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Aim of the talk

Discuss the phenomenology of gauge extensions of the
SM that explain dark matter and neutrino masses
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Outline of the talk

1. Neutrino masses

2. U(1),, gauge extension of the SM
a. Dirac neutrinos and Dirac dark matter

3. U(1), gauge extension
a. Dirac neutrinos and Majorana dark matter

4. U(1), gauge extension
a. Leptophobic mediator and Majorana dark matter

5. Conclusions
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Neutri NO MASSes [Super-Kamiokande 1998l
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The observation of neutrino oscillations implies that neutrinos
have non-zero mass
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Neutrino masses

In order to measure the grols
neutrino mass directly we
need to observe to high
precision the electron’s =0
energy spectrum close to
the endpoint in beta decay

Klin

&
Fig. 1.
Fermi's sketch of the endpoint of
beta-decay for massless, small and

large neutrino mass

[Zeitschrift fur Physik, 1934]
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Neutrino masses

Direct kinematic method,
beta-decay endpoint

Tritium E=18.6 keV
(low endpoint energy!)

m,, <1.1eV (90% CL)
[KATRIN 2019]
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eutrino masses

e CMB + BAO data gives bound on the sum of neutrino
masses
e Model-dependent (assumes standard cosmology)

S m, < 0.23 eV (95% CL)
[PLANCK 2018]
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Neutrino masses

Mainz & Troitsk limits (95%CL)

mass ordering
— normal
— inverted
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Neutrino masses

NuFIT 4.1 (2019)

Normal Ordering (best fit) Inverted Ordering (Ax* = 9.3)
bfp 1o 30 range bfp 1o 30 range
sin” 05 0310759932 0.275 — 0.350 0:31072 017 0.275 — 0.350
012/° 382 31.61 — 36.27 3382t e 31.62 — 36.27
sin? 023 0.5827 0015 0.428 — 0.624 0:5827 8 i 0.433 — 0.623
023/° 497199 40.9 — 52.2 49,7182 41.2 — 52.1
; sin? 613 0.0224075:50092  0.02044 — 0.02437 | 0.0226310:0008%  0.02067 — 0.02461
= | 613/° gBiTe 2 8.22 — 8.98 BBE 8.27 — 9.03
e
2| dor/° 2172 135 — 366 2807 22 196 — 351
E Am%l +0.21 +0.21
m‘ 7.39_0'20 6.79 — 8.01 7.39_0‘20 6.79 — 8.01
2
mﬁ% +2.52570-033 192431 — +2.622 | —2.512700%3 2,606 — —2.413
e

The Standard Model needs to be extended to account for
Nnon-zero neutrino masses

m, # 0
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2. Unbroken U(1)

Dirac neutrinos and Dirac DM

[Fileviez Perez, Murgui, ADP 2019]



B - L as alocal symmetry f

f
e Inthe SM, local symmetries play a crucialrole. Its
general structure is derived from:

SU3). ® SU(2)L ® U(l)y — SU(3).® U(1)em
Following the SM we gauge the B-L symmetry

e New B-L gauge boson that can be searched for at
colliders

Many authors have studied U(1),_

Alexis Plascencia
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Dirac neutrinos

B-L conservation

Y2l ioco H vp + h.c.

m, < eV mmmp YL <10"

What about the Majorana mass term?

c1 T
5 MRI/RCVR

Alexis Plascencia
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Dirac neutrinos

B-L conservation

What about the Majorana mass term? g

e Promote B-L to a local symmetry
e New mediatorZ,,

Anomaly cancellation:

3I/R - U(l)B—L

This symmetry forbids the Majorana mass term

Alexis Plascencia
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Dirac Neutrinos | U(l)p_;

In order to give mass to the B-L gauge boson we can

1) Unbroken B-L: Stueckelberg mechanism Z,

2) Spontaneous symmetry breaking of B-L Z,

Ser ~ (1,1,0,q51) [’CIBL| > 2 ]

To forbid Majorana
mass term

Alexis Plascencia
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Dirac Neutrinos ‘ U(l)p_;

In order to give mass to the B-L gauge boson we can

@roken B-L: Stueckelberg mechan@

2) Spontaneous symmetry breaking of B-L Z,

Spr ~ (1,1,0,¢9pr1) qBr| > 2

Alexis Plascencia
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Stueckelberg scenario

(= —LFuF™ — L(mZf" + 0,0)(mZ4, + 0%0) |

The above Lagrangian is invariant under gauge transformations:
025, = 0FXN(z) and do=—Mgz, \(z)
Massive gauge boson and ¢ field decouples from the theory
L= _%F#VFMV — mTZELZgL - 2%((%21@1)2
— %8u0'8“0' — {%202
For Abelian theories renormalizable and unitary

