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Dark Matter Halos

Dark matter (DM) binds together to form halos surrounding galaxies and clusters

= DM particles broadly follow Maxwell-Boltzmann velocity distribution
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From: Prantzos et al., 2011, arXiv:1009.4620, https://doi.org/10.1103/RevModPhys.83.1001; Sofue et al., arXiv:0811.0859




Dark State Pair-Production in Underground Accelerators

Light Dark matter (DM) in the Galactic halo has low kinetic energy

= Difficult to detect with ordinary direct detection experiments

| -

Solution: Produce relativistic particles in accelerator

Charged-Coupled Device:

Semiconductor using
photoelectric effect




Dark State Pair-Production in Underground Accelerators

Light Dark matter (DM) in the Galactic halo has low kinetic energy

= Difficult to detect with ordinary direct detection experiments

Goal: model production/detection of relativistic DM

Parameters:

Electron beam in the ~100 MeV range hitting beam dump

DM-mass of ~1 keV — 1 MeV




EM Form Factor Interactions

We assume DM interacts weakly with photons

= Millicharge and electromagnetic (EM) form factor interactions

Introduce new DM as Dirac fermion x
Millicharge:  Lge = €€ XY X AL

Millicharge: from QED-like vertex 1
Magnetic dipole: Lyppyv = =~ My )_(U“VXFMV
EM Form Factor: EFT Wilson coefficients 2
()
Electric dipole: LrpM = édx XUMV'YE)XFMV
+3 |4 Anapole: [:AM = — Qy )_(7“75)(3'/}7“,,
Y Charge radius:  Lor = by XY'x0" Flu

X X

Based on: Chu, Pradler and Semmelrock, 2018, arXiv:1811.04095



Pair Production via Bremsstrahlung

The fermion X is produced via 2—4 scattering in a beam dump

= [~ocus on e-e scattering,; for beam energy ~100 MeV, nuclear interactions are suppressed

Bremsstrahlung production | |
Production cross section

d*0prod _ Py
dE,dcosf,  4dm.|ps|

< X Internal bremsstrahlung is
X

suppressed by small coupling




Pair Production via Bremsstrahlung
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Analytical Four Body Phase Space

A four body phase space highly non-trivial and has 7 independent Lorentz invariants

= Analytic treatment instead of event generators
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Detection via Solid State Effects

Detection happens in semi conductors, e.g. CMOS or CCD

= Solid state effects, such as plasmons, become important

X-electron interaction modelled through electron loss function:

dEr  2nm2[3?

do ey bud e2 /2lﬁx|—ER/ﬂ dk { ( ~1 ) o o ( ~1
’ —F(ER,k)s Im + (B°k* — E%)Im
Er/B k S e(ER, k) (P 2 k? — E%e(ER, k)

The dielectric function ¢(Er, k) is calculated via QCDark and accounts for effects like plasmons.

The interaction type enters through a form factor:  Fmom/p; = Fepm/d; = (k* — ER) /€

[Dreyer et al., 2023, arXiv:2306.14944 |, [Essig et al., 2024, arXiv:2403.00123]




Detection Event Rate

The detection cross section is binned Iinto n-electron events

= Ve consider 2-7 electron events due to detector properties

max
ER

Ao,
o :/ dE p, (E)20ex
Egin dER

—> Odet — E On

n—2

2
d O prod dgdet

dNeven
k — NEQTTLTXTTLdet Ldet dEXd cos 0

dER XdE,dcosf, dER
electrons on target // / \

beam dump electron beam dump detector electron detector length
density radiation length density

[Ramanathan and Kurinsky, 2020, arXiv:2004.10709]



Detection via Solid State Effects
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DAMIC-M as an Example

DArk Matter In CCDs at Modane
*Successor to DAMIC at SNOLAB, Canada
*DM Direct detection using silicon CCDs with Skipper-CCD

*Single electron resolution — few eV energy resolution

Skipper-CCD:

Method to repeatedly measure the same
charge packet in a CCD to reduce noise.

the Spokesperson for DAMIC-M is Paolo Privitera from U Chicago

[Papadopoulos for DAMIC-M collab., 2022, https://doi.org/10.1016/j.nima.2022.167184]




Millicharged Particles — Prediction

Results for an electron beam of 100 MeV

= seful for experimental proposals v

Naet = 4.7 x 1022 cm ™3, Ly = 52 x 670 ym, Ngor = 10%°,
X7 =0.56 cm, np = 2.7 X 1044 Cm_3, 10—
00 =1°, /s ~ 10 MeV
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A millicharged particle of keV-MeV mass
could be detected by this set-up.
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[Ramanathan and Kurinsky, 2020, arXiv:2004.10709]

Dipole & Dim-6 Dark Matter — Prediction
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Thank you for your attention!
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Dim-7 Operators

Additionally, we can consider 7-dimensional operators, called (pseudo)-Rayleigh or susceptibility operators:

1
scalar Rayleigh interaction - SR (7 ): Lrs = 17 xE o FHY

(

pseudoscalar Rayleigh interaction - PR (7 ): LRy, = Z;:X Y5 x P, Fouv

SR: I (q1,q2) = iry (dhqy — a1 - @2n™),

These give rise to the Feynman rules: o o
PR: ZF%p(Q1,QQ) = —7 Y M Pq15q2p.

