> Lniversitat
) wien

Master’s Project (ongoing)

Dark state pair-production in
underground accelerators and their detection

Supervised by Josef Pradler

Fahrecker Maximilian

Seminar on Particle Physics

Faculty of Physics, University of Vienna

28th of May 2024



OUTLINE

We want to theoretically explore the possibility of

new light particles with a novel experimental set-up.

Problem: light dark maftter in our solar system

Is difficult o detect due to its small velocity

ldea: produce new particles at relaftivistic
speeds, then detecting them using
semiconductors at the underground

laboratory in Modane, France




DARK MATTER

Dark matter (DM):

» Infroduced by Zwicky to explain missing mass in galaxy clusters

« Subsequently explains for galactic rotation curve and CMB

DM is now part of standard cosmology

Numerous models for partficle DM, examples include

« WIMPs: Weakly Interacting Massive Parficles

« Axions: very light particles, can solve strong CP Problem

DM experiments usually constrain parameter space



DARK MATTER SEARCH

« GeV mass DM is well explored
« Sub-GeV and sub-MeV DM still relatively unprobed

« Low mass DM becoming more accessible

From: [Billard et al., 2021, arXiv:2104.07634]
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DM DIRECT DETECTION

« Scattering on nuclei and electrons of bulk

* Very heavy DM scafttering dominated by DM-
Nucleus intferaction — scales with detector mass

« Examples: XENONNT, EDELWEISS, CRESST

« Recently, semiconductor detectors like CCDs

« Examples: SENSEI, DAMIC

« We investigate DM-electron scattering in a novel
CCD experiment called DAMIC-M



REMINDER: CHARGE-COUPLED DEVICE

CCDs use doped semiconductors, mostly silicon, to collect charge
carriers created by the photoelectric effect or other scattering events.

electrode

insulator

potential well

doped silicon

—”’

electrode

interaction creates electron-hole pair

pair is separated by voltage

One type of charge carrier gets drained

by lower electrode

remaining charge carriers are collected at

insulator and creates charge packages

The created charge packets can then be read-out.



DAMIC-M

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

« Achieves 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]
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DAMIC-M
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[Castell’o-Mor for DAMIC-M collab., 2022, arXiv:2001.01476]

detector set-up



UNDERGROUND PRODUCTION

« Qur goalis to produce relativistic DM x and detect it
« Electron beam in the ~100 MeV range hitting beam dump

« We will be investigating DM-masses of ~1 keV — 1 MeV

rough sketch of set-up

Beam Dump CCD Sensor
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Electron Beam
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EM FORM FACTOR INTERACTION

We want a model that interacts with the electrons in CCDs

So we consider: EM form factors & millicharge

Infroduce dark state as a Dirac fermion y —s fromnow on, DM wil
refer to this fermion

« Millicharge scenario: QED-like interaction term

« EM form factors: Wilson coefficients of an EFT

Only requirements on y :
« EFTis valid at the energy of the experiment

« Not allowed to probe potential inner structure at our energy

based on: Chu, Pradler and Semmelrock, 2018, arXiv:1811.04095
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EM FORM FACTOR INTERACTION

Lagrangians and Feynman-Rules:

millicharge (ee): Lee =ce XV XA,
magnetic dipole moment - MDM (fi,): Lyipy = %ﬂx X" xF
electric dipole moment - EDM (d,): LEpym = %dx )Za“"'y5xFW
anapole moment - AM (a,): Lav = —ay )‘(’)/”’}/5)(8"17#,,
charge radius - CR (b, ): Lcor =by Xy x0"F,
ee: iI't(q) = ieey”
8 MDM: iT%,(q) = — o™ qy
EDM: iT'%(q) = —idyo"'v°q,
AM: T (q) = —iay(q*7" — ¢"¢)7°
X X CR: iI'A(q) = iby (*y" — " q)

11



UV-COMPLETE EXAMPLE: MILLICHARGE

Millicharged DM arises in massless Dark Photon theories:

Introduce two U(1) gauge fields A, and A4,,.
These couple to the SM current J,, and the dark current J L —» Includes our x

The interaction Lagrangian with the kinetic mixing ¢ is:
£ A _ " _
L= —§FWFW +gJ"A, +gJ"A,

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

~ —

. 98 v g M
i *m‘])’%

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 e’:

