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Evidence for Dark Matter (DM) .
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Dark Matter Direct Detection

QCD axion WDM limit unitanty limit

102 eV ey keV GeV 1woev My 10 Mg
=i t 1 g e e

“Ultralight” DM ““Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) black :
& = )] b2 oles
non-thermal dark sectors lack hole

bosonic fields sterile v

can be thermal

Wide range of candidate DM masses, about 80 ofders of maghitude . * * Traditional DM Direct
_ = Detfection experiments

‘-‘:‘_.'.Exper'ime“‘n’ré lose sensitivity for lower masses as the halo DM

" particles do not have enough kinetic'energy-fo produce a
detectable nuclear recoil &

a

. Condensed matter systems:ean bver'comér’rhls challenge as

they can detect much |ower'.e&r'9y deposfvhons by excitation

of collective modes:, =9

-

» ' 4

' m, £100. keV - E ~ 50 ‘meV whuch is ‘rhe ener'gy of an
10° 10! 107 10° 4§ opfical phonon . . &
Dark matter mass [GeV /c“] . ! '
Image credit: 2104.12785, cajohare




Light Dark Matter (s,u"‘t‘)-G'eV)
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Representatign.of DM-electron
s¢attering

= DAMIC-M, this work

Source: 2302.02372

- Hence a new method is required

Here ‘we assume some form of DM-electron interaction

-

» i
Generally sensitive to lower DM masses

Bounds on DM- electron scattering cress section for massive
mediators explored in the DAMIC-M experlmen’r The regions
above the cueve'is ruled out

These expemmem‘s (eg. DAMIC- SNOLAB Darksude 50,

PandaX- II) cannot probe masses less ’rhannl Mev
e B
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small energy deposition
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As'enerdy deposition is small, condehsed"ma‘r’rer' systems are
ideal to explore such detection phenomena A



Bilayer Graphene (6!.6) |

¢ ,We pr'opose Bilayer Gr'aphene (BLG) as a detector ma’rer'lal for'“hgh‘r DM

- Graphene in an allo‘rrope of carbon where the atoms-are ar'mnged in a 2D
. honeycomb [@ttice

+ BLG is two layers of graphene stacked over each other. Here we considér
the more stable AB stacking

A schematic af Bilayer

Graphene with the electrons 2 —vf(k)  vaf(k) —vf"(k) The ;righf siftding
described using the tight H— —Yf*(k)  ep ga! Yaf (k) Hamiltonian for
binding mode yaf (k) a2 —0f(k) “SBLG

—v3f(k) vaf*(k) —’Yof*(/f) €B2
’ ) h :hi‘ T
. We model the electronic excitations using the tight binding model '.'L;-%- ¢ .,-.'*‘ W

‘C" .

« We write the tight binding I—Iamll’ronlan The diagonal terms are the on- su’rg ghergues and ‘rhe of e
diagohal terms, parameterised by the hopping parameters vy, are the amphﬂrudes of ‘an‘electron:to jump
from one atom to another and f(k) is the form factor ° ' -

£ A
-

« We obtain the band dlagr'ams by solv,ng for the eigenvalues of the Hamll‘roman Tmage credit: 231200866
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BLG Band Diagr.afi'n

- F 4

Band diagram of BLG along two differentpaths. Note
that the conduction and valence bands almost touch
(touch exactly when no.gate voltage is.applied) at the K
points. Also note the two différent types of electronic
“excitations: smalkw small q and small'w large g, where
w is the energy deposited and q s the momentum
2000  —3000  —1000 0 _‘rr'ansfer‘ y

k[eVv]

Energy [eV]

On applymg a gate
\le‘rage a-small
We can set a “ funeable band gap
‘runable‘band gap ~ ogéns wh,Ch cah be
by appl)ﬂrngaga‘re ced a5 d
Y threshold for light
DM masses

: Z. - ' Image credit: 2312.00866



Scattering Raté.

We consider spin-independent interactions, where the mediator only couples to electren densn‘y a‘r Ieadmg

order in the non-relativistic limit. Treating the dark matter-electron interactionas'a per"rurba‘rlon the
scattering rate is given by the Fermi's golden rule.

