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Effective theory for
dark matter—bound electron scattering
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* Revisiting general dark matter-bound electron interactions,
PRD 110 (2024) L091701 [arXiv:2405.04859]

« A systematic investigation on dark matter-electron scattering in effective field theories,
JHEP 07 (2024) 279 [arXiv:2406.10912]




ABC about dark matter

 Plenty of evidence for its existence
but is restricted to gravitational effects

» Constitutes = 25% of total energy budget in the universe,
= 5 x ordinary/baryonic matter
energy density = 0.4 GeV/cm?3

« Attracts ordinary matter gravitationally, but is nonluminous
— very weak interaction with ordinary matter

« Typical velocity = 1073 — nonrelativistic

* We know almost nothing else



ABC about dark matter

Dark Sector Candidates, Anomalies, and Search Techniques
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How to detect DM particles

» Detection means via scattering/production/annihilation depend on
both momentum transfer — kinematics,
and types of interaction — dynamics

direct detection: + — + . In terrestrial labs
indirect detection: + — , In cosmic rays
collider searches: + — +

* | focus on direct detection from now on:
A particle in halo around us collides on
a in lab a bulk/liquid/gas of matter
to trigger an observable phenomenon



Direct detection: + — +

particle must be energetic enough to make recoil visibly
both nonrelativistic
kinetic energy %mDMszM gain energy
the heavier, more energetic the heavier, more reluctant to recaoill

Only relatively heavy can kick a nucleus,

while electron recoils visibly against relatively light
Minimal energy required defines detection threshold,

which translates into detectable lower limit of mass.

Different types of recoil result in different signals to observe.
I’ll concentrate on electron recoil below.



Effective theory approach: Outline

« From now on, '/ -bound electron scattering

» Both and atomic electron are nonrelativistic (NR)
l.e., experiments at low energy, but interest in physical origin at high energy
How to relate the two?

« Bottom-up approach: from something certain to something less
Knowns: interactions based on established symmetries and power counting
Unknowns: interaction strengths parameterized without theoretical biases

» We distinguish clearly between what we know and what we don't.



Effective theory approach: Outline

* The -bound electron scattering: NR quantum mechanics for 2 bodies
Parameterize possible NR interactions at leading order
Compute event rate using NR interactions

« Above NR interactions are from reduction of relativistic interactions
— Low energy effective field theory (LEFT)

» Getting closer to new physics
— Standard model EFT (SMEFT)
Match LEFT with SMEFT, and further SMEFT with your favorite new phys model

« Employ data to constrain interactions/models at various energy scales



Step 1: DM-bound electron scattering

* Initial state: |p, 1) with atomic electron |1) = |n, [, m)
Final state: |p’, 2) with ionized atomic electron |2) = |k',l, m)

, DM mass m,,

 Transition amplitude: g=p—7p' reduced mass

© A3k | . N q k DM initial velocity
M, = — 5k M(q, v5)i (k =V - —-—— : A
=2 / (2:r)3l'u~(‘ Mg vayntk) - Ve =V 2Uhye relative velocity (initial-final
amplitude for free particles averaged, 1q)
depends only on g, v by rotational
and Galilean invariance
» Work at excellent precision to linear order in v}
"M(q Ué‘) - "'MS + ’Ui‘ 'MV . .13
| | fs(@) = | (d::;,; w3k + a)in () svia) = | (2x§3tﬁéﬁk+q)véf'f?1(k)

> M, = fslgMs +fvlq) - My
This expansion in v; makes our formalism
more advantageous than previous one in k expansion — see later. ?



Step 1: DM-bound electron scattering

% |m +mr; “(Sfv xfy)+ 2Im {a,ifsf{‘,‘%} (DMRF)
e Summing over initial m and flnal (k',l',m"): Xe = q%/m?

IMiZal? = aolfsl* + ai|fv]* +—

* DM-spin-averaged and —summed'
P 9 ao,1,234. DM response functions
l_ —-fv

M. .12 — TAMnE 12 = 2 A 2 147 1
M| Migal? = aoWo + a1 Wy + aa W) Wo 1 ,: generalized

- Differential ionization rate: atomic response functions (ARF)

dRr¢ n
ion dm TAAnf |12
d f,-'(f f dm VI ion |

dInE, ]”Serdmm

l'l'l n

» This formalism is universal, and does not depend on specific forms of interactions.
Single restriction: include NR interactions to linear order in small a.
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Step 1: DM-bound electron scattering

« Advantages over previous formalism
(1) 3 generalized ARFs instead of 4.

