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A new, irreducible signal in direct detection experiments
 
   
 

“SIMPs inspired” direct detection of excited states 

Outline - light DM
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Phys.Rev.Lett. 118, 031803  (2017)

1

2

based on Nicolás Bernal, Xiaoyong Chu, JP
arXiv:1702.04906 [hep-ph] 



WIMP-space

A summary of 2 decades  
of experimental effort

light DM space



WIMPs
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??

“light Dark Matter”

How can we make progress  
in the sub-GeV region?



q

Nuclear kinetic recoil energy

=> A given recoil, demands a minimum relative velocity

ER “ q2

2mN

vmin “
d

mNER

2µ2
N

“ µ2
Nv2

mN
p1 ´ cos ✓˚q

»
ˆ

ER

0.5 keV

˙1{2
1GeV

m�
ˆ

#
1700 km{s Xenon

600 km{s Oxygen

Direct Detection

=> if m < 1 GeV, then there are no particles bound to the Galaxy  
that could induce a 0.5 keV nuclear recoil on a Xenon atom!



Gaining access to sub-GeV  
Dark Matter
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??experimental alternatives:  
 
Dark Matter-electron scattering 

Intensity frontier searches (e.g. 
electron beams on fixed target)  

new detection methods 
(superconductors etc.)

�e



Matrix element for photon emission

M “ Mel ˆ Ze

ˆ
p1
N ¨ ✏˚

p1
N ¨ k ´ pN ¨ ✏˚

pN ¨ k

˙

d� “ d�el ˆ pZeq2
ˇ̌
ˇ̌p

1
N ¨ ✏˚

p1
N ¨ k ´ pN ¨ ✏˚

pN ¨ k

ˇ̌
ˇ̌
2 d3~k

p2⇡q32!

q

Note: factorization holds for any nuclear spin; semiclassical process where the 
nucleus moves on a classical trajectory, the emission is quantum  

=> cross section factorizes

Gaining access to sub-GeV  
Dark Matter 1
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Gaining access to sub-GeV  
Dark Matter 

Key I: 
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Gaining access to sub-GeV  
Dark Matter 

Key II: 

0.5 keV nuclear recoil is easily missed,  
0.5 keV photon is never missed! 
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Dark Matter 
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Price to pay 

Can we overcome this suppression in rate? 

=> yes, because the recoil spectrum is exponentially rising  
      with smaller recoil energy!  
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Gaining access to sub-GeV  
Dark Matter 



Gaining access to sub-GeV  
Dark Matter 
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Maybe we have been  
too naive about the process  

of photon emission?!



Atomic physics modification

Atom in ground state

The naive treatment of 
Bremsstrahlung scales 
as 1/ω  all the way to  
lowest energies 

=> this becomes modified  
by the fact that the nucleus  
is in a bound state of 
electrons

�

+
_



=> After the nucleus gets a  
kick, in the limit that the  
DM-nucleus interaction time  
                   is fast compared  
to the orbital time of electrons,  
                  , the Atom  
becomes polarized

�

�

+
_

“Polarized Atom”

⌧� „ RN{v�

⌧↵ „ |r↵|{v↵

⌧�{⌧↵ » 10´4A1{3Z2

Atomic physics modification

for inner shell electrons



Atomic physics modification

=> QM calculation
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dipole matrix element for 
emission of photon

boost of the electron cloud



polarizability of the atom

d�

d!dER
9 !3 ˆ |↵p!q|2 ˆ ER

mN
ˆ d�

dER

energy scaling  
of dipole emission

Atomic physics modification

End result 
for f=i:

=> QM calculation



for large ω naive result  
is recovered
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!
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Atomic physics modification
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End result 
for f=i:

=> QM calculation



Gaining access to sub-GeV  
Dark Matter 
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=> importantly, we can draw from atomic data listings!

including atomic physics modification

dR{d!

dR{dER



Detecting  
Bremsstrahlung

e.g. CRESST 2015

“electron recoil band” 
= crowded

discriminating quantity

“nuclear recoil band” 
= clean

=> solid state detectors 
are (currently) less suited 
for this search

+ few 100 eV thresholds



=> Liquid scintillators are well suited for 
detecting the photon signal through  
ionization 

