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Aim of the talk

Discuss minimal gauge extensions of the SM that predict
dark matter and new sources of CP-violation.

These theories must live at the low scale and can be
fully probed in the near future.
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New Gauge Symmetries at the Low Scale

e Anomalous symmetries, predict a new sector needed for
Anomaly Cancellation

e Predict a Dark Matter candidate

e The new Symmetry Breaking Scale must be low to be in
agreement with Cosmology
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New Gauge Symmetries at the Low Scale

e Anomalous symmetries, predict a new sector needed for
Anomaly Cancellation

e Predict a Dark Matter candidate

e The new Symmetry Breaking Scale must be low to be in
agreement with Cosmology

e Predict new CP-violating interactions

e Can be complementary tested at LHC, dark matter and
EDM experiments
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U(1)

Gamma-ray lines, LHC pheno and EDMs

[Fileviez Perez, Golias, Li, Murgui, ADP 1904.01017]
[Fileviez Perez, Murgui, ADP 2003.09426]

[Fileviez Perez, ADP 2008.09116]
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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 Anomalous in the Standard Model

U(1)B (SB) # 0

Local gauge symmetry

gauge boson: Z,

e Spontaneous breaking of baryon number

e Consistent completion of simplified models of dark matter

[Pais 1973]
[Fileviez Perez, Wise 2011]



Anomaly cancellation

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

e Need to add new fermions to cancel anomalies

A (SUE) 8 U()), (& (SU(2) © U())

AU} ©U(),) A(UDy 8 U3,
As(U(1)p), As(U(1)),

In the SM the non-zero
values are:

As = — A3 = 3/2
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Anomaly-free model

[Fileviez Perez, Ohmer, Patel 1403.8029]

Fields SUB)ce SU2)r U@y U(l)g
vy 1 3
\Ij;_? 1 3
Vg = ) 1 2 2 —32
n, =L i \@EOJE 1 3 0 -3
2\v2x; -39

Model with 6 representations. [Duerr, Fileviez Perez, Wise 1304.0576]

e Neutral fermion required for anomaly cancellation

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

mmmm) DM Candidate 0, %
9
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Simplified Dark Matter

X Majorana DM

£, : Leptophobic mediator

3 1 M, . _ M .
LD SgexV"V°xZ} — Z9pqv"qZ} + =X sinfpxxh1 — = cosOpXxho
4 SH SR 2up
— —
Axial Vector

the free parameters in the model are:

[]\‘[Xv A[ZB ) Afhg y eBa 9B ]
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i
M, [GeV]
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1)
: 9320, gB=O.1

Oh? > 0.12

h-resonant
region

e
M, [GeV] X
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Results

10

104;

MZB [Ge\/

93 = O, gB— 0.1

.

0Oh? > 0.12

[Fileviez Perez, Golias, Li, Murgui, ADP 1904.01017]
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M, |GeV]
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Perturbativity gp < @ ~0.84 and Qh? < 0.12

mmmm) Give an upper bound on the scale

05— 0, gp— LE /1

0Oh? > 0.12




Upper bound on baryon number breaking scale

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

CE—

40 TeV

Anomalons

15



Direct Detection

oxn ' = oxn(hi) + oyn(Z)v?

O /1t

X » , > X X B Ty > X

|

|

hi ZpB

|

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
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Direct Detection
All points satisfy: Qh? = 0.12 £ 0.0022

gB = 0l j\,th = 200 GeV

10_445 , '
: =
10_45 i \ -:
| — - Xenon-1T
S 10746}
—_ :
z L
S .
— —47L
7 1077 . <— Xenon-nT
S | . 5i¥0 = 0.3
= e
—a8| | —— sinflp = 0.1 —— )
10 e SiN05 =0.05 mmem=—————"" neutrino floor
— Sinfg = 0.01 ]
10—49 | s— sinfg = 0.001

100 150 200 250 300 350 400 450 500
M, [GeV]



2. LHC Phenomenology




o [pb]

W2

LHC production cross-sections Zs
q
106: . . . - —
105? gp = 02 E 1011
4 \ \/E = 14 TeV 'g . 1010
10} ~ 3 : ' — pp — ZpW?
; = 110° &= 5 2
103§r O § g & — pp — ZBZ
102 = 1107 R — > Zp— jj
z 1107 |l —— pp — ZBZB
1 1 -
10 E\ \ : 105 pp — Zpq
101k = z pp — Zpg
v ' \ \: 104 2 oD — Zgry
10—3§ g :
_4? | N {107
10 102 103

MZB [GGV]
[Fileviez Perez, Golias, Murgui, ADP 2003.094261]
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LHC bounds on leptophobic gauge boson

e Di-jet resonance searches by CMS and ATLAS - Run | &l

1.0f
0.8}

Q
>

0.4}

0.2

Room for new
gauge boson!

