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The Standard Model of Particle Physics

> Standard Model gauge group:

Gsm =SU(3)c® SU(2). ® U(1)y

Field SU(3)c SU2), U(l)y U(1l)s u(l).

(o]} 3 2 1/6 1/3 0
URr 3 1 2/3 1/3 0
dr 3 1 -1/3 1/3 0
In 1 2 —-1/2 0 1
€r 1 1 -1 0 1
H 1 2 1/2 0 0
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The Standard Model of Particle Physics

> U(1)’ gauge extension of the SM:

G’ =SU(3)c® SU(2). ® U(L)y ® U(1)

Field SU(3)c SU2), U(l)y U(1l)s u(l).

(o]} 3 2 1/6 1/3 0
URr 3 1 2/3 1/3 0
dr 3 1 -1/3 1/3 0
In 1 2 —-1/2 0 1
€r 1 1 -1 0 1
H 1 2 1/2 0 0
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Motivation: Baryon and Lepton Numbers

B and L are accidental global symmetries in the SM

> Violation of B:
> Baryon asymmetry of the Universe:

(ng—ng)/ny ~ 10710

> Proton decay (AB =1, AL = odd):

Tp = 1032734 years

> Violation of L:
> v oscillation experiments:

Ale#0, ALy #0, ALz #0

> Total lepton number could be
conserved (test with 0vBg)
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Plan of the Talk

Phenomenological aspects of
consistent gauge theories 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 5U(3) 5U(2) U1y u()s U
Q 3 2 B 1 0
SUB)e SUR)® U(L)ye U(L)sg® U(1)L w s 13 1o
dr 3 1 -3 H 0
= Purely baryonic anomalies: ez 4 o
Ve 1 1 0 0 1
A1(SUG)2 8 U1)B), A2(SU)? @ U(1)5). A3 (U(L)Z @ U(1)8). H i : _1 Z Z
Aa (U @ U()Z), As (U(L)s), As (U(L1)3).
> Purely leptonic anomalies:
A7(SUG)2 ® UQL)L), Ag (SUR)? 8 U(LYL), Ag (U128 ULYL), U1)s
Ao (UL)y @ U1)?), A11 (U(L)L), A12 (U(1)F).
SU(2). SU2).

> Mixed anomalies:

A13 (U2 8 UA)L), Ara (UL ®U(LB).
A1s (U(1)y ® U(1)L ® U(1)B).
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Baryonic and Leptonic Anomalies

> New gauge group:

Res  su sum  uow  ume oo
SUB)e SUR)e U(L)y® U(L)g® U(L),  « + + + 1

> Purely baryonic anomalies: Lo !
A1(SUBY? @ U(L)s), A2 (SU)2 @ U(1)s), A3 (U(1)2 @ U(1)5), . i : _1 Z Z
Aa (U @ U()Z), As (U(L)s), As (U(L1)3).

> Purely leptonic anomalies: SM + right-

handed v
A7(SUGBY? e UL)L), As(SUR)2 @ U(L)L), Ag (U(1)Z @ U(L)L),

Ao (UL)y @ U1)?), A11 (U(L)L), A12 (U(1)F).

> Mixed anomalies:

A13 (U2 8 UA)L), Ara (UL ®U(LB).
A1s (U(1)y ® U(1)L ® U(1)B).
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Baryonic and Leptonic Anomalies

> N eW g a u g e g ro u p : Field SU@3) SU(2) u@)y ue U1y

3 2 1 b 0

Some History ‘

> > Early attempts to gauge B and L
> A. Pais, PRD 8, 1844 (1973)
> S. Rajpoot, Int. J. Theor. Phys. 27, 689 (1988) LI
> R. Foot, G. C. Joshi, H. Lew, PRD 40, 2487 (1989)
> C. D. Carone, H. Murayama, PRD 52, 484 (1995)
- > H. Georgi, S. L. Glashow, PLB 387, 341 (1996)

> First realistic model
> P. Fileviez Pérez, M. B. Wise, PRD 82, 011901 (2010) )

- -2

© kr m B o o

> Mixed anomalies:

A3 (U2 @ UL)L), A1 (U(1)Z @ U(L)5), Ag=—Ag =
A1s (U(L)y @ U(1)L ® U(1)B)-
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First Realistic Models are Ruled Out

> Sequential/Mirror family: P. Fileviez Pérez, M. B. Wise, arXiv:1002.1754 [hep-ph]
Ruled out: new quarks change gluon fusion Higgs
production.

