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What is the boundary of the limit setting methods for
low mass dark matter?

Looking below threshold
Below-threshold events can trigger when coincide with an upward baseline noise fluctuation.

Conservativeness?
Detector threshold and lowest mass sensitivity
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https://github.com/tongylin/DarkELF

What is the boundary of the limit setting methods for
low mass dark matter?

High event rate Py
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https://arxiv.org/pdf/2503.03683

Question 1: Looking below threshold

In a simple charge-integrating detector, no signals or leakage current, perfect Gaussian noise.
Is a below-threshold charge signal detectable?

P91 0% 9 ) Yy oy |

At At At... T
No signal Signal at 4o

Counts | ‘threshold Counts | -

\/

A 1
1

Yes!

50 46 56

e Can be generalized to more complicated cases for
Xinran Li, UCLA DM 2025 | BERKELEY LAB continuous sampling analog detectors. 4



What is the lowest energy that is detectable?

Counts | § 16 signal?
' ' With a non-zero probability of 46 upward fluctuation.

0.1¢ signal?
With a non-zero probability of 4.9¢ upward fluctuation.

]

0o signal?

Counts 1 | With a non-zero probability of 56 upward fluctuation!

Detectors will have unphysical sensitivity to zero mass
DM.

— Limit the maximum fluctuation to 36 (Common strategy)

. q
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Where is the problem?

Signals will CHANGE the values of existing frames with noise.

Noise-only live time decreases
q, QW\
. s S +S

I I I I I i I I I I I

.
No signal Signal at 4o

Counts | Ithreshold Counts |

A 1

o0 4o 5o
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Net differential response

Signals will CHANGE the values of existing frames with noise.

Now we define the net differential response

Signal model S(E_,R,): fE") A

dR dR i
i 4 —d : E’ 'S E/ Eg == E, = f(EllES)

"= (B'1S) = —= (E'|0) + Ru(f(E'|Bx) — f(E'|0) e

/ / / —— f(E'|S(Es, Rs = 0.1/At))
Af(E'|Es) = f(E'|Es) — f(E']0)

Y

The net differential response scales with event rate
(or the expectation of a event in a frame) linearly.

f(E'|S) = f(E'|0) + RsAt Af(E'|E;)

EI

(*Low pile-up)
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Zero mass dark matter

With correct definition of the net  f(E’'|S(Es — 0, Rs))
differential response, the = f(E'|0) + R,At(f(E'|E; — 0) — f(£']|0))
measured distribution does not ~ _ f(E'|0)

change with R_ v/

Without subtracting the zero oLt (E'|S(Es — 0,Ry))
signal baseline (No Live Time = F(E']0) 4+ R ALF(E'|E; = 0)
correction) , the distribution no = [(E'|0)(1 + RsAl)

longer normalize to 1!
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Limite setting -- motivation of the salting method

f(E’|0) is not observable. We can add additional signal (salts) to f(E’|S) to estimate the net
differential response. We can prove that when \, = R At <<1, this is a good approximation.

Af(E'|Es) = f(E'|Es) — f(E']0)

Approximate by

Conservative limit can be set as:

Xinran Li, UCLA DM 2025 | BERKELEY LAB

Af(E'|S+Es) = f(E'|S+Es)— f(E'|S)

Ignore “background”

f(E']S) = f(;%) L AAS(E|S + E,)

o~
Rlim =

1 f(E'|S)

At AF(E'|S + E,)




Generalize to continuous DM spectrum

f(E'|S(Ms,05)) = f(E']0) +

DM signal
model
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Generalize to continuous DM spectrum

f(E'|S(Ms,05)) = f(E'|0) +
AR (E,|S (M, 00))
R(S(AIS, 0'()))

Normalized DM signal

DM signal model shape

model

Xinran Li, UCLA DM 2025 | BERKELEY LAB
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Generalize to continuous DM spectrum

f(E'|S(Ms,05)) = f(E'|0) +
/ dR (B |S (M, 00))

dE,
dE,—=

(_f(E’ S(M,,04)+Es) — f(E'|S(M,, as)))

