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Introduction

The Great Desert

Figure: Wikipedia
S. Weinberg, PRL 43 (1979) 1566

High scale
e.g. GUT scale
(Acut ~ 101> GeV)

Low scale
Electroweak scale
(Aew ~ 102 GeV)

Energy

Michael Duerr (MPIK Heidelberg) Baryonic Dark Matter PHENO 2015, 5 May 2015

2


http://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg
http://commons.wikimedia.org/wiki/File:Morocco_Africa_Flickr_Rosino_December_2005_84514010_edited_by_Buchling.jpg
http://dx.doi.org/10.1103/PhysRevLett.43.1566

What I will talk about today

Phenomenological aspects of a
consistent gauge theory for
baryon and lepton numbers

that can be broken at the low scale.
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Baryonic and Leptonic Anomalies

» New gauge group:

Field SU(3) SU2) U(l)y U(1)s )

SU)®SUR)UL)y @ UL @ U(L), = 1+

» Purely baryonic anomalies: “
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A1 (SUGB)? e U(1)8), A2 (SU)? @ U(1)8), A3 (U(L)Z @ U(1)8),
As (U(L)y ®U(1)3), As (U(1)B), Ae (U(L)3).

H

» Purely leptonic anomalies:

A7 (SUB)? @ UL)L), As (SUR)?@U(1)L). As (U128 U)L),
Ao (U(L)y ® U(1)7), A11 (U(LL), A1z (U(1)}).

» Mixed anomalies:

A1z (U)Z @ UL)L), A4 (U(Q)? @ U(1)B),
A1s (U(1)y ® U(1)L ® U(1)B)-
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Gauging Baryon and Lepton Numbers

Baryonic and Leptonic Anomalies

» New gauge group:

Field SU(3) SU2) U(l)y U(1)s )

SU)®SUR)UL)y @ UL @ U(L), = 1+

» Purely baryonic anomalies: “
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A1 (SUGB)? e U(1)8), A2 (SU)? @ U(1)8), A3 (U(L)Z @ U(1)8),

H

As (U(L)y ®U(1)3), As (U(1)B), Ae (U(L)3).

» Purely leptonic anomalies: SM + right-

A7 (SUGB)? @ U(1)L). Ag (SU)2 @ U(L)L). Ag (U(L)Z @ U(L)L), handed v’'s
Ao (U(L)y ® U(1)7), A11 (U(LL), A1z (U(1)}).

» Mixed anomalies:

A1z (U2 ®U)L), A1 (UL ® U(1)5),
A1s (U(L)y ® U(1)L ® U(1)B).

Michael Duerr (MPIK Heidelberg) Baryonic Dark Matter PHENO 2015, 5 May 2015




Gauging Baryon and Lepton Numbers

Baryonic and Leptonic Anomalies

» New gauge group:

Field SU(3) sU(2) Uy U)s

uay

Some History

» Early attempts to gauge B and L

» A. Pais, PRD 8, 1844 (1973)

» S. Rajpoot, Int. ). Theor. Phys. 27, 689 (1988)

» R. Foot, G. C. Joshi, H. Lew, PRD 40, 2487 (1989)
> » C. D. Carone, H. Murayama, PRD 52, 484 (1995)
» H. Georgqi, S. L. Glashow, PLB 387, 341 (1996)

» First realistic model

>

» P. Fileviez Pérez, M.B. Wise, PRD 82, 011901 (2010) )

» Mixea anomailies: Z
A1z (U @ UL)L), A1 (UL} 8 U(1)8), Ag = —Ag = E
Ai1s (U(L)y ® U(1)L ® U(1)B). 2

4
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Gauging Baryon and Lepton Numbers

Solution: Vector-Like Lepto-Baryons

Field SU(3) SU(2) U(1)y U(1)s U(1)L
W, 1 2 +1 B1 L
Wg 1 2 +1 B> L2
NR 1 1 +1 B1 L1
n 1 1 +1 B> Lo
XR 1 1 B Ly
XL 1 1 B> Ly

