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Detectors with Pure Atoms

The LZ Detector

7 tonne liquid xenon Instrumentation conduits

time-projection Existing
chamber \ water tank
Liquid Xe \\ ,‘ adolinium-loaded
heat i t liquid scintillator
exchanger ‘ 120 outer
},_ detector
PMTs
High voltage .
e : SRR feedthrough
—_— ” R 494 photomultiplier tubes (PMTs)
- Lakhwinder Singh (25 Jul 2017’ 17:15) Additional 131 xenon “skin” PMTs  Neutron beampipes
* Good energy resolution * Very large fiducial mass
* Lower analyzable recoil * Good NR/ER discrimination
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Why we study atomic structure ?

My o

The space uncertainty is

. . (" PROTON
inversely proportional to NUCLEUS
its incident momentum: NEUTRON
A~1/p

—— ELECTRON
LDM with velocity ~103

el 1z Momentum Atomic Size is inversely
1GeV m, + 500 eV 1 MeV proportional to its

100 MeV m, + 50 eV 100 keV orbital momentum:
Neutrino Sources Zmga ~ Z*3.7 keV

Reactorv ~ few MeV Same as energy Z: effective charge

Solarv (pp) ~ few hundred keV Same as energy
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Scatter off: Free Target v.s. Atom
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Phase space is fixed in 2-body scattering ~ Energy and momentum transfer can

- 4-momentum transfer is fixed be shared by nucleus and electrons
— scattering angle is fixed — Inelastic scattering
- Maximum energy transfer is limited (energy loss in atomic energy level)
— Phase space suppression
4 minc mtar g PP

by a factor I = >
(minc + mtar)



When atomic structures should be
considered (free target approx. fail)?

 |ncident momentum ~ 100 keV and below

— The wavelengths of incident particles are about
the same order with the size of the atom.

— For Innermost orbital, the related momentum
~Zm, o ~Z*3 keV (Z = effective nuclear charge)

* Energy transfer ~ 10 keV and below
— barely overcome the atomic thresholds

— For Innermost orbital, binding energy
~ 11 keV (Ge) and 34 keV (Xe)

* Phase-space suppression (Ex: WIMP-e scattering)
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Scattering Diagrams

Incident particle

Incident particle

p
i Detector .
J
o
Detector
Ground state Excited state
(vacuum) (particle-hole pair)

The atomic transition amplitudes can be calculated with the
orbital wave functions of the atom.
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Ab initio Theory for Atomic lonization

MCDF: multiconfiguration Dirac-Fock method

Dirac-Fock method: /(t) is a Slater determinant of one-electron orbitals U, (T, 1)
and invoke variational principle 5{@7(0‘ i%— H-V,(t) ‘w(t)) =0

to obtain eigenequations for ua(f,t) :

multiconfiguration: Approximate the many-body wave function ‘¥ (t)
(for open shell atom) by a superposition of configuration functions ¥/, (t)

(1) =;Ca(t) v.(t)  Ge:2e indp(j=1/2o0r3/2)

MCRRPA: multiconfiguration relativistic random phase approximation
RPA: Expand U,(T,1) into time-indep. orbitals in power of external potential
u (7, 1) =e“ | u (F)+w,, (Me ™ +w, (F)e" +.. |
C.(t)=C, +[C,].e™" +[C,] " +...



Benchmark: Ge & Xe Photoionization
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Above 100 eV error under 5%.

B. L. Henke, E. M. Gullikson, and J. C. Davis, Atomic Data and Nuclear Data Tables 54, 181-342 (1993).
J. Samson and W. Stolte, J. Electron Spectrosc. Relat. Phenom. 123, 265 (2002).
I. H. Suzuki and N. Saito, J. Electron Spectrosc. Relat. Phenom. 129, 71 (2003).
L. Zheng et al., J. Electron Spectrosc. Relat. Phenom. 152, 143 (2006).
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Interaction Channels of
Neutrino-Induced Ge lonization
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Applications |: Neutrino EM Properties