AN

R(S(l‘[s, O'()))

Convolve over all Normalized DM signal The measured net
energies. “Boosting” model shape differential response

with potential DM
_signal contamination
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Generalize to continuous DM spectrum

Ignore (R_At)* ... terms

f(E'|S(Ms,05)) = f(E'|0) +

4R (B 1S(M,, o
RS(S(A[wUs))At/(lES dE“"( | ( 0))

(£(B1S (M, 0)+E,) — F(B'|S(M;,0.,))) + -

AN

Total rate, Normalized DM signal The measured net
proportional to & model shape differential response
= with potential DM
_signal contamination

R(S(Ms,00))

Xinran Li, UCLA DM 2025 | BERKELEY LAB 13



Generalize to continuous DM spectrum

Ignore “background”

Ignore (R_At)* ... terms
f(E'|S(Ms,05)) =M) +

R,(S(M, g‘))At/dE‘f—zi(ESIS(MS.m,))

(£(B'1S (M, 0,)+Bo) — F(B'|S(M;, 0,))) + -

AN

Total rate, Normalized DM signal The measured net
proportional to & model shape differential response
= with potential DM
_signal contamination

R(S(A[S, 0'()))

Shorthand notation: RAtAf(E'|S(Ms,05) + s)
- 1 F(E'|S
Same definition of limit: R = —= fES)
Xinran Li, UCLA DM 2025 | BERKELEY LAB At Af(E/|S + 8) 14




Example DM search

—— AtdR/dE(E|B)

At=10.0ms, A; =2.00

high pile-up

MS=50MeV, —— AtdR/dE(E|S)
0,=5.6e-33 cm?
10g Si detector, 0=1eV -
Blue: True DM signal rate at= O.lms'll\c;vT/O.‘i)lfa-u
(Not a PDF!) 100 - i
Gray: True bkg rate 2 o
(Not a PDF!) T:
2 1074 A
;'-':l
~L§ 10—6 .
5 -
Z 10—8 _ \_
10710 - -
10_12 T T 1
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Example DM search

M_=50MeV,
0,=5.6e-33 cm?
10g Si detector, 0=1eV

—— AtdR/dE(E|S) —— AtdR/dE(E|B) f(E'|0)

102
Blue: True DM signal rate
(Not a PDF!) 10° A
Gray: True bkg rate 10-2
(Not a PDF!) '.Z
: Baseline % 1074 1
distribution (no signal) % 106
g
?1 10—8_
10710 -
10—12

At=0.1ms,A; =0.02
low pile-up

At=10.0ms, As =2.00
\ high pile-up

|
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Example DM search

M_=50MeV, —— AtdR/dE(E|S) f(E'|0) —— f(E'|S) = AtdR/dE'(E'|S)
03=5.6e-33 cm? —— AtdR/dE(E|B)
10g Si detector, 0=1eV .
(Not a PDF!) 100 - low pile-up o i high pile-up
' ca
Gray: True bkg rate - near S
(Not a PDF!) "Z |
: Baseline i:'i 107+
distribution (no signal) 3 106 ]
Red: Measured 3
distribution with signal. = 107
10710 - 1
10_12 T T 1 1 T )
Xinran Li, UCLA DM 2025 | BERKELEY LAB 0 3 10 13 0 - 10 17 15

E' [eV] E' [eV]



Example DM search

—— AtdR/dE(E|S) —— f(E'|S) = AtdR/dE'(E'|S)  —=- Boost by Gaussian with 30 limit
M_=50MeV, —— AtdR/dE(E|B) —— [Boost by ARE/|S +5) |+ Boost by fyorr
= - 2 /
o, 5.§e 33 cm f(E'|0) o] E'o]
10g Si detector, 0=1eV 0 5 10 15 0 5 10 15
2 1 1 1 1 1 1 1 1
Blue: True DM Signal rate i At=0.1ms,As =0.02 At=10.0ms, As =2.00
(Not a PDF!) 100 -
Gray: True bkg rate
-2 .4
(Not a PDF!) g 10
>
: Baseline = 1074
e . W
distribution (no signal) i
E 10—6_
Red: Measured distribution 3
with signal. < 1078-
Black: signal estimated 10-10 -
with different boost
methods. 1072
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Example DM search

