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Direct Detection

Goodman and Witten - Phys.Rev. D31 (1985) 3059;
Drukier, Freese and Spergel - Phys.Rev. D33 (1986) 3495-3508

- DM velocity in solar neighbourhood

v/c~ O(107%) Non-relativistic!

1’| < min|m,v, myv] < O(100 MeV)

Marc Schumann, arXiv:1903.03026
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In the limit of vanishing DM velocity,
DM-nucleon interactions dominated by
- Spin Independent (SI)

- Spin Dependent (SD)

Rahul Mehra (BCTP) nEDM constrains DD EFT prospects PASCOS 2019



Direct Detection

Goodman and Witten - Phys.Rev. D31 (1985) 3059;
Drukier, Freese and Spergel - Phys.Rev. D33 (1986) 3495-3508

- DM velocity in solar neighbourhood

v/c~ O(107%) Non-relativistic!

1’| < min|m,v, myv] < O(100 MeV)

Marc Schumann, arXiv:1903.03026

[S—
|

o

e

CRESST-II

DAMA/I
<D
DAMA/Na
Q)M.S‘/- ‘ /

Tta
D, € \ - COSINE- 100

Uf-q. S,
Ve, 55 \7)(7'(7)14
\ 4 ‘S‘

[S—
|

w2

o

10740
1074
107+

1074

v-floor

[S— [S— [S—
| | |
+ + =
oc ~ (o)}

[S—
|

o

o

| | IIlIIII | | lllllll | | | N N [

2 3 5 10 20 30 50 100 200 500 1000
WIMP mass [GeV/c?]

SI Cross Section [cm?]
= 1Tﬂ| [||||"'| ||||m|| IIIIIﬂlI Illlﬂl||:|'l'l'l'|’.il|_l'ITfﬂTl|ullllml| |||||T"| IIIIHHI |||||m| I T

DM

\ /P'HONONS
'fgw/é
TARGET @ =Y tens &F ke
NUcLEUS 25

SCINTILLATION
LIGHT

In the limit of vanishing DM velocity,
DM-nucleon interactions dominated by
- Spin Independent (SI)

- Spin Dependent (SD)

irreducible background
due to coherent
neutrino-nucleus scattering

Cabrera, Krauss, Wilczek - Phys.Rev.Lett. 55 (1985) 25;
Monroe and Fisher - Phys.Rev. D76 (2007) 033007
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Direct Detection NREFT

Fan, Reece and Wang - JCAP 1011 (2010) 042;
Fitzpatrick et al. - JCAP 1302 (2013) 004;
Anand, Fitzpatrick and Haxton - Phys.Rev. C89 (2014) no.6, 065501

- Galilean symmetry dictates the basis of operators

Zq—; —)J__/U_F q 9 §N7 §X
20N
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Direct Detection NREFT

Fan, Reece and Wang - JCAP 1011 (2010) 042;
Fitzpatrick et al. - JCAP 1302 (2013) 004;
Anand, Fitzpatrick and Haxton - Phys.Rev. C89 (2014) no.6, 065501

- Galilean symmetry dictates the basis of operators
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- Sl and SD - zeroth order terms of an EFT with expansion parameter v or q
my
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Direct Detection NREFT
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- Galilean symmetry dictates the basis of operators

iq, Ut =74 . Sy, Sy
20N
g — O1=Ixly Og = Sx - v+

My my
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- Sland SD - zeroth order terms of an EFT with expansion parameter v or _4_
muy
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Hierarchy between operators

- Not all operators are relevant for scattering (if Wilson coefficients are equal)!
- Suppression of operators due to

- DM velocity vA ~O(107°)

—

- Momentum transfer q*/my ~ O(1072)
M, =100 GeV, Coeff. = 6.54x107"
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Hierarchy between operators

- Not all operators are relevant for scattering (if Wilson coefficients are equal)!
~ Suppression of operators due to

- DM velocity vp ~ O(107°)
- Momentum transfer q%/m3 ~O(107?)
M, =100 GeV, Coeff. = 6.54%10~"
g O10 = i— - Sy
E 1072 ) MmN
T _
2 — O1 —
© . =
= o4 O11 = Z—q - Sx
S — 010 mn
o — 011
g — o2 D12 :Sx°(SN XUJ‘)
D
&
(]

| 50 | | | 46 | | | Gb | | | 86 | ) | 100
Recoil Energy (Er/KeV)
o Global scans found P-odd, T-odd momentum or velocity suppressed operators are as strongly

constrained as zeroth order SD interactions by experiments!