Reactor-7, Data strength Analysis ~ Bounds at 90% C.L. _‘
Flux Reactor on/off ~ Threshold KEH} s, (rz )
Data set (x108 em=2s71) (kg-days) (keV) (x107Mug)  (x10712)  (x107% em?)
TEXONO 187 kg Csl [9] 0.64 29882.0/7369.0 3000 <220 < 170 < 0.033
TEXONO 1 kg Ge [5.6] 0.64 570.7/127.8 12 <74 <838 < 1.40
GEMMA 1.5 kg Ge [7.8] 2.7 1133.4/280.4 28 <29 < 1.1 < 0.80
TEXONO point-contact Ge [4.17] 0.64 124.2/70.3 0.3 <26.0 <21 < 3.20
Projected point-contact Ge 2.7 500/200 0.1 < 1.7 < 0.06 < 0.74
Sensitivity at 1% of SM “e EE EE ~ 0.023 ~ 0.0004 ~0.0014
10° —
- _.é oo
ZT10% _3 ol AC®CR
2 L
3 T I }{}
T 10' Bt Z 20| 1had b i
TEXONO g = o= 3
) iﬂ 10° ° ! ! I-:neréy(ke\')2 ’ : * )
f{rk)f'-‘ Fim e nt ot g R Raw ('u(ku)"Zn o
S 107 G + 20 @) .
= FEE4t oz “Ga
o w7 g %
Reference: 2 10
Phys. Lett. B 731, 159, arXiv:1311.5294 (2014). AC®CR
Phys. Rev. D 90, 011301(R), arXiv:1405.7168 (2014). ~ 1po——t——town ol LWl
Phys. Rev. D 91, 013005, arXiv:1411.0574 (2015). Energy(keV)
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Applications II:

Solar v Background in LXe Detectors

—~ ' R i i WIMP 40 GeV/c? |||

5 0.010} o = NS <4xl()'” cm?

(b} ! ~

-2 - WIMP 100 GeV/¢’
X 0.005 / 6x10™" cm:e ;
[ | - 99.98%

;' pp + Be Ie%
- 0.001} (FE) ER rejection

: C

S 5% 1074 -

— L

X f

W

= pp+ Be

& -4 : e

A 1x107% This work "l

= al (RRPA) W o

% 5x1073 e

0.1 0.2 0.5 1.0 2.0 5.0
T (keV)

J. Aalbers et. al. (DARWIN collaboration), arXiv:1606.07001 (2016).

J.-W. Chen et. al., arXiv:1610.04177 (2016).
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Summary

* Benefits from low-threshold detectors, but atomic effects
should be taken into consideration, because

1. Energy and momentum transfers from neutrinos & LDM
are around the atomic scale,

2. Two-body free targets assumption is no longer an good
estimation for the dominant kinematic region.

* Ab initio many-body calculations of Ge & Xe atomic ionization
performed with ~5% estimated error. That can be applied for

1. Constraining neutrino EM properties,
2. Study on solar neutrino backgrounds in DM detection,
3. Calculating DM atomic ionization cross sections.

P.12



Related Publications:
1. J.-W. Chen, H.-C. Chi, C.-P. Liu, and C.-P. Wu, arXiv:1610.04177.

2. J.-W. Chen, H.-C. Chi, S.-T. Lin, C.-P. Liu, L. Singh, H. T. Wong, C.-L. Wu, and
C.-P. Wu, Phys. Rev. D 93, 093012 (2016).

3. J.-W. Chen, H.-C. Chi, C.-P. Liu, C.-L. Wu and C.-P. Wu, Phys. Rev. D 92,
096013 (2015).

4. J.-W. Chen, H.-C. Chi, K.-N. Huang, H.-B. Li, C.-P. Liu, L. Singh, H. T. Wong,
C.-L. Wu, and C.-P. Wu, Phys. Rev. D 91, 013005 (2015).

5. J.-W. Chen, H.-C. Chi, H.-B. Li, C.-P. Liu, L. Singh, H. T. Wong, C.-L. Wu, and
C.-P. Wu, Phys. Rev. D 90, 011301(R) (2014).

6. J.-W. Chen, H.-C. Chi, K.-N. Huang, C.-P. Liu, H.-T. Shiao, L. Singh, H. T.
Wong, C.-L. Wu, and C.-P. Wu, Phys. Lett. B 731, 159 (2014).

7. J.-W. Chen, C.-P. Liu, C.-F. Liu, and C.-L.Wu, Phys. Rev. D 88, 033006 (2013).

Thanks for your attention!

P. 13



Backup Slides



Neutrino: Atomic lonization

W, Bky dpr & p
- 2 4 k _k"f" - - F ‘- ; :
v (qz—mi;)z( w0kt pa =k = PR = P S S Gy

Leptonic tensor: 7" ZZ (ka. s2|5i [k1. s1) (R, sali |k, 1)

Atomic tensor: T ZZ SIVHDREITADY

?n:,‘f ?TLJ
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Leptonic Tensor Part

7w > > (Ko, sa| g k1. s1) (Ko, salg)|k1, s1)”

o _(w) (7) w: The neutrino weak current
(ka|gp k1) = Ju "t Ju

7. The electromagnetic current

j,gw) = U(ky, $2)7,(1 —ys)v(ky, s1)

j;(f) = U(ka. 52)[F1(q%)y, — i(F2(q°) + iF£(q*)ys5)0,,q"
+ Fa(q*)(q*r, —4q,)rslv(ky, s1)
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The Form Factors &
Related Physical Quantities

neutrino millicharge :