Differential Scattering Rate DM density

Dynamic Structure

DM-ele€tron cross section Factor * Velocity distribution
o .

dR P d3q T

dw oM (Qﬂ.) M? Txe FDM (¢) S(q,w)
_ X .
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oy

; . ' N DM form factor
reduced mass f.2 : \ Energy fransfer
! s
Reference momentum TSN
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Momentum transfer

Mediator Mass






Dynamic Structure Factor

Energy Loss Function

0

2D Coulomb Potential = Dielectric Function
&' '

)

Anisotropic Structure Factor

Energy and momentum *
conservation

1500 2000 2500 3000
qx [eV]




Differential Scattering Rate

—— my=100 keV ] —— m, =100 keV
m, =200 keV f my =200 keV
—— my,=300 keV ] —— my =300 keV

Massless mediator =g Massive mediator |
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Ew, = 100 meV

1073

—1: i i i i " A i : 1—4_ i i
0.0 0.1 02 03 04 05 06 07 08 09 L0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
w [eV] w [eV]

) ’ : .
Differential DM-electron scattering rate via massless (left) and'massive (mg}it) medla’ror in BLG at't=1 hr
with band gap U = 100 meV and g,, = 107° cm2 for DM masses 100 keV (blue), 200 keV (orange) and 300

"keV (gr'een)
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L
— Fy = 50 meV (50 mg-yr) ?A —— Ey =50 maV (50 mg-yr)
=

—— Ey =100 meV (50 mg-yr) T —— Ei =100 meV (50 mg-yr)

W-DTWYO 4

s Fo =50 meV (0.5 mg-yr) ? . e Eyy = 50 meV (0.5 mg-yr)

CDEX-10 CReDM

Massive mediator
Massless mediator

10° 108 ' 105
my [eV]

o
Projected sensitivity on the upper limit of DM-electiron scattering Oye VIO G mdssless medla’ror' (left) and

massive mediator (right) for E;;, = 100 meV (red) and E;;, = 50 meV (blue) aS‘summg 3 events in 50'mg-yr
exposure and 0.5 mg-yr exposure (steel blue) with zero background. For coffiparison; the projection of the
superconducting aluminium (SC-Al) for 50 mg-yr exposure is shown'in as a dotted grey line. The limits for
XENONLIT on Solar reflected DM is shown in-orangé-and CDEX-10 on cosmic ray electron boosted light DM
showh in olive. The green-and teal dines are the limits from DAMIC-M and SENSET experiments and the
freeze- m DM benchmark is shown in dark cyan.




Daily Modulation

= BLG Z-axis along Cygnus
= BLG Y-axis along Cygnus
= BLG Z-axis along Earth's rotation axis

Earth axis of
rotation
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“Effect of BLG orientation on daily
modula‘ruon signalsfor. massless

8 W Jh'\eleTOF"e
*\7 . '.'l

Tllustration of rotation of Earth and the change of '
orientation of BLG with respect to the DM wind &

Duefo rotation and aniso’rropic response of BLG we have daily:modulation? f ’rhe sca‘r’rer'mg rate’
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Orientation of BLG ehanges the daily modulation signal. This can be used fo separate sighalfrom
background ’ - :



' Summary

- i’ "’l

Bilayer Gr'aphene with a tuneable band gap, has the po‘renhal to be used as a dark matter detector
target for sub-MeV masses

’ ‘H

-

»
With an expogure as small as ~ 0.5 mg-year, b|layer' graphene has the potential To probe new regions of
the par'ame’rer' space ‘ '

Annso’rr'opy in ’rhe bilayer graphene structure factor can lead to ddily modula‘non which is imporfant for
distinguishifig the dark matter signal from various backgrounds > £

Challenges include scallng the sca'hng Thf. deTec’ror' and achuevung the required exposur'e

U ' THANKYOU' ARWPE. s
QUESTION ARE WELCOM& L5 i




DARK MATTER-ELECTRON SCATTERING KINEMATICS

Energy conservation of dark matter-electron system implies

1 y  (myv— q)* B q*
Wq = =My v~ —

q - U N
2 Qm.x_ Qm.x_

where O is the energy deposited in the detector, m, is the DM mass, v is the incoming velocity of the DM
particle and g is the momentum transfer to the electron.

Taking sub-MeV mass DM and using 230km/s as the local DM velocity, we see we get kinetic energy in the meV
range.

We obtain the rate using Fermi Golden Rule. The matrix element can be evaluated using the Born rule

d’q e . 1 [ 5 1 ~
Hw) = V/ (27m)3 >\ f16H p.i)|* 2m6 (By — Ei—wq)  (p!|6H |p) = % fd% e V() = 17 V(=q)
f
The Fourier Transform of the effective scattering potential can be written as

o

V(—q) = M(q) Fr(q)

where M is the scattering matrix element and F is the target form factor which is related to the dynamic
structure factor. M can also be w!

