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Evidence of the DM

- Galaxy rotation curves
» Gravitational lensing
« Bullet Cluster |
« CMB power spectrum
'« Structure formation |
N-body simulation
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Current constraints on DM-nucleon mteractlon
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Stringent constraint

But can be probed through electron recoil via DM-electron interaction
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Outline

e General DM-atom scattering formalism
e DM-electron interactions in the EFTs
e Constraints on non-relativistic and relativistic interactions

e SUMmMary
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DM-atom scattering

DM + ¢ m=]|1) —-> DM + (K, ¢,m)=|2)

dR1 n,

101

dInE, 1287rm2m2

d3
[dq qJ [VOW = V) | AT
S

Momentum transfer Velocity distribution  Key input ¢, cna et al.. 191208204 -
Summing over all final atomic states Free electron-DM amplitude
» 2 (o £ A d’k ok y ( "

N N/

A. Dedes |. Giomataris, K. Suxho, J.D. Vergados, 0907.0%Qund electron-DM amplItUde Atomic Wave'fu nctions

J. Kopp, V. Niro, T. Schwetz, J. Zupan, 0907.3159
R. Essig, J. Mardon, T. Volansky, 1108.5383,

5
R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, T. Volansky, 1206.2644
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The usual case — Dark photon model, Sl and SD interactions, etc

A. Dedes |. Giomataris, K. Suxho, J.D. Vergados, 0907.0758

Ma. vy = A J. Kopp, V. Niro, T. Schwetz, J. Zupan, 0907.3159
(q’ el) (q) R. Essig, J. Mardon, T. Volansky, 1108.5383,
R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, T. Volansky, 1206.2644
l  Fom(q) = M(q) Mg = am,) |

My = M(q = am,) Fpy(q) f1-2(q) ;: &k R
l P /152(0) = J (07 w3 (K + q)y (k)

nt 2 2
it 0, fz 2 fon@ 1 2 1fia@]
— X JquW(len)\ ir(l)n(Q)‘ ‘FDM(Q)‘ b ‘
dinE, 3u,

| 3."‘
— | 3 |

- Only one atomic response function (or K-factor) is used to describe the atom effect

» The velocity dependence can be integrated out
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How about the general case ?

To be as general as possible, we focus on the EFT approach

UV DM models

0

Relativistic EFT: SMEFT-like

Relativistic EFT: LEFT-like

9

NR EFT

Small transtfer momentum ¢

‘--------.

------------------------
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N R ope rato rs NR operators Power counting DM type
R scalar | fermion | vector
0 =1,1. | 1 v v v
| g v v v
1 — v v
» Small momentum transfer ¢ -1
q° . v v
L. 8, v / / v
- Rotational and Galilean invariance: Os = 5. 1. -
Oy = —8. - (2 x 5. q - v v
O =1, ;L -8, q v v v
~ . _|_ 011=Sz',%11c q - v v
{]]-ea Se} ® {]]-:z:aS:caS:v} ® {ZQ)vel | O12 = —8, - (v x 5.) L - v | v
O13 = (8. -v3) (24 - S.) v - v | v
- Works well for the DM-nucleus scattering | 0= (S-S - | v | 7
Or5 = S - & ;L - (vh x 5.)] - v v
Oy = % -gz . ‘U;Ll 1. qu — - v
» Relativistic correction could be important === d Y
19 = 5. "Cz " 5y, Te q - —
for the DM-electron scattering O =~ .- (2 x 5.) 7 BN R
Oy =v5;-8,-8 v - — v
Oy = (nlf’- X vjl) .8, -S.+v5 S, - (;":L X S’,_.) qu — — v
023=—n—'°'%~§x-(v$x$c) qu — - v
Opq = ;L Sz-(;nq;xvl) - - v
e J.Fan, M. Reece, L.-T. Wang, 1008.1591 025=(—1 Sz~v(j) (_‘L S) - - p
+ R.Catena, K. Fridell, M. B. Kraus, 1907.02910 omm (2 & =) (4 5) —



http://keynotetemplate.com

Calculation of matrix element squared— method 1

Free electron case

Bound electron case

%I—Q — fl->2<‘l)%(q,

d’k

(27m)

fi-2(Q) = j (& + @ (K)

