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Motivation for loopy direct detection

@ The are no DM signals in direct/indirect detection or at the LHC.

@ One explanation is that direct detection occurs at one loop.
@ Next generation (liquid noble gas) DD detectors could probe it.
e A fermionic singlet DM ¢ (like a bino) is a simple example.
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Simplified models for a fermion singlet with DD at one loop

Dark sector | Field | SU3)c  SU(2)r  U(1)y Gam

Dark matter ‘ Y ‘ 1 1 0 Iéﬁm ‘
Dark scalar S 1 If Y*S Iagm
Dark fermion | F° 1 I$ VG S

e L reads (H = Higgs doublet)
Ly=i0dY — myd +iFPF — mpFF+ (D,S) DS
- (ylFT{swL + iy FL S g + H.c.) —V(S, H),
where
V(S,H) D Ags(HTH)(STS) = Apshv(S1S).

@ We assume that only ¢ is stable, with F' and .S being unstable.
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Particular models with SM fields

Q@ S — H: Mixing 9-Fy, so tree-level H/Z.
@ F —erporlLy. ¢ (or S) have L = 1: flavored DM [Agrawal, Kopp...]

o LFV, EDM/AMMs. Option: LF conserved ¢,-f, (or just T)

o LNV. G4, = Z5, L = 2 by Majorana ¢ and \5(STH)?: m,, ScM [Ma.
@ ' — vp. vr, and ¢ (or S), have L = 1. New mixings vr-vR:

— ~ 1
[’VR = —-L;Y,vp H — 5 PEMRVR + H.c..

e DD from H/Z penguins. DM-vg portal [Batell, Macias, Escudero...].

Specially interesting models of type 2, where F'is a SM lepton:

@ No problems with charged stable particles.
@ m, may also be generated.

@ Study of example with F' — L : the Generalized Scotogenic model.
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Effective operators for direct detection

@ Short-range:
0% = (P¥)(@9),  OF = (V") (@Vu9) ,

Oip = (V" 3¥)([@159),  Odp = (o™ ) ([Gouwa) -
o Ap = (") (0VF,) = O by EOM.

o Long-range, dipoles:
e — e — .
Omag = 8?(¢UMV¢)F;W7 Oedm = 8?(1/JUNVZ’Y5¢)FM,,,
with coefficients ji, (magnetic) and dy, (electric).
o Majorana 1: OF; (H), O (Z), anapole Axq = (0" Fp) (v 5¢).

Analytical expressions valid for general models provided in the paper:

@ All contributions have to be considered simultaneously.

@ Comparison to literature [Berlin, Chang, Agrawal, Kumar, Schmidt, Kopp, Ibarra...]
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Wilson coefficients with up quarks (nucleons) left (right)

mp () = 400 (650) GeV, yy = 1.1+, ya = 1.4 — i, Ags = 2.

. Electric Up quarks ; 1AV, p Nucleons
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e d, dominates if Yukawas have imaginary parts, 2 1074,
e Higgs (Z) ~ 10712 (> 1079).

o S (Higgs) > 1071, AV (Z) > 1077,

e V,p o V,n/10 due to cancellation of 7y and Z in V, p.
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from DD experiments

We use the public code by Cirelli et al [arXiv:1307.5955], which uses the total
# of events, rescaling exposures.

90% CL limit from XENONIT
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The Generalized Scotogenic Model (GScM)

@ Simple example of loopy DD with radiative v masses.
@ From the trees to the forest: a review of radiative neutrino mass
models, by Cai, JHG, Schmidt, Vicente, Volkas; arXiv:1706.08524.

e DM v is Dirac, F = Ly, S = ®,®’. Dark global U(1)p:
Field | SU(3)c SU(2QL U(1)y | U(1)pum

P 1 2 1/2 q
P’ 1 2 -1/2 q
v 1 1 0 | 4

@ Just one v needed. y4() are 3-component vectors. L reads:
Ly D ipdp —mydip — (y%%:‘?T LY + (y3)" ¢ ®TLg + H-C-) :
V S Anes [(HT &V(H'®) + H.c.} s sin26 o Aaar

@ Two neutral scalars n(()/), and two charged )% that do not mix.
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Majorana v masses due to loop of neutral scalars and DM

H====- Tk ke R H
O L ‘\g
¥ .