Q]I/ — Fl (O)a
: charge form factor charge radius s;uared :
2\ 2
: anomalous magnetic q g>—0
neutrino magnetic moment :
: anapole (P-violating) k, = F>(0),
anapole moment :
. electric dipole a, = F4(0),
(P T—violating) electric dipole moment :
ld]p — FE(O),
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Atomic Tensor Part

=33 (1Al (L

??ij Iﬂj

|
Cy — —E -+ 23':[1’129w -+ 5[16

(FONhli) = ey T* = ca T |
1
CA =—§+5z,e

The atomic (axial-)vector current:

‘7’?5) = <@f|jT5)(_§)‘q’f>
_ / Pxe @ (W7, (X)7" (rs)re ()| 0))
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Scattering Amplitude

The weak scattering amplitude:

v Gr o
MM :7’%1;(; )(Cvj” —cpJ5)

The EM scattering amplitude:

4

a
M (7)) — : .]_H jﬁ
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Neutrino-Impact lonization Cross Sections

neutrino weak scattering :

do G2 7, T2
Dw _ ZF (g, —T)? [ cos? —{ | Ry
dT 2?1,2 ( ) / COS 9 ROU | —.]R(B—f- 30 + | —.12 R.3.5

0 q1?
+ ta,n | ﬂ R] 1422 + tan — tan - —|— |lR‘[2_|_2] }d'Qk2
27 242 2 2" P

neutrino magnetic moment scattering :

do, _ (aFy’ T (2E, - T)’¢’ ¢ +4E,(E, —T)
ur - = { ~ R R }dQ
dT <2me) ( E) / ¢* o0 2|41 122 5k,

neutrino millicharge scattering:

doc (E, =T\ [(Q2E,—T)—|q* ¢ +4E,(E,-T) 1
w (P ) [ g P i,
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Atomic Response Functions

pv) _ 1
S P |

Final continuous wave functions
could be obtained by MCRRPA
and expanded in the (J, L) basis

Y 5‘(‘1'}161/?7 — CAij“I,i>

/"

Do multlpole
expansion with J

of orbital wave functions

R

(w)

i

‘CVZI,CAZO

— R

(7)

U

Initial states could be
approximated by
bound electron orbital
wave functions given
by MCDF



The Transition Amplitude
qj{f}|v+|lp ZA a+|v+|ua> T (”a|y+|wa—>)

+ Z J1Cp + CLlC) ) (Wl v wp)

The single-electron perturbing field:

1 = E [\ é; € : basis a set of polarization vectors

) - . . 1 .
bty €% =) i\ 2m(2] +1) {%J(k"’)yﬁﬂ —EV X [JJ(R?‘)J)?JJ}

J=1

Er=0) €19% = ? i!\/4Am(2J + 1) V [ (kr) Yoo
- J>0 P
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Multipole Expansion & Operators
Cont(k) = [ alialhr)You Jo)
Eoyas(k) = % / BV (k)Y ar} - TG
En(h) = ¢ [ @2 (9 % jalker) V5] -
My (k) = / dBxlj(kr) Y] JG)

The EM perturbing field can be expressed as

dra [ — N A () &
o) = 7{2 VAT [ €0k =10 Lo (K]

+Z\/232J—|—1 JZ] E,_;(k m”ac)]}

J>1 A==1
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Approximation Schemes

Longitudinal Photon Approx. (LPA): V. =0
Equivalent Photon Approx. (EPA):  V, =0, ¢ =0

/LL @® Strong g>-dependence in the
1 (T.q) (- denominator : long-range interaction

o

4 [//1 3
Ge VZ/}/ @ Real photon limit g> ~0:

relativistic beam or soft photons g*~0

Yy

NS
(M, 0) (E', p)
d(}' do‘
Free Electron Approx. (FEA): ¢?> = -2m, T  —= Z o(T — B;) o
q’==2m,
| v ﬁ @ Main contribution comes from
:i P ) SE— the phase space region similar
o & with 2-body scattering
v ""z,‘f’ 7 . @  Atomic effects can be negligible :
e — E—/ (Eo i q) EV >> Zmea
(m,, 0) T # B; (binding energy)



Toy Model: NMM with H target
(analytic result obtained)

iy =1keV wy=5keV
ll]'_ T T ] 3,[]. r r
P s Thiis Work | i ! 1: e This Wtk | ]
I : y i 25t 1
1sf - EPA i ! 1 e EP4
:i:.. I : 111‘.._1‘ ------- FEA ‘%‘ 1']'5 E |1. wmmme=: FEA
= L LY = C
Z 10t = 1sf
= = I
£ E 10
st Tt
% .\
- ‘\ .
i \\‘;"‘-\;_u.._‘_ ________________________________ ]
0 1 i B - oo L e e o e el el T T - " P—
10 20 0 100 200 500 1000 10 00 1000 2000
Ti(eV)
: Energy of the incoming neutrino w
Equivalent 9y g 1 Free
1keV 3keV 10MeV