Alexis Plascencia 17



B - L as a local symmetry

10—3 - . .
103 10*

M ZBI [Ge\/]
[ATLAS 20171  [Alioli, Farina, Pappadopulo, and Ruderman 2018]




Bounds from cosmology

e |nthe early Universe, weak interactions keep neutrinos in thermal
equilibrium with the plasma

1/—|—17%>e_—|—e+ I/—|—€i<—>l/—|—6i V+V<$&V+v

e As the rate of these interactions becomes smaller than the Hubble
expansion rate, neutrinos decouple and propagate freely in the
Universe
(OB

e After neutrinos decouple, electron-positron annihilation heats up
the photon plasma, and hence, the neutrino temperature is a bit
smaller than the one of photons

1/3
T, = (%) T,

Alexis Plascencia 19



N_. effective number of relativistic species

— 4
Nar =507 (%57) - N =300 (%)

T=2-3 MeV (t=0.1 s) weak interactions cannot keep neutrinos
In thermal equilibrium with electrons and positrons

Nesfl;/I — 3.045 [Salas Pastor 2016]
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N_. effective number of relativistic species

— 4
Nee = 3(2)"° (222) N =3(3) " (F)

T=2-3 MeV (t=0.1 s) weak interactions cannot keep neutrinos
In thermal equilibrium with electrons and positrons

NeSfl;/I — 3.045 [Salas Pastor 20161

Deviation from 3 comes from- non-instantaneous decoupling,
finite temperature corrections, etc..  poview: [Dolgov 20021

Neg = 2.997053 = ANeg < 0.285,

[Planck 2018]
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N_. effective number of relativistic species

"4 f
R
ZBI

v, f

These interactions bring VR Into thermal equilibrium in the

early universe and they contribute to Neﬂ,

4

T 4 g(Tdec) 3
ANg=Ng—NM=nN,(ZR) =N, [ 2~
eff f eff R (T ) R (Q(TSEC)

VL
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Lup(T) = nu,(T){(o(VrvR — ff)var)

: 35 37
. gI/R d—p d k:
= n’/R(T) / (Qﬂ)gftxg(p)/quR(k)O'f(s)vA,[
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Decoupling T for v, | Ul)p_1

(GeV]

VR
dec

L

0.0!

1.2
1.0
0.8}
0.6]
0.4]

0.2}

Mz /g [TeV]
[Fileviez Perez, Murgui, ADP 2019]


https://arxiv.org/abs/1905.06344

Neﬂ’

ANsg = Neg — NoM
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[Borsany et al 2016]

[Simons Observatory: Science Goal and Forecasts 2019]



N | U()

eff
0.40_ ................. -
—U1),, ] ANqg < 0.285
0.35 | [Planck 2018]
& ( \
= 0.30 Planck Mzg,
4 . > 10.33 TeV
ANeg < 0.285 ] | IBL )
N - _
0.258 =
- Stronger than the LEP &
LHC bound
B L
10 15 20 25
Mz /g" [TeV]

[Fileviez Perez, Murgui, ADP 2019]


https://arxiv.org/abs/1905.06344

U(1
N_ | (1)p_1

As long as Vi, reached thermal equilibrium in early Universe,
ANeﬂf goes asymptotically to

ANeff — 0.021

In other words, as long as Treheatmg > Tequil there will be a

non-zero contribution to ANeﬁf

[ AN_. can be sensitive to a high scale ZBL!]

Alexis Plascencia 28



Dirac fermion as dark matter

Introduce vector-like fermion with B-L charge

N
X ™ (]-7 1707n)

n # 1 since n=1 allows mixing with neutrinos and decay
Non-renormalizable operators forbid n odd

X X
T / . AN\ ZBL
Y
7 X ZBL
% f > \VVV\

Alexis Plascencia
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Dark Matter | U(l)p_;

—— QA% = 0.1200 + 0.0012  [Planck 2018]

M ZBI [TGV]

20— 1 _ 2’
Stueckelberg g = 1.5, nxzé : Stueckelberg gpr = 2.0, nX:%
20T
Q, h* > 0.12 —
%
15} =
3
10} EN
5)
> 4 6 s 10 12 > 4 6 8 10 12 14
M, [TeV] M, [TeV]

Mgz, <22TeV M, <13 TeV

Note: Partial wave unitarity requires Mg, <240 TeV weaker bound
[Griest & Kamionkowski 1990]



MZBL [TGV]

Dark Matter | U(l)p_;

—— QA% = 0.1200 + 0.0012  [Planck 2018]

