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I:> Explicit B and L breaking

I=> Theories for Spontanoeus B and L breaking

I=> Quark-Lepton Unification at the Low Scale

I=> Theories for Neutrino Masses




Explicit B and L breaking




Explicit B and L breaking
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Explicit B and L breaking
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Explicit B and L breaking
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Theories for Spontanoeus B and L breaking @




Gauging Baryon and Lepton numbers

Extra symmetries:

= > U(l)p_r, UML), U()p

SU3)e @ SU(2), @ U(1)y ® U(1)x

[A. Pais, 1973]
[S. Rajpoot, 1988]

[R. Foot, G. C. Joshi, J. Lew, 1989]
[C. D. Carone, H. Murayama, 1995]
[H. Georgi, S. L. Glashow, 1996]

[P. Fileviez Pérez, M. B. Wise, 2010]



Gauging U(1)s

Extra symmetries:

=> U(l)p_r, U(l)L, U()p




Gauging U(1)s

v vdy| doy vhs s

[SU2) o U] AUy @ U(1)E] AlU(1)5]

I:> New fermions required!



Gauging U(1)s

M. Duerr, P. Fileviez-Perez, M. B. Wise, 2013]
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[P. Fileviez-Perez, S. Ohmer, H. Patel, 2014]

Up~ (1,2,-1/2,B>)

Up~(1,2,1/2,-3/2)
U, ~(1,2,1/2,3/2)
Sr ~ (1,3,0,—3/2)

Xy ~ (1,1,0,-3/2)

= > By—B; =3



https://arxiv.org/abs/1403.8029

Gauging U(1)s
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e Massive anomalons |:> Sp ~(1,1,0,3) = AB =3



Gauging U(1)s

Proton stable!
e Massive anomalons |:> Sp ~(1,1,0,3) = AB =3

How do we test

ﬁ this theory? :(
Iy

Low ScALE

HICH ScAL

it might not exist...



Gauging U(1)s
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Proton stable!
e Massive anomalons |:> Sp ~(1,1,0,3) = AB =3

SU(3). ® SU(2)r @ U(l)y ® U(1)5

(Sp) ‘

SU3). ® SUQ2)L @ U(l)y +



Gauging U(1)s
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Proton stable!
e Massive anomalons |:> Sp ~(1,1,0,3) = AB =3

e Lightest neutral fermion |=> Cold dark matter candidate




Gauging U(1)s
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anomalons

Proton stable!
e Massive anomalons |:> Sp ~(1,1,0,3) = AB =3

e Lightest neutral fermion |=> Cold dark matter candidate

e Simplest content to |=> Dirac/ Majorana np = §
cancel anomalies 2



Dark Matter and the BNV scale
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o Relevant parameters: M, Mz,, gp, My,, 0B



Dark Matter and the BNV scale
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Dark Matter and the BNV scale
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Dark Matter and the BNV scale

nWwe—mm——
=0, gp=0.1
Qh? > 0.12
B =>
Qh? < 0.12
—_ Qh*=0.12
(SB) e Perturbativity sets an upper bound on the Yukawa coupling:
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Dark Matter and the BNV scale

Upper bound !!!

105§ S — /MZB 520 TeV
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e Perturbativity sets an upper bound on the gauge coupling:

vem
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Dark Matter and the BNV scale

HICH ScALE




Dark Matter and the BNV scale

The theory HAS TO live at the low scale!

HICH ScALE




Collider bounds

—== ATLAS 8 TeV, 20.3 fb™" LD — lngZB’Y q
v

mee= ATLAS 13 TeV, 3.6 fb™* 3

we ATLAS 13 TeV, 29.3 th™*

me= ATLAS 13 TeV, 36.1fb~*

e ATLAS 13 TeV, 37 fb™!

wee CDF Run | 17

= CDF Run II S 0.5 _J\f

e CMS 8 TeV, 18.8 fh™*

s CMS 8 TeV, 19.7 b

=== CMS 13 TeV, 12.9 fb~" IR f T LY
CMS 13 TeV, 35.9 fb! 0.05 0.10 0.50 1
& 41.1 fb! My, [TeV]
s CMS 13 TeV, 36 th™!
& 27 fbt . .
— UA2 Room for a light new mediator!

[Di-jet searches at CMS and ATLAS-Run I & II]
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Collider bounds

CMS-EXO-18-012 ; CERN-EP-2019-176 ATLAS; CERN-EP-2018-033
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I:> U(1)p is a perfect candidate for a light gauge boson



Models for the spotlight ?

[1810.06646, 1901.10483, 1904.01017 2003.09426 2012.06599 2103.13397]
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https://arxiv.org/abs/1810.06646
https://arxiv.org/abs/1904.01017
https://arxiv.org/abs/2003.09426

Quark-Lepton Unification
at the Low Scale




I:> Different experiments (LHCb, B-factories) have reported deviations of LFU
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I:> Different experiments (LHCb, B-factories) have reported deviations of LFU
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[See Angelo’s & Stefan’s and Bertrant’s talk from yesterday] [See Peter’s talk from yesterday]

[See Aida’s & Jure’s talk from today!]