   

Detecting  
Bremsstrahlung

A 100 eV photon produces  
multiple electrons => in principle  
easily picked up



XENON10 - differential limit

XENON10 collaboration, 2011

Use differential information of the  
number of ionized electrons

3

to > 0.99 between 1.4 keV and 10 keV. Valid single scat-
ter event records were required to have only a single S2
pulse of size > 4 electrons. Events in which an S1 signal
was found were required to have log10(S2/S1) within the
±3� band for elastic single scatter nuclear recoils. This
band was determined from the neutron calibration data,
and has been reported in a previous article [15]. Events
in which no S1 signal was found were assumed to be dark
matter candidate events and were retained.

TABLE I. Summary of cuts applied to 15 kg-days of dark
matter search data, corresponding acceptance for nuclear re-
coils "c and number of events remaining in the range 1.4 <
Enr  10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125

2. signal-to-noise > 0.94 58

3. single scatter (single S2) > 0.99 38

4. ±3� nuclear recoil band > 0.99 23
a limits e↵ective target mass to 1.2 kg

The remaining events in the lowest-energy region are
shown in Fig. 2 (left) versus their S2 pulse width �

e

. The
equivalent number of electrons is indicated by the inset
scale. Events in which an S1 signal was observed are indi-
cated by a circle. Figure 2 (right) shows the width profile
of the S2 signal in the top, middle and bottom third of
the detector, based on single scatter nuclear recoils with
known �t and 5 < S2 < 100 electrons. Gaussian fits are
shown to guide the eye.

The top panel of Fig. 2 shows the distribution of re-
maining candidate events (+) with S2  4 electrons. The
distribution of background single electron events, sam-
pled from a time window at least 20 µs after higher-
energy events, is also shown (4). The single electron
background events are a subject of ongoing study, and ap-
pear to originate from multiple physical phenomena. One
possibility involves photoionization of impurities in the
liquid xenon [37]. Another possible origin is from excess
free electrons trapped at the liquid surface. This could
occur because the emission of electrons from the liquid
to the gas is nearly � but likely not exactly � unity [38].
As a result, every S2 signal could be a potential source of
a small number of trapped electrons. Delayed emission
of the trapped electrons may result from the requirement
that both the electron kinetic energy and the z compo-
nent of the electron momentum be su�cient to overcome
the surface potential barrier [39].

The signal-to-noise cut was motivated by a distinct but
closely related class of background event, which consists
of a train of approximately ten to several tens of single
electrons over a period of O(100 µs). The origin of these
events is also not yet clear. Often several single electrons
in an electron train overlap in time, to the degree that
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FIG. 2. (left) All candidate dark matter events remaining
(⇥ and #) after the cuts listed in Table I. Events in which an
S1 was found are shown as #. The number of electrons in the
S2 signal is indicated by the inset scale. (top) Distribution
of candidate events with  4 electrons (+), and distribution
of background single electrons (4) as described in the text.
(right) S2 pulse width distributions for single scatter nuclear
recoils in the top, middle and bottom third of the detector.

they appear as a single S2 pulse containing ⇠ 2 � 6 elec-
trons. These spurious pulses often have �

e

> 0.30 (the
3� width for a single electron) and so could be removed
based on pulse width. However, the signal-to-noise cut
more precisely targets the presence of multiple additional
single electrons in the event record.