[, —p—— — L
(VR

® Yo Yp Agae My violate L by 2 units:

sin 20 m.
P (y

aB _
My 32 2

2 2
m m
S Yo +y$/y§) 52— log —> — (o <> 1)
My, — My, vy,

@ M, is rank 2, so one massless v and two massive

m; o (|Y<I>| lye| £ Im-yfp/!) :

Juan Herrero Garcia (U. Adelaide, CoEPP) DESY, Hamburg, 28/09/2017 9 /14



DM s-wave annihilations into leptons and LFV

U:—:——ﬁ/y 1 m2 m?p 2
: i/(I)(/)U ~ y(byq) 5 ycp/ycp/i
— b 647rmw L+ my m? 't + m¢

o n)E also generate ¢, — {3y at one loop o |yg* y%/mf}iﬁ.
@ Using the weakest LFV limit, 7 — pv:

B(t — u7y) 3-10726cm3/s My 2
102
<”°'1WHT u+> 7-107 ( 4.4-10-8 (Vo) (100 GeV>

Annihilations into leptons are not large enough:

DM overproduced — need another mechanism for the relic abundance.
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Coannihilations with scalars

- If (my — mgn)/meen <K 1, ®) /1 in equilibrium, coannihilations:

1) — = (I)(/)i/O/(I)(/)O (I)(')O W:F/Z
* /v >
PE /PO ammans ~— P éi/z/
- For smaller y4), annihilations of the scalar partners dominate:
o) H q)(f)ﬂF/cp(f) gM
“ &" ‘s
X, )
O' ‘s l’ V/Z
o) H o0F/o0) SM
Oeff = 7"12/; Oyop T TyTd Oypd + 71% lofi%) [Griest]

Juan Herrero Garcia (U. Adelaide, CoEPP) DESY, Hamburg, 28/09/2017



Masses for coannihilations

Using MicroOMEGAs. All points obey V stability, LFV, 30 of v masses
and mixings, Qpy and EWPT. Similar results for 10 and NO.
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LFV, 1y and lifetime of the charged scalars
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T+ can be large: displaced vertices, ionising tracks [see A. Plascencia’s talk].
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Conclusions

@ No DD signal: maybe DM is a fermion singlet, with DD at 1 loop?
@ For Dirac DM, magnetic and electric dipoles are currently bounded.

@ Several possible simplified models, but only a few are consistent with
no charged stable particles.

@ Most interesting ones have SM leptons in the loop, so there may be a
connection to neutrino masses, like the ScM or the GScM.

@ Due to LFV, relic abundance set by coannihilations with the scalars.

@ DD is very suppressed, but charged scalars at LHC can be long-lived.

THANKS!
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The potential

The most general scalar potential invariant under U(1)py is
V=—m4HH + A\g(H H)? + m23T® + \g(®70)% + m2, 010’
+ Ao (HTH)(®T®) + Ao (HTH)(P'TD) + Agg (DT D) (D' Td)
+ Ao (H®)(QTH) + Ao 2(H'')(D'TH) + Apar 2(2T0') (2 @)
+ )\@/((I)/T@I)Z + Agoa (HT(i)/)(HT(I)) + H.c.| ,

with H = (h*, (h+v)v2)T being the SM Higgs doublet after EWSB.
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The physical scalars

@ The SM Higgs boson h.
@ Two (complex) neutral scalars 79 and 7, combinations of ¢y and ¢j:

no = sinf ¢ + cos b ¢y, , ny = — cosf ¢y + sind ¢,

with tan 20 = 2¢/(b — a), where ¢ = — 1/2 Aggqe v* and

1 o 1
a :mé—f—in (Ao + )\Hcp’Q) , b:m&, +§v2 ()\Hq)/ + )\H(I)/,Q) ,

with masses

1
Mo () = 3 (a +b+ () V(e - 0?2+ 4c2) .

e Two charged scalars n* = ¢T and /T = ¢/*, for Agas < A\

2 .2 i 2 2 .2
My = My + 2)\Hq>,gv, My == my

1 2
,] ’ i+t 5)\1{@',21) :
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Flavor structure

Left) NO: pattern yg) R (/). Right) 10: pattern ygl) = —y,&l).
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Can the relic abundance be set by annihilations?

o Need to break the proportionality {o — {3y o (V0),y,.
) <,Uo->1/1-17j > <UO’>€ZZJ_, with small LFV [Boehm, Hambye, Farzan, Arhrib].

2.2 2 2
<va .—.> ~ 1 yi yj* % + %

P 128m2 (14 635) [P0F \m2o +m2 T m2, +md

2 2 2.2 2
. . m:.C m;. S
* Y=o Y0
—Yor Ypr <m2 + m2 + m2 +m2)
nO ’l/J 17/0 1/}

@ Need large hierarchy in masses:

O(1)MeV >~ my, < myo K myo, myx, myx ~ O(0.1 —10) TeV.

n
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Can the relic abundance be set by annihilations?

@ To suppress Z — nyn need cos(260) =~ 0. But then need y < /' to
suppress m,,, which makes LFV too large...

@ Also too large T parameter, which grows with the scalar splittings:
:{253?(7@274_, )+2C .F( n-i,-, 31/0)'1'_

+2c2 ]—"(771727,+ , m7270) +2 Si}“(m%ur , mf},o) } .