Catena et al., Phys. Rev. Res. 2,033195 (2020) (110+ citations)

M(q, V) = M(q,vy) + k- VMg, V) /

'
v

%mﬂ

1011

=1

=v—q/Qu.,) —kim,

Vé‘ =v-—q/(2u,,)

Vé)_) T f1—>2(q) ) Vk'%(qa Vé_])

W (k', q)

1 usual \flon(q)l + 3 new atomic response functlons

9
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Catena et al., Phys. Rev. Res. 2,033195 (2020)

» A crucial minus sign is missed from p-space to x-space

d’k

k vV
PR+ Qi) > fa(Q) = Jd%w;(r)em ()
(27)3 m, m,

fl —>2(q) — J'

1
el

order of magnitude difference for the rate

Will affect all operators containing v_; and lead to almost an

- The DM response functions Rs also contain atomic information and the power
counting is not obvious

10
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Calculation of matrix element squared— our method

Free electron case / arXiv: 2405. 04855
M(Q,V5) = M(q,0) + V- Vi M(q, Vy)
Bound electron case l £(Q) = f,_(q)
%1%2 :fS(q)'ﬂS T fV(q) ) MV fV(q) = V(J)_fl—>2(q) o f1—>2(q)
914 (. d q |
\/%1—@‘2 =ao\fs‘2+a1‘fv‘2 . — by Hias— (X)) + 23 |ayfefy - —| §

'

AV SR I
M| = o Y YN Ny =W+ a W+ a, W,
m=—¢ '=0 m'==¢"

Due to the property of atomic wave functions

11
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The merit of our approach

- Correctly incorporate the minus sign — 107%F . _ 000V i = 10keV Xe Bp — [v2 P, °
1073 ¢
« Only three atomic response functions 5
10_5;//
WO — Wl "/
W — ‘VJ_‘2W . -/'1 -VO W W
1 0 17/ Q2 2 3 L0-7
— (q-vé)2 meqové m?’ el | I | | ]
Wy = ——Wir 2——— W+ =W, 750 50 100 500
q ~ a [keV]

The minus sign leads to a strong cancellation among W, and W5 ,

12
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DM response functions

DM response functions

ap = |c1]® + zlewol*ze

Usual Sl and SD intereactions

a; = ﬁ|C7|2 + %|63|2$e

az = —1|cs|?x.

apg = |Cl|2 + %|C4|2 + (%|Cg|2 + %|610|2 + %|611|2 + %%[6462]) Te + %|06|2$2

a1 = % C7|2 + %|68|2 + %|612|2 + (i|03|2 + %|C5|2 + %|613|2 + %|614|2 — %%[61261‘5]) Ze

as = — (zles|® + zles|* — gRlerzcts] — gRlerseia]) ze — ggle1s)?a?

Type
o R - 2 |
%inOn — Cl()WO + Cll Wl + Cl2W2 2
:
» dyand ay , involve different >
NR operators g
g

» Clear power counting for g

>
a
Do not contain any atomic g
properties >

ap = |c1]® + %|C4|2 + (%|Cg|2 + %|C10|2 + §|611|2 + %|C18|2 + %3?[0462]) Te

+ (%|Ce;|2 + §|619|2 + %|C20|2) x?

ay = i|c7|2 + §|68|2 + %|C12|2 + 35—6 co1]? + (i|03|2 + %|C5|2 + % c13|? + %|014|2 + %|617|2

