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Threshold & DM-Electron Scattering
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Overcoming Threshold A d ¥ Eey
Tsung-Dao Lee Institute

® Elastic Scattering
dm,mpy
(my +mn)?

X+ N/e — x+ NJe E, ~ T,

® Exothermic

Ep~Am (1 ~ DM 95)

X'e — Xe™ v,

He, Wang & Zheng [JCAP21, 2007.04963]
Aboubrahim, Althueser, Klasen, Nath & Weinheimer [2207.08621]

® Fermionic absorption

m2
X+e—v+e E, ~ —%* m, ~0O(10) keV
2M
Dror, Elor, McGehee & Yu [2011.01940] See also Dror, Elor & McGehee [1905.12635, 1908.10861]
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Absorption DM vs Neutrino A B AT
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1942 — Kan Chang Wang proposed using K-shell
electron capture for detecting neutrino

e AN lonization
NN signal

e” +4N -4 'N+v X+e—>v+te

Kan Chang Wang, A Suggestion on the Detection of the Neutrino, Phys. Rev., 61, 97 (1942)
Kan Chang Wang, Proposed Methods of Detecting the Neutrino , Phys. Rev., 71, 645-646 (1947)
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Absorption DM A @AY
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E, = ~ X
2(me + my)  2me

000 ——m———————————————— 40 1.6
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8000 | Vector |
i Pseudo-Scalar —.— —— 13() 1.2

Free — — —
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=)
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2 =283 PandaX-ll |

=
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5
110 0.4 = .
2[]“” '- Vectﬂr E il :
_ []2 "'"L _ 1[]03 TeV [t} + In:lata -“,“ Backgr\lcuund Total n 1
! m, = 105 keV e ]
{] "_— - (%J [J[% 1 L |'3L.| L L ',I 1 L | L 1 L - | L T [kl ‘.'fil L L 1 - [']
10 15 2 20) 40) 60 R0 100 [20) 140 .
A 2
T, [keV] m [keV] —~X
d(oyevy ) 1 m,—AFE
xe“x/ __ X nl 2
= (4l +2) 5— IM|*(a) K (T3, |al),
dT T, 16mmsm
nl e''vX
SFG, Xiao-Gang He, Xiao-Dong Ma, Jie Sheng [JHEP 05 (2022) 191] SFG, Pedro Pasquini, Jie Sheng [JHEP 05 (2022) 088]
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K-Factor A d Ay
Tsung -Dao Lee Institute

aﬁ d3q q2 - - a =\ |2
OV1—»2 = —5 —5(AE1—>2‘|‘2m _Q'U) X |FDM(Q)| \f1—>2(‘?)|

47

/J‘XE, X
X #
4... ., Iongion u | f am )‘2 9 j, 2
VA v o S ., signal Ee — Xe i - |M| = ‘Mfree ‘ X |f3_}f(q)|
AR\ 167m2m2

o Y b X L
W\ @ “ " Atomic Form Factor Jf1-2(q) = /dgfﬂ V3 (L)1 (L) e

DM Form Factor bm(q) = mE, + @ 22

mi, -+ ang N | 1§ mar >> oM
, My K Mg

Essig, Fernandez-Serra, Mardon, Soto, Volansky, Yu [JHEP 05 (2016) 046]
Assumption!: Particle & atomic parts can be factorized
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Cross Section with Bound States Al Ay
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Cross section = Probability x Area
o= /P(b)dzb

The mass dimension of o Is inherited from the area.

Quantum transition probability

= ‘out <¢X¢€‘¢X¢€>m ‘

dS —tb-py
|¢’x¢58>in — / :’X ¢X (pX) 6 | pr>in ‘¢x¢56>out ~7 |p’X§ f>

Unfortunately, initial & final states are not plane waves.
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Cross Section with Non-Plane Wave State FaiS il
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_ 2 / Py dgpx ipy-b
7= /d b/dQE(Q?r)32Epf /(271‘)3%6 x(Py) T(9)

M(q)(2m)o (AE — Ep, + Ep;i)

=
=
Il
N
=

lon dSY, '2(2m)0( By — E AE
Obound = 2|'vx‘E / / 2?_[_ 32E (pX!px)| ( ﬂ-) ( Py Px + )
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2" Quantized Bound & lonized Fields

= Z annmje_iEnﬁtwnmmj (:B)

nKm;

/¢nmmj ¢n’ ( ) 3:13 — 5nﬂ‘réﬁﬁfémjm’.