The energy resolution for S2 signals depends primarily
on Poisson fluctuation in the number of detected elec-
trons, with an additional component due to instrumen-
tal fluctuations. This is discussed in detail in [35], and
for higher energy signals in [19]. So as not to over-
state the energy resolution, we adopt a parameteriza-
tion which follows the Poisson component only, given by
R(E

nr

) = (2E
nr

)�1/2. We assume a sharp cuto↵ in Q
y

at
E

nr

= 1.4 keV, and then convolve the resolution with the
predicted di↵erential dark matter scattering rate. This
ensures that �

n

exclusion limits are not influenced by
lower-energy extrapolation of the detector response. The
scattering rate as a function of nuclear recoil energy was
calculated in the usual manner [13] (cf. [15]). We take
the rotational speed of the local standard of rest and
the velocity dispersion of the dark matter halo to be
v0 = 230 km s�1, and the galactic escape velocity to be
v

esc

= 600 km s�1 [41]. We use the p

max

method [42] to
calculate 90% C.L. exclusion limits on the cross section
�

n

for elastic spin-independent dark matter � nucleon
scattering as a function of m

�

. All remaining events in
the the range E

nr

> 1.4 keV are treated as potential dark
matter signal. The results are shown in Fig. 3. If Q

y

were 40% higher (lower) below 4 keV, the exclusion limits

Primary ionized electron  
+ secondary electrons from  
recoiling primary electron plus 
from the filling of shell  
vacancies 

At large deposited energies 
ne „ !{p13.8eVq

We follow the statistical model 
for      by ne Essig et al. 2012



sub-GeV sensitivity to nuclear recoils

=> FIRST limit on DM-nucleus scattering below 500 MeV!
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Bringing back S1/ 
Going forward with LXE

1. What about LUX? 

2. XENON1T is running

XENON1T expect a ER  
background at the  
of 10-4 /kg/day/keV 
(in the fiducial volume)

[Aprile et al 2015]
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sub-GeV sensitivity to nuclear recoils

Future LXe experiments: 
strongly dependent on 
assumptions for 
fiducialization 
capabilities using S1



1000100

10−28

10−30

10−32

10−34

10−36

10−38

mχ (MeV)

σ
n
(c
m

2
)

m.f.p.

CDMSlite

CRESST-II

XENON100

XQC

XENON10

.

1000100

10−28

10−30

10−32

10−34

10−36

10−38

sub-GeV sensitivity to nuclear recoils

Future LXe experiments: 
strongly dependent on 
assumptions for 
fiducialization 
capabilities using S1

“Pay attention to details, they are the key to success”
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“Pay attention to details, they are the key to success” 

   Fortune cookie, Chinese Restaurant “Da Sichuan”



sub-GeV sensitivity to nuclear recoils

LXE: fiducialization with 2 scintillation photons, each detected with efficiency 40 - 100% 
CRESST-III: projection with claimed purity-target of 0.01 events/kg/day/keV and 100 eV threshold
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LUX limit from photon emission

Utilizing the Bremsstrahlung process, LUX yields strongest bounds 
once bringing back S1 

McCabe 2017 



sub-GeV DM already constrained  
in DM-electron scattering

=> we may improve on current 
limits, when DM-electron 
scattering cross section is at 
least suppressed  

Essig et al. 2012

=> “leptophobic” DM models



“Leptophobic” Dark Matter

L “ L� ´ 1

4
pV µ⌫

B q2 ` 1

2
m2

V pV µ
B q2 ´ 

2
V µ⌫
B Fµ⌫ ` gBV

µ
BJB

µ

L� “ i�̄ {D� ´ m��̄�, pDirac DMq,
L� “ |Dµ�|2 ´ m2

�|�|2 pScalar DMq.

Consider a very simple form of DM that couples to quarks at tree 
level through gauged baryon number U(1)B

Jµ
B ” 1

3

ÿ

i

q̄i�
µqiBaryon current

NB: there are various ways to achieve correct relic density, and  
a sound cosmological scenario (i.e. avoid CMB constraints)

Kinetic mixing tree “ 0



“Leptophobic” Dark Matter
Comparing the total cross sections for DM nucleon vs electron 
scattering

�n „ 16⇡↵2
Bm

2
�

m4
V

, �e „ 16⇡↵B↵2m2
�

m4
V

rad „ egB{p16⇡2qWith radiatively induced kinetic mixing

�e

�n
“ ↵2

↵B
„ ↵2

16⇡2
„ 3 ˆ 10´7=> 

Large hierarchy is achieved and our method works already in the 
“vanilla model”.