L'=—e'V1-e2JFA + (e’ JH +e])A,
t

Photon now couples to the
[Fabbrichesi et al., 2020, arXiv:2005.01515] dark current with a millicharge 12



UV-COMPLETE EXAMPLES: MDM

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 = —ySYPrt; +h.c., y;...Yukawa coupling
Take the following diagram and match it to the MDM effective operator:

Electric charge of lepton

f Lepton mass

~
yPQ mi
M M

~

N U0y =y

Masss of scalar

[Kavanagh ef al., 2018, arXiv:1810.00033] 13



KINEMATIC SET-UP

* Production by 2—4 electron-electron bremsstrahlung
* 4-body phase space, determined by beam energy Es
- Wanted variables: DM energy, DM angle E, , cos 6,

« Detection through 2—2 DM-electron scattering:
* 2-body phase space, determined by incoming DM energy E,,

« Wanted variable: electron recoil energy Egr

Beam Dump CCD Sensor

As yER
K

Ez E% / ODSQ_Z, 14

Electron Beam




BREMSSTRAHLUNG PAIR-PRODUCTION

%
We want to compute the pair-production cross section by 2—4

scaftering in the rest frame of the beam dump:

daprod _ |ﬁx| dl—-[2—>4 I — 2
dE,dcosf,  4Ame|pa| ) dssagdtoy |J]
¥

Related to a variable fransformation

— 2
|M2—>4| is the spin-summed squared matrix element for bremsstrahlung-like pair-production

Importantly, we focus only on electron-electron scattering

as for comparatively low beam energy ~100 MeV, nuclear

2
interactions are kinematically supressed by (ﬁ—N)

15



PAIR-PRODUCTION DIAGRAMS
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We calculate for each form

factor separately at tree-level
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PHASE SPACE INTEGRATION

» General procedure for larger phase spaces:

[Byckling & Kajantie: Particle Kinematics, 1973]

Count relativistic degrees of freedom

Pick appropriate Lorentz invariants for the problem
Decompose full phase space into 2-body subspaces
Integrate subspaces in suitable reference frames

Combine results and express the integrated phase space in

terms of invariants

Choose a frame and variables to do the final cross section

computation in

17



PRODUCTION: 4-BODY PHASE SPACE

In order to perform the phase space integration,
we need to know its degrees of freedom.

This will be the dimension of the integral.

« For 2—n scattering, we get 3 DOF in our phase space from each

outgoing 4-momentum from the on-shell condition
« DOFreduced by 4 due to energy-momentum conservation

» Further reduction from rotational redundancy in spin-independent

scattering DOF = 31, — 5

So in our case, for n=4, we have 7 independent Lorentz invariants.

The goal is to evaluate the phase space analytically!

18



PRODUCTION: 4-BODY PHASE SPACE

We have the pair-production process

¢ (p1) + e (p2) = e (p3) + ¢ (pa) + x(px) + X(px)

Our input parameters are e~ (pz)—’ ®----
{p1 - P2, Me, M }

Good choice of Lorentz invariants for our problem:

S4xy = (]94 +p>z)2, 834y = (p3 + P4 +p>z)2, t14 = (p1 — 104)2
t13 = (p1 — p3)?, tay = (P2 — Py)?, P2 - P3, D3 P4

This set is useful for our result being dependent on the DM angle and

energy, we focus on x, not on its antiparticle and integrate:

d’p;
dlly(p3; pa, x> px) = | | (Om)52E (2m)*o" (Pl P22 pi)
i Pi

19



4-BODY PHASE SPACE: 15T SUBSPACE

The first system consists of

. {qax = pa + Px» Q23 P3, P4}

Choose frame

qix = 0, ¢a3y || z-axis, ps || zz-plane

P4

Where: g3, = (P2 — D3 — Px) = 2m + sag + t2y — S3ax — 13

20



4-BODY PHASE SPACE: 15T SUBSPACE

We insert 1= [ % (zj;qggq (27)*6™ (a5 — ps — py) into the full integrall

and reduce the integration over P4, DPx

We then get

d>py d3p)z 4 dcosOy dpy Py
2V (Gae — s — Do) — /
/ (2r)52E,; (2m)2E, o) O (@ax — Pa = py) or 27 4 /5i;