[¢nﬁmj($)] = 3/2

=0

[amm ;,-] — [@mej}

J

} = Onn/ Ok 6mj- Fi,

a : (I/T
{ nEmyo Tnlk'm’

(n'K'mf|nkm;) = OOt Ormam
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dT
wT K1 (:E) € ;

R

/Tvb;};{m;, (m)wTﬁﬁz’m} (ﬂf) 333 = 271'5&5»'5«,% m 6(T T’)

[memj (m)] = 1

T wm;| = —1/2

{aTmmﬂa}; i} = 20t O ! 0T, —T)

(T7e' M| T kmy) = 200 Oy 6 (T — T7)
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Final-State Phase Space A E AT
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lonized state does not contain the direction information!

dT
TPT h:’m.j _ET E ‘ GZ«QIF

KT 4 K11

How to justify such phase space?

Jacobian 0O (p) = lP|2 d(|p|)d(p)d(cosB)

09 p) *p = b(lpdip|= OT )T

O'ifgl — 2|UX‘EPX Z /

k'm'. i

/ 27) SQEPX anP;()F(QW)CS(Ep;( — Ep, + AL)
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Factorization SR Wl
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Full field for an atomic electron:

€($) = Z anmmj wnﬁmj (w)e_iEnRt

nKmMm; R 4

Bound state lonized state

dT o
d aTrij memj (iB)@ vt

Follow QFT language to obtain scattering matrix element

MpyoB) = 0PI a () Dana) [ ety )Tsi(gD

1 [(1 + 10 -V /2m¢) fom,(T)

Vams(®) % 5\ (1 i 7 J2my) fom ()

/dgreiq'r@f(r)FBwi(r) = 2; ﬂsf(me)FBus@/ e’ (r)gi(r)
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Factorization with Electron at Rest A d AT
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Factorization is possible, but only with electron at rest!

1 .
M = Mo(q) X /d?’re“q"f@*&l,m; (7) Prtim, (T)

2N,

Mo = (BT a1ty (Pr) D (2(me)T pu(me)

Comparing with the one in literature:

P LMo P sl B IMP =Moo DX sl

Factorizable only in the non-relativistic limit.
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Application to Absorption DM L L
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d(O‘XE‘UX> 1 m, — AE’RE
= 41 + 2 Kn -
dT, 2 (4+2) T, 16wm2m, ! |q\

Tl

'E' I
e |
S
- ——
E .
=4 T, =5keV ==== |
a ]
i: T 10 keV ==---
(T |dl) 20keV ____ ]
- 5p T, =5keV 7 1
: \q| Ku(Tr,|q|) 10 keV
meT; 20 keV
0 50 150 200 250 300

q| [keV]
SFG, Pedro Pasquini, Jie Sheng [JHEP 05 (2022) 088]
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Negative Cross Section At d AT
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Dark photon £ 5 g yy#x Al + g.eyteAl, + tm?, Al A
mediator

32m, [meT? — T,.(m2 + m2 + 2memy, + 2mc T ) + 2me(my + Ty )?]

|~/\/lfree|2 =

(t = miy)?

Potential problem for cosmic

ray boosted DM (CRDM)! v
= Negative Region : T\ — |Ep| > T~
(05 |
. —— o
Mfree X B =12eV (Xe 5p)
Bl |E)| =10keV (Xe 3p)
Bound election is no B (5| = 34keV (Xe Ls)
I R | Lo el oo sl Lo el v ow el T
Ionger on shell! 10° 10! 10° 10° 10* 10° 100

m,y (keV)
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Why we need relativistic effect? A AT
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1.6

= Negative Region : T\, — |Ey| > T~

— max
()

X

Hl |F;| =126V (Xe 5p) 0.4
BN £y =10keV (Xe 3p)
L

Events [ ke =" |

Vector

j 02F A =1003TeV : _
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Non-Factorization Except Scalar Type A g Ay
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Factorization is no longer possible!

