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In the last years we have moved from
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Somehow resembles the OLHC tsunamiO for BSM physics:

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2018 Vs=7,8,13TeV
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phenomena is shown. Many of the limits are based on
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(From Albert De Roeck talk)



However, although a substantial annihilation rate in the early
universe is necessary to get the correct relic abundance

—
DM SM
DM SM

This does not necessarily mean that the DD cross section Is
large



There are mechanisms that suppress DD cross section



There are mechanisms that suppress DD cross section

DM, SM
- ) (see A. BelyaevOsalk)
DM.*” M

©  Spin-dependent DD cross section
©  Velocity-suppressed DD
= Annihilation through funnels

® Co-annihilation



WIMP-nucleon cross section [cm?]

So, perhaps the DD tsunami is not that scary

WIMP Mass [GeV/c?]
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Essentially, everything depends on the content of the blob

DM

DM SM



Obvious possibilities
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Both are in trouble with DD
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Both are in trouble with DD
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However, this scheme is probably oversimplified

%  Dark sector may contain extra stuff

%  There may be other mediators



E.g. for singlet-scalar
Higgs -portal
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E.g. for singlet-scalar
Higgs -portal
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Let us focus now on new mediators, In
particular on new gauge bosons ( Z«), arising
from extra U(1) factors in the symmetry group.

This case has been often considered, typically
In the context of Simplified DM models
(SDMM).

{* ., 2%
7\

DM mediator

SM sector +



However, SDMM are usually inconsistent, as
they do not fulfill:

O Gauge invariance (which e.g. requires an extra

scalar field, S)
Kahlhoefer et al. 2016

O Anomaly cancellation (which requires to extend

the dark fermionic sector)
Ellis et al. 2017

Fileviez et al.



Two of the strongest constraints on these models come from:

® DD limits

® Di-lepton production at LHC



Two of the strongest constraints on these models come from:

® DD limits (greatly alleviated if the
coupling of ZGo DM is axial)

® Di-lepton production at LHC

(greatly alleviated if ZO is
leptophobic)

See e.g. Ellisetal. 2017



Let us start by considering Leptophobia:

Y. =Y =0

e From the lepton Yukawas y{L;He; :  Y; =0

® From the quark Yukawas vy*Q;Hu; vy2Q,Hd; :
Yo, =Y., =Yg,

e SameY’ for the three generations: U(1) = U(1)p

Y, =Y. =Y, =1/3

Note: vectorial ZO couplings to quarks



New symmetry group SU(3)¢c x SU(2)w x U(1)y x U(1)’

Anomaly equations U(1)g

SU(3)% x U(1) anomaly — Tr[{7;,7;} Y] = 0
SU(3)% x U(1)y anomaly — Tr[{T;, T;}Y] =0
SU(2)%, x U(1) anomaly — Tr[{T;, T;}Y'| =0
SU(2)?, x U(1)y anomaly — Tr[{T;,T;}Y] =0
U(1)% x U(1) anomaly —s Tr[Y?Y’] =0

U(l)y x U(1)* anomaly — Tr[YY'?] =0
U(1)" anomaly —» Tr[Y"°] =0

U(1)} anomaly — Tr[Y3] =0

Gauge gravity — Tr[Y] = Tr[Y'] =0

(Previous analysesby
Ellis et al. and Fileviez et al.)



Initially, dark sector contains a singlet fermion ! ! (', 'Rr)
with vanishing YQ Y = DM

However
SU(2)2 I U(1)y: requires extra particles transforming
non-trivially under SU(2).
Simplest choice: extra doublet
w = (wLa ¢R)
U(]_)\Z( I U)y: requires extra particles transforming

non-trivially under U(1)y @

Simplest choice: extra singlet

L=, 'r)



Minimal dark sector: {xz.r, YL Rr, ML R}

In addition, one extra scalar, S , is required to break U(1)y¢
and give mass to the dark fermions



We have completely classified the anomaly-free

leptophobic solutions (i U(l)g extensions) with
minimal dark sector.

For any choice of Y, Y, thereis a continuum
of possible choices of the other Y@harges

See details at arXiv:1807.07921



Requiring, in addition, that the coupling of ZQo DM is

Axial, i.e. | |
Y!'L = 1 Y!'R

There are still infinite solutions. However, only in two
of them the YCQxharges are rational:

1 7
Yi,vp= +_-,£1 e
{ s } | 27 ) 27 ) ’
# | I I I I I$_ . 333 3 3 3
K.L’K.R’YI.L’Y'.R7Y#L7Y#R B !575’2’! 5757! é



Requiring, in addition, that the coupling of ZQo DM is

Axial, i.e. | |
Y!'L = 1 Y!'R

There are still infinite solutions. However, only in two
of them the YCQxharges are rational:

{1/'7)/:'}:,!15711 P i§7iS'I )
# ! ! ! ! ! - 333 33 3
Yoo Yo Yo Y Yy Y /=0 E’E’é’! 5757! 2