Anomaly cancellation demands: By — By =L; — L, = -3

MD, P. Fileviez Perez, M. B. Wise, arXiv:1304.0576 [hep-ph] (PRL)
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Theory for Baryon Number and Dark Matter

Simple Version: Baryon Number Only

» Gauge group: Gsy® U(1)s
» Additional fields for an anomaly-free theory:

U, ~(1,2,-1/2,B1), WUr~(1,2,-1/2,8B>3),
nr~(1,1,-1,B;), n~(@1,1,-1,By),
Xr ~(1,1,0,B1), xL~(1,1,0,B3),

» New Higgs for spontaneous breaking of B: Sg
» Condition from anomaly cancellation: B; — By, = —3.

MD, P. Fileviez Pérez, arXiv:1309.3970 [hep-ph] (PLB)
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Spontaneous Symmetry Breaking

» Relevant interactions of the new fields (for By # —B5):
LD hleHI‘)R + hzwLI:IXR + h3WRHnL + h4wa:IXL
+)\1lTJLlIJRSB + A2NRNLSB +)\3)-(RXLSB + h.c.

Sg~(1,1,0,B1 —B>)
» (Sg) # 0 generates vector-like masses:

—£ > MyU,Ug + MnpnrnL + MyXrXL + h.C.

Sg~(1,1,0,—-3) —» AB =3 = no proton decay!
» Remnant Z; stabilizes lightest new fermion.

MD, P. Fileviez Pérez, arXiv:1309.3970 [hep-ph] (PLB)
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Baryonic Dark Matter

» Dirac DM, SM singlet-like: x = xr + x1 X q
» Coupling to the new gauge boson: Zs
LD 9sXYuZg(B2PL + B1PR)X ; :
Annihilation and direct detection! x x
» Model has six free parameters: 2

My, Mz,, 98, B=B1+ B> and My,, 6

= testable by combining LHC, DM direct detection, DM relic
density.

MD, P. Fileviez Pérez, arXiv:1409.8165 [hep-ph] (PRD)
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Theory for Baryon Number and Dark Matter

Decays

r'(Zp) [GeV]

Michael Duerr (MPIK Heidelberg)

0.1k

of the new Gauge Boson Zp

1
My=500GeV, 8=

Ttot, 98 = 0.5 =
Cinv, 9B = 0.5 sersrsnses
Ttot, g8 = 0.1 wn
Cinv, g8 = 0.1

£
H
E .
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MD, P. Fileviez Pérez, arXiv:1409.8165 [hep-ph] (PRD)
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Theory for Baryon Number and Dark Matter

LHC Bounds: pp —» Z; — tt

V/5=28TeV, My =500 GeV V/5=14TeV, My = 500 GeV
10° . . . . 10° . . .
g =1.0 —— g8 =0.4 -
104 L gp=0.5 smmuns | gg=0.1"
o % g5 =0.1 s 10% b,
— ATLAS bound —— —
£ 103 )
= 3 = 10° |
14 2 14 l"o
Ul ! 102
N o 5
1 1 y
S 100 g 10y
) . S
10-t [ k ] 100 |
10-2 ‘ ‘ ‘ L 10-1 ‘ ‘ ‘ ‘
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(2m? +3)

i o ghJs5—4am?
0(Gg - Z} » t)(8) = = ‘

ATLAS-CONF-2013-052

Michael Duerr (MPIK Heidelberg) Baryonic Dark Matter

972nv/3 [(g —M2 )2+ M2 r%s]

PHENO 2015, 5 May 2015

3000

10



Theory for Baryon Number and Dark Matter

Associated Production: pp — Z; — Zgh>

V/s=14TeV, Mz, =1.2 TeV, 65 = 0.02

102
g = 0.5 -
g5 = 0.4 wen
1
E 10 ]
Ez 10° 1
1
N 10-1 , 1
Q
s o, e,
S 1072 L o ]
1073 L

500 1000 1500 2000 2500 3000
M, [GeV]
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Decays of the new Heavy Higgs h>

My =500GeV, Mz, =1.2TeV, 65 =0.02, gg =0.4

103 — : : ! !