Catena and Gondolo - JCAP 1409 (2014) no.09, 045;
Catena - JCAP 1407 (2014) 055
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In the scenario when the contributions of the leading order (9, to the DM-nucleon
scattering cross section vanish, what are the prospects of detecting
P-odd, T-odd operators at direct detection experiments?
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In the scenario when the contributions of the leading order (9, to the DM-nucleon
scattering cross section vanish, what are the prospects of detecting
P-odd, T-odd operators at direct detection experiments?

Need CP violating theory to generate P-odd, T-odd NREFT operators
[CPT Theorem]

nEDM — a powerful probe of flavour diagonal CP violating extensions of SM

d,| <2.9x107%°e.cm (90 % C.L.)

Particle Data Group (PDG) - Phys.Rev. D98 (2018) no.3, 030001;
Pendelbury et al. - Phys.Rev. D92 (2015) no.9, 092003
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In the scenario when the contributions of the leading order (9, to the DM-nucleon
scattering cross section vanish, what are the prospects of detecting
P-odd, T-odd operators at direct detection experiments?

Need CP violating theory to generate P-odd, T-odd NREFT operators
[CPT Theorem]

nEDM — a powerful probe of flavour diagonal CP violating extensions of SM

d,| <2.9x107%°e.cm (90 % C.L.)

Particle Data Group (PDG) - Phys.Rev. D98 (2018) no.3, 030001;
Pendelbury et al. - Phys.Rev. D92 (2015) no.9, 092003

. We investigate P-odd, T-odd NREFT operators using simplified models
respecting SU(3) X U(1) invariance, as per Dent et al. - Phys.Rev. D92 (2015) no.6, 063515
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NFREFT Recipe: Two steps of matching

. Write down the matrix element M. for DM-quark scattering

Il. Integrate out the heavy mediator from the relativistic theory to construct effective operators

Lasm — Eeff rel — = Coff (X+ 'y X™ ) (NFN N)

Ill. Match the scattering matrix element to the effective operator

V. Take the non-relativistic limit of the DM and nucleon bilinears
ff, rel ff, NR __ N\ (N
LONT — LN =cet (XTOxX7) (NOnN)
V. Match the NR effective Lagrangian to appropriate combinations of NREFT operators

eff NR
E — Y NO{]YNR where O; xr = O, - On
N=n,p
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Model |
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Model |

- Complex spin-0 WIMP S and heavy quark-like mediator Q; odd under a Z,
s-channel scattering

- CP broken explicitly : complex and flavour universal scalar and pseudo-scalar couplings

cMedel T — oo+ 0,570,8 —m2%S5TS — Ag(S785)?
+iQDQ — muQQ
- SQy1 + ¥27")a — STalyl — vir)Q
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Model |

- Complex spin-0 WIMP S and heavy quark-like mediator Q; odd under a Zs
s-channel scattering

- CP broken explicitly : complex and flavour universal scalar and pseudo-scalar couplings
cMedel T — oo+ 0,570,8 —m2%S5TS — Ag(S785)?
+iQDQ — maQQ
- SQy1 + y27°)q — Stalyl — 1) Q

- Integrating out the mediator Q gives the following effective operators

LMedel 1 5 45 (519) qg + o2 (STS)Gin®q + ¢ (iST9,8) g7 q + ¢ (519, S) av"7" g
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Model |

. Complex spin-0 WIMP S and heavy quark-like mediator Q; odd under a Z,
s-channel scattering

- CP broken explicitly : complex and flavour universal scalar and pseudo-scalar couplings
cMedel T — oo+ 0,570,8 —m2%S5TS — Ag(S785)?
+iQDQ — maQQ
- SQy1 + y27°)q — Stalyl — 1) Q

- Integrating out the mediator Q gives the following effective operators

LMedel 1 5 45 (519) qg + o2 (STS)Gin®q + ¢ (iST9,8) g7 q + ¢ (519, S) av"7" g

Fo - mo [yil? — yal”  mg il + ’yzf
StS g — + > f7q 01

ms mé—m% ms mg — mS

I T
StS Gindq L f(y“&) 2AN Oy

mQ mS

i
(STyS) qy*y°qg  — Rz(y1y2) QAN(’)

mQ mS
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Model |

> Complex spin-0 WIMP S and heavy quark-like mediator Q; odd under a Z,
s-channel scattering