> Vector-like quarks: P. Fileviez Pérez, M. B. Wise, arXiv:1106.0343 [hep-ph]
Ruled out: new charged leptons reduce BR of H — yy by a

factor of 3.

> One famlly Of |ept0quark5: P. V. Dong, H. N. Long, arXiv:1010.3818 [hep-ph]
1 1
Fi~(3,2,0,—-1,-1),jr ~(3,1, 5,—1,—1), kg ~ (3, 1,—5,—1,—1).
Ruled out: stable charged fields.
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New Solution: Vector-Like Lepto-Baryons

Field SU(3) SU(2) U(l)y U(1)s U(l).

W, 1 2 +1 B: L1
Wg 1 2 +1 B> Ly
nr 1 1 +1 B1 L1
n 1 1 +1 B> Ly
XR 1 1 0 B1 L1
XL 1 1 0 B> Ly

Anomaly cancellation demands: B; —B, =—3,L; — L, =—3

MD, P. Fileviez Pérez, M. B. Wise, arXiv:1304.0576 [hep-ph]
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Other Solution for Anomaly Cancellation

133 1 3 3

ll’L ~ (11 2/ _l _I _)I LIJR ~ (1l 2/ _I__I__)
2 22 2 2 2

Z (1 3,0 > 3) (1 1,0 > 3)
L ’ ’ ’ 2I 2 ’ XL ’ ’ ’ 2’ 2

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

S. Ohmer, H. H. Patel, arXiv:1506.00954 [hep-ph]

> Less representations
> Same degrees of freedom after symmetry breaking
> Majorana dark matter

— Talk by Sebastian Ohmer tomorrow.
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New Solution: Vector-Like Lepto-Baryons

Field SU(3) SU(2) U(l)y U(1)s U(l).

W, 1 2 +1 B1 L1
Wg 1 2 +1 B> L2
NR 1 1 +1 B1 L1
n 1 1 +1 B> L2
XR 1 1 0 B1 L1
Xt 1 1 0 B> L2

Anomaly cancellation demands: B1 —B, =—3, L1 —L, =—3

MD, P. Fileviez Pérez, M. B. Wise, arXiv:1304.0576 [hep-ph]
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New Solution: Vector-Like Lepto-Baryons

Field SU(3) SU(2) U(l)y U(1)s

W, 1 2 +1 B1
Wg 1 2 +1 B>
nr 1 1 +1 B
ne 1 1 +1 B>
XR 1 1 0 B1
XL 1 1 0 B>

Anomaly cancellation demands: B, — B> = —3, ><

MD, P. Fileviez Pérez, M. B. Wise, arXiv:1304.0576 [hep-ph]
MD, P. Fileviez Pérez, arXiv:1309.3970 [hep-ph]
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Spontaneous Symmetry Breaking

> Relevant interactions of the new fields (for By # —B>):

—LD hlmLHf)R + hszI:IXR + h3mRHI7L + h4WRFIxL
+ AleLURSB + )\ZﬁRrILSB + )‘3YRXLSB + h.c.

Sg~(1,1,0,B1—B>)

> (Sg) # 0 generates vector-like masses:
—LD MwWLlIJR + MnﬁRr)L + MXYRXL + h.c.

Sg~(1,1,0,—3) = AB =3 = no proton decay

> Remnant Z; stabilizes lightest new fermion.
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Baryonic Dark Matter

> Dirac DM, SM singlet-like: x = xr + x1

> Coupling to the new gauge boson: g ) !
£ geXvuZp(B2PL+ B1PR)X

DM annihilation and direct detection * !

> Model has only six free parameters: ' . '

My, Mz, 98, B = B1 + B> and Mp,, 63 . % .

— testable by combining LHC searches, DM direct detection,
DM relic density constraints.