+3lc2l” + Flcasl® — 3Rlerzels] + 75 R[earchs] — fgRleancie] + 75 R[eazcss]) e

+ (glews|” + gleaal® + gzlees|® + 1gleze|?) 22

az = — (glesl* + 3les|* — gglear|® + ggleaal® + 7 lcas|® — 3R[era¢ts] — 3R[ersciy] )
—s=R[ea1chs] — FR[ca1chg] + 1 R[caacss]) ze X = —q

¢ 2

— (gless? + Gleaal? — 5 leas|® — gRleasche]) 22 e

13
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Example: contributions from different response functions for -
(97 — ]lm'UJ‘ Se

el

Catena et al., 1912.08204

' Ty ' Y UL | Y Y Y v v oy . ""j
10?[ wee= TOtal — res. 1 contact interaction |

m,=10 MeV, ¢$=10"°

Contributions from W,
and W, dominate

102 101 1 10* 107
electron energy E. [eV]

14
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10

dRion

i)

dIn

Revisited event rate from O,

~ The event rate is weaken by
~ about one order of magnitude

Constructive interference
@— turns into strong cancellation

between W, and W;, leaving
W, contribution dominant

-—-=All: Catena et al., 2020

1C

1 10
E, eV]

15
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XENONA1T SE constraints on EM form factors of DM

XENON Collaboration, 2112 f 12116 _

‘I‘H - XENON1T SE (This Work)
i 101
O :
EEZ :
~ I N\ —. U 1% —
;’g 100} ! CZ)(()(}/ }/5)()0 F,uy - 861)(6 n,nt, (@8 @9>
= : :
g i
2 101k
<
C Anapole

tel:101%20102%20103

XENONI1T SE (This Work)

10"‘;‘ The constraint on the anapole operator greatly
: affected by the new atomic response functions

107°F

i Magnetic Dipole

Magnetic Dipole g/A [GeV-1

lIllI 1 1 1 lllllI 1 1 1 L1 1 1.1
101 102 10°

m, [MeV/c?]

10

16
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102

g/A? [GeV 2]

102

Revisited constraints on the anapole operator
a,(xrrysy)o°F,, — 3a,.em,m, (@8 — @9)

10 ¢

10-14

| %XW“VE’)X(?VFMV

— XENON10

—— XENON1T-S2

— XENON1T-SE
—— PandaX-4T

""" Catena et al., 2020
""" Catena et al., 2020

----- XENON Collaboration -

]
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]
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102

] The constraints are weakened

| by a factor of 2 if the sign of W,
| is corrected.

PandaX-4T set the most

1 stringent constraint when

m, 2 20 MeV

17
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Constraints on non-relativistic interactions

18
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d Vg

d NpEg

Using S2-only data from xenon experiments, including XENON10, XENON1T, and PandaX-4T

particle

nté n.=1

time

S2

drift time
(depth)

n¥t

Z Z Rlon P(NPE‘ne)

cSZb [PE]

104

[—
-
w

102

I | I

Electronic Recoil (ER)

Nuclear Recoil (NR)

|
40 60 80
cS1 [PE]

100

XENON10 collaboration, 1104.3088
XENON collaboration, 1907.11485]
PandaX collaboration, 221210067

19
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12 independent constraints

