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Inelastic DM-Nucleus Scattering
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Nuclear Shell Model Code: BIGSTICK
Bigstick

Calvin, et al
github.com/cwjsdsu/BigstickPublick

Mathematica Package for

Experimental Analysis

Haxton, et al
ocf.berkeley.edu/~nanand/software/dmformfactor/

Nuclear data

eg. nucleon number, orbit,
interaction
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It takes a long time and needs tons of RAM and CPU
|s there a shortcut?



Long Wavelength Limit
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The surviving multlpoles are Moo, Liar, T

MOO _ 1 I Z FT (~ 7) doesn’t contribute to inelastic scattering because

A7 it's even-even operator. It only exists in elastic scattering
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Is GT (Gamow Teller) the shortcut?



Strength and Multipole in BIGSTICK

BIGSTICK can calculate the strength of a given operator
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Time Short Long
RAM & CPU Light Heavy
Output Less detailed Comprehensive

The strength and energy | Density matrix -> strength

Multipole has energy, spin, isospin, and density matrix
Strength only has energy, strength



Experiment data o=
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Cross Section in Long Wavelength Limit
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DM-Nucleus Scattering: Elastic vs Inelastic (GT)
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Inelastic DM-Nucleus Scattering (GT)

Cross section has the same form for fermion and
scalar DM, only difference is the current

Fermion DM ~ 2 * scalar DM
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Experiments and Detectors
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o @ & Why Nal and CCM?
‘ They have large mass and low background
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We also include inelastic nu as bkg



Prompt Window

Signal =
Bkg = —p No bkg due to charge current
Remove v,

Ty ~ 107 s
TH0 ~ 10~ "ns

Timing cut (upper cut)
- COHERENT Nal: 1 mus
- CCM: 0.3 mus

Inel v bkg

LI T
T T T T T I T

N 1 E 3
; com —semsme] 1 || coHerent N — E Detector CCM
L — Prompt v, ] : - ]
 belaved — Delayed fgandy - Bkg (w/o t cuts) | 327
L, elayed Vi Ve ]
0.6— — 5 —
r 3 :
B ] = Bkg (w/ t cuts) 64.8
0.4f— — ]
02k __ E
P AR N I IS PR W 0" 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0 200 400 600 800 1000 1200 1400

Time (ns) time from POT onset (ns)

Nal

462

106



Energy cut: No

Sensitivities Plot Timing cut: Yes

Dashed is our calculation
No nu bkg

Detector bkg rescale to 10 total
Scalar DM search at 90% CL via nucleus scattering
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Energy cut: No

Sensitivities Plot Timing cut: Yes

Dashed is our calculation
Inel prompt nu bkg included

Scalar DM search at 90% CL via nucleus scattering

Fermionic DM search at 90% CL via nucleus scattering
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Conclusion

- We calculate the inelastic cross-section and event rates ratio for DM
nucleus scattering.

- Gamow-Teller transitions (long wavelength limit) dominate the cross section.

- With inelastic DM, we have better probe on the parameter space.

-  We can remove most of the neutrino background efficiently with prompt
timing cut.



Backup slides



Inel DM scattering cross section
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Raw Discrete Strength Lines
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Other Cuts

Energy cut
(lower cut)

Set 1

-  COHERENT Nal: 12MeV
- CCM: 16MeV

Set 2

- COHERENT Nal: 5MeV
-  CCM: 10MeV

Timing cut:
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- COHERENT Nal: 1 mus
- CCM: 0.3 mus
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Set 2
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Detector Background with Energy Cut
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Energy cut: set2
Timing cut: Yes

Sensitivities Plot

Scalar DM search at 90% CL via nucleus scattering

Fermionic DM search at 90% CL via nucleus scattering
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Energy cut: set2
Timing cut: Yes

Sensitivities Plot

No nu bkg
Detector bkg rescale to 10 total
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Energy cut: set1

Sensitivities Plot Timing cut: No

Scalar DM search at 90% CL via nucleus scattering
U

Fermionic DM search at 90% CL via nucleus scattering
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Energy cut: set1

Sensitivities Plot Timing cut: Yes

B L S . Scalar DM search at 90% CL via nucleus scattering
Fermionic DM search at 90% CL via nucleus scattering
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Energy cut: No
Timing cut: No

Sensitivities Plot

Scalar DM search at 90% CL via nucleus scattering

Fermionic DM search at 90% CL via nucleus scattering
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Inelastic neutrino-nucleus scattering

2 2

Similar to DM scattering, GT also dominates
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GT strength for neutrino scattering
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GT strength for neutrino scattering

30MeV nu energy
150 keV width Gaussian
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BIGSTICK ground state to ground state
comparing to Helm form factor

MPD = multipole decomposition

IF 1F
MPD (via bigstick 2 amme= MPD'¥]
Helm — MPD" (s
0.100f @ = 41N - Helm'*'|
0.100f iin
Helm ' Cs
0.010f
0.010f
3 0.001f Sl
7 S
0.001f
107}
: 107
107°F
1046 ” o = N 2 bl 10 50, " " il " - i
0 200 400 600 800 1000 0 50 100 150 200

Er [keV] Er [keV]



Delta chi squared test

_ Z s E[X% sl —v v = number of bins
— o e 5

confidence_limit = 0.9
deltaChi2_1limit = chi2.ppf(confidence_limit, len(bkg)) - len(bkg)
def deltaChi2(sig):

return np.sum((sig)**2 / bkg)

Parameter space search

for idx, mass in enumerate(mass_array):
for eps in epsilon_array:
signals = dm_signal_gen(mass, eps)
chi2 = deltaChi2(signals)

if chi2 > deltaChi2_limit:
lower_array[idx] = eps
break



T teSt ; Background energy distribution
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BIGSTICK energy level and spin
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BIGSTICK nuclear magnetic moments

in keV
Nucleus|level n  J™ g Expt.| E, Expt.
| 1 5/2%[3.851 2.813| 0 0
2 7/2%]3.007 2.54 | 3744 57.61
3 3/2%]0.9155 0.97 | 285.9 202.86
e Es 1. ‘gf2F| 8007 2582 @ 0
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3  5/2"]2.5849 2.0 | 235.36 160.6101
“OAr 1 0 0 N/A| O© 0
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