- CP broken explicitly : complex and flavour universal scalar and pseudo-scalar couplings
cModetl — £on + 0,5870,8 — mESTS — Ag(ST1S)?
+iQDQ — maQQ
- SQ1 + 127°)q — STaly] — vir®)@Q

- Integrating out the mediator Q gives the following effective operators

LModel T 5 85 (616Y Gq + ¢ (S19)qin q + ¢ (iS1D,8) gy q + ¢ (iS'D, 8) 31"+’

Fo - mo [yil? — yal”  mg il + ’y2’
StS g — + > f7q 01

ms mé—m% ms mg — mS

I T
StS Gindq , e H;(ylyQ) 2AN Oy,

i(STEZS> g |y1|2 +|y2! NN O,

mQ mS

.'.
(STyS) qy*y°qg  — 752@12;) QAN O~
Q S
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- quark EDM: coefficient of a dim-5 P-odd, T-odd term = go,,vsq F** at vanishing
momentum transfer

1
dq‘Model I — (47’(’)2 6QQ meq Im(ylyg) F(mga m%a mQQ)

F(m?2, m? m2):f1dz (1—2)
¢S TR 22mZ 4 z(mg — mg —m2) +mg

Use lattice results and QCD sum rules

(

dp = gdy + ghdg + g5ds + 1.1e (0.5dy, + dg) (assume PQ mechanism)

g% = —0.233(28) g% =0.774(66) g5 = 0.009(8)

PNDME Collaboration - Phys.Rev. D92 (2015) no.9, 094511 ;
Bhattacharya et al. - Phys.Rev.Lett. 115 (2015) no.21, 212002;
Pospelov and Ritz - Phys.Rev. D63 (2001) 073015
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- quark EDM: coefficient of a dim-5 P-odd, T-odd term =t go,, 759 F* at vanishing

momentum transfer

1
dq‘Model I = (47’(’)2 6QQ mqQ Im(ylyg) F(mgv m%,mQQ)
1 2
F(mg,m%,mé) = [dz (1—2)

22mZ 4 z(mg — mg —m2) +mg

- Use lattice results and QCD sum rules

dp = gdy + ghdg + g5ds + 1.1e (0.5dy, + dg)

g% = —0.233(28) g% =0.774(66) g5 = 0.009(8)
PNDME Collaboration - Phys.Rev. D92 (2015) no.9, 094511 ;

Bhattacharya et al. - Phys.Rev.Lett. 115 (2015) no.21, 212002;

Pospelov and Ritz - Phys.Rev. D63 (2001) 073015

However, (J; dominates scattering*;

. meo !yﬂ — |3/2| L+ Mg |y1\/*/ﬂ
STS ;

(

2
mQ mS

(assume PQ mechanism)

*unless its Wilson coefficient squared is suppressed by a factor of 10~ % or less
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- quark EDM: coefficient of a dim-5 P-odd, T-odd term =t go,, 759 F* at vanishing
momentum transfer

1
dg|Model T = (ir)? eQqmq Im(y1yh) F(m2,m%, md)

F(m2,m%,m%) = [dz
q @ 22mZ 4 z(mg — mg —m2) +mg

- Use lattice results and QCD sum rules

dy, = gdy, + ghdg + g5ds + 1.1e (0.5d,y, + dg) (assume PQ mechanism)

gt = —0.233(28) g% = 0.774(66) g5 = 0.009(8)

PNDME Collaboration - Phys.Rev. D92 (2015) no.9, 094511 ;
Bhattacharya et al. - Phys.Rev.Lett. 115 (2015) no.21, 212002;
Pospelov and Ritz - Phys.Rev. D63 (2001) 073015

- However, O dominates scattering*; its contribution to scattering can be made to vanish if

B N
S5 g >(mczyl Iyzl mq|y1/>qu /1_N ms\

ms mg —mg m)gAQQ m? N mg
| = N e | 122 ¥
1+
i(515,5) arq il 4l v o, \" T me )
mQ mS
Y =>,(Nlg|N)
*unless its Wilson coefficient squared is suppressed by a factor of 10~ % or less NN =3 (N|gyhq|N)
o q
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dq|Model 1 =

Oyn (cm?)
—_
o
4

10733,
10-35
10—37§
10—39§
10—41§
1043
1045 |
1047 £
10—49§
10-51 |
10—53§

10—55 i
10

Oyn (€cm?)