MD, P. Fileviez Pérez, arXiv:1309.3970 [hep-ph], arXiv:1409.8165 [hep-ph]
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Decays of the new Gauge Boson Zp

1 1
MX=500GEV'B=E MX=500GeV,B=5

1 " T T T T
>
k) 3
= N 0.1t
= @
et
lot, g8 =0.1
E Finv, 95 = 0.1 H
0.01 " E " " " 0.01 Li. H " " "
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Mz, [GeV] Mz, [GeV]

MD, P. Fileviez Pérez, arXiv:1409.8165 [hep-ph]
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LHC Bounds: pp —» Z; — tt

V/5=8TeV, M, =500 GeV v/5=14TeV, M, =500 GeV
10° . . . . . . 10° . . . .
gs=1.0 gp=0.4 -
4 =0.5 = 0.1 e
10 % =0.1 1 104 P, 98 E
—_ CMS 19.7 fb~1 (8 TeV) —— —_ R
£ 103 ] )
= = 103 | E
E 2
! ! 102
. Re
1 1 L
S 100 g 1y I
5 5
101 10° ¢+
02 L L L MR L -1 L L L L
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000
Mz, [GeV] Mz, [GeV]
gp4/5—4M? (ZME + s)

0(Gq — Z; — E)(8) =

CMS: arXiv:1506.03062 [hep-ex]

972mVE [(§—M2 )2+ M2 12 |
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on Mass vs. Gauge Coupling

tt bounds tt bounds with invisible width
12F 1 12 " " 7 " 1
1+ g 1+ g
0.8 t+ g 0.8 t+ g
S 06/ ] S 06| ]
0.4+ p 0.4 | ]
CMS 19.7 fb~! (8 TeV. _
02~ ATLAS 20.3 fb~? :8 T:v; T 0.2 CMS19.7 b7 (B Tey) —— ]
CMS 2.6 fb~! (13 Tev) - with My = 400 GeV, B=—
) _ATLAS 3.2fb~! (13 TeV) - ol with My =400 GeV, B =
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Mz, [GeV] Mz, [GeV]

ATLAS: arXiv:1505.07018 [hep-ex], ATLAS-CONF-2016-14
CMS: arXiv:1506.03062 [hep-ex], CMS-PAS-2BG-15-002
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Limits on Mass vs. Gauge Coupling

Dijet bounds

1.2 +

CMS 19.7 fb~t (8 Tev)

g8

cMs 2.4 b~ (13 Tev)

500 1000 1500 2000 2500 3000
MZB[GeV]

CDF: arXiv:hep-ex/9702004, arXiv:0812.4036 [hep-ex]

CMS: CMS-PAS-EXO-14-005, arXiv:1512.01530 [hep-ex]
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*

Associated Production: pp - Z

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

10?2 ; ‘ \ ‘ ‘
s" g =0.5 e
k™ gg = 0.4 v
1
E 10 E
~
E 100 | 1
1
N’ 1071 3
1
Q.
S
S 1072 E
1073

500 1000 1500 2000 2500 3000
M, [GeV]
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Signal: tt Plus Missing Energy

£=300fb"!, Mz, =1.2 TeV, 65 =0.02, gg = 0.4

1
0.8 +
S 06t
1
<
T 04t
o)
02 [
[ 10 events s
100 events
0 &= . ,
500 1000 1500 2000
Mp, [GeV]

N(EtET's*) = £ x 0(pp — Zghz) x Br(Zg — tt) x Br(hy — Xx)
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Dark Matter Relic Density

10t
10° "1 x q
107t e z
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=
]
1072 T 3
X q
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Dark Matter Relic Density

10°
1071 |
L 1072
<
=
S
1073
1074
Planck
Mzg;=1.5TeV, gp=0.5 seeesseeen
10_5 ) ‘MzB = 1“0 TeV, g5 = 0.3 S
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Dark Matter Direct Detection

§ o4 | ~ Planck: Qpuh? =
S 0.1199+ 0.0027
10746
Lot ‘sz | . Mz, €[0.5,5.0] TeV
500 1000 1500 2000 g €[0.1,0.5]
My [GeV]
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Loop-Mediated Couplings to Photons

A U(1)’ extension of the Standard Model

> Effective couplings:

