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In the last years we have moved from

“WIMP miracle”

my ~ 100 GeV, gy ~ 0.6 > Q, ~ 0.1
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omehow resembles the “LHC tsunami” for BSM physics:

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

July 2018 Vs=7,8,13TeV
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T T T — T T T T —
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0 mono-et  Yes 361 | & 043 mF,,&)-m(x})=5GeV 1711.03301
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TERT RS — wwjzittivy dep 0 Yes 361 m(E})=100 GeV 1804.03602
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i, imtl), ¥ - ths Multiple 36.1 mi¥])=200 GeV, bino-like ATLAS-CONF-2018-003
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phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

(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. Belyaev’'s talk)
DMI/ SM

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

» (Co-annihilation



WIMP-nucleon cross section [cm?]

S0, perhaps the DD tsunami is not that scary
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Essentially, everything depends on the content of the blob

DM

DM SM



Obvious possibilities

DM\ SM

N RSM Higgs-portal

Df\[/ S;\[

/Z-portal




Both are in trouble with DD
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Both are in trouble with DD

Higgs-portal

Z-portal (vect.

coupling)
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However, this scheme is probably oversimplitied

* 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

With extended dark »
sector S — {S1, S2} v e

A12 =0.01
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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 Simplitied DM models
(SDMM):

SM sector + {x, Z'}

VRN

DM mediator



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

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

scalar field, S)
Kahlhoefer et al. 2016

O Anomaly cancellation (which requires to extend

the dark fermionic sector)
Ellisetal. 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 Z' to DM is axial)

® Di-lepton production at LHC

(greatly alleviated if Z s
leptophobic)

See e.qg. Ellisetal. 2017



Let us start by considering Leptophobia:

YL :Y/ O

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

® From the quark Yukawas ¢'Q;Hu; y{Q;Hd; :
Yo, =Y., =Yg,

® Same Y’ for the three generations: U(1) = U(1)p
Y, =Y. =Y} =1/3

Note: vectorial Z' couplings to quarks



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

Anomaly equations U(l)p

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 analyses by
Ellis et al. and Fileviez et al.)



Initially, dark sector contains a singlet fermion X = (X1, XR)

with vanishing Y’ . x = DM
However
SU(2)* x U(1)y requires extra particles transforming

non-trivially under SU(2).

Simplest choice: extra doublet

¢ = (wLa wR)

U(l)% X U(1)y requirgg extra particles transforming
non-trivially under U(1)y

Simplest choice: extra singlet

N = (nLa 77R)



Minimal dark sector:  {xz.r, ¥r,r, "L,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 (= U(1)g extensions) with
minimal dark sector.

For any choice of Yy, Y, thereis a continuum
of possible choices of the other Y’ charges

See details at arXiv:1807.07921



Requiring, in addition, that the coupling of Z"to DM is
Axial, i.e , /
YXL — _YXR

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

1 7
(Yy,Y,} = {i§,il}, {i—,i5},
3 _3
2’ 2

{Y@ZL’YILR’YW/L’ MR’ XL’ }_ {_



Requiring, in addition, that the coupling of Z"to DM is

Axial, i.e / /
YXL — _YXR

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

{ii,i }
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2
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Minimal dark scalar-sector

DD effective operator is spin-
= dependent and velocity-
suppressea

Note: vectorial Z' couplings to
guarks & axial coupling to DM



=—=> Minimal_(leptophobic & axial) model

Fermionic content

SU@2 Y Y
oo

1 3 3 3

¥r (2, -5 —5) (1, -1, =2) xe (1, 0, o)

1 3 3 3

vr(2 =5 3) e (1, -1, 3) xn (1, 0, =5)

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

which takes a VEV , giving mass to the new boson Z” and
the dark fermions

The model was already written down
explicitly by Fileviez et al. 2014



Lagrangian

L = Lkin + ﬁfer + Lscal



Lagrangian
L = £kin -+ £fer + Lscal

1 -
Eking_i GF;; FY'LL

Even if initially € = 0 (at some scale A'), it is radiatively

generated:
q

A A B ) B’
€ = 9q log — ~ 0.02 g, log — ’\N\,/ \N\/\J
272 cos Oy [ [ \/
q




e # 0 has important phenomenological implications:

2
® ZandZ’ mix with 0" ~ esin by, ———
Mz — Mg

® This induces corrections to S and T parameters (EWPQO)

® And di-lepton production at LHC
(since it enables Z’ — £ )



Liew O —n¥rHnr — v Hxr — ystrHnL — yavrHx 1
— AL YRS — MTIRNLS — MXRXLS — ALXLXLS — ARXRXRS]
+ (h.c.).