DM-nucleon vs. DM-electron scattering  
new territory is covered

n = 5
n = 4

dR/d log10 ER,e

dR/d log10 ω

electron recoil or gamma energy (keV)

ra
te

in
xe
n
on

(1
/k

g/
d
ay
)

σe =
α2

16π2σn

σn = 10−32 cm2, mχ = 400MeV .

1010.10.010.001

101

1

10−1

10−2

10−3

10−4

blue:       DM-electron scattering  
orange:   photon emission from DM-nucleus scattering



SIMPs => prototypical light DM
Here, SIMPs are code for particles that annihilate “strongly” through 
number violating processes, 3 -> 2 or 4 -> 2. 

Two canonical incarnations

non-perturbative SIMPs LWZW “ 2Nc

15⇡2f5
⇡

"µ⌫⇢�Tr r⇡Bµ⇡B⌫⇡B⇢⇡B�⇡s ` O
ˆ
⇡6

f6
⇡

˙
.

perturbative SIMPs e.g. �S4

Interaction demanded by successful relic 
density put in peril by constraints on 2 -> 2 
self-scattering in clusters �{m À 1 bn{GeV

e.g. Bernal, Chu 2016

e.g. Hochberg, Kuflik, Volansky, Wacker (2014)

2



Simply split SIMPs

=> split real/imaginary and Weyl components by mass terms, such as

=> finely split states         and  �1,2 �1,2

Consider complex scalar     or Dirac fermion �  �  

�1

�2�2

�1

�m

=> if gauged with U(1) “dark photon,” interaction becomes 

Bernal, Chu, JP 2017



Annihilation  

vs. Self-Scattering 

Simply split SIMPs

fermions, s-wave: only 1212 possible (Pauli exclusion) => mass splitting enters 

regulated by left-over 
states 2 toady, after 
kinetic decoupling  

suppressed 
diagonal couplings

radiatively 
suppressed 
scattering

e´�m{Tf,kin , ⌧2

Bernal, Chu, JP 2017

n2{n1 „ e´�m{T 1



Parameter space with prospective solutions to small-scale 
structure problems 

Simply split SIMPs
Bernal, Chu, JP 2017

mV ° 2m



In contrast to WIMPs, the 
prospects of detection of SIMPs 
are less certain, since their 
abundance is set in the hidden 
sector (no a priori thermal 
equilibrium requirement with SM) 

Door to Phenomenology 
e.g. though kinetic mixing

Bernal, Chu, JP 2017

=> here we consider kinetic mixing 
of dark photon V with strength 𝜅  

mV “ 2.5m�m{m “ 10´2



Exothermic DM-electron scattering

Excited state 2 can scatter on electrons and/or nuclei. When neglecting 
kinetic energy of DM => monochromatic energy deposition by   �m

DM-electron c.s. DM form factor atomic form factor  momentum transfer

F.T. of bound e- wave function

Bernal, Chu, JP 2017

2 ` Atom Ñ 1 ` X



Exothermic DM-electron scattering
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=> once                     energy deposition is large enough for reducing 
the background via the scintillation signal (same theme as before) 

�m Á 1 keV



Conclusions and Outlook
• existing (and upcoming) direct detection experiments already 

break new ground in the light DM region -  sensitivity to MeV-scale 
(lighter than 0.5 GeV) DM-nucleon interaction is possible  
=> we break the “no-go” theorem from kinematics of elastic DM-
nucleus scattering by going to the inelastic channel of photon 
emission with higher endpoint energies  
=> delivered proof of existence of models that live in the interesting 
region 

• There are a number of ways to improve on our proposals  
- Direct “shake-off” contribution of electrons + “beyond polarizability” 
contributions increase charge multiplicity (not a small effect)  
- Spin-dependent scattering: a complete, even loop-induced absence of DM-
electron couplings is possible 
- Work out the analog for semiconductor detectors  
- Re-evaluation of the neutrino floor 

• SIMPs provide a prototype model for sub-GeV particles that call for 
being explored with direct detection; in the concrete model 
presented, we exploited the stored mass energy in finely-split states 