(2) Our DMRF ay 1 » 3 4 are indept. of atomic properties,
and our ARF Wo,1,z are indept. of DM at level better than 1% for m,, = 5 MeV.
Their DMRF depend significantly on atomic properties at level up to 40%.

(3) Clear physical significance:

W, ag <> velocity-indept. NR interactions including spin-indept./dept. ones
lez, a , <> velocity-dept. NR interactions, involving axial-vector currents
as , contain only interference of different NR interactions,

vanish for real effective couplings (Wilson coefficients)
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Step 1: DM-bound electron scattering

« Examples of DMRF a1 »:
scalar DM: a, = |¢4)? +§|c10|2xe, ay == cs|? + = |cs|?x, ay =—=|cs|x,.

fermion DM: qg = |c; |2 + 2 [cal? + (5 lcol? + ) e + ()22,

1, 2,1, 2 1 o (1. 12 5 _q _ 4V
ay =z1cs 1 +5lcel? +3leal + (Flesl? + ) xe + ()2, Xe =5, Vo=
1 4 157 41-8 g 1-12 413 e e e mg e qme
1 o
a, =0+ (_Z|C3|2 + ) Xe + (--)xZ. Vo =V —
2lye

. 1 1

vector DM: qp = ;|2 +51eal? + (5 lcol? + ) xe + ()%,
1 2 1 5 1

ay = 71es 1 +31cgl? + 5 leral? + = ez |2 + (Flesl? + ) e + (-2,
1

a, =0+ (— Z lc5|? + ) xp + (---)x2.

Catena et al, PR Res 2 (2020) 033195

* Relations between our ARF W/, ; , and previous ones W ;3 4
2
Ve — Ve Ve 1
er2+W3, Wz_xew1 zer2+er4
wrong sign of W, corrected e

Wo =Wy, W1 = |v§|2W1 -2



Step 2: NR interactions

« DM-bound electron scattering:
vpu~1073,v,~a~10"% — well suited for NR quantum mechanics
» Construct basis of complete and indept. interaction operators up to
0(q?), Ows) q~few 10 — 10%keV, vi ~1072
for DM of spin 0O, 2, and 1.

« Symmetries:
Rotational invariance, Galilean invariance
* Building blocks:
coordinate space: a v3
spin space: 1,, S,; 1,, S,, and S, for rank-2 traceless spin tensor for spin-1 DM
S = % (3;;,-95 + ,-93;3;;) _ 250 »



Step 2: NR

1nteractions

NR operators Refs. [39, 50] | Power counting DM type
scalar | fermion | vector
Oy =1,1, v 1 v v v
Os =1, (—q x vé) S, v g v v v
O,=85,-5. v 1 — v v
Os = S, (m—q X v;) 1, v qu - v v
05 = (8. L) (L - S.) v ¢ - v v
O;=1,v5-S. v v v v v
Os = 8, vk, v v - v v
Oy = —S, - (_q qc) v q - v v
Op=1, -8, v q v v v
O =S, - 41, v g . v v
O12 = —8; - (v5 x Se) v v — v v
Or3 = (S, vd) (& - 8.) v gv - v v
O14 = (S; - L) (v - Se) v qv - v v
O = Sp - L [L - (vF x S.)| % - v v

v known previously

X: unknown previously

--: NA
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new —

Step 2: NR interactions

DM type
NR operators Refs. [39, 50] | Power counting v
scalar | fermion | vector

O =4 .8, vi1 Liavy g _ o) - - v
17 = 1, Pz Vol le 3 m, Y1 17 qt

On= it 3,5, 100 O ; R
— 2 ‘

Orp=;L -8 L1, 11201 — O ¢ - — v

OQD = —% ¢§I c (mie X Se) _OJQU r’r'-) — — ‘/

0212‘!}3{-31-59 X ( - - v

Oggz(;—ixvé)-gz-88+v$-suz-(;—ixse) X qu — — v

023:_%'31'(1131 X Se) X qu — — v

0242%-533-(%)(1};]) X - - v

O = (L -8, -v§) (L -S.) X - - v

& 1
O = (mi S: - %) (v - Se) X B . v
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Step 3: NR interactions from EFT

* NR interactions in QM can be considered as the low-energy limit of relativistic EFT
» At energy scale < electroweak scale Agyy, this is called low-energy EFT, i.e., LEFT
(1) symmetries: SU(3). X U(1)y and Poincare
(2) dynamical DoFs: SM plus DM fields
(3) no requirements on other conservation laws or renormalizability,
relevance of effective interactions assessed by power counting in p/Agw

Again, EFT framework is universal, and new phys models are parameterized by
effective couplings (Wilson coefficients).