Minimal dark scalar-sector

DD effective operator is spin -
— dependent and velocity -
suppressed

Note: vectorial ZO couplings to
guarks & axial coupling to DM



==> Minimal_(leptophobic & axial) model

Fermionic content

SUR) Y YO
Voo
1 3 3 3
Yo (2 =5 —3) (1, -1, =2) xe (1, 0, o)
1 3 3 3
wR(z, _5’ §) nR(l’ _1’ 5) XR(I: 01 _5)

+ 1 complex scalar
S(1, 0, -3)

which takes a VEV, giving massto the new boson ZCOand
the dark fermions

The model was already written down
explicitly by Fileviezetal. 2014



Lagrangian

L= Lyin + Lier + Lscal



Lagrangian

Even if initially ! = 0 (at some scale !"), it is radiatively
generated:

o eq ! ! B /\ BO

Iog—| 0.02 gy log —

2" 2 costyy " \F/




' £0 has important phenomenological implications:

e Z and ZQmix with # 1 1sin#,

® This inducescorrections to Sand T parameters (EWPO)

® And di-lepton prodluction at LHC
(since itenablesZ" ! I )



Lier # ! Vi"QH#R! 24 W R! y3'RHHA | vy, R
1 $ "4 "RrS! $#r#HS! $ulor! |S! $!!LS! $r!r! RS
+ (h.c).



Lier # ! Y19 H#R! 24 W ! y3RH# | y,%RHE! |
Y 'q_"RS! $##HS! $xlor! |1ST F ! 1 LS! $r!R! RS
+(h.c).

#HeYdtg 'lead to the split of the two degrees of freedom
of ( , thus spoiling the axial coupling of DM

Fortunately #¢ ) #5 ) *'lS protected by a global U(1)
symmetry (~ Odarkeptonic numberQ)



Lier # ! Vi"QH#R! 24 W R! y3'RHHA | vy, R
1 $ "4 "rS! $#r# S! $xlor! | S
+ (h.c).



Lier # ! Vi"QH#R! 24 W R! y3'RHHA | vy, R
1 $ "4 "rS! $#r# S! $xlor! | S
+ (h.c).

The extra fermionic fields, +%, can have an interesting phenomenology
In colliders and a relevant role in the thermal production of DM (e.g.
through co-annihilation effects)

For the moment we are interested in the simplest scenario, so we will
assume their masses are large enough to integrate them out.



Lier # ! Vi"QH#R! 24 W R! y3'RHHA | vy, R
1 $ "4 "rS! $#r# S! $xlor! | S
+ (h.c).

The extra fermionic fields, +%, can have an interesting phenomenology
In colliders and a relevant role in the thermal production of DM (e.g.
through co-annihilation effects)

For the moment we are interested in the simplest scenario, so we will
assume their masses are large enough to integrate them out.

1
e La" = Lkin " # &r! LS+ —lR! LIH|?+ 444 (h.c)

1
with — = 22/
! me



1 .
— LOM = Lygn " # lr! LS+ R ! LIH|?+ 444 (h.c)
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== 3 annihilation channels: ZGportal, S-portal and H-portal



1 Y
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== 3 annihilation channels: ZOportal, S-portal and H-portal
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Finally

W 212w 1 2 atdn | 2 2112
Lscal ! mg|S|©" TsIS|I™" Ths|HI|?|S]

We will take - ,'0'* to avoid constraints from H-S mixing



Relic density

Annihilation through ZOand s:
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Relic density

Annihilation through ZGand s:
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Relic density

Annihilation through ZGand s:

£oM =Qkin — )\x)_(RXLﬂ—I—

e gae

A

~

mg >> mZ’,mx

3

]

g

1

X—)—-—*——i}

1
—>_CRXL|H|2 +---+ (h.c.)

Mg, Mz , M, Same order

Two regimes ms > mz/,m, and m, =2 TeV



Note that the DM annihilation rate (and thus
9- - )depends on three parameters:

kgs,mz:, m}
(plus Mg if the Sield is relevant)

Thus the model is more predictive than a SDMM
g = 308, Oom = 308

1
Notice that g5 ! Z—OQ%M . which is good for

the phen. consistency



For each value of {m,.,m, ,ms} thereis a (unique) value

of [gs that reproduces ! 283
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— | Obs
DM — : DM

m, = 2 TeV
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[OB s in the perturbative regime in most of the parameter space



Constraints

DD (spin-dependent & velocity -suppressed)
Cross section is very small

ID Is velocity-suppressed as well

Main constraints come from colliders and EWPO

e




Sand T parameters
Di-lepton production at the LHC
Di-jet production

Mono -jets
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log(A'/mz:) = 1og(100mz /mz) = 4.6
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Conclusions

WIMP models are still an attractive scenario for DM,
with much space and possibilities to explore

Simplified DM models may be too simple. Typically,
the dark sector can (must) be extended. There can be
additional mediators.



Conclusions

® ZOportal models are in good shape if the ZO is
leptophobic , with axial DM couplings (evading DD).

@® Anomaly-cancellation requires to extend the dark
sector, almost in a unique way (with minimal content).
The ZO couplings to quarks and DM become fixed.

@ Interesting prospects for detection at LHC