Here the azimuthal angle ¥4 expresses the Lorentz invariant ps - P4

Finally, we transform the polar angle into  dti4 = —2P, /53, d cos b,

The integrated subsystem is thus Ma,b,c) = (a —b— c)? — 4dbc

di14 dps 1| _
d@(fkbz) = _/Eﬁi 1/2(34927”?3,933%)

21



4-BODY PHASE SPACE: 2ND SUBSPACE

The first system consists of

'z
: {Q34)_( = P3 + P4 -l-px,qu = Do _px,p2,p3}
‘6’2)(
Choose frame
D3 GB3ax = 0, Gax | z-axis, ps || xz-plane
Yy

22



4-BODY PHASE SPACE: 2ND SUBSPACE

_ 3 _ . .
+ We insert 1= [ 5x o5 (2m)46@ (g4 — ps — quy) info the full integral

and reduce the integration over P3,qax

« We then get

d3q4i d>ps 4 dcosfs3 dps Pj
245 (s — e — pa) — /
f (2m)52Es, (2r)52l, o) 0 (@sax — dax —Ps) or 21 4 /531x

« Here the azimuthal angle 3 expresses the Lorentz invariant p2 - p3
 Finally, we transform the polar angle into dti3 = —2Ps q’22xd cos 03

« The infegrated subsystem is thus

dtlg dcpg 1 _1/2(

P(qg34%) o o

2
Sasc.mo. 1
2w 21 4 3% M tax)

23



4-BODY PHASE SPACE: LAB SYSTEM

« We want to reduce out the remaining momentum integrals

« We do the remaining integration in the LAB frame of the beam dump, which also

corresponds to the physical set-up of the problem: p; = (me, 6), D9 || zZ-axis

« Weinsert 1= | ‘; d2x dtzx (Gay — Do + Py )6(Eay — B2 + E,)

« Putting the previous results fogether and integrating out Py 434x:

dllz_4
d834>—< dlfgx

dps dos |J| | _ -
:fd84idt13dt14 o O (471_)5)\ 1/2(34)2,7712,@%3)()/\ 1/2(33427m39t2><)

dEydcosO,  |J| 1
dssqxdtay |ﬁx| 4|ﬁ2||ﬁx|me

The |.J| is related to the variable transform:

24



4-BODY PHASE SPACE: PHYSICAL REGION

« Physical infegration limits of Lorentz invariants are obtained

through kinematical considerations

 When integrating matrix elements, we need to express all
15 unigue scalar products of the system in tferms of Lorentz
invariants and input parameters

« One SP given by input energy
« Seven SP given by Lorentz invariants

« Six SP given by 4-momentum conservation

« The remaining SP can be expressed using linear dependence

25



4-BODY PHASE SPACE: PHYSICAL REGION

We get the last scalar product
using the fact that six vectors in
4D must be linearly dependent.

Px - Px still has a degeneracy as
can be seen from the diagram.

We pick one solution
for each half circle of
the azimuthal plane @4

We solve the equation from the det M = det(pi X pj) =0

determinant of the Gram matrix
26



COMPUTATIONAL METHODS

The matrix elements were calculated symbolically using

Mathemtica with FeynCalc

{

« To compute the production cross section numerically, we need the 5-

dimensional 4-body phase space integration

* Due to the complexity of this integral, we use multidimensional Monte-

Carlo infegration

« The MC method we use is the CUBA library and the calculation

iImplemented using Forfran

{

Further numerics and data analysis is done in Python

27



PAIR-PRODUCTION RESULTS

Preliminary Results

Total Production cross section for millicharge € = 5 - 107"

— 10746 L

2

10—48 L

10750 L

—— [ =100 MeV, /s =10.14 MeV

—— FE5 =70 MeV, /s =8.49 MeV

—— E5 =30 MeV, /s =5.58 MeV
Ey =10 MeV, /s =3.28 MeV

| | 1 1 L1 | 1 1 1 | 111 1 1 1 1 111

0.001 0.01 0.1 1
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total production cross section (cm

—
=
|
[
(2]
T
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DETECTION: 2-BODY PHASE SPACE

« We again focus on DM-electron scattering

« SO we have the detection process in the LAB frame

x(p1) + e (p2) = x(p3) + e (pa)

Input parameters: {Ey, me, m, } X

P1

We are interested in the electron recoil cross section

with Epr = E4 — m,. in the LAB frame:

2 P1 = (Exaﬁl)
do |M| P2 = (meao)

dEr ~ 32mm.(E2 —m2)