0.0 '
500 1000

MZB [GGV]

[Fileviez Perez, Murgui, ADP 2003.09426]
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Exotic Higgs decays

When MZB S Mh/2 .

Zp
h — - - __
Zp
Mz,
hZZp : 2i—=Eg" sinfp,
vp

[BR(h — BSM) < 0.34}

[ATLAS & CMS 1606.02266]
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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, Golias, Murgui, ADP 2020]

[ATLAS & CMS 1606.02266]
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Associated Higgs Production

q

pp — Zgh — bbbb pp — Zgh — ~yybb

& sinfp=0.3
L=3 ab~!

sinfp=0.3
L=3 ab™!

50 100 1000
MZB [GeV] Mg, [GeV]

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

. 102 = Nevents < ]-03 e 10< Nevents = 102 ® ovents < 10
[Fileviez Perez, Murgui, ADP 2003.09426]
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The Higgs of Baryon Number h,

We calculated full one-loop decays
Second Higgs can have a large branching ratio into pair of photons

Anomaly-canceling fermions run in the loop!

small mixing

® hB—)"“"
i == hB - -+ hB + hB
« 39B \[F} smHB f
['(hg = vy) = ()4“3”) 005032 Mz, Fry + ; N Qfmf Fr+ —Fn

[Fileviez Perez, Murgui, ADP 2012.06599]
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The Higgs of Baryon Number h_

small mixing with SM h large mixing
o hgp —WW: e A ~N Ve A N
w- W=
W- - W-
hp === = hp ==~ F+  + hp-=- + hp ===--
W+ & W+
w+ w+
\/ M2, —4M3, 902 2 =
I(hg = WW) = T6m0Z 03, (coq Op—r- 8 Z 9wrBFIW]| +2(M;  — 2Mj;)X

39B sinflp
Re {00993 Z GivpBr[W] (CO%OBA[ ; wrCpIW] + - M2, ) }

p 2
sinflp
+

Z gwrCr[W] + M,

(My, — AM}, M3, + 121\[@)) :
[Fileviez Perez, Murgui, ADP 2012.06599]
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The Higgs of Baryon Number h_

Correlation between dark matter and the properties of the second Higgs

g = 0.1 My, =200GeV Mz, = 436 GeV QpM h? =0.12
M, =190 GeV My = 250 GeV My = 400 GeV

10°k
I[Scenario I (xx = q(j)] .
—~ 101} | Br(hg — vy) =~ 5%
< | |
% = > Large di-photon decay!
_ = B
> P4
1072f— 54 : 0.1% for SM Higgs
— .
— WW
— 77,
m— b
-3 PR o sl g gy ; ey ;
W= 107 10°% 102 10

05

[Fileviez Perez, Murgui, ADP 2012.06599] 26
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M,

10—3

10() _

< M h B / 2 Dominant invisible decay

g8 =0.1 My, =500GeV Mz, = 359 GeV
AI\, = 155 GeV .'\]q, = 300 GeV AI}_; = 400 GeV

hy— X X

T LB | T T

—
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ZZ
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" "
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[Fileviez Perez, Murgui, ADP 2012.06599]
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The Higgs of Baryon Number h_

Correlation between dark matter and the properties of

the second Higgs h —-7 7
B BB
gs =01 My, =200GeV Mz, =150GeV g3 =0.1 My, =500GeV Mz, =200GeV
M, =194 GeV My = 250 GeV My, = 400 GeV M, =393 GeV My = 450 GeV My = 500 GeV
10% : 10° —
[Scenario II (xx — ZBI;]\, HScenario IT (xx — ZBhB)]
—~ —1L A — -1] - WW
= 10 o 10 P
S S m— ]
! XelT e Zuds
M M e hh
10~ 2f= ¥ d 102}
i XenT
—_— ZZ
— bb
-3 1 it 1 L -3 ——
1070 10~ i3 102 1071 1070 10~4 :
Op Op

[Fileviez Perez, Murgui, ADP 2012.06599]
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3. CP Violation and Electric Dipole
Moments

[Fileviez Perez, ADP 2008.09116]

[Fileviez Perez, ADP 2112.02103]
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CP violation and EDMs

—L Dy UpHxL +yH VU x, +ysH' S U + ya VS H

. A
+ )\\I;\IJR\I/LSE + —XXLXLSB + )\ZTI‘(ZLEL)SB + h.c..