Up to now we did not find any allowed region:

MeV DM into v is not possible, or extremely fine-tuned.
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Dominant interactions: electric/magnetic dipole moments

@ For Dirac v, in the limit my < mp < mg, dipoles:

1—x%+21n:cp

Qr 2
(lyvl IyAI):cF Q-2

By ™ 4m
Qr 1—x%+21nxp
dy ~ ————Imly]
Y 2mg mlyy yal zr (1— %)
where
_ mp q Y+ (H)n
Tp = m—s an Yv (A) ==

@ All general expressions provided in the paper.
@ Similar results in literature [Chang, Agrawal, Schmidt, Kopp, Ibarra...]

DESY, Hamburg, 28/09/2017
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Stability of the dark sector

For global G, DM may decay via EFT ¢y HT(JPL) [Mambrini],
depending on m,, and UV completion. We assume DM is stable.

In principle two of the three new states can be stable: ¢, and S or F.

In the case of F being lighter (e.g. mg > mp + my):
© If F is neutral under the SM group, it also contributes to the DM.
@ If F is charged (and uncharged) under the SM (dark) group, they must
decay, mixing SM leptons [Dissauer] or via EFT.
© If Fis a SM lepton, these are stable (e, 1), into which S decays.
@ Also if F is a RH neutrino, it will mix with SM neutrinos and decay.

@ Similar discussion for S being lighter (can also be the SM Higgs).
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Can the U(1)py symmetry be gauged?

Z' options:
@ Massless: radiation and large self-interactions. Strong limits.

@ Mass from a Stueckelberg mechanism.

© Spontaneously broken by scalar o, which mixes with H: strong bounds

from DD and invisible decays. Remnant Zs.

Even if kinetic mixing induced €(Ayy) = 0, it is induced at one loop:

e 3 YYD ln(mq))’ ~ 1074,
47 me’

Strong limits on the kinetic mixing.
— We will focus on the global symmetry case.

19 / 14
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Boltzmann equations for coannihilations

dny,

il —3Hny — (0effv) (ni - ni’eq) with:

Ocff = 7"12/] Oy + TyTd Oy + 7"%, 0o ,

d
4 _ ety

3/2 _
o ) m(1> _ me md’
= , To y 9 =4+ g » g = g9 ( ) € T .
S gers” " o el my

r
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Interactions in the dark sector for a discrete symmetry

e For dark discrete Zs symmetry (¢» — —1)), ¢ can also have a
Majorana mass (also F' if it is an SU(2) singlet with Y = 0).

e We can identify ¢, — 9% and S — S = igyS*.

@ In this case, y1 = y2 = ¥:

Ly = ipdyp — %mwﬁw — %mFﬁF — (yfsw +H.c.).
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Comparison to the Scotogenic Model: the 75 case

o Instead of a U(1)pn, it has a Zy. We can identify ¢ <> ¢ and
@’ ++ ®. It works with one Majorana 1) and one scalar doublet ®:

Ly = iBPY — mpi*y — (DI Lo + He).
@ The scalar potential becomes
V=-—m4HH + A\g(H' H)? + m30'® + \p(DTD)2 +
+ Ao (HTH)(®T®) + Aprg o (H @) (OTH) + % [(HT@? + H.C.}
@ Many studies: [Ma, Restrepo, Ibarra, Molinaro, Schwetz, Toma...].

@ For scalar DM [Re(®)/ Im(®)], DD by the Z is inelastic [Hambye...].

@ For fermionic DM 4, strong constraints from LFV. Some options are
coannihilation [Schmidt, Toma...], freeze-in [Molinaro...]... DD at one loop.
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The Scotogenic Model: neutrino masses

@ The mass matrix is given by:

( Z Yok YBEk My

167 T 1.2 FSCM(m¢0R)m¢é7m¢k)7

where

2
m R m.r
— ) b0 _ (AR 1
FSCM(m(ﬁé%?qué?mwk) = <m¢§ — m?j}k IOg m?j,k (¢0 A ¢O)>

e In the limit m2,; — m2, = Age 302 < m3 = (m2, +m?,)/2, we get:
¢o ¢0 ’ ¢’0 d)O

Ao 302 Yok y@k mw mfb mg
(My) s = 16 22 Z g — ¢ - 5 bo—log ——| .
k

o It needs two 97 2 (and one @) in order to generate at least two v
masses, while the Generalized version needs only one ¢ (but two ®).
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Direct detection

Dominated by the photon long-range magnetic operator (dy, = 0):

mj mj
1+2—* In R
M+ M+

Hap

16 2

me<my my | |yg|?
mni

a/ 2 ’I?’L2 ’I7’L2
+’y¢;| 142 Loy [ L .
mn:l:/ mn:l:/ mn:{:/
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