—— Boost by A(E'|S+s) e Boost by fyor7
Limit = Red/Black —-=-- Boost by Gaussian with 3o limit ===+ Rtrue
. NP o E'lo] E'lo]
(Assuming infinite statistic) 00 25 50 75 100 125 15000 25 50 75 10.0 125 15.0

Low pile-up: All results are
conservative for this model.

Af yields better limit. 10°
High pile-up: All results can be 3
potentially non-conservative. 2 101
4N]
Existing results are reliable: s
* Inreal cases, limit power _
significantly decreases as E’
increases, due to low statistics. coams | T Af=10.0
- Boost by Gaussian with 30 limit At=0.1ms =10.0ms
i i 10_1 T T T T T T T T T T T T
's conservative above 50 00 25 50 75 10.0 125 15.000 25 50 7.5 10.0 12.5 15.0
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Conclusion

1. Key problem: dR/dE’ doesn’t scale with o_when total event rate is high. This is a
problem at high pile-up rate in all limit setting methods that requires a linear
scaling of signal spectrum!

2. The net differential response correctly accounts for the decrease in
non-coincident noise live time, and should always be used in the future
a. Guaranteed to give conservative results in low pileup regime
b. Limits not valid in high pileup regime

I. An analysis threshold above the gaussian-like noise component of the
measured differential rate spectrum should also likely produce conservative limits.
li. Use other method to first exclude the possibility of the existence of high pile-up

signal. For example, limit by signal shot noise power [PhysRevLett.132.121801].
3. Previous analyses that didn’t use net sensitivity, “very likely” conservative when

further constrained with a 3o noise boost cutoff. This also sacrifice some sensitivity.
4. See back up and our paper [2411.10671] for the treatment of analog devices.
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Back up
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Analog device

Counting charge in At — Find maximum on the optimum filtered trace.

+s *+s +S e
| | | | | | | .
—— Noise
—4.40 —— Noise+Signal
< —— Signalx10

What iS At? § -4.421

Does maximum represent £

the true energy? 446
< 2079
é‘
6

0 T T T T T
-1500 -1000 -500 0 500 1000 1500
T (us]



Analog device

Counting charge in At — Find maximum on the optimum filtered trace.

+S *+S *+S

The signal time scale is the
effective At

But maximum can be searched
In multiple At__’s.

-4.40 4

Amplitude [uA]

~4.46 1

OF amplitude, E'(T) [eV]

-4.42 4

~4.44

—— Noise
—— Noise+Signal
—— Signalx10

1 True event time

Trigger time

1500
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Searching for maximum in a time window of NAt _

A simple case when there is no signal:
The baseline distribution is distorted.

— We strongly recommend one uses the
smallest feasible merge window when searching
for signals that comingle with noise.

But in general, estimate At_is difficult.

fmax(E’| 0)

Gaussian, N=1
frax. N=10
fmax, N=100
fmax. N=1000

20 -0

2'0

30

4o

EI
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Solution: Salting.

Af(E'|S+Es) = f(E'|S+Es)— f(E'|S)

We need:
But in analog device % = ﬁf(E’) is no always true. Or say, f(E’) is not well-defined in
analog detectors.
dR / dR
And 1E' (E |S+E5‘) dE’( |S)

So, equivalently, we work with ;g, , bypass the necessity to estimate At

E|$+5) - E(|5)

I's

Af(E'|S + E;) = Pl




Solution: Salting.

P o AR ( o S+s A 4R (B S
r.
This term includes:
e Trigger efficiency e Pileup with the potential signal /
e Cut efficiency background contamination
e Detector resolution e Effects of the maximum search

Finally, limit can be set with:

TAF(ES + (M)
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