A ————— A 111
Approx. Approx.
binding momentum of hydrogen: m.a

J.-W. Chen, C.-P. Liu, C.-F. Liu, and C.-L. Wu, Phys. Rev. D 88, 033006 (2013).
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Numerical Results: Weak Interaction

der/dT (Mb/keV)

102

10-= ¢

(a)

— MCRRPA

--—-FEA

0.2 0.5 L0 2.0 5.0 10.0
T(keV)

(1) short range interaction
(2) neutrino mass is tiny
(3) E,>Zm,

FEA works well away from
the ionization thresholds.

do/dT (Mb/keV)

10— 3

10~

(b)

10-2 ¢

10-3

103 ¢

---------
- -
ke

—— MCRRPA| ]

0.1 0.2 0.5 1.0 2.0 5.0 10.0
T(keV)

~0.38 keV

2
cutoff: T, = oE 4V-6m
v, e

r)r ~ W < qMax ~ ZEVe -T
(backward scattering, m, — 0)
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Numerical Results: NMM

P — MCRRPA
10=' ¢
2 po— FEA
= 1072
o E L i [ N LY
= 1077
2" E = 1MeV
= -4 e
N 10
= T ———

Similar with WI cases. FEA still faces a cutoff with lower E,,.

do/dT (Mb/keV)

1075 F

104 |

107 £

1078

1077 |

— MCRRPA| ]

====: FEA
mema EPA s
E\7 = 10 keV
e
01 02 05 10 20 50100

TikeV)

For right plot, EPA becomes better when T approaches to E, (g%-> 0).

Consistent with Hydrogen results.
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dor/dT (Mb/keV)

Numerical Results: Millicharge

T R —— MCRRPA 0 _ —— MCRRPA
10 107
; F o~ - FEA
: S 10T
101 3 -:t s Y
i = 102t
102 §
: = 1073}
50 D z
]“- E =] 4 L
= 10~
: : E =10keV
—4L _t V
10 105t ¢
0.1 0.2 0.5 1.0 2.0 50 100 0.1 0.2 0.5 1.0 2.0 50 100
T(keV) T(keV)

EPA worked well due to g2 dependence in the denominator of
scattering formulas of F, form factor (a strong weight at small

scattering angles).



Applications IlI:
Sterile Neutrino Direct Detection

v, . almost massless,

v, : massive, <<k St me
non-relativistic 1555 relativistic
Wy~ M Wy~ Ky~ Q
Wy=wq— T
104~
— Full
— 100'
= 0| LPA
£ | ¢ <0ja*>0
=
; 0.01}
= -+ —
3 \_\J I/S—I—A—};r_/a_—|—A + e
% 104 ~
[ S s g2 > 0 at forward scattering when T > ®,/2
106 A
10°8 Vg T A — V, + A+ + e

01 02 05 1.0 20 | 5.
T (keV) g° < 0 for all possible scattering angle & T
(a) me = 7.1keV

J.-W. Chen et al., Phys. Rev. D 93, 093012, arXiv:1601.07257 (2016). P. 29




Rate (Count kg™ keV™' day™)
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Constraints by TEXONO data

20 12
200 - 107 =
] " L (m.u, )= (7.0 keV, 2.5x10M ) i
210 -
| = =t
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g “Ge + %720 (1) Fn E -
5] < 151
2 =z —
2 - :,L”
- - ;ﬁ i — 0
T(keV) = 1 -
€ s i I I S =.
EE N
0 z - = 15|
E’: 3 10 10
EERIREERI RN SRERE NRERE SRRRE NENRINEENE RRE A NET! | |
3 31 32 33 34 35 36 37 38 39 4 107 B EE—
o 10° 10 10°
T(keV) m, (eV)

dR Ps e do(mg.v) L, . . Maxwellian velocity distribution
ﬁ — d]_"l'f( )d v . o Q
4 0 - f(l') = JN"I(:]ﬁ /10)6 esc |l'|

AT

* Atm_=7.1keV, the upper limit of p,, < 2.5*10% p; at 90% C.L.
 The recent X-ray observations of a 7.1 keV sterile neutrino with decay

lifetime 1.74*1028 5’1 can be converted to p,, = 2.9%10%! py, much

tighter because its much larger collecting volume. P
. 30



Gy x do/dT (Mb/eV)

Applications IV: DM Scattering
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