TRES

i .-'-"' —-g EE o e o s B — o o oz o o > 2 - mes o N R e o il e 2o e e p — ) i‘
¢ Class | Chosen one | Scalar DM (cf) Fermion DM (cf) Vector DM (cY) RFs
i |
0. v — AV f _ 16 v v v W ?
: z, : Cy ¢} =cj] Clq = (1, 2 ) cy Cy = \/§cl Wy ,
"‘ i ’
£ 1. v s __ v f _ v v _ 3 3 9\ v 1 A
, %o Ie - C10 €10 = €10 €9,10,11 = (V2,1,1)cty C9,11,18 = (\/:’ \/; \/j) €10 iWo
" 2. .V — 8 v v . 3 v 1~ ?
| Te-C6 | ‘ cs=y/5¢% | Clap=(yiv2) | W |
‘ 0. v — AV f — v v — 3 3 9\ v 1147
. Te - C7 G =¢q 7812 = (L1, V2)c3 C8,12,21 = (\/; \/:, \/;) C7 il !
1. v — Y f v v o 3 v 1/3x7 pp
$ Te - €3 c3 = C3 ¢35 = (1,1)c} C5 = \/;03 (W1 — W)
i 1. ,v _ f _— 8 8\ v vV =Y Ly
' Ie - C13 C13.14 = (\/; 3) C13 Cl4 = C13 6W1 |
i 2., .V f __ 8 v v o __ LV 1T 7 7,
Le - C15 - €15 = 4\/ 3€15 C24 = C15 g(Wl — W)
: 1. v 1 W
1., v 1 o o
. T, : Cho = - v 51 (OW, — TW))
) 1. v B B [P
14 T - Ca3 v = (7W1 Wg)
: 2. Y - - v L(3W, +W,) §
Le - C25 72 1 2] ¥
|‘ 3
‘ 2 ‘ 1 P
y r, . 0‘2'6 - — v 1_8W1

~$ Velocity-independent

Velocity-dependent

20
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Constraints on the NR operators

.‘i . , . y \ ¥ N
C)l | l : ‘:)l':' ‘._ ."l Lr):' | ' '
107!
-~ \ "‘ - ) . ) - - . ‘ !
- 4! ‘\ . -~ - o . —'/" \ |' -
- '|‘. . < _‘ :_ _ = - - - "--"——‘ l 0-2 |'-‘ I"‘. . __/"
' - - - 3
ot - - " - - .
o - o~ >~
- _3 )
N — ) ) _ = l 0 ) o
M \ —— - 10- N
“..\-‘ -.\\~ -____ p

= XENONI10 ~—— XENONIT PandaX-4T
‘ |

ALAALLL A Ao A AL ALLL A AL L ALLL LALA) A A A A LILILILL A L AL JAALILL A A AL LILILLL A A A A ALILA A LA L
10~ 10" 10! 10-! 10Y 10! 10-2 10-1 109 10
1y [(}e'\'] my [(A;('\O] my [(:;r\.]

= XENONI10 — XENONIT PandaX-4T —— XENONI0 XENONIT PandaX-4T 10-%

SD—-LD: ¢ - c(a, m)/q

- The constriants follows consistently with the power counting of g and/or v

- The suppression from v is comparable with that from ¢
. glv — O0(1071)

21
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C17

100 2
107!
107280\ \ e .-
10-3 :
10-4 3
1073 ==
== LD XENON10 —— XENONIT —— PandaX—4T
10_6 Ll 1 | | 1 | 11111l 1 1 | lllla
102 101 100 10
mx [GeV]
R \ O r”, /’,, -3
\ \ 1’7 ( ) ”/ .~ ,,/ N
10° H -7 - el B
<\ ,,Ek" _____ ,«"”,f”’ :
10_1 X~ - \\\ _‘,v” ,,” E
102 I
1073
10-4
1o-sfl == |
-=- LD XENONI10 —— XENONIT —— PandaX-4T
1072 10~ 10° 10
mx [GeV]
10! :
100 »
1071 T, -
1072 :
1073¢ E
10_4 é‘ =0 g :
| == LD XENONI0 — XENONIT — PandaX—4T§
IO_SEII[II Ll 1 | - | | I S - 1 1 | -
102 101 10° 10
mx [GeV]

1

1

1

C3

€25

—_
)
o

UE ALY

S S —
o o O
L %1

[ [
S <
n BN

T I T T I T TTTT

—SD

-—_—‘

-
-

/”
R

L~

-- LD |~ XENON10 — XENONIT —— PandaX—4T
102 10-1 100
my [GeV]

—SD

L~

10!

10!