V2
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CP violation and EDMs

—L Dy UpHxy +yoH' Upxp +y3sH' S Uy + ysUrS H

y A
+ A YRY L SE + —=x1x1SB + AsTr(2.XL)SB + hec..

V2

[qb = arg(yé‘ya"uzw)]

[Fileviez Perez, ADP 2008.09116] 31
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CP violation and EDMs

e This new CP-violating phase contributes to the electron and neutron
electric dipole moments

e The new contribution comes from two-loop Barr-Zee diagrams with
the charged anomaly-canceling fermions in the loop

y
[¢ = arg(yé"yi{ugu\p)]
YT, B P, BT
h 4 s Z
4
4

—_— =
e e

[Fileviez Perez, ADP 2008.09116]
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CPviolation and EDMs

e N
o? cos 0 m
A" = BQe eZJ\/[iImC] Lh(M +)
8m2sw mi my - X;
_ = Y
v
I ! : : : .
Cif = cos s (VA VY +ya(VE) V]
1
+ s sindp [y\p(V VY2 4 gus (VA 13] pt, B bt o
1 M? h Y, Z
. d + 1
i (M i):/ ol K 7777
X 0 X m; z(l—a) 2 >
(5 €
[Fileviez Perez, ADP 2008.09116] [Nakai, Reece 1612.08090]
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ACME experiment

e Measures the electron EDM
e Beam of thorium monoxide molecule
e ThO has a strong internal electric field

ACME Ill Apparatus

1. Buffer Gas% 2. Molecular Lens| 3. State Preparation | 4. State Precession| |5. State Readout,
E B

‘Beam Source | » X
Compact ‘ Spin precession extended
Rotational +V tol=1m,7=5ms |

\

Cooling Hexapole Molecule Beam A
298 K Vacuum Chamber Electrodes Collimators

70K Shield Ny 1 |

A 4 K Cryopump

© ) SiPM

(V) i

] - . Y. ’ Q SiPM

£ . 5 _ Light Collection ~ . 4 =

R (G FPL D OV YD DD DY

- = g P SIPM

(o]

% \ SIPM
0/
~Y

Pulsed Ablation Laser STIRAP STIRAP 4%,6 /
in (X to Q) out (Qto X) v I Electric Field Plates %,,,'( y
Magnetic Field Coils *9:%_

Magnetic Shielding

[ACME collaboration]
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ACME experiment

Naive tree-level
contribution:;

d.|

d.

11 %x107% em

€

[ACME, Nature 2018l

em, 2 _
d, ~ N 1Y 1078 ecm
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Electron EDM

| ¢ = arg(yjyiuzpn) = 7/2 |

de|/e [em]  |ys| =2|y3| =04 ¢ =7/2

[y| [TeV]

102 . DM relic density
QDMhQ =112 requires:
| ps)s |pe| < 40 TeV
10! 3
1OO§
-1 e . iy . .
109071 10V 101 102
jus| [TeV]
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Electron EDM

| ¢ = arg(yjyiuzpn) = 7/2 |

d.|/e |[cm = =2 = 2
10%¢ | e|/ [ ]ly4| <|y3| - ¢- — / DM relic density
- Qpmh?® > 0.12 W ' requires:
RS
0.'_)-,\‘\ |,U§]|, ‘,u\ﬂ < 40 TeV
— 1 //(, +// \\ J
> 10 ' ]/é\ /\.;»0 N ]
- | D0, Y, A
= P 3
\ s, | > 20 TeV
= | ; A ; A B | )
W g 10V T+ 102
TeV
|d | 1% 10-% sl | | [Fileviez Perez, ADP 2008.09116]
5 < 1l.1X cm

[ACME, Nature 2018]

Alexis Plascencia

37


https://arxiv.org/abs/2008.09116

Electron EDM

| ¢ = arg(y3y; pnpe) = 0.1 |
|de'|/€' [Cm] ] |y4|,:.2|.y.3! = .04 | ¢ = 01

102 - —
~~‘~\ Qpah? > 0.12
hg\
~
1 \\/j\\
> 0% .
) i ]/\'J‘/\
S
- N
— (“7\\
= ‘/@f\\
= NN
\1
i
\
10*
|d | |:u2l [TGV]
£ <11x10% cm
(&

[ACME, Nature 2018]
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requires:

ps)s |pe| < 40 TeV

s [pe| > 2 TeV

[Fileviez Perez, ADP 2008.09116]
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Neutron EDM

dn = (14 i 06) (dd — 025du) bt 5 Pyt Tt
[Pospelov, Ritz 0504231]

lya| = 2lys| =04 ¢ =0.1 7

10-28 ':

5 /\ |
== JUTF 2 g« 1 ]
O E 1.1x107% i
_— L ACME 2018 S |
ﬁ 10_30 C\l/\ 3
| g =l > !