10% | .

10t | f

I(hy) [GeV]

100 b ]

107t q

10-2 L . . . .
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My =500GeV, Mz, =1.2TeV, 65 =0.02, gg = 0.4
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ww
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Theory for Baryon Number and Dark Matter

tt Plus Missing Energy

Br(hz — xx)

N(ftE;ﬂiSS) =L x o(pp — Zghy) x Br(Zg — tt) x Br(ha — XX)

=0.02,

T

£=300fb"!, Mz, =1.2 TeV, 65

g5=0.4

2000

1
08| |
0.6 | ]
04| i i 1
0.2 ¢ ]
"..". 10 events sssssssses
» 100 events
0 e . .
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Theory for Baryon Number and Dark Matter

Dark Matter Relic Density

1
B=-
1
10 2 B
o,
100 L X q
Zg
L Loty
<
=
]
1072 } % .
10-3 | » Planck: Qpuh? =
0.1199+0.0027
Mz; =1.5TeV, gp=0.5 ssssssuus
10-4 ‘ Mz, =1.0TeV, gg = 0.3
200 400 600 800 1000 1200 1400
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Theory for Baryon Number and Dark Matter

Dark Matter Relic Density

100

107!
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Dark Matter Direct Detection

Qpmh? = 0.1199 + 0.0027

X > > X
10743
Zp
10744 | N < < N
S 1095 | » Planck: Qpwh* =
= ; ; 0.1199 +0.0027
XENON1T o . e % ee e
10-46 | e ,' tos ‘A.lf’.
e B=1/2 ..
Lo A Bf2 | L Mz, € [0.5,5.0] TeV
500 1000 1500 2000 gs €[0.1,0.5]
M, [GeV]
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Bound on the Symmetry Breaking Scale

» Unsuppressed terms the in annihilation cross section:
9My (B1 +B2)?
2m 2 2 )2 2 2
[(am2 = m2 )2 +m2 12 ]

D ov(Xx —Z; — Gq) =
q

> Using Qpmh? < 0.12 and M, = A,vs/v/2 and Mz, = 3g5Vs,
one obtains

gp )\2 (B1+B>)2 1.77 x 10° GeV?
m [(2/\)2( —992)% + 2298 | X1
» For xy =20 and By +B, =1/2:
Mz, <35.3TeV and My <17.7TeV

vi <

2
B

MD, P. Fileviez Pérez, arXiv:1409.8165 [hep-ph] (PRD)
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Summary

Baryonic Dark Matter:

» B (and L) are gauge symmetries that
can be broken at the low scale

» no proton decay = no need for a desert
» Fermionic DM candidate
» Testable at the LHC
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Summary

Baryonic Dark Matter:

» B (and L) are gauge symmetries that
can be broken at the low scale

» no proton decay = no need for a desert
» Fermionic DM candidate
» Testable at the LHC

Thank you!
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Other Aspects

Other Solution for Anomaly Cancellation

NlUJ

3
"2’

Nll—'

Y, ~(1,2

3
Z ~ 11 3/ OI Y e V)
L~( > 2)

P. Fileviez Pérez, S. Ohmer, H. H. Patel, arXiv:1403.8029 [hep-ph]

» Less representations

), Up~ (1,2 =

XL ~ (1' 1' 0;

3
’ _El _E)
3 3
277

» Same degrees of freedom after symmetry breaking

» Majorana dark matter

Michael Duerr (MPIK Heidelberg) Baryonic Dark Matter
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Mass of the Heavy Higgs h;

g =0.4, \yp =0.001-0.1

1500

1000

M, [GeV]

500 |sfE%

500 1000 1500 2000 2500 3000
Mz, [GeV]

2
2 _ p2
Mhz = Mh1 + 3—gB|CSC 263]| vo Mz, AHB
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Mixing Angle in the Higgs Sector

