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Overview

@ Present Understanding About the structure of the Universe
@ Dark Matter Detection Strategies

© Limitation of Direct detection experiments

@ Cosmic-ray Boosted Dark Matter

© Conclusions
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Present Understanding

o Structure formation of the universe: Luminous matter (~ 4%) is not
sufficient, non-luminous matter (dubbed as dark matter ~ 26%) is
required (Cannoni M., 2016, Eur. Phys. J. C, 76, 137).
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@ They are dark as they can't absorb, emit, reflect light! They does not
interact with the electromagnetic force like SM particles.

o Their interaction with the SM particles is very weak whereas they are
highly massive (WIMPs).

@ Primary evidences are anomaly in galaxy rotation curve, gravitational
lensing and bullet cluster.
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Detection Strategies

Collider Search

DM SM

Direct
detection

DM SM
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Indirect detection
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Direct detection experiments

Experiments : XENON, SENSEI, DarkSide
Basic working principle : To measure the recoil energy of electron/nucleus
assuming that the DM particles scatter off the target.
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Courtesy : Dark matter limit plotter v5.18
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Limitation of Direct detection experiments

Direct Detection experiments lose sensitivity for low mass DM.

o Below DM mass of ~ 0.3 GeV for DM-nucleon cross-section.

o Below DM mass of ~ 0.3 MeV for DM-electron crosssection

Very light DM particles cannot produce enough recoil to be detected.
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Cosmic-ray Boosted Dark Matter

O CRe
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The energy transfer to the cold DM by the CR particle:

1— cosf
T, = 1™ (—QCOS )

(T))? +2Tim;
T + (m; + mx)2/ (2my)

max

0 is the scattering angle at the centre of momentum frame.
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Cosmic-ray Boosted Dark Matter

n (T 2T, (mi+my)?
T,.""":<7X—m,-) L1+ —X - A
x (2m;j — Ty)

local 109
(&) :Deffxpx dﬂ&;
d TX ; my T min dT; T)Qnax (T,')
D.s# = Effective distance out to which we take into account CRs as the
source of a possible high-velocity tail in the DM velocity distribution
Py, My = Density and mass of DM particles
T; = Kinetic energy of the CR particle i
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Components of Cosmic Ray

Cosmic Rays ]

/\

[ Protons + Nuclei ] [ Electrons ]

(98%) (2%)

Protons Helium Nuclei Heavier Nuclei
(87%) (12%) (1%)

Longair, M. S. , "High Energy Astrophysics”, Cambridge University Press
(2011).
Cosmic Rays, Particle Data Group, PDG-2022.
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Flux of CR electron, proton and nuclei
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Phys. Rev. D 98, 030001 (2018) Astrophys. J. 854, 94 (2018)
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Flux of CR electron, proton and nuclei

1.799x10% T 12061 .
40 ) T2T02x10% T3 85500 1.0 It Te < 6880 MeV
a7, =

3.259 x 1010 7,305 4 3,204 x 105 T, 2:620 if T. > 6880 MeV

where the unit of $22(Te) is given in (m? s sr Me\/)_1 and the kinetic
energy (T.) of the CR electrons is in MeV.

Astrophys. J. 854, 94 (2018), arXiv:1801.04059 [astro-ph.HE].
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Flux of CR electron, proton and nuclei

if R<1GV

Z?:o aiR',
i % R2.7 _

dR
b+ £ +d + R+f+R—|-gR if R>1GV

with the following parameter set

ag EN ap az ay as
P 94.1 —831 0 16700 —10200 0
He 1.14 0 —118 578 0 —87
b c di d> € @ fi f g
) 10800 8590 —4230000 3190 274000 17.4 —39400 0.464 0
He 3120 —5530 3370 1.29 134000 88.5 —1170000 861 0.03
Cosmic ray proton and Helium flux is then obtain by the following relations
do, (T,) dR dl
S = 47— —
7, " dT, dR
dPye drR dI

Toe) = a2 @
dTHe( He) T dT e dR

Astrophys. J. 840, 115 (2017), arXiv:1704.06337 [astro-ph.HE].