== LD |~ XENONI10 —— XENONIT —— PandaX-4T
1072 101 10°
mx [GeV]
\\ “>
[\
—sp | 1
E == LD |— XENONI10 — XENONIT —— PandaX-4T
e T TTT 1 | I S (N W | 1 L1 1 11111 1 R I I .
102 101 100
mx [GeV]

C13

€23

€26

-
————’

-
—— -

1072\
103}
104]
10-50

| = LD fXENONIO e XENONIT -~ PandaX-4T

'16-2 101 10° 10!

mx [GeV]

100 A NG j{f”"’,if”"::i"’,’
R PandaX-4T sets the
102 L\ T most stringent
1073} =
o constraints when

r—XENONlO—XENONlT—PandaX—4T; mX > 20 MeV

10-! 100 10!
my [GeV]
101" :
100}
10-1
1072
0}

104 —sp | 1
By | == LD |— XENON10 — XENONIT — PandaX-4T
T

mx [GeV]
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Constraints on the relativistic operators
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Dim Relativistic operators NR reduction
Scalar case

dim-5 Oed’ — @ Ca) 2me O
OF, = (Tinst)(4'9) “2m,Or,

dim-6 Oeqs = (£y"4) ¢TZ§’¢ dmemyO1
Oe¢ = (byHys50)( ¢Tz§’¢ (x) —8memyO7
L3 =1(0u — iQueA,)$l (x) —4Qu T4 O,
ﬁ‘éf — b¢(¢’f7;29_#)¢)6”FW (%) 4bgemmy0,

Fermion case

O = (L) (xx) 4m.,my Oy
OF.2 = (L0)(XivsX) 4m?20q,
05;1 = (Liys€) (xx) —4mem, O
OF o = (Liys€) (XivsX) 4m2 O,

time | C0a = (") (rux) (%) dmemy O,

O} 5 = (Iv"£) (XVuY5X)

Ot = Oy vs8) (X vux) (X)

Of o = (by"v58) (XVu5X)

8mem, (Og — Oy)

"~ lomamOs

Ofa = (Lo ) (Xouvx) (X)

32memy Oy

Oexz = (&7 Vﬁ)(XWW%X) (x)

LY = Xiv* (9 — iQxeAu)x (X)
L2 = py (X" X) Fyw (X)
L™ = d, (Xio" v5x) Fuy (X)
LY = by (X7 x)0” Fu (X)
L3P = ax (7 15x)0” Fuw

8me(me(’)1o — mx(’)u —4m 012)

4b, e mem, Oy

8a,emem, (Os — Oy)

Scalar and fermion DM cases

o1 (Cm-p o)
u(p)_\/m (2m +p-0)&°

+ O(p?)