Stueckelberg gpr= 2.0, n,= 3

M ZBL [TGV]
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Dark Matter

—— QA% = 0.1200 + 0.0012  [Planck 2018]

M s [TGV ]

20t

10

Stueckelberg gBL= 1.3, Ny = .13.
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ANeﬁ< 0.285 gives the strongest bound
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Dark Matter - direct detection | U(l)B—L
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3.U(1)

Dirac neutrinos and Majorana DM

[Fileviez Perez, Murgui, ADP 2019]



Gauging lepton number | u(l),

e Promote lepton humber to a local symmetry

e Need to add new fermions to cancel anomalies

AL (SUE2UA) L) ,Ga (SUQ)? ® U(L) 1D
Cs (V) @ UWLD A (0D & UTIY

e ey

As (U(1)B), As (U(l):}) .

In the SM the non-zero
values are:

As = — A3 = 3/2

Alexis Plascencia 36



|
U(1
Anomaly-free model (1)
Fields SU(3>C SU(Q)L U(l)y U(l)L
Uy = (\‘Ilj%) 1 2 -3 =3
0
Up = <$§) 1 2 _% %
Nk 1 1 —1 —3
ng 1 1 ~1 5
% 1 1 0 —3
(e 1 o

[Duerr, Fileviez Perez & Wise 2013l

e Neutral fermion required for anomaly cancellation

e Automatically stable from remnant U(1)—2, symmetry

mmmm) DM Candidate 0,

Alexis Plascencia 37



Dirac neutrinos | U(l)L

e |epton humber broken by 3 units: AL=%3 interactions

mmsm) Dirac neutrinos

VR /
Zr
VR /

Constraints from N__also apply to this scenario!

Alexis Plascencia
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X

M 7 [GGV]

0Oh?>0.412

B
M, [GeV]

[Fileviez Perez, Murgui, ADP 2019]
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X

M 7 [GGV]

T
M, [GeV]
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10°

5

HL = Jdr. = 0.1

0Oh? >» 0.12

108 10t 10
M, |GeV]
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Perturbativity gr <

VR

— ~084 and A% < 0.12

mmmm) Give an upper bound on the scale

[

10°

9L — O, Gi—=

2

3

M, |GeV]

o
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Upper bound on lepton number breaking scale

All masses connected to <v> and hence there is an upper bound for
the full model

CE—

0
®. @

oy

21 TeV ‘

Anomalons

Alexis Plascencia
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Direct Detection | U(l)L

Z, does not couple to
quarks 5

U
X > —> X X > T > X
|
h; E Zy,
N - ' > N e > > e
suppressed by Higgs mixing Due to axial coupling,

6 <03 for M, >200 GeV

velocity suppressed v~1073
For lighter M, , stronger bound

[Ilnicka, Robens, Stefaniak 2018l

Direct detection constraints can be avoided
with sin 8 <o.1




eff

(GeV]

VR
dec

AAAAAAAAAAAAAAAAAAA

10 15 20 25
Mz /¢’ [TeV] [Fileviez Perez, Murgui, ADP 2019]


https://arxiv.org/abs/1905.06344

g A4S f \ U(].)L
eff R _
VR f
0.40pr—— "7 AN g < 0.285
— U [Planck 2018]
0.35 U(1),
- M )
47,
0.30F Planck > 9.87 TeV
: _ gr
\§ Y,
N AN ANqg < 0.285
0.25_' E |
020 .................
10 15 20 25

[Fileviez Perez, Murgui, ADP 2019]


https://arxiv.org/abs/1905.06344

Next generation CMB experiments

Projection for CMB Stage-I1V:

CM B -S4 ANy < 0.06 at 95% CL

| Next Generation CMB Experiment [CMB-S4 Science Book 20161

e Array of ground-based telescopes in South Pole and Chile
e Joint NSF and DOE project
e Observing late 2020s

e Telescope array in the Atacama
Desert, Chile

SIMONS . Fundod

- OBSEREEEFY e Observing 2020's
Y. ANqs < 0.12 at 95% CL
(a7

[Simons Observatory: Science Goal and Forecasts 2019] 4




Next generation CMB experiments

Projection for CMB Stage-I1V:

CM B -S4 ANy < 0.06 at 95% CL

| Next Generation CMB Experiment [CMB-S4 Science Book 20161

e Array of ground-based telescopes in South Pole and Chile
e Joint NSF and DOE project
e Observing late 2020s

e Telescope array in the Atacama
Desert, Chile

SIMONS . Fundod

- OBSEREEEFY e Observing 2020's
Y. ANqs < 0.12 at 95% CL
(a7

[Simons Observatory: Science Goal and Forecasts 2019] s




N _. gives strongest bound

0@ |

Next generation CMB
experiments could fully
probe the parameter
space that also explains
thermal dark matter