14th APCTP-BLTP JINR Workshop 2023 July 14, 2023 12 /36

Atanu Guha with Jong-Chul Park (CNU)



Models for our analysis

o Secluded dark sector (Dark photon):
L = Lsm+X (’a - mx) X — gx)Z’YuX'Z\,M

1 1 ~ ~
+ SR AAT = SR A - SmEBWA’W
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Dark Photon Model

L = Lsm+X ("? — mx) X — gxi”)’uXAA/M
1 D Ay AL 1. A UV sing A~ UV
+ ma A A T A 2B A

We use the transformations

B = CwA = (t555 aF Sch) Z+ (Swsg = tEC§) A
W3 = SwA T CVAVC£Z — CVA‘/SgA/
2 .
" s C m%s,z sin 2
A = 27424 ;. tan2e=— z7W
Ce Ce m5, — m5 (Cg - 582551/>

to diagonalize away the kinetic mixing term
L > A, [gfi" FylPLE + ghy Y PRf + gl Xv“x}
+ Z [gﬁ FY"PLf + gf Fy Prf + gf )?Y“X}
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Dark Photon Model
Relevant couplings are : (JHEP 1102:100,2011)
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Flux of Boosted Dark Matter

do,, plocal [ /°° g7 9% dose

- D
T, X o © € AT, dT,,

o0 dd, d
+ / dT TXP G2(2my Ty

min dT, dT,
0 dd)H do H.

+ . dTHe dTH: d;(-xe Glgle(szTX)
He

2m (mi + Ti)? = T { (mi + my)* +2m, T} + m, T2
a7, "X 8 (2m; Ti + T2) (2my Ty + m3,)°

dOX,' _ A'2

2

-2
i=e,p,He; G; (q ) (1 + Z2> — nucleon electromagnetic form factor

where, A, = 770 MeV, Ape = 410 MeV, gfy = g/'g"
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Flux of Boosted Dark Matter

BDM flux for gy = 1, = 10~°, m, = 1eV; Dark Photon Med BDM flux for gy = 1,€ = 10-¢, m = 1keV; Dark Photon Med
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Rate equation

Predicted differential rate at the detector

dr o do
=N dT —X°

i=e,p,He
with
doyi a2 2m, (’T’x + Tx)2 — Er {(me + mx)2 + 2m. Tx} + meE,?‘>
dEr = 8 (2my Ty + T2) (2meE + )’

o Recoil spectrum for XENONLT is obtained by taking X = Zx./mxe,
where Zx. is atomic number of Xenon and mxe is the mass of a
single Xenon atom.
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Exclusion Limit

To find the exclusion region, we perform a x2 analysis

2 (0, — Ej)?
X° = = (1)
zi: Ei + (Ul'z)data
Ax? = x*(BDM + By) — x?(By only) (2)

@ O; are the observed number of events
o E; are the expected number of events
@ (07)data is uncertainty in the measured data

( For the (BDM + By) case, to calculate the E; values, we sum the BDM
signal and the background By for each energy bin. )
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XENONI1T excess

No. Component Expected Events Fitted Events
i py, (3450, 8530) 7480 + 160
i Ky 890 + 150 773 4+ 80 e
iii Materials 323 (fixed) 323 (fixed) _
iv 136y 2120 + 210 2150 £+ 120 § o
v Solar neutrino 220.7 + 6.6 2208 + 4.7 5
vi 133y 3900 + 410 4009 £+ 85 Y
vii 13lm N e 23760 £ 640 24270 + 150 g 0
125 (K) 79 + 33 67 + 12 5‘1
viii 1357 (L) 153 £ 6.5 131 + 2.3 2
1251 (M) 3.4 % 15 2.04 % 0.50 s
ix i < 2500 + 250 2671 + 53
4Xe (KK) 125 + 50 113 + 24 % —,
x My (KL) 38 + 15 34.0 + 7.3 ¢ SRidata
4 (LL) 2.8 £ 1.1 2.56 + 0.55 0 s 2 E

10 15 20
Electron Recoil Energy [keV]

Excess events (electron recoil energy 1 - 7 keV) have been reported by
E. Aprile et al. (XENON), Phys. Rev. D 102, 072004 (2020).
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Best Fit Recoil Spectrum for XENONI1T data
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Exclusion Limit

95% Exclusion limit from XENON1T data (Ax2 = 40.1)

95% Exclusion limit from XENON1T data (Ax? = 40.1)
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Exclusion Limit

95% Exclusion limit from XENON1T data (Ax? = 40.113)

10-28 95% Exclusion limit from XENON1T data (Ax2 = 40.1)
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XENONRT Results 2022

25
20
TABLE L. The background model By with fit constraints and =
best-fit number of events for each component in (1, 140) kel E 15
=
Component Constraint Fit =
pL (570, 1200} 960 + 120 £ 10
FKr a0 =+ 60 00 + 60 [
Materials 270 + 50 270 + 50 =
. 1560 + 60 1550 + 50 ?
Solar neutrine 3000 £ 30 300 £+ 30
e - 250 =+ 30 2
AC 0.700 £ 0.04 0.71 4 0.03 5 0
. - 150 + 60 -2 ) . ) ) )
Sy - 80 + 16 0 5 10 15 20 25 30

