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Threshold & Sensitivities

o Dark Matter

A AR

Tsung-Dao Lee Institute
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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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Bosonic Absorption DM AL @ ARy
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® Dark Photoelectric Effect

.. alA’ e
Yy

Pospelov, Ritz & Voloshin [0807.3279]

An, Pospelov, Pradler & Ritz [1412.8378]

e Dark Compton ® Inverse Primakoff
Y
. alA’ v -
ﬂ“‘
Zt, e” s P
> ———
- ——

Hochberg, Krosigk, Kuflik & Yu [2109.08168]
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Fermionic Absorption DM vs Neutrino At d AT

Tsung-Dao Lee Institute

1942 — Kan Chang Wang proposed using K-shell
electron capture for detecting neutrino

lonization
signal

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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Effective Operators A @AY
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X v
%, & g Ny
4 B ‘.’ . Oevx — (66)(I}LXR)
. - S e Iorslii;:lon or = (eirse) (TLxR),
s o g0 v
JUH N\ Oery = (evue) (WL xer)
LT @, dil)! oS b A L m3 (2me + my )" 0%y = (€vuvs5e) (L' xL),
N\ 7/ xeex A% 64m(me + my )t Og;x = (eoe) (VLo xr),
‘. = .. = @ [} 4 2
Y e s JP Ve B 1 mx(zme + mX)
’ XCTX T AL 64 (me + my )t
oV 1 mi(?me + my )2 (2m2 + dmem,, + 3m§)
xe X A4 32’?T(me 1 mx)4 3
AL ] m2(2me + my ) (6m?2 + 8memy + 3m3)
Xerx T Al 327 (e + My )? ’
5T 0 1 mi(Zme + my )2 (6m2 + 10mem,, + 5m§) |
xe “X A4 87 (me + mx)4

SFG, Xiao-Gang He, Xiao-Dong Ma, Jie Sheng [JHEP 05 (2022) 191]
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Constraints from Astro & Cosmo Ak @AY
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SFG, Xiao-Gang He, Xiao-Dong Ma, Jie Sheng [JHEP 05 (2022) 191]
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PandaX-4T & Lepton Colliders A @AY T
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Collider searches probe the dark
sector, not jUSt DM SFG, Kai Ma, Xiao-Dong Ma, Jie Sheng [arXiv:2306.00657]
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Recoil Energy Peak Ak d ¥y
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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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Broadening of Momentum Transfer

A AR
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K-Factor A d Ay
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L JEE d3q q2 —- = 2, —\ 12
OV152 = —5 4—5 AFE1_ 52 + 5 = &) A |FDM(Q)| \f1—>2(‘?)|
/J‘XE, n my
X VY

i ) P .

'QS*.' "‘ 3 lonization [_L | free C]fme) ‘2 2 2 2
v ’; NN signal EE — AF |M| — ‘Mfree ‘ X |f’£—}f(q)|
RN\ 167mm2 m2

e "

"< <. Atomic Form Factor f1-2(7) = /dgmgbg(f)wl(f)eiq‘i“

DM Form Factor [bm(g) =

a1

m%, + a*m? (! mar > ame
q2 )

)
2,...2
m?q; I q2 e

ma < Mg

Particle & atomic parts can be factorized!

Essig, Fernandez-Serra, Mardon, Soto, Volansky, Yu [JHEP 05 (2016) 046]
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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.

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Fill the Gap @ MIAPDbP, Munich [Mar/19, 2026] 14



Cross Section with Non-Plane Wave State FaiS il
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o
=
I

M(q)(zwﬁé (AE - By, + Ep)]

lon dSY, '2(2m)0( By — E AE
Obound = va E / / 2?_[_ 32E (pX!px)| ( ﬂ-) ( Py Px + )
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Relative Velocity —~ DM Velocity L e
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X / ( d Dy fﬁ’x(ﬁx)M(pX’pX 271'{(5 pl, — E— + AE)]

dgpx / _
</ T POM (P B Cm)8(Ey, — Ey, + AB)|

(27r)3 _ (2
‘P |/ E5, vy

[(2m) P () — B~ dzﬁﬂ[(%ﬁ(i_@ -y +AEIdpll}_

ion X
Obound = 9 va E /dQ; / 2,}.[. 32pr |M(pX!pr)|2(2?T)§(Epfx o pr + AE)

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Fill the Gap @ MIAPDbP, Munich [Mar/19, 2026] 16



2" Quantized Bound & lonized Fields

= Z annmje_iEnﬁtwnmmj (:B)

nKm;

/¢nmmj ¢n’ ( ) 3:13 — 5nﬂ‘réﬁﬁfémjm’.
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[amm;,-] — [@Lmn-} =

T _
{anmmjj Otptant [ = 5?1?1" dht.ﬁ:’ 6mjm;-
j

(n'K'mf|nkm;) = OOt Ormam
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Final-State Phase Space A E AT
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lonized state does not contain the direction information!

dT
Z 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.