E> Leptoquarks are kind of nice Vector LQ Scalar LQ

|:> Hints of TeV scale physics!










Quark-Lepton Unification

SU(4) ® SU(2) ® U(1) g

[Pati, Salam, 1974], [Smirnov, 1995], |Fileviez-Perez, Wise, 2013]




Quark-Lepton Unification

SU(4) ® SU(2) ® U(1)

I:> Very economical fermion content [Pati, Salam, 1974]
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Quark-Lepton Unification

SU(4) ® SU(2) ® U(1)

I:> Very economical fermion content [Pati, Salam, 1974]
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Quark-Lepton Unification

SU(4) ® SU(2) @ U(1) g
I:> Very economical fermion content

I:> Quarks and leptons are treated under the same footing
[Pati, Salam, 1974]

Qr| |dr||ur
QL dr||ur
QL dr||ur
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] 11—l
FQL Fq Fy

Leptons are just the fourth color of the quarks!



Quark-Lepton Unification

Y Fy=(u® v°), ~(4,1,-1/2)
For ~(4,2,00=(, -
L ‘ Fy=(d° ), ~(4,1,1/2)
Left-handed fermions Right-handed fermions

Qr| |dr||ur
Qr dr||ur
Qr dr||ur

lr CR| VR

] 1l
FQL Fd Fu

SU4)c ® SU((2)r ® U(1)r

|J. Pati a and A. Salam 1974] [A. D. Smirnov, 1995] [P. Fileviez Perez and M. B. Wise 2013]



Quark-Lepton Unification

SU(4) ® SU(2) @ U(1)g
I:> Very economical fermion content

I:> Quarks and leptons are treated under the same footing

I:> Allows for a unification framework [Pati, Salam, 1974]

SO(10) > SU(4) ® SU(2) ® U(1) g




Quark-Lepton Unification

SU(4) ® SU(2) @ U(1) g
I:> Very economical fermion content

I:> Quarks and leptons are treated under the same footing

I.J‘> Allows for a unification framework

I:> Only one step away from the SM SU(3)c
 LLLLL
n vk : TTH
Uk ~ (3,1,2/3) VE ~ (15,1,0) ~* Cfr. ?) +T,B"
—— —
SU(4)c

X:(Xu7Xu7Xua<XO>) |:> MU1N94UX ?
SP(9). ® SU(2 (2) @ UM 5> SU3).® SUQ2)L @ U(1)y

SU4)c ® SU((2)r ® U(1)r



Quark-Lepton Unification

< 4.7x 1071

Lk D —U“(QL’YML + UrYuVR + drYuer) + h.c.

\/_
I:> Only one step away from the SM SU(3)c
f... | N
(] v : - L
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—— —
SU(4)c

X = (X’quuaXua <XO >) |:> MU1 ~ g4Uy Z 103 TeV
SP(9). ® SU(2 (2) @ UM 5> SU3).® SUQ2)L @ U(1)y

SU4)c ® SU((2)r ® U(1)r




Quark-Lepton Unification

< 4.7 x 1071
Lk D TU“ ( S JRU};%ERQR) L he.
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Naive bound!
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SU(4)c ® SU(2)r ® U(1)




Quark-Lepton Unification

SU(4) ® SU(2) ® U(1) g

I:> Very economical fermion content

yE)
I:> Quarks and leptons are treated under the Same ooting

|:> Only one step away from the SM
I:> Allows for a unification framework

I:> Predicts fermion flavor violation
[Fileviez-Perez, Wise, 2013]
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Quark-Lepton Unification

SU(4) ® SU(2) @ U(1) g
I:> Very economical fermion content

I:> Quarks and leptons are treated under the same footing

|:> Only one step away from the SM

Vvscala,r D eaﬁ’y'f 3 (I)gH

I:> Allows for a unification framework

: : : : C.M, M. B. Wise, 2021
I:> Predicts fermion flavor violation | |

I:> Baryon number is preserved at the renormalizable level

Ly DYy Qr®3(v°) + Yo lr®y(u®)y + Ve Qrol(e®)y + Yy lr,®L(d) + hec.

Qol®) = Af3, Qu) =1 Qp(®)=1/3, Qu() =




Quark-Lepton Unification

SU(4) ® SU(2) @ U(1)g

dr \ (H) dr
1[5--->--- if A~ Mp l=> Mg, , > 10% GeV
D3
/ [Arnold, Fornal,
vy, UR .