Rahul Mehra (BCTP)

1 T 2

Model I: 09
Mediator mass mg =10 TeV

T T s

v floor

“ 102 101 10° 10! 102  10° 104

DM mass mg [GeV]

Model I: 019
Mediator mass mg =500 GeV

(@) eQq mq Im(y1yy) F(mg, ms, mg

T

|

_3““

102 10  10° 10! 102
DM mass mg [GeV]

Oyn (cm?)

Oyn (cm?)

. . . ] 3
Convert the constraint on 1m<y1y;) from nEDM into a cross section using op,, = ol (c)?

B mq Im(yiyd)
STS Givoqg — mQ " ;2 2AN Oy
S Q S

Model I: 019
o3, Mediatormassmg=1TeV
10735 ¢
037 F
10—39?
10—41?
10—43?
10‘45é
10‘475
10—49§
10-51 |
10‘53§ “EDM :

10—55E RN RN R N RN R K
1073 1072 101 100 101! 102 103

DM mass mg [GeV]

Model I: O10
Mediator mass mg =100 GeV
| | | XENONIT

10_43é v floor™

105t | N

10—53 : ! ! ! | ]
1073 1072 1071 100 10t 102

DM mass mg [GeV]
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Model Il

. Fermionic DM X and a complex spin-0 mediator & ; both odd under a Z-
s-channel scattering; flavour universal scalar and pseudo-scalar couplings
£Model IT _ ACSM i ZXlDX . mXXX
A
+(0,9")(0"®) — m2 T — 7‘1’@@)2

— (11T g + 1o®Txy5q + h.c.)
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Model Il

Fermionic DM X and a complex spin-0 mediator @ ; both odd under a Z,
s-channel scattering; flavour universal scalar and pseudo-scalar couplings
ﬁModel I _ £S]\4 i ZXlDX . mXXX
A
+(0,9")(0"®) — m2 T — 7‘1’(@@)2

— (11T g + 1o®Txy5q + h.c.)

generates 9 distinct NREFT operators (and 10 effective dim-6 operators)

integrating out the heavy complex scalar and using Fierz identities results in
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Model Il

Fermionic DM X and a complex spin-0 mediator ® ; both odd under a Z,
s-channel scattering; flavour universal scalar and pseudo-scalar couplings

£Model I [: sm + ZXlDX mXXX

A

+ (0, M) (0"®) — m7 TP — ; 2 (dTD)?

— (11T g + 1o®Txy5q + h.c.)

generates 9 distinct NREFT operators (and 10 effective dim-6 operators)

integrating out the heavy complex scalar and using Fierz identities results in
1 |z2| 11]? Re(I113)

XX 4 - 77X @ — NN (0s+0
XX 449 — imd_m2 71,01 XX Qv md —m2 e (Os + O9)
1 Im(L1] L Re(l,1}) .
X 7i7°q — (—)QAqN O XVX @774 — 5 A (=07 + 72 Oy)
. 1 Im(i 1)) my N w5~ 5 N |12|2+|11\2AN0
iV’ X q —  —= O XVY*Y7X @YY g - 4
X17°X qq 2m2{>—m§<mxqu 11 mZ —m2 "
2 2
_. _. 1 ’12|2 — |l1|2 my - o MUV, SO |l2‘ _ |l1| N
XX GG — o AN O Xo*'x axowxq e — oNO,
P X X
_ - 2Im({11})
o Ll + |Lf* h g5 , > 255 (O — 2201 — 401,

2
4mq> my
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Model Il

- Fermionic DM X and a complex spin-0 mediator ® ; both odd under a Z,
s-channel scattering; flavour universal scalar and pseudo-scalar couplings

LModel 1 _ [:SM i ZXlDX mXXX

A

+ (0, M) (0"®) — m7 TP — ; 2 (dTD)?

— (11®Txq + 12®TYv5q + h.c.)