UVO UV UVO
= or = 60, = 0077,

Z'yy

p1

P2

only possible if
fermions f have axial
coupling to the Z’

always possible if SM fermions are
charged under the U(1)’

MD, P. Fileviez Pérez, ). Smirnov, arXiv:1506.05107 [hep-ph]
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Recap: Baryonic Dark Matter

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

Y, ~(1,2,—-1/2,B;), Wr~(1,2,-1/2,B3),
r’R~(1l 11_1181)1 nL~(1/ 11_1182)1
Xr ~(1,1,0,B;1), xL~(1,1,0,B3),

> Condition from anomaly cancellation: B; — B, = —3.
> For By =—B, =—3/2:
Majorana DM with axial coupling to the Zg:
3 .
—L£> EQBXYuYSXZg

MD, P. Fileviez Pérez, ). Smirnov, arXiv:1508.01425 [hep-ph]
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Loop-Mediated Annihilation to Photons

Majorana Dark Matter (B1 = —B5)

Qpnh? = 0.1199 + 0.0027, Mz, = 1.2M, T

—26 1076 ¢ 1% energ'y resolution E|
107% T 5 % energy resolution -
107 10 % energy resolution =
o7 | ] —
10 HESS. >
— o 10
T —28 i 1
m;’ 10 Fermil AT 0 Lo
g
L g w0
B a .
\g/ 10730 ¢ E CE:r 101 L
M, = My, My = 2M, ——
1073 ¢ M, = 2M,, My = 3M, - 1 107"
107 ‘ O s s 0o 1 15 11 Lis
200 1000 10000 ) . . . : .
Ty = ’Y/MX

M, [GeV]

MD, P. Fileviez Pérez, ). Smirnov, arXiv:1508.01425 [hep-ph]
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Extensions of the Standard Model with gauged B (and L)
provide a simple scenario for the DM of the Universe.

> Baryon (and lepton number) promoted to gauge
symmetries that can be broken at the low scale

> No proton decay = no need for a desert

> Automatically stable fermionic DM candidate

> Gauge interaction mediates DM annihilation, direct
detection and production at colliders

> Small number of free parameters = testable
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provide a simple scenario for the DM of the Universe.
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> No proton decay = no need for a desert

> Automatically stable fermionic DM candidate

> Gauge interaction mediates DM annihilation, direct
detection and production at colliders

> Small number of free parameters = testable

rhank you.:
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Symmetries of the Model

> Symmetries of the Model:
> (B—L)sm

> Accidental n symmetry in the new sector:

W g — e g,
nL.er — €nL.r,
Xt.r = €"XLR.
= 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

> For u << T: g: internal degrees of freedom,

s: entropy density,
g« total number of relativistic

An ny—n_ 1 59 u degrees of freedom,

_ {2 for fermions,

s s 2m2g.ET
> B—L asymmetry in the SM sector

1 for bosons.

5
A(B_l-)SM = T(IJUL+IJUR +IJdL+I‘ldR_I‘lVL_ueL_lJeR)I

4m2g .,
> n charge density
15

An = W(Zﬂw + 2y, + My, + My + M, + Hig)-

P. Fileviez Pérez, H. H. Patel, arXiv:1311.6472 [hep-ph]
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Baryon and Dark Matter Asymmetries

(15— 14B,)

BM = 32 A(B—L)sm + A
f 7 99 > 198 ”’

Initial Asymmetry _
|n x — Nx | < npm
0, <50,
Sphalerons
(QQQL)*¥ryr
)
< N\ 3
Baryon Asymmetric 3
Asymmetry Dark Matter

3(3uUL + IJeL) + My, — Hyg = 0. ' 5o MX(G;/()) 100 500 1000

P. Fileviez Pérez, H. H. Patel, arXiv:1311.6472 [hep-ph]
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Gauging B and L in SUSY Setups

> Lepto-baryon fields:

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

> Vector-like family: P. Fileviez Pérez, M. B. Wise, arXiv:1106.0343 [hep-ph]
> U(1)g and U(1), breaking scale linked to SUSY breaking
scale

> Low B breaking renders the lightest neutralino unstable
= no DM candidate
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