My =500GeV, Mz, =1.2TeV, Mp, = 1.1TeV, gg = 0.4
10°

107t |

Br(h2)

XX wevenenee

hlhl llllllllllll
ww
1074 Z7 wmmmine ]
1073 102 10-1

65
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Gauging B and L in a SUSY Setup

> BLM SSM J. M. Arnold, P. Fileviez Pérez, B. Fornal, S. Spinner, arXiv:1310.7052 [hep-ph]

» U(1)g and U(1). breaking scale linked to SUSY breaking
scale

» R-parity must be spontaneously broken

» Stable DM candidate
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Other Aspects

Symmetries of the Model

» Symmetries of the Model:
> (B—L)sm
» Accidental n symmetry in the new sector:

W R — eV g,
NLr — enLr,
XL.R — €"X0R.
= DM stability
» Total baryon number Bt (above symmetry-breaking scale)

Assume that scale for baryon number breaking is low, close
to the EW scale.
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Baryon and Dark Matter Asymmetries

» Foru<T: g: internal degrees of freedom,

s: entropy density,
g« : total number of relativistic

an_ne-n-_ 159 # ot
- - ’ £ =1 for bosons
S s 2m2g4ET

» B — L asymmetry in the SM sector

5
A(B - L)SM = T(IJUL +HUR +IJdL +udR _IJVL _IJeL _ueR)l

4m2g

» n charge density

15
T(ZMwL + 2y, + Uy, + Myg + Moy + Hng)-

Ap=——"—
1 4m2g

P. Fileviez Pérez, H. H. Patel, arXiv:1311.6472 [hep-ph]
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Other Aspects

Baryon and Dark Matter Asymmetries

- 15 (1211,) = 32 2 @1 (15-1482) |
= —— sM+ ——————An,
f7 4n2g,T 2Hu, 198 n
Initial Aiymmetry |nX _ n7| S nDM
Q=50
Sphalerons
(QQQL)*¥rir ~
g
< N 3
Baryon Asymmetric 3
Asymmetry Dark Matter
3(3lluL + IleL) + My, — Hyg = 0. 1 T MX(G;/(; . i

P. Fileviez Pérez, H. H. Patel, arXiv:1311.6472 [hep-ph]
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Left-Right Symmetric Model

Glr=SU(2)L®SU(2)r®U(1)5-1 SM fields
» Connects neutrino masses and QL~(2,1,1/3)
spontaneous parity violation. Qr~(1,2,1/3)
» Standard version uses hybrid version of  f, ~(2,1,-1)
type | and type Il seesaw mechanism lr~(1,2,-1)

for neutrino masses.

Pati, Salam, PRD 10 (1974) 275, Mohapatra, Pati, PRD 11 (1975) 2558, Senjanovic, Mohapatra, PRD 12 (1975) 1502

» Promote gauge group
= SU(2)L®SU(2)r®U(1)s® U(1),

He, Rajpoot, PRD 41 (1990) 1636
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Anomaly Cancellation: Type Ill Seesaw

» Anomalies that need to be  » Simplest solution: type Ill
cancelled: seesaw fields

A1 (SUQ); ® U(1)8
Az (SU2)f ® U(1)L

3/2 oL~ (3,1, -3/4,—3/4),
3/2 pr ~(1,3,-3/4, -3/4)

— N N

A3 (SU2)Z @ U(1)p) = -3/2
Az (SUR)2 @ U(L)L) = -3/2 » Neutrino mass matrix:
0 0 0 mbh m?
0 m1 0 mg mQ
Ma*'z— 0 0 m» mg mg .
1 3 5 0 0
(Hi) (Ser) (HL) Zg Zg :g 0o o
X X X
| | | . . .
— - - » Two light sterile neutrinos.
Vi 0 0 Vi
Pr PL
MD, P. Fileviez Pérez, M. Lindner, arXiv:1306.0568 [hep-ph] (PRD)
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