~ generates 9 distinct NREFT operators (and 10 effective dim-6 operators)

© integrating out the heavy complex scalar and using Fierz identities results in
1 |z2| 11]? Re(I113)

vy — — YYHYO Y G — NN Os+ O
XX 449 imd—m 71,01 XX Qv md —m2 e (Os + O9)
1 (i1} o Re(l41) .
X 7iv°q — %Aq”’ Oho XVX @774 — 5 Ay (07 + 22 0y)
2m¢ ms mg — my
_. B _ 1 Im(lllg) mn N A AD N, = 5 |l2|2+|l1‘2ANO
XY X qq — _§mé—m2 " J1, 011 XYTYX AV — - mE —m2 4
X
2 2
I 1l]? = |1 my . - v Ao 2| = U™
XX GG AGN Og Xo*x qxouwxq  — e — oNO,
P X X
2Im (14 1})
- llzl + 1l oy oYY X \ 53 (01 — 22040 - 4015
Iz X0V X 4XO uv X4 ? 5 5 my & 10 12
XX g — 1w —m? Ny O1 m3 —m2 1

X
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1
dq|MOdel IT — (47‘_)2

G(m2,m3,m2) = [dz

qQ’ X

Rahul Mehra (BCTP)

eQa my Im(l115) G(m2,m%, m?)

NEDM constrains DD EFT prospects
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7,9

1
dq|Model I1 — (47_‘_>2 6Q<I> my Im(lll;) G<mgam(21>7 mi)

G(m2,m3,m2) = [dz 5

| :
q’ X 2,2 2 __ _ 2 2

q q

Like in Model I, almost all of the parameter space is dominated by (), unless its coefficient
squared is suppressed by a factor of 10~% or less
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79

1
dq|Model I1 — (47_‘_)2 6Q<I> my Im(lll;) G<mg7m%{>7 mi)

1 1 . \‘.
G(m2,m3,m2) = [dz (1= 2)

9
q X . Zng + z(mi —mZ — mg) +m3 /—X'—\\

- Like in Model I, almost all of the parameter space is dominated by (D, unless its coefficient
squared is suppressed by a factor of 10~% or less

- il = e s lo” + [l \ v

XX 49 — 7 > I1q O1 XX Qvy’e — —————5A, 04
4 mq, m>é mg — my

o 112\ + 1| e 1 Im(I115) my

XX Qg — >N, O Xi7°X 4q — ( )2 f1q O11
4 m3 — my 2mq> my My
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11

.9
1
dg|Model 11 = eQa My Im(hl;) G(m2,m3, m3)
(477)2 q X
o o
! z(1—2) : \‘.
G(m2,m2,m2) = [dz ‘
(mg, mag, m5) { z2mg—|—z(m§(—mé—mg)—l—mfb /—X’—\\
q q

- Like in Model I, almost all of the parameter space is dominated by (D, unless its coefficient
squared is suppressed by a factor of 10~% or less

1 W — |l1)?

o ) i LI+ |l
XX 44 — 7 >~ J1q O1 XV*YX Qe — | 2|2 | 12| AN Oy
4 mq, m>é mcb my
_ _ lo|” + |4 . B 1 Im(ly1
XVX avpa  — L ‘ | 2’ N Oy Xi7°X 4q — g 2)2 SN O
4 m3 — my 2mq> my My
1 N
¥ Ni2| v _—
L . . lN’ — T }l =3, (N|aq|N)
or when the (D contribution vanishes with } 1 NN 2 .
1 1+—sz NN =% (N|g#q|N)
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11

o
1 T 2,2 2
dy|Model 11 = ()2 eQa my Im(l1l5) G(mq,m@, mx)
o L@
1 _ .’/ \.
G(mg,mé,mi) = [dz 21— 2)

2,2 2 2 2 2
o 2*mg+z(m5 —mg —mg) +mg /—X'—\\

Like in Model I, almost all of the parameter space is dominated by (), unless its coefficient
squared is suppressed by a factor of 10~% or less
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or when the (O contribution vanishes with L LAY 2 v
N NN =3 (N|ar'q|N)

Scattering (on Xe) is now dominated by the Sl operator O;; and not by the traditional SD O, !
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- Convert the constraint on Im(l;l}) from nEDM into a cross section using co,, =

dg|Model 11 =
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- in the unlikely scenario, if in some region of the parameter space for Model Il, either O or
(D1, dominates scattering
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Summary

nEDM constraints on P-odd, T-odd NREFT cross sections are many orders of magnitude
stronger than the neutrino floor for sub-GeV to TeV DM mass range;

current and future direct detection experiments are not sensitive to such interactions

global scans can be misleading; must take into account particle physics considerations

NREFT has phenomenological redundancies;
not all operators are relevant; deserves further scrutiny
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Cancellation Relation
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