29



DETECTION CROSS SECTION

» The resulting detection cross sections at tree level are:

do \ rea? ) .
— r (QmeEX +meER(Er — me — 2E, ) — meR)
ge €

i ERITL
do_ det Q{‘LL?( (
I — ome(E2 — E, Er —m? +m25)
(dER)MDM QmQ(E?( — mi)ER ( X X+~R X) xR
det 2
do ad;, , ,
(dER) EDM B 2me(EY —m3)Er (QmeEX ~ 2mebx bR = mXER)
det 2
do aay ) \ ) , )
(dER)AM - M (me(QEx —2EyERr+ ER — 2771)() + (mx — me)ER)
do )det abi ( 5 N , ,
(dER o (B =my) h x YL B X

* With a maximum recoil energy of

max 2m€ (E>2< B mi) pz/Y \p:l
S me(2Ey +me) +m2

30



DETECTION EVENT RATE

« The differential event rate at the detector depends on the

DM flux of pl’OdUCGd pCIfﬂC'GS on it differential detection crosisec’rion
deet dN, det dd X do det

p— — N e
dERdE,dcosO,  dtdErdE,dcosfy (FtdEXdcos 0, dEg

detector target number

 The DM flux at the beam dump in furn depends on the electron
beam flux on the target

radiation length of beam dump

dP dN v dopro
X — X, X = Xonp®, ———2od
dE, dcos 8, dtdV dE, d cos 6, 4 dE, dcos 0y

beam dump number density

« The final differential event rate per recoil energy is therefore

deet
dE g

daprod dadet
XdE,dcost, dEg

:XOnTNdetie/dEdeOSQ

31



DETECTION EVENT RATE RESULTS

Preliminary Results ~ Xo = 0.5 cm, ny = 10%* cm ™3, Nget = 7.6 x 10*°, &, = 10" cm™2 571

Differential Event Rate for incoming energy 100 MeV and millicharge € = 10°
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DETECTION EVENT RATE RESULTS

Preliminary Results ~ Xo = 0.5 cm, ny = 10%* cm ™3, Nget = 7.6 x 10*°, &, = 10" cm™2 571

Differential Event Rate for incoming energy 100 MeV and magnetic dipole moment p, = 10 °pp
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DETECTION EVENT RATE RESULTS

Preliminary Results ~ Xo = 0.5 cm, ny = 10%* cm ™3, Nget = 7.6 x 10*°, &, = 10" cm™2 571

Differential Event Rate for incoming energy 100 MeV and anapole moment a, = 107* GeV
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CORRECTIONS TO DETECTION

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

- Possible bound state corrections are approximately M =10~

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 interactions may become important
due the plasmon energies of ~1eV — next step

[Plestid, Wise, 2024, arXiv:2403.12184] 35



BOoUNDS FROM HIGH PRECISION PHYSICS

« We can put bounds on the couplings/mass via
measurements from SM precision observables:

* Running of the fine structure constant
], ldy| <32 %107 %up  ayl, byl < 3.2 x 107°GeV 2

From anomalous magnetic moments

Electron electric dipole moment

Missing transverse energy at colliders
il dy | < 1.3 10700 ayl, [by] < 1.5 x 107°GeV ™

If the particle couples effectively to hypercharge, the
invisible Z-width

[Chu, Pradler, Semmelrock, 2018, arXiv:1811.04095] 36



BOUNDS FROM ASTROPHYSICS

* If our new fermion is dark matter, then we get
constraints from cosmology and astrophysics:

Direct detection of local dark matter abundance

Dark matter kinetic decoupling and dampening of LSS

Self-scattering effect in DM halos

Supernova cooling due to additional channel

DM annihilation in CMB and galactic centres

[Chu, Pradler, Semmelrock, 2018, arXiv:1811.04095]
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BOUNDS
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BOUNDS

[=4]
=
T
=
=

102

107° F Belle II (s "»‘nLE'lll-.—lth‘a limited) -
L e e e eeeeeeeeesaaaaaaaan e ]
_ ) Br;*lln:1 IT (statistics limited)
]_D_E -_._._.J"T.T-I-I.IFI‘:]-— 1 Lol 1 Lol 1
0.001 0.01 0.1 1
m, (GeV)