M(Q) = M(Q()) ‘Fmed(Q) )
1 (heavy mediator),
}—med(Q) -

2 . .
(90/q)”  (light mediator). Source: Bloch et al., 2006.14521 JHEP



WHY CONDENSED MATTER SYSTEMS?

Experiments like XENON and LZ search for heavy dark matter particles with a smaller cross-section

px = myvy =~ 100 MeV (10(} GeV /'’ By = mevx ~ 50 keV 100 GeV /'’

Many body effects don’t come into play at these energy scales
But Dark Matter might be light, with a larger cross section
Because of low kinetic energy, sub -GeV DM may be invisible to ton-scale nuclear detectors

eeqgp S -
O q) = _ thm_+_ ZIE“II'I

Operator of interest in dark photon model
For large momentum transfer, the cross terms will have large phases and average out to zero, incoherent scattering
Effective two-body scattering, many body effects don’t come into play

2mh
Jcoh — ~ 5 keV/ﬂ_ a: lattice constant of crystal

For sub-MeV DM, maximum momentum=1keVsoq<1keV<q,_,
For light mediator, m, > 0, prefactor > 1/g*, rate integral is weighted towards small kinetically allowed momentum transfer

Source: 2108.03239



Bilayer graphene crystal structure Stacking sequence of BLG showing Reciprocal lattice showing

showing the unit cell and the lattice hopping parameters y, and y; reciprocal lattice vectors and
vectors high symmetry points
1 v3 1 3
ﬂl_a(Z,\g), a2_a(2‘_\2f) b1:2_7r(1’i)’ b2:2_ﬂ'(1?_i) Yo =3.16 eV
a \ V3 a V3 ¥1=0.381¢eV
Lattice vectors Reciprocal lattice vectors

Source: 2312.00866



BLG HAMILTONLAN AND BAND DIAGRAM

— k k — “(k
- jSqj (k) ’ygf( ) Mf( ) %‘]{(IE) ) Tight binding Hamiltonian of
Hy, — Yo B1 71 Ya bila h .
* yer graphene with all
Yaf* (k) ge! €A2 -0 f (k) hopping parameters
—v3f (k) 7af* (k) —nf"(k)  eB2

l F (k) = et/ V3 4 9e=ikya/2V3 oo (ko q/2)

€A1 vm’ —wywl vgw Continuum Hamiltonian
- VT €py M —vgm approximation, Taylor
P ) . .
—wT ™ € 4 - expansion about the K point for
3 small k values
vsm'  —U4T UT ERD
. (Derivations in thesis)
l T = Eky + ik,
_I_ -10 r}
ear om0 0 .
R 0 Here we use a simpler
H—=|" B N : Hamiltonian, only using nearest | o
0 71 €az vm neighbour and interlayer nearest o
0 0 vm egs neighbouring hopping

Plot of the Eigenenergies of BLG,

also known as band diagram
Source: arXiv: 1205.6953



Energy [eV]

APPLYING A VOLTAGE ACROSS BLG

U =0meV

0.6 [

0.4

—(.6 L
—200 0 200
k [eV]

When there is no voltage, U =0 meV,
the conduction and the valence bands
touch and there is no band gap. Note
that the nature at the K pointis
quadratic instead of linear which is the
case in monolayer graphene.

Energy [eV]

U = 100 meV

0.6

0.4

0.2

(.6
—200 0 200

k [eV]
When we apply a voltage, here U =100 meV, a band
gap opens up. This band gap depends on the applied
voltage and is thus tunable. We will show that the
lower mass threshold for DM detection depends on
the applied voltage. Due to this band gap, we can
cancel out a lot of the background noise.

E, = \U|’)/1/\/’}’% + U?

Source:
2312.00866



RATE

DM scattering rate in any detector is given by
1 p d’q mo(q)
R(t) = —% [ d —— ,w,1)S(q,
(t) / w/(zﬂ)d 2. 9(q,w,1)S(q,w)

We will go through each term in the next few slides

The scattering cross section can be split into a constant factor and a momentum dependent
mediator form factor

2

2 2
e e qo +m
0(q) = 0yeFmed(q)? Oye = Hx ( Jedx ) . Famedlq) = ——2

Iy q%—{—m%
[ ]

The velocity distribution of dark matter is not known and determining it is an open problem. For the

purposes of this analysis, we take a Maxwellian velocity distribution with a mean velocity of 230 km/s
and a cutoff at the local galactic escape velocity.