sTa

e o1, 1068

Interference effect

24
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Vector DM case

Dim Relativistic operators NR reduction Vector case B
Vector case A Ofy1 = (LO)X ], X1 4m,m% O,
Ofx = (L) (X} X*) —2m,. 0, OSyo = (EOX], XM 4mZmx O
i OF = (Liyst) (X[ XH) 2m,.Oqg Oy, = (biys) X ], XM —4m.m4% O
Oix1 = %(&’“Ve)(XTXu X1 Xy), (%) —4m.O4 O£X2 = (gz%g)xf X dmZmx Og
Oixs = l(éa“”'yo(f)(XlX,, — X X,), (X) —m, (O11 +4012) + 4%} (5010 — O1s) Oy, = 2(30’“’8)(X1 XP — X 2 X0, (X) 4mem3 Oy
Ofyr = [E"y(“u )E](X""X" + XViXH) m20, O, = 2(£a 'yoe)(XT Xp — leXZ) (x) smemy [3mx (011 + 4012) — 4m. (2010 + 3015)]
Ofxs = (by,£)8, (XM XY + XVT1XH) —4m? (017 + Og) + 3m(iq - v5) O Oxﬂ = z(X};pXﬁ - leXf‘)F’“’ (x) 26[ smx(me + mx)O; + 2m5% 0,4
Opxs = (Z7,,€)(Xp§,,)X Jerre —4memx (Os — Oy) +qL2 (2m2m% (05 — Og) — 2m2mx (mx — 2me)019)]
Ojixs = (E7“£)(X725)X”) (%) —4m.mx O Ox.2 = (X} X — X} XP)Frv (x) —4em?m3% 55O,
Olys = (Brul)id, (X*1 XY — XVTXH), (x) m? (05 — O — =019 ) +2¢°04 + 2 2= q20, EE— ——
dim.6 Ofxe = (£v,0)i0, (X[ X,)e" P, (x) —2m20,
Oy, = LEyuysi Doy )(XHT XY + XVTXH) —2m? (2205 — 40 + 407)
Ofxz = (Lyuys6) 9 (X1 XY + XVTXH) m? (3010 — O1s)
Otxs = (0r58) (X} 0, X5)em"*° 8m.mx O
Oy = (4"750) (X}iDu X") 8memxO7
Obys = (L, v50)i0, (X HT XY — XVIXH), (%) 4m2Q0y
Ofxs = (1:150)id, (X} X5)e 77, (x) m? (014 — 22 Oy)
L, =% (X1X, — X} X,)Fr (x) ~2ery |2 (10, - 2 019) ~ 04— 25 (05 — Op)|
Lz, =% (XX, — X]X,)FP (x) 2ek Am? 5z On
Ox~1 = e¥P? (x;b_.fxa) O F —4ememx (Og — Og)
Ox~2 = €"P7i8, (X} Xo) O Fux (X) —2em?201:
dim-6 Oxy3 = (Xlz'g‘)X - ) BAF,,)‘ —4em.mx O,

Ox~a = 0,(XH XY + XVIXH)OAF,y
Ox.y5 = 10, (X*T XY — XVTXH)OF,y (X)

dem, [3(ig - v3)O1 — m. (017 + Oy)]

e |2m? (05 — O — 2= 014) +2¢°0, + 2 =420,

25
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A [GeV]

A [GeV]

Constraints on the scalar DM case

1042
103
1o2é

101

100,

S
NG,
{— XENONI10Q0 — XENONIT — PandaX—4"lj\§
10-2 10-! 100 10!
my [GeV]

V— XENON10 — XENONIT —— PandaX—4T] |
| I

10-2

10-1 10° 10!

my [GeV]

A [GeV]

10-1L

{— XENONIOQ — XENONIT — PandaX—4ﬁ\§

10-2

10° 10!

millicharge -

[— XENONI10 — XENONIT — PandaX—4T}_
10-2 10-! 100 10!
my [GeV]

10->

102

10°

charge radius -

[— XENON10 — XENONIT — PandaX—4T]

10-! 10°

mg [GeV]

10-2

10!

LS =0y — iQueAL) ¢l (x)

T = by (¢1iD% $)0 F, (x)

26


http://keynotetemplate.com

Constraints on the fermion DM EM property

10—8 \ ’ J\
Q — inp _ \ millicharge 10-6| \ mdm
Lx = Xi7" (0, — iQyeA,)X (x) | |
mdm __ ey AV 10-* \ . _a
L3 = py (X" X) Fu (X) ) | ] 510
S X
L£edm = d, (xio*Yy5x) Fuv (X) * 108
x - O&x\X V5 X))+ pv 10-10 10
cr o "y v -
LY = by (X7 x)0" Fpuy (X) [ N — op ]
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Comporison with the NR data ,

PandaX Collaboration
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Summary

« We find a crucial minus sign was missed for W, in 1912.08204, which has
significant phenomenological consequences on some specific DM scenarios.

« A more compact amplitude squared is provided for the general DM-electron
interactions for three DM scenarios.

e A matching dictionary between the relativistic and NR operators is given.

e The constraints from the xenon target experiments were studied, and we find
the PandaX-4T set the most stringent constraints on the effective operators

when mpy 2 20 MeV.
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Thanks for your attention!
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