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] Fill the Gap @ MIAPDbP, Munich [Mar/19, 2026] 20



Application to Absorption DM %‘linﬁ’“‘ﬂl"'f

d(O‘XE‘UX> 1 m, — AE’RE
= 41 + 2 Kn -
dT, 2 (4+2) T, 16wm2m, ! |q\

Tl

'E' I
e |
S
S e ————
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 A B ET
Tsung-Dao Lee Institute

Dark photon mediator £ D g, xVv*xA|, + geev eA, + sm?%, Al A

32my [meT2 — T, (m2 + m2 + 2memy, + 2m.T) + 2me(my, + Ty )?]

|-/Vlf1ree’2 =
(t =mh)?
1
IM|2<0 T.F = o [(m6 +my)* + 2m. T, + \/(mg + mé + 2mem,, + 2m.1} )2 — 8miE?2
9 0
T, < (Me +my)? — 2/2mem,, Y

2(v2 — 1)m.

Potential problem for cosmic
ray boosted DM (CRDM)! 5

= Negative Region : T\, — |Ey| > T~

: e

M free X - W |E)| =126V (Xe 5p)

. I || = 10keV (Xe 3p)
—

Bound election is no |Bb] = 34keV (Xe 1s)

! T T T/ i BN TS TICRN T
longer on shell! bl
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Negative Cross Section

4 Do 2 2 2 2
‘ T — (me —m,)? 4+ \/(mE — my)* = 8mimy — dme(me + my)?| Ey| — Ami|E,|

For my << M

m? — 4(m, + |Ey|)m? Dominates

m, < m{:/-'il — |Eb|

AL B AR

Tsung-Dao Lee Institute

= Negative Region : T\ — |Ep| > T,”
10-* _
— ,UIIIIH.X
For m,(m.) > |E X
Bl |F| =126V (Xe 5p)
(me — m,)* — Smgmi Dominates | ™ [Ef =10keV (Xe 3p)
- Ml |Ey| = 34keV (Xe 1s)
my, > (1424 V3 + 2v2)m, ~ 5m. T S SR T TR
10° 10! 102 103 10* 10° 109
my(keV)
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Why we need relativistic effect? A AT

= | Negative Region : T\ — [Ey| > T}

— max
()

X

Hl || =126V (Xe 5p)
BN |E| = 10keV (Xe 3p)
Bl || = 34keV (Xe 1s)

Tsung-Dao Lee Institute

1.6

Events [ ke =" |

Vector

my (keV)

1) CRDM

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

L T T
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(0.2 A =1.003 TeV : _
N 0 % . 1.m1"}“ 1= 11015 ITE\{ TR R N T' [Iiev]l T . 0
107 106 20 40 60 80 100 120 140 5
Ay
m, [keV] -
2) Absorption DM
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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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Ak d 5T
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Relativistic vs Non-Relativistic

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

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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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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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

Tsung-Dao Lee Institute

[ 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 " _
N =] =mmme =m-——— =m=——— -
510 5 20 2% 30
T, |keV]
29
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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

A AR
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Similar oscillatory shape, but different phase!

7| [a]

Strong dependence on the effective charge Zes

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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Summary g Du‘éf‘lr’“'*"
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® Fermionic absorption DM
® Factorization is not guaranteed!
MP = M P fios(@ B 1M = IMo(mo)l* x| fioss(a)

® Negative Rate! ® Relativistic effect

1.2

1 -
0.8
&
< Negative Region : T\ — |Ey| > T~ = 0.6
1071_ ,Uma.x
: N 0.4
- HEl |F| = 126V (Xe 5p)
| N |E)| = 10keV (Xe 3p) 0.2
| B |E,| = 31keV (Xe 1s) '
0 100 10 100 10t 100 10 0.0°
m, (keV)
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et Thank You
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Differential Cross Section A @AY
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doinlv,| 1 &*p, :
N2((2m)d(E, — E, + AE
T, 4nE, Z / 2By, P PP (M0 Ey = By, + AE)
q = p,—D,
2nE,y |q|d|q
/6(AE—Ep;{+pr)d3q/ T;l || 4
X
wn‘,vx| 1 /|Q|max
= M(q)|*|q|d|q
dT, Ef;ﬁj 1672lp By, S IM(q)|*|qld|q|
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