(q.1)? 2
XPp (_v (qé | ) - (_Uz)] . v-(g,t) = minfvee, =+

Time dependent velocity of the laboratory on earth in the galactic frame

sin 6, sin ¢
Viab(t) = |vE| | sinf. cosf.(cos ¢ — 1)

cos? 0, + sin? 6, cos ¢

2,,2
2Ty

Jw,t) =
9(q,w,t) Vo

2m,

T4 Gv(t)}



STANDARD HALO MODEL

The Standard Halo Model (SHM) is a non-rotating, isotropic DM distribution. The corresponding local velocity
distribution is an isotropic, isothermal Maxwell-Boltzmann velocity distribution

—w?/ r:ﬁ

fsml(w] X €

Both density and velocity distributions formally extend to infinite values, which make it necessary to cutoff
speeds at the escape velocity v___. of the Milky Way as faster particles are not gravitationally bound to the finite
halo

esc

2 Vesc

_. 1 2,2 :
AB(v) = —e T/ © (vege — |v + ve|) No = 7/} [?“’0 erf (Vesc/v0) — VT exp(—Veso/V5)

Ny
The quantity entering the rate equation is related to the velocity distribution as

g9(q,w) = /dziv Iy(v) 2mé(w — wq)

The rate is given by

L p : dI'’ 7o d3q >
R = ..O_Tm—); /dS’U fX(U) F(‘U) E — 'LL_Q (2?1_)3 Fmed(‘?) S(q,wq) (5(&) — wq)




DYNAMIC STRUCTURE FACTOR

« The dynamic structure factor encodes information about the correlation of the density fluctuations in the system.

It can be expressed using the electron density operator as the Fourier transform of the density-density correlation
function. 1

S(Q:' E.d) — V /dtezwt<ﬁ(Qa t)ﬁ’(_qv 0))
* Here we make the assumption that the electron density remains constant between the two layers of

BLG.
'ﬁ,(’r‘g t) — ﬁz[)(’r'”? t) [é@(d/Q — |?”z|)]

* Doing the calculation, we see the 2-dimensional dynamic structure factor factors out.

S(a.w) = 3 [ dte ! {i(q i(~q.0)

_ % (%/dtciwﬁ{nm(q”,t)ngn(—qn:U))) (W}z

1 sin ¢, d/2\

* This can be written as the imaginary part of the 2D density-density response function derived from the fluctuation
dissipation theorem 9

SzD(QH:U-’) = —mlm [XzD(qH:W)]



POLARISATION FUNCTION

* We use the 2D version of the dielectric function. Itis defined as the ratio of the screened potential to the bare
potential of the material. The term v, is the 2D coulomb interaction.

1

(ape) ve(g))x2p(g), )

 The dynamic structure factor is related to the imaginary part of the inverse dielectric function, known as the energy
loss function. The ELF represents electronic energy loss in materials and is thus related to an experimentally
measurable quantity.

20 (w)
UC(QH)

S2D(q||,w) = —20(w)Imyap(w) = W(q“,wL W(q”,w) — Im [1]

E(q”,w)

* We use random phase approximation to compute ELF. RPA corresponds to an infinite series of non-interacting
polarisation functions. The response function and the dielectric function can be expressed in terms of this
polarisation function. (0)

X2D (Q'|| ,W)
X2D(Q||:W) =

[’} 1
1 — vc(q”)xéﬁ(q”,w)

e(q),w)=1- UC(Q”)XSE(QH:“”)

 The non-interacting polarisation function is given by

2 _
((}) _ Z d k fk,n fk-l'q” Ny k k 2
XQD(q”?w) gn m/ (27m)2 w + Ek,n — Ek+q),m T iﬂ‘( ik + 4 m)|




NEW RESULTS

U=100meV *  Wrote a python code for the ELF, obtained results did not
match the results from 2312.00866
* Contacted the original authors and they shared their code
107 « Checked the code line-by-line and found two errors
* Informed the original authors, they confirmed the errors

102

INTERPRETATION

107 « Origin of ELF is the interband transitions of electrons

* Sharp colour change across the electron-hole

10-4 boundary, represents the case where momentum
transfer by q and energy transfer by ¢ are possible
from an occupied band to an empty band

* Inthe region © < E,the ELF is close to zero

* Since the Fermi energy lies within the gap, intraband

0 50 100 150 200 250 300 350 400 transitions do not contribute to the ELF

) * Red curvesin Fig. 3 of 2312.00866 denote the

kinematic phase space of DM, places where they
overlap with the yellow-green regions is where DM-
electron scattering occurs

* Applied U determines minimum detectable mass
threshold

ELF {log scale)

10-5

Colour plot of energy loss function (ELF) of
Bilayer Graphene (BLG) plotted for small
momentum transfer values, using the
continuum model Hamiltonian, in the q (in eV)
and © (in eV) plane
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