10 10°

WIMP mass [GeV/c?]

10
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- c 1 m3 -
M, =100 GeV:1m”-1keV-z, . =33.33cm-1y

D°, o (*He) - P = 400 torr
= D o (*C/CF,)-P=35trr
oo D", o ("°F / CF,)- P =35 torr
+ = D' o ("Ar)-P=55torr
v D*, 6.("*'Xe) - P = 4 torr

10
WIMP mass [GeV/c?]
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» SD case

Reach plot

P By lowering the pressure the directional sensitivity increases for low mass WIMP/LDM
beam-induced LDM 1y exposure, 150keV thres.

10°

M, =10 GeV: 1 m’-1keV -z

=33.33cm-1y

= ev.1m - ey -2z
100 GeV: 1 m° - 1 keV

=3333cm-1y

drift drift
B 1 03 B 3 19
t . D%o (°FICF)-P=54tor D*, o ("F / CF,) - P = 35 torr
N “ Do ("Xe)-P=1.15torr 10°[ 0, 0g("Xe) - P = 4 torr
. ' oso " -eeee- DAMA 3o w/o ion chan.
| [ DAMA 3¢ w/ ion chan. |
B B CoGent 2011
i _ i J
| _8- - "
| I ;I — T."
T e - \‘-__ o
- o - \o
| l | L1 | | | | L1 1 | | —E | | | | I | | | | | L1 1 | |
10
10 10° 1 10 10°
WIMP mass [GeV/c?] WIMP mass [GeV/c?]
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Conclusion

P Beam-induced light dark matter flux much smaller than WIMP flux
» Beam-induced light dark matter much faster than WIMP

P A directional detector (TPC) might have a high separation power between signal and
background

P If LDM mass is around 50% of the dark photon mass, there is a clear scattering pattern,
pattern more pronounce if target is Hydrogen

P Preliminary design optimization of directional TPC

s By lowering the pressure the directional sensitivity increases for low mass WIMP/LDM
4 Room for improvements

Igal Jaegle (UF) MC4BSM 2018 30
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Thanks for your attention

MC4BSM 2018
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Neutron interaction with matter
depend on the neutron Kinetic energy

P elastic scattering from nuclei: n+A->n+A => dominant in the MeV region

P inelastic scattering: n+A->n'+A*, A* excited state of the nucleus A*-> A +y
=>>1 MeV neutron enough to excite the nucleus
=> hydrogen has no excited state

P radiative neutron capture: n+(Z,A) — y+(Z,A+1)

=> since 0 ~ 1/ v, the neutron is most likely absorbed when it is slow

P other nuclear reactions: (n,p),(n,d),(n,a) etc ...

=> the neutron is captured and charged particles are emitted
=>g~1/vi.e. eV to keV

P fission => thermal energies below eV

P high energy hadron shower > 100 MeV

Igal Jaegle (UF) MC4BSM 2018 32



H, C and F cross sections

P generated by ACE-MCNP using ENDF/B-VI Cross Section Library 2006

ENDF/B-VII H-1 6-C-NAT FROM ENDF-VI.1 NJOY99.0 9-F-19 FROM ENDF-VI NJOY99.0
Principal cross sections Principal cross sections Principal cross sections
! ! ! ! L ! ! ! ! | 102 L L L L L L L L | ! I 1 I I I 1 I
10° - 102 =
10" = ;
2
1 5 = = ~ 10
_ : e M.
c = 10° | W’W{,ﬁf— =
= 5 £
S 10" s - = 810
(=
S S 107" L 5
T 10° = o B 107"
g 10 o ]
%) 2| L ]
n & 10 9]
2 107" - <] 9 4072
E —— (i&lEl 5 total 9
O —— absorptiol 10°+ — :‘l;ssct:irst I ©
1072 - ‘gg:'nir‘r(m product — —— gamma production 1073
10" B
10° I J J J J ! ! ! ! I J ogl : 1(|)’9 1(|)’7 I 1(‘)'5 I 1(‘1"3 I 1C|b'1 1(IJ1 1o 110 e Js J7 Te Ts T, Tg To T, To Ty
@ @ 00 Wt 1@ w0 00 w? 1 Wl W W e 1077 1077 107 107 1077 107 107 10T 107 107 107 107 10
Energy (MeV) Energy (MeV) Energy (MeV)

ENDEF/B-VI Cross Section Library 2006 combined
@ measured cross section (by Time-of-Flight technique)
@ calculation from N-body physics

P clastic scattering is the dominant process (> 95 %) in all 3 cross sections
» o(Hat1 MeV)~45b
@ g(Catl MeV)~2Db

» g(Fat1 MeV)~3.2Db
Igal Jaegle (UF) MC4BSM 2018 33
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