 LEFT has been widely applied, in particular, in low energy processes involving
light DM.

* Here | focus on DM-electron and DM-photon interactions directly related to DM
direct detection via electron recaoil.



Step 3: NR interactions from EFT

« Higher-dimension operators are more suppressed by power in p/Agw:

effective interaction = Wilson coefficient X effective operator
dim 4 = (4 —n)
(Agw)* ™"

— concentrate on first few high-dimension operators

x: not for
real scalar

+

Dim Relativistic operators NR reduction
Scalar case
dim-5 OEQ ()(¢'9) 2meOy
(FZ’)’!{,f}(QbT(ﬁ) —2meO1g
JinG qu;, (f )(be%@ﬁ 9) (X) 4fﬂem-¢01
quo (~H )((f)Tadﬂ(b)( X ) —8mem 07
ﬁQ = [(Op — qu,eA )o|* (x) —4Q e 2ﬂ’l‘mqaol
LS = by(¢HiDR §)0” Fly (x) 4bgememy Oy

contribute via
photon exchange




Step 3: NR interactions from EFT

Dim Relativistic operators NR reduction
Fermion case
Ofxl = (0)(xx) dmem, Oy
EXZ = (E ) (Xiv5X) 4?’?15011
E)(l = (liysl)(xx) —4mem, O1g
Ofxz (Liyst)(Xivsx) 4m2 O
ditn-6 Exl @ ) (XVux) (X) 4mem, Oy
Ofxz (v )(X’nmx) 8memy (O — Og)
x: not for ngl (LyFsE) (XYux) (%) —8me(myO7 + meOy)
Majorana OE;(Z = (E 55)(X'Y;£')’5X) —16memy Oy
Ofxl (EU'WE)(XUWX ) (X) 32mem,, Oy

cr: charge radius
anap: anapole

Ofyo = (Lo 0)(Xio,v5x) (X)
£Q = Xiv*(Op — iQyeAp)x (X)
ﬁﬁldm = py (X" X) Fuw (%)
L™ = dy (o vsx) B (X)
LY = by (X*X)0" Fyv ()
£ = ay (T115)0" Fo

8me(meOro — myO11 — 4m, O12)

; 2 M
_4Qx€ —qz—x O,

dpye (meOr1 + 4my Oy + 57 (05 — O5) )

16m=m
dye 7 O

4bye memy Oy

8ayemem, (Og — Og)
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Step 3: NR interactions from EFT

X. not for
real vector

Dim Relativistic operators NR reduction
Vector case A
Ofx = (EE)(XELX#) —2m.0O1
dim-5 Oix = (Ei?sf)(X;X#) 2meO1p
Oix1 = %(?U#Vf (XTX,, - X:iX#): (%) —4m.Oy
Olyy = L(@otvs0) (X)X — X} X,0), (x) —me (O11 +4012) + 42 (%om _ olg)
Olx1 =73 f’r(#%mf XHIXV 4 XVIXH) m20;
Oy = (E’}# N3, (XHTXV 4 XVTXH) —4m?2 (Oy7 + Og) + BmE(zq v )01
Oxs = ((yuf )(X;gxg)E“”Pg —4memy (Og — Og)
OEXAI = (E’T’HE)(X;%‘HIXVJ: (x) —4Amemx Oy
Ofxs = (Lyul)idy, (XHIXV — XVIXH), (x) 2m? (05 — Og — 2=049) +2¢°04 + 32 q°0,
dim-6 OEX& = (E’Y#f)iav (XgXJ)E#wJ= (x) —ZmeOM
Ort = LTy Doy (XHTXY + XVIXH) —9m? (g;—og — 4091 + %(’)7)
0L, = (Pyus0)0, (X#fX” + XVIXH) —8m? (1010 — O1s)
Ofxs = (E’hﬂa )(X d,,X Jetvee 8memx Oy
Ofxa = (57#'}5{)(XT30 X") 8memx O
Ofys = ((rurs)idy (XHXY — XUTXH), (%) 4m20q
O?Xﬁ = (E’hﬂa )id, (X;Xo)prg; (X) 4m (O 14 — mf Oz )