Liee O —orHNR — y2br HXR — y3¢RH L —yaWrHxr

— MWL URS — NyfiRnLS — AXXRXLS§)\LXLXLS )\RXRXRST
+ (hec.). — S

@W

A1, Ag lead to the split of the two degrees of freedom
of y , thus spoiling the axial coupling of DM

Fortunately 4, = Az = 0 is protected by a global U(1)
symmetry (~ ‘dark leptonic number’)



Lier O —y1rHng — v Hxr — ysrHnL — yar H XL
— MpWLYRrS — MiiRnLS — M XRXLS
+ (h.c.).



Lier O —y1rHng — v Hxr — ysrHnL — yar H XL
— MpWLYRrS — MiiRnLS — M XRXLS
+ (h.c.).

The extra fermionic fields, 1y, n, can have an interesting phenomenology
in colliders and a relevant role in the thermal production of DM (e.qg.
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 O —y1rHng — v Hxr — ysrHnL — yar H XL
— MpWLYRrS — MiiRnLS — M XRXLS
+ (h.c.).

The extra fermionic fields, y,n, can have an interesting phenomenology
in colliders and a relevant role in the thermal production of DM (e.qg.
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
B EEHM = Lkin — M XRXLS + K)_(RXL|H|2 + -+ (h.c.)

1
with — = 2%
A zy



1
—) Lo = Liin — M\yXrXLS + K>—<R><L|H|2 + -+ (h.c.)

1
with — = 2%
A azy

== 3 annihilation channels: Z’-portal, s-portal and H-portal



—> LOM = Liin

with

> 3 annihilation

X SM X

— AYXRXLS ‘|‘E\XRXL|H|2 -+ (h.c.)
L Y2Y4
A m¢




> Ele)ﬂcM = Lyin — )\X)ZRXLS —I-E\XRXL|H|2 e (h.C.)
| e N
with — = 2%
A azy

> 3 annihilation channels: Z’-portal, s-portal and H-portal
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We will assume it is negligible



Finally

Locat O —mg| S = Ag[S|* = Ng|H?| S|

We will take Aygs ~ 0 to avoid constraints from H-s mixing



Relic density

Annihilationthrough Z’ and s :

| “ 1
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X q
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Relic density

Annihilationthrough Z’ and s :

| | .
LoM (ka — xXRXLﬂ‘l' K)-(RXLlH|2 +-+-+ (h.c.)

£ T e 2
i X Y § Mg > Mz, My
X q X—»—vvvvvvy
X 7' X —>—wWwwW\ 7' X —>—T->--
=== XY XY




Relic density

Annihilationthrough Z’ and s :

.

. | 1
M =L — ARRXLS| 3 XX HI + -+ ()

T T e Y N
3
§

> X Y § Mg 2> Mz, My

q >z_>_wvw»9 ?

PX 7' X ——— MWW 7 X —— - g

i ]

1 - XY XY ‘
: S { mg, mz , M, same order

i\z 7 X—>—L-»--3 X—»—-—>--ij

e 5 opani s provpe e L ab A ki A e S M

Two regimes: ms > mz/,my and mg = 2 TeV



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

{9, Mz, My}

(plus myg if the s-field is relevant)

Thus the model is more predictive than a SDMM

9g = 9B, DM = 9B

1
Notice that gg ~ Q—Og%M , which is good for

the phen. consistency



For each value of (Mg, my, mg} there is a (unique) value

of gp that reproduces Q25

ms > Mz, My ms = 2 TeV
10! i
100-1 ‘.
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e =34 Coy
1072 o ::-:« Oy
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mg > mz:, My
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gB isin 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




S and 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

M, [TeV]

me = 15 TeV
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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

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



Conclusions

® Z'-portal models are in good shape if the Z' 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 Z' couplings to quarks and DM become fixed.

® Interesting prospects for detection at LHC