0.35}

0.25_'

020—{\r——————————"——
10 15 20 25 CMB-S4

AN.g < 0.06
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Baryogenesis | Ul

These models explain dark matter and neutrino masses

Need to explain matter-antimatter asymmetry:

ng —ng nereNn = (5.80 — 6.60) x 10~10
T nBomp = (6.02 — 6.18) x 10710

B =

e Baryogenesisin U(1), [ and U(1), |
e New scalar S to induce 1st order PT and CP-violation

e Chiralasymmetry for DM X

[Carena, Quirds, Zhang, 2019]
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4.U(1),

Majorana DM, gamma lines and LHC pheno

[Fileviez Perez, Golias, Li, Murgui, ADP 2019]

[Fileviez Perez, Murgui, ADP 2020]


https://arxiv.org/abs/1904.01017

Gauging baryon number ‘ U(l)B

Promote baryon number to a local symmetry

Need to add new fermions to cancel anomalies

Spin-1 mediator Z, that only talks to quarks, consistent
completion of simplified models of dark matter

Dark matter is predicted by anomaly cancellation and its
stability is guaranteed by remnant U(1)—Z, symmetry

Alexis Plascencia
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Simplified Dark Matter

X: Majorana DM

£, : Leptophobic mediator

3 1 M, . M i
LD >gXY*"V°xZ2 — ~gpdy*qZ> + —%X sinOpxxh1 — —= cos O xhs
4 SH SR 2up
— —
Axial Vector

the free parameters in the model are:

My, Mz, M, 05, g5.] .




LHC bounds on leptophobic gauge boson

e No LEP bound for this scenario
e Di-jet searches at CMS and ATLAS - Run | & I

L
§0.5:' \/v
0.05 0.10 0.50 1

M Zs [TeV] [Fileviez Perez, Golias, Li, Murgui 2018]
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LHC bounds on leptophobic gauge boson

e No LEP bound for this scenario
e Di-jet searches at CMS and ATLAS - Run | &l

Lt /
> O.5j A |
Room for new
0.1t mediator!
0.05 0.IT 0.50 1

Mz, [TeV] [Fileviez Perez, Golias, Li, Murgui 2018]
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X

X

T (1
M, [GeV]

[Fileviez Perez, Golias, Li, Murgui, ADP 2019]
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X

1
M, [GeV] X

X

n-resonant

region
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h-resonant
region

1Y 103 10

X b4 R
b B M, [GeV] X
_ Alexis Plascencia X - e
X ZB




Results

93 = O, gB — 0.1

Oh? > 0.12

59



Perturbativity gp < @ ~0.84 and Qh? < 0.12

mmmm) Give an upper bound on the scale

102 10° 100 10°
M, |GeV]
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Gauging baryon number

e Baryon number is an accidental global symmetry in the SM
e Only broken by non-perturbative effects - SU(2) instantons

e Spontaneous breaking

U(1)B (SB) # 0

Local gauge symmetry

gauge boson: Z,

[Pais 1973]
[Fileviez Perez & Wise 2011]

Alexis Plascencia
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Anomaly cancellation

e Baryon number broken by 3 units: AB=:3 interactions
mmmm) No proton decay

e Need to add new fermions to cancel anomalies

Neutral fermion required for anomaly cancellation
mmmm) DM Candidate e

—7

Ay (SU3)’®U(1)B),
@J(l)%- ® (@ Ay (UQ)y @U(1)g),
As (U(1)B), As (U(l)%) !

In the SM the non-zero
values are:

Alexis Plascencia AQ — —A,?, — 3/2 62




Anomaly cancellation

[Duerr, Fileviez Perez, Wise 2013l

Fields SU(3)c SU(2)r U(l)y U(1)
pu 1 3
pu 1 3
e 1 1 ~1 -3
Ny 1 1 ~1 2
X% 1 1 0 e
3
@ 1 1 0 3
DM

Alexis Plascencia
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Upper bound on baryon number breaking scale

All masses connected to v, and hence there is an upper bound for
the full model

CE—

®. @~
| To\!

|
Anomalons

28
TeV
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Direct Detection

oT9T = oy (hi) + 0 (ZB)0?