First systematic
NR reduction
or matching
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Step 3: NR interactions from EFT

X. not for
real vector

previously
missed —

Dim ‘ Relativistic operators

Vector case A

NR reduction

Loy = i%(X1X, — XX, P (x) —2ery [ 2o (10) — 250y ) — 04 — 2 (O5 — Og)|
Lry = T\(XTX XIX )FW(X) Zﬂf‘LAmeEfOll
Oxy1 = € (ng)X ) dAFM —4ememy (Og — Oy)
Oxyz = %710, (X;XJ) 6AFLM (%) —2em20qy
dim-6 Ox~y3 = (Xi@'th”) 8}‘}7'#)\ —4dememx O

Oxq2 = i( X}, X0 — X[, X0)FM (x)

Oxya = O (XM XY + XVIXH)PF,y deme |1(ig -v§)01 — me (O17 + Ox)
Oxys = i0,(XF XY — XVI XM F, (%) e |2m2 (05 — O — 22049 +2¢°04 + 32220,
Vector case B
@FSXl - (H)X;VXW 4mem§{01
@FSXZ (H)XQMXW 47?12-?71){ O11
dim.7 ?gXl = (fi’} 50) X[, X1 —4'?7?’-.9'?71%{@10
Ofxa = (liv E)XL;XW 4m2myx Og
Ofx1 = 5l 0) (X[, X0 — X[ X0, (x) 4mem3 Oy
Ofyy = %(fo“”'}n;[) (XT X? XTJEPX#) (x) %memx [Bmx (011 + 4012) — 4m (2010 + 30138)]
@Xﬂ =i(X} ng _ leXﬂ)FuV (x) 2e Bmx(me +my )0y + 2m% 504
dim-6 ) Lo .
+5z (2m2m3 (05 — Og) — 2mZmx (mx — 2me)O1g)

—4e-m.g_m§{ Eli(’)ll

First systematic
NR reduction
or matching
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Step 4: constraints on NR interactions

« | skip all details about numerical analysis, but show directly a few results.
* | assume one operator is activated a time.

« All results for scalar, fermion, or vector DM and for all operators can be obtained
from results for 12 operators for vector DM by equivalent or scaling relations.

* Here are 3 best constraints among 12:

C10

| Owle)) -

— XENON10 — XENONIT Pa.ndaX—dT%
10-1 100 10!
) mx [GeV]
q
C10 1x ) e
m

C7

—s0 3
3
1064 == 10 |— XENON10 — XENONIT Panda¥N-4Tg
I

10-2 10-1 100 10!
mx [GeV]



Step 5: constraints on LEFT interactions

* Again | assume one LEFT operator is activated a time. But it usually reduces to
several NR operators, whose interference should be included.

* | show as an example for 10 px TN
[N, —— XENON1T-S2
Ly P = a,xy*y*x0PF up, ay = % NN L — XENON1T-SE
. _ o 10F N — PandaX-4T
whichreduces in NRlimitto 5= 1 N T Catona o
INR — c8v:1 : lee - C9Sx . 7ln_q X Se, E‘ 1 | SN XENON Collaboratio
Cg = Cg =8ememX% =
- Our constraints are weaker 07
by a factor ~2 than previous | 20 R
_ I T e
theory and experiment results, 10 i [GoV] 1

because they were based on a formalism incurring a wrong sign in one ARF.
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Summary

® Established a formalism for DM-bound electron scattering, aiming at direct
detection of DM via electron recoil.

» universal for general NR and R interactions up to some orders

» advantages over previous formalism:
v’ 3 generalized ARFs instead of 4;

v ARFs depend only on atomic properties and DMRF only on DM properties,
without cross reference;

v clear physical significance:

W, and ag (W4, and a, ,) associated with velocity-indept (dept) NR
interactions.



Summary

® Provided a basis of complete and indept NR operators for spin-1 DM.

® Accomplished first systematic NR reduction/matching of LEFT operators
for spin-1 DM.

® Comprehensive constraints on all NR interactions up to g% and v, for DM
of spin 0, %2, and 1.

® Comprehensive constraints on all LEFT interactions up to dim-6 (-7) for
DM of spin 0, 2, and 1, with interference among reduced NR operators.

® Corrected a sign mistake in previous calculation of ARF W,, thus modified
constraints significantly.