Wise, 2013]

L pApB g DB W a8 gt

a3 tatu (@COpx X H'eapor 7 3 RUR(DL) T H eqp,

[C.M, M. B. Wise, 2021]

Ly D Y2 Qr®3(v°) L + Yalr®y(u)r + Vi Qrd®h(e) + Yy L ®L(d®) L + hec,

1 1

U%dg(@g)vﬂuaﬂv, d%d%@ZHTeam



Quark-Lepton Unificcton

SU(4) ® S

|:I|> Very economical fermion conten
I:> Quarks and leptons are c
I:> Only one step away from the

I:> Allows for a unification fra [ ]
I:> Predicts fermion flavor viold
|

':> Baryon number is preservede’
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E> PS-symmetry protects baryon number at the non-
renormalizable too! [C.M, M.B. Wise, 2021]



Quark-Lepton Unification

SU(4) ® SU(2) @ U(1) g
I:> Very economical fermion content

I:> Quarks and leptons are treated under the same footing

|:> Only one step away from the SM

I:> Allows for a unification framework

I:> Predicts fermion flavor violation

|:> Baryon number is preserved at the renormalizable level

I:> PS-symmetry protects baryon number at the non-renormalizable too!

I:> Can be realized at the low scale
Zi [Fileviez-Perez, Wise, 2013], |Fileviez-Perez, C.M., 2022]
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Quark-Lepton Unification

SU(4) ® SU(2) ® U(1) g
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I:> PS-symmetry protects baryon number at the non-renormalizable too!

I:> Can be realized at the low scale

':> Can address the ratios Rxt) and Rpe
[Fileviez-Perez, C.M., Plascencia, 2021], |Fileviez-Perez, C.M., 2022]



Quark-Lepton Unification

0.78 080 082 084 086 0.8 0.90
R

I:> Can address the ratios R and Rp

E> And we’ll be able to test that soon! @ [P. Fileviez-Perez, C.M., 2022]



Theories for Neutrino Masses é\@é

M, # 0




Neutrinos are massive!

'=> SM content should be extended

(no clue about their nature)

eg. Vrp ~(1,1,0)

[See Vincenzo’s talk today]

AL g2

e Neutrinos are Dirac e Neutrinos are Majorana

_ -~ _ - 1
,CVD O Y ¢/t Hvp + h.c. £y O Y./t Hvp + §V£CMRVR + h.c.

e

m, <0.1eV=Y, <1012




Theories for Neutrino Masses é\@é
Within explicit L breaking m,# 0




Within explicit L breaking [SU(5)]

Type-I/II1 seesaw

I: Y35i5H1—|—MV11—|—h.C.

II1: Y'52455 + My, Tr{24%} + A\Tr{24%245} + h.c.
[B. Bajc, G. Senjanovic, 2007] [B. Bajc, G. Senjanovic, 2007]
[I. Dorsner, P. Fileviez-Perez, 2007]

O . R O 77 77
%% o v (Zg)
1 by, 3 Nry b
#
. _ Type-I (111
s 24 5 ype-I (I1I)

[I. Dorsner, P. Fileviez-Perez, 2005], Type_II Seesaw

[I. Dorsner, P. Fileviez-Perez, R. Gonzalez Felipe, 2006],
[I. Dorsner, P. Fileviez-Perez, G. Rodrigo, 2007]

YA5 515 + M215% 15+
1555515 + A5 5524715 + h.c.

5 e O
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oo sYl
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15H Se EL 1 A €L
~§ a E
3 5y Type-II

[P. Fileviez-Perez, M. Wise., 2009]
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i el
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Theories for Neutrino Masses é\@é

Within spontaneous L breaking M, #0




Within spontaneous L breaking

Extra symmetries:

U(1)p—r, U(1)L, U(1)B

SU3)e® SU(2)L @ U(L)y @ U(1)«
U(1)x = U xep or U(1)x—r




Within spontaneous L breaking

Majorana neutrinos

UME 1 => A(B—L)=2
(Spr ~ (1,1,0,2)) =vp_p

L D Sz vrVR + h.c.

M

VR

MZBL X VB_L

[Fileviez-Perez, C.M., 2018]
[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]



Within spontaneous L breaking

Majorana neutrinos

U 1B _ L'=> A(B—L)=2

25} o= F = { ;

20F

XenT

5 . XelT LHC

M ZBI [TGV]

o 4 6 8 10 12 14
M, [TeV]

T~ [Fileviez-Perez, C.M., 2018]
[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]



Within spontaneous L breaking

Majorana neutrinos

U 1B _ L'=> A(B L) 2

25'_ l JBL = f i)y, = _ : :
] : =>Clwfe(mrr;v )
20T ]

XenT

M ZBI [TGV]

TS \ [Fileviez-Perez, C.M., 2018|
[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]



Within spontaneous L breaking
ot U0

-[J 1B _ _L,E=:>> A(B — ll) 2
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_20f ] 10 § LEP
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¥y
10TV~
T~ [Fileviez-Perez, C.M., 2018]

[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]



Within spontaneous L breaking
ot U0

U 1B _ L'=> A(B L) 2

25:. 9BL = f Ny =
__ 20} ] Alg
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E 15 : _
3 xend : \ / = 0.30 Planck
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My /g [TeV]
| Mz
Y\ - ANg < 0.285 = L > 987 TeV
07V~ &
t \ Fileviez-Perez, C.M., 2018
TS [Fileviez-Perez, C.M., ]

[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]



Within spontaneous L breaking

reten U152

Ukt
0> S~ (1,1,0,3) :>

U 1B _ L'=> A(B — L) 2

25:