A, A,

But as higher dimensional coupling are even more
suppressed as well as these vertices only contributing to our

processes starting at one loop, we can safely neglect them




4-body Phase Space: Derivation

The first sub-system consists of:
: {qax = Pa + Dg, 923y, D3, Da}
In the frame where:

dag = 0, @23y || z-axis, p3 || xz-plane

Insert into full integral

dsiy  d’qus
1= [ 52 @rpens (2m)10W (qag — pa — py)

Where:

@53y, = (P2 — D3 — Dyx)® = 2mZ + sS4 + oy — S35 — t13

Integrate over D3, 44y Yyielding

d3Q4>—< d3p3 A d cos (93 dg&;g Pg
291V @ (Gase — Gue — Da) — /
/ (27)32E.4, (27T)3QE3( m)" 0" (gsax — Gax — P3) or 21 4 /531

Integrated sub-system is

dt14dps 1| _
i(asy) = — [ G N s ady)

\ _ 2
dt14 = —2Py\/ @53, d cos by Aa,b,¢) = (a—b—c)? —4bc

We have the pair-production process
e (p1) + e (p2) = e (p3) + € (pa) + x(px) + X(Px)

X(Px)
| X (Px)
The input parameters are ) e%

{pl 'p27meamx} p1 _

Good choice of Lorentz invariants for our problem:
sax = (pa +py)?, Szax = (p3 + pa+ px)?, tia = (p1 — pa)?
tiz = (p1 — p3)?, tox = (P2 — Px)?, P2 P3, D3 - D4

Focussing on X, and integrating yields

dps dps | J|

2w 27 (47T)5>\_1/2(S4>?’m27qg3x))‘_1/2(53427m37t2x)

/ d84>—<dt13dt14

The |J| is related to the variable transform:

dEydcost, |J| 1
dszaydtay |ﬁx | 4|p>| ‘ﬁx [me




4-body Phase Space: Limits

Physical integration limits of Lorentz invariants: * While a Lorentz invariant phase space is very general, it is
more convent to work with variables tailored to the problem

Y3 &€ [0727‘-)7 Y4 € [0727T) N
* In our case, we want to use the energy and angle of the
(Mme +my)? < sax < (/5345 — Me)” .
produced particles, so we transform
]_ S3ax —2me”—m_ +2E2E,\ +2m, —2me Eo
oy ] = m? + mi 5(3 +m3 — S34%) Ey = gme+Ea—g,—(s3ax—tay), costy = 2\/E2+_m2\/;—
1 - We get the limits:

EX 2 mX(Zme -+ Eg)
v/ 2me(me + E2)

1
+ 2 2 2 2
t = 2m S me — Siv +MS —m E 2m. + F
[ 14] e 254 ( ax T QQ3X)( 4x T My, X) B, < -2, Me + Lo (mz — (2m, _|_mx)2)
X 2 2me(m6 + F»)
1
L 1/2/. 2\y1/2 2 2 VE2 -
284>—< A (34)(7 423y me))\ (34)(7 mX’ m ) 4+ 4m6(m6 n E2 \/2m6E2 — 3m2 \/2m8E2 _ 2(m2 4+ 2m2 4 4memx)

|t ]i:2m2—L(s o+ mZ — toy )(S3ay + ME — Say)

13 2 25345 34X e 2x/\234X e 4x I < cosf, < max (_ L Esy(Ey — me) + me(Ey + 2my, + me )) Angle accounts for

VB —m3 \/E2 —m2 relativistic boosting




UV Complete Examples

Millicharged DM arises in massless Dark Photon theories:

Introduce two U(1) gauge fields fl“ and A,,.

I'hese couple to the SM current J,, and a dark current J ZL

The interaction Lagrangian with the kinetic mixing ¢ is:

L= —EFWFW +gJ" A, + gJHA,

Introduce A, and A, by diagonalising the kinetic term:

A

. gg v g v
= 2J + — 2J A,
v1—¢ v1—e¢

A, is the usual photon field and A/, is the dark photon field.

L =gJ"A, + (

Redefine charges to get the electric charge e and the dark charge €’:

L =—e1-— e2JMA 4 (eeJM +eJH)A,

A
|

Photon now couples to the dark
current with a millicharge

[Fabbrichesi et al., 2020, arXiv:2005.01515], [Kavanagh et al., 2018, arXiv:1810.00033]

EM form factors can arise from loop effects in a UV-complete theory:

Consider a massive scalar S charged under Uy (1) with hypercharge ¥ = 1.

Introduce a Yukawa interaction of a singlet Dirac fermion y with leptons /;

Ls=—ySYPrY; + h.c., y;...Yukawa coupling.

Take the following diagram and match it to the MDM eflective operator:

X X

\ S / Electric charge of lepton

Lepton mass
N/ N 7

2
TN
~ 78% Y Q
X X Mass of scalar




Existing Bounds
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[Chu, Pradler, Semmelrock, 2018, arXiv:1811.04095]




Potential Corrections

* Because of sensitivity of the detector, we need to consider low energy corrections to the detection cross section

dO‘l—dO'() -
ClO‘Q o

» Possible bound state corrections are 1073 approximately, which is negligible in our case

* The solid state effects inside the CCD effects can come from phonons and plasmons

* The corrections due to phonons would be of the order of phonon energies of ~0.1-100meV, additionally suppressed by
the DM being relativistic and light

* Corrections from plasmon were considered through the electron loss function

[Plestid, Wise, 2024, arXiv:2403.12184]




Backgrounds

* Main background (BG) for CCD is dark current: avoided by discarding single charge events

* Beam induced BGs: low energy BG avoided by shielding between beam dump and detector
high energy BG (e.g. muons) can be tagged by Skipper-CCD and excluded

e Simulations indicate that beam-induced neutrons are subdominant BGs

* Beam electrons (100 MeV) are stopped by having a dump and shielding of a few cm

* Meson BG are a non-issue due to beam energy below the pion production threshold