[Chu, Pradler, Semmelrock, 2018, arXiv:1811.04095] 39



BOUNDS
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CLOSING REMARKS

* Things to still fo be done:

« Get concrete experimental set-up from the DAMIC-M team
« Calculate plasmon corrections to the detection cross section

» Derive bounds for the mass ranges discussed

41
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HIGHER ORDER COUPLINGS

« Additionally, we can consider 7-dimensional operators, called

(pseudo)-Rayleigh or susceptibility operators:
1

ERS = 7 Tx )_CXF,LLVFMU

scalar Rayleigh interaction - SR (ry): i

1

pseudoscalar Rayleigh interaction - PR (7y): Lrp = fo XV xF Wﬁ”“"”

« These give rise to the Feynman rules: Ay

SR: il (q1,q2) = iry(a5q7 — @1 - @),

PR: il (q1,42) = =737 " Q10 G2p-

« But as higher dimensional coupling are even more supressed as

well as these vertices only conftributing to our processes starting

at one loop, we can safely neglect them
44



NON-RELATIVISTIC CORRESPONDENCE

The EM form factors receive their names due their non-

relativistic correspondence to QM operators

This can be seen by expanding the matrix element with an

external EM field in the limit p/m—0

This corresponds to the Born approximation with some potential,

that can be identified with a NR interaction

As an example, the MDM operator coupled to an external

vector potential:

Lo v ex NR_ 1 7. i
s (#* 2)0™ e (p1) ) A 5 (i (2l (=701 ) 40 @)

— &l (i 'q AT (@)0") ) & T € (= e AV (@)0h) )& = 6 (= i B @) )&,

45



RELATIVISTIC ANGLE RELATION

» For the angles in the two sub phase spaces we have

_ (p1-p2)G(p1,p1 — PxiP1 — Dy, p3) (1 — ) - p2)G(P1,p1 — Py P1,P3)
P2 -p3 = -
—As(p1,p1 — Dy) —As(p1,p1 — Py)

~ V/A3(p1,p1 = Py 2) A3 (P11 — Py 3)
—As(p1,p1 — Py)

COS (3.

(P1 - P3)G(P1, 23y @23, P1)  (G3y - P3)G(p1, G23xiP1,Pa)
—As(p1, q23y) —Aa(p1, q23y)
 V/As(p1s g23y, P3)A3(p1. g23, P1)

—As(p1, Ga3y)

P3-pPa =

COS 4

A, (p1y -y pn) = det ((pl, e D) (p1, ...,pn))
G(pla vy Pns 41, vqn) = det ((pln "'7pn)T(QI7 ,QH))

[Byckling & Kajantie: Particle Kinematics, 1973] 46



4-BODY PHASE SPACE: PHYSICAL REGION

« Physical integration limits of Lorentz invariants: 3 € [0,27), ¢4 € |0, 27)

1
[tay]* = m? +m}, — 5(3 +m} — s34x)

1 1/2 2 2yy1/2 2
+ %/\ / (S,me,me)/\ / (31834)Zamx)

1
[tltl]jE = 27”% ) (sax + mi — @23y ) (Sax + mg - mi)
S4y
1
+5 A2 (sux, qaay, MO (s, my, m?)
Sax

[t13]i_ = Qm% - (8345 + mﬁ — tay ) (8345 + mi — Sag)

34y

1
+ —}\1/2(534927 tay, mg))‘l/g(slﬂiv S4xs mg)
2834;2

a7



4-BODY PHASE SPACE: LLAB VARIABLES

* While a Lorentz invariant phase space is very general, it is more

convent to work with variables tailored to the problem

* In our case, we want to use the energy and angle of the produced

particles, so we transform

Ey = me+E2—_(334x tay), costh = K

« We get the limits:

1 < cosfb, Smax(l,

—2me? —m? +2E; Ex+2me By —2m. Ey

2\/E2—m2\/E3—m2

E, > my (2me + Es)
\/Qme(me + E5)
EQ 2me + EQ 2
B, < ==
X—= 9 + 2me(me + E3) (mx

/EZ_ 2
e v/ 2m. 2—3m2\/2m8 E; —2( m2+2m2+4memx)

Ame(me + Ez)

- (2m. + mx)z)

Eay(Ey — me) + me(Ey 4+ 2my + me)) Angle accounts for
\/Efc —m2 \/ES —m2 relafivistic boosting
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