O /1t

X > , > X X = vy > X

|

|

hi ZB

|

N > ' > N N > - N
suppressed by Higgs mixing Due to axial coupling,

6 <03 for M, >200 GeV

' ~1073
For lighter M, , stronger bound velocity suppressed v~10

[Ilnicka, Robens, Stefaniak 2018l

Direct detection constraints can be avoided

Alexis Plascencia



Gamma lines

e DM annihilation into yy possible. Thanks to new fermions
required for anomaly cancellation in the loop.

e PeakatE =M, inthe gamma spectrum

e Continuum is velocity suppressed, because of axial coupling

A
smoking-gun
signhature of DM

ny

Flux

o g
Wy B, /Mom

Alexis Plascencia 66



Gammalines Qh? =0.12

1077 A =195 GeV, My, = 130 GeV, | 10-8} M, = 1.36 TeV, My, = 3.5 TeV,
|—|c 10—8 | ]\I\Ij— _ 254 (}e\/7 A’f[,]— — 1356 TeV7 | .—|| 10_9 i A/j\l)— — 177 TCV, A"/[n— = 495 TCV: |
NCO C\l% gB = Vv 277'/3
| _ |

E aB 0.1 E 10_10 _ ” <_fyfy
) ()] "'\
=z Z 10-11}
O @)
g | 100
B RS
AW 101
10—14
0.7 08 09 1.0 11 12 13 0.8 0.9

E, /M,
— =015 — £=005 — £=0.01

[Fileviez Perez, Golias, Li, Murgui, ADP 2019] 67
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Gamma lines All points satisfy: Qh? = 0.12

—36 _34l . |
10 102 10° 10* 10 102 10° 10*
M, [GeV] M, [GeV]
e g=01 e 9=03 gp = 0.5 o 9=V
SN TP Fermi—LAT B HESS.
[Fileviez Perez, Golias, Li, Murgui, ADP 2019]
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Exotic Higgs decays

When MZB S Mh/2 .

10

unds

ZB

My
hZ%Zg : 2i vBB g sinfp,

L.IOB:().I
25 50 75 100 125

[BR(h — BSM) < 0.34J

[Fileviez Perez, Murgui, ADP 20201

[ATLAS & CMS 1606.02266]
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Associated Higgs Production

pp — Zgh — bbbb

J_s =14 TeV "‘
5 L=3 ab™!

q

pp — Zgh — 'y'ybl_)

05=0.3

500

L=3 ab™!

1000 T 50 100 500

- events — 105 » 104 < Nevents < 105 - 103 . Nevents < 104

® 102 < Nevents < ]-03 . 10 < Nevents = 102 ® events = ]-0

[Fileviez Perez, Murgui, ADP 20201

Paper coming out next week N2
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Conclusions

In U(2), and U(1), dark matter is predicted from gauge anomaly
cancellation

U(1), neutrinos are Dirac. Next generation CMB will fully test
these theories (with thermal DM) using AN__

U(1), can be at the low scale (GeV) and the LHC will probe this
region

o DM final state radiation velocity suppressed — gamma-ray
lines can be observed in future

o h->Z,Z, canhave a large branching ratio

Not overproducing Qh?® < 0.12 implies an upper bound on all

these theories < 35 TeV
Thank you!
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Back-up

Model Il
Fields SUB)e SU@2), U@y UQ)g
\I’+
= (44) Lo b
+
Up= (\I}{f) 1 2 2 -3
O\IIR\/_ -+
Y 25
. L L _3
= ﬁ( N 1 3 0 3
X% il 1 0 —%

[Ohmer, Fileviez Perez, Patel 2014l
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eff

Neg = 2.997033 = ANz < 0.285,

[Planck 2018]

Projection for CMB Stage-IV:
ANeg < 0.06 at 95% CL

[CMB-S4 Science Book 2016]
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Final State Radiation

X q X q
ZB ZB
o o
X q X q
4 9 )
2 . q 2 4
Miksr = 275~ A+ 0B+ O0(u?),
ZB
\§ J

(Eq A E7 - Mx)2 (2(Eq - Mx)(Eq + E7 il Mx) - 3M(12)

A=12r0ag5Q%(M2, — 4M?2)? ;
== M%B (Eq — My)*(Eq + Ey — My)*((4M3 — M%B)Q =+ F%BM%B)

X

(32)

B= 127rag4BM§Qg %
(ZEQMX(E$ —3E. M, + 2M§) — 2E} — 2E3(E, — 2M,) — Eg(E?y —6E, M, + 6M§) — 2M)%(E7 — M,)?)
M%B (Eq + Ey — M, )?((4M2 — M%B)2 + FQZBM%B) '

(33)



* Exotic Higgs decays

When MZB S Mh/z .

Zp
17
hZ'5Zg : 2i—=E gt
UB
ZB

G

CMS and ATLAS

combined analysis

BR(h — BSM) < 0.34

J

[ATLAS & CMS 1606.0226
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