107 g = - %

Hy = 2MZB = 2#2 \

T\ S T R Vi N
| [TeV] .



Neutron EDM 7

e New contribution from the gauge boson Z, YT, oY Yt, ot

sl = 2ly3| =04 =01 ¢

e dhZ /d7"

l

10_1§




Conclusions

e Promoting baryon and/or lepton number to local symmetries
predicts a new sector from anomaly cancellation

e One of these new fermions is neutral and stable, and hence, a
good dark matter candidate

e Not overproducing dark matter gives an upper bound on the
full theory at the multi-TeV scale

e [eptophobic mediator leads to interesting phenomenology at
the LHC

e New sources of CP violation that lead to large EDMs,
Experiments such as ACME could fully probe the predictions for

the electron EDM
Thank you!
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Back-up

Alexis Plascencia
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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
Anomalons smoking-gun

\ N\’ g/ sighature of DM

Flux

o g
Wy B /Mon
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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
| _ |

é g = 0.1 é 10-10¢ ﬂ 4_77
= > \
[b) () 10—11 !
O @)
»eT‘m‘“ 10-12
B RS
C\L]Tf 10—13
10—14
07 08 09 10 11 12 1.3 0.8 09 1.0
E, /M, E, /M,

— £=015 — £=005 — £=0.01
[Fileviez Perez, Golias, Li, Murgui, ADP 1904.01017]
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Gamma lines Al points satisfy: Qh? = 0.12 + 0.0022

/6—:
N
T
>
=
S 3¢ . ] g 34 -
—36 L ; — : PRI PPN — 3¢ — il 19
10 102 10° 104 10 102 10° 10*
M, (GeV] M, (GeV]
o gp=0.1 e 9gp=03 ap = 0.5 o 9B=YF
b} OTA Fermi—LAT B HESS.

[Fileviez Perez, Golias, Li, Murgui, ADP 1904.01017]
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Energy Scales of New Physics

Energy

A

Mz, 2 1019 GeV

~J

Mz, < O(10) TeV

TE\N ~ 100 GeV

U(1)L

leptogenesis

U(1)B

dark matter

SM

[Fileviez Perez, Murgui, ADP 2103.13397]
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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)



Model with 6 representations

Fields SU3)c SU(2)L U(l)y U(1)B

\IJO

Uy, = ( f) 1 2 4 B
s
\I,O

Up=|_E 1 2 3 Bs

"R i | 1. —1 Bl

L 1 1 —1 BQ

XR 1 1 0 B4

XL 1 1 0 B
N

Dirac dark matter [Duerr, Fileviez Perez & Wise 2013l
By — By = -3
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SM Higgs diphoton decay rate

This modifies the SM Higgs
diphoton decay rate!

BSM + SM interference
can be large!
2

2

cos Op
['(h—yy) = TEIVE ZM iRe[C ]F o (ZNCJCQ?m%Fﬁ —FW)
£+
.2 /.
M I r 45
647T3Mh Z :t m[ChC]G :t ? ( )

[Fileviez Perez, ADP 2112.02103]
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Results

ATLAS: /i, = 1.16+0.14 CMS: j1,, = 1187017

26 1.6
2.4} oy 20
1.4}
ool 00— de=0 | TP f5m-m---
2.0t 1.9}
- 18 g &&_ ___________________________
o £1.0f i
1.4} 0.8 ;
1.2 — Pe—n2
0.6 —_— ¢c=m/4 1
1.0 —_— =0
083704 05 06 07 08 09 L0 06302 05 06 07 08 00 L0
|| [Te\/] |pw| [TeV]

[Fileviez Perez, ADP 2112.02103]
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Results

Complementarity between measuring Electric Dipole Moments
and the SM Higgs diphoton decay rate

210 < YU

it

[Fileviez Perez, ADP 2112.02103]
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Gravitational Waves

logo(v [Hz])

[Fornal & Shams Es Haghi 2008.05111]
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