M@P = TP, +m)lal + my) T4 Das(@)f

x Tr [/ d*re' s ()T pihi(r) /ds""e_iq'?@i(?’)rfmﬁf(r)]

For easier comparison, adopt scalar interaction form

doiPloy| 2| [T |q|d|q|
i, 16y, IpalEp, Y| D05 @Kl @A)
r dmin X
| - ’
KS ({]’.{J AE) 2‘.& Z /dS,re?,q w},?,ﬁ;fm; (""')’Yoibmmj(*’")

Atomic form factor
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Dirac Fermion Solution A E AT
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| (z) 1 [(1+i0-V/2m.)fom.(T) Good Ouantum Numb
Ll m)re—— _ ' a = Good Quantum Numbers
T V2 |(1—io -V /2m,) fom.(7)
Non-Relativistic a = (nlmy)
Relativistic a = (nkm,;) Spin-orbital coupling
l am; y »m;—1/2
[ aPuulr )\/ S '
TE R Large Component
.- Q) — 1 PH(TT)H(T)\/ T Y1
Yn(T, yem, (1, €2) = = , et B T2
—aan(ﬂ,)H(?‘)\/ RS :
Small Component
; U'+32+amj ,mj+1/2
\ ZQTI(T_;‘)E(T)\/ 2£!+1 Y )
. 1 1 ,
] = ’/ﬁ}’ — 5 | = 7+ §Slgn(/ﬁ;) a = —Slgn(li)
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Relativistic vs Non-Relativistic

.- (i) e E (1+i0-V/2m,)fom,(T)
Yam\ )= 8 | 0 = io - V/2m) foun, ()
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a = Good Quantum Numbers

Non-Relativistic a = (nlml) Relativistic a = (’n,lﬁ',m])
States 3s 3p 3d
[ =0 [ =1 [ =2
Non-Relativistic
Np - 2 Nﬁ — 6 N(:- = 10
k=—1 k=1 kK= —2 k=2 k=-—3
1 1 _3 _ 3 _5
Relativistic I =3 7= 1=73 )= 7=
[ =0 [=1 [=1 [ =2 [ =2
N, =2 N, = N, = N, =4 N. =06
. 1 1 ,
7= k| — 5 =+ §Slgn(/<;) a = —Sign(k)
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Why we need relativistic effect?

Xe atom

(Scalar Interaction, [ = 0)

0.2 Rel ]
Non-rel ===+ ——-r —-mo ——-.
e T/ A TR R

T, fkeV]

A AR
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[ Xe atom (Scalar Interaction, [ = ()

The relativistic effect can be as large as 50%!

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

Zof‘F -
i " _
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510 5 20 2% 30
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Relativistic vs Non-Relavistic WF

e 50
[ Xe atom, lonized Notivel wuwas i
04} (nt =1l =0 T=0100) Rel i
2.00 5.0 5.10 9.15

AL B AR
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Similar oscillatory shape, but different phase!

7| [a]

Strong dependence on the effective charge Zes
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Summary g Du‘é.L“lr"“""
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® Factorization is not guaranteed!

True only in the non-relativistic limit.

IMP = [Maee 2 X |fiss (@) q M = [Mo(me)|® % | fimsp(q)]

® Negative Rate! ® Relativistic effect

2e—-——r—————7—
| Xe atom (Scalar Interaction, | = 0) ]
1 .U s s s s s s s s s s sssssssssssssssssssssssssssssss==T
__________________

- 1

= Negative Region : T\, — |Ey| > T~ E/ 0.6 W ;|
101 i )

: U.l[lfix - 1

' : 0.4} ]

- Ml £ =126V (Xe 5p)

i [ 1 2 3 4 5

| W || = 10keV (Xe 3p) 02k Rel ° ° ° ° ° 1

. |Eb| = 3 keV (Xe 18) Non-1e] ==mmes —mme ———— ————
my(keV) T, [keV]
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i 3¢ Thank You
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Physics Letters A A B AT
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Aims & Scope

® Nonlinear science,
® Statistical physics,
PHYSICS LETTERS A
® Mathematical and computational physics,
® AMO and physics of complex systems,

® Plasma and fluid physics,

® Optical physics,

® General and cross-disciplinary physics,

® Biological physics and nanoscience,

Astrophysics, Particle physics and Cosmology}
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