Energy [keV]

Phys. Rev. Lett. 129, 161805 (2022)
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Constraining WIMP-Nucleon Crosssection from BDM
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(©OM. Pospelov et al., Phys. Rev. Lett. 122, 171801 (2019).
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Constraining WIMP-Nucleon Crosssection from

10—?5 E

10-32 i vl e vl il P 10-32 L il v vl vl il
107° 107° 107% 107® 107 107! 1 107 107* 10™* 107% 107 107! 1
my [GeV] my [GeV]

(©J. F. Beacom et al., Phys. Rev. D 100, 103011 (2019).
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Constraining WIMP-Electron Crosssection
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©Y. Ema, F. Sala, and R. Sato, Phys. Rev. Lett. 122, 181802 (2019)
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Constraining WIMP-Electron Crosssection from BDM
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Cao et al, Chin. Phys. C 45, 045002 (2021), arXiv:2006.12767 [hep-ph].
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Exclusion Limit on the kinetic mixing parameter

Exclusion Limit ; Dark Photon Mediator (invisible decay mode)

Exclusion Limit ; Dark Photon Mediator (visible decay mode)
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Figure: Shaded regions are excluded at 95% confidence level for g, = 1, in the €
vs ma plane, for the invisible decay scenario (Left) and for the visible decay

scenario (Right).
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Exclusion Limit on the kinetic mixing parameter

Exclusion Limit ; Dark Photon Mediator (Light and Heavy)

o oma=1leV
ma = lkeV
ma = 100keV
ma = 1MeV

1078 +
107% 10-° 10 10-2 1072 107! 10° 10* 10? 10°

my (MeV)

Figure: Shaded regions are excluded at 95% confidence level for g, =1, in the ¢
vs m, plane, both for the light and the heavy mediator scenario. For ma =1
GeV, there is no valid kinetic mixing parameter (¢ < 1) which can produce
enough recoil at the detector.
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Exclusion Limit on the couplings

95% Exclusion limit from XENON1T data (Ax? = 40.1); my = 1leV 95% Exclusion limit from XENON1T data (Ax? = 40.1); my = 1MeV/
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Figure: Shaded regions are excluded at 95% confidence level for g, = 1, in the
coupling vs m,, plane, for light mediator (Left) and heavy mediator scenario

(Right).
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Exclusion Limit on the DM-electron crosssection

Conventionally normalized form of DM-electron scattering crossection :

. 12 2 2
|~/\/lfree|2 = |Mfree(ame)| X |FDM(q)}
2
e _ ,U,ie ‘Mfree(ame)‘
Xe 16mm?2 m3

For our case, the form factor at the detector

(azmg + mi/)z 2me(my + TX)2 — Eg [(mx + me)2 + 2me TX] + meE,%
(2meEg + m;,)2 2m(._1m§<

2
‘FDM(‘? = \/2""eER)‘ =

In the non-relativistic limit Eg, T, < me

‘2 _ (a?m2 + m%,)?

|FDM(q) (q2+m/241)2

For heavy-mediator limit ‘FDM(q)‘ =1
For light-mediator limit ‘FDM(q)’ ~ q%
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Exclusion Limit on the DM-electron crosssection

With these definitions and g;“xl =eccosOyw / gL / gg—1 for gy =1

2

— 3 16 gA/ m2m?

2 ex e'llx

|Mfree(ame)| — (agmz + m/24/)2
e

A2 2
o _ 8ex HMxe
xe —
m(a?m2 + m3,)?
12
85 e for light medi
_ m or lig t mediator,
= Oxe = PER
geX—qu; for heavy mediator.
w(mA,)

Using these relations we translate our exclusion limit on the kinetic mixing
parameter to the crosssection.
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Exclusion Limit on the DM-electron crosssection

Exclusion Limit ; Light Mediator (ma' = 1eV) Exclusion Limit ; Heavy Mediator (ma = 1MeV)
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Figure: Shaded regions are excluded at 95% confidence level for g, = 1, in the oy.
vs m,, plane, for light mediator (Left) and for heavy mediator scenario (Right).
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nclusions

@ Direct detection experiments lose sensitivity for low mass of DM.

@ Boosting mechanism from Cosmic ray is useful to look for lower mass
dark matter at direct detection compared to cold dark matter search.

o Energy dependent cross-section can represent more realistic
phenomena in comparison with the constant cross-section case.

o For low mass dark matter, exclusion limits become stronger if we
invoke energy dependence of the cross-section by considering exact
model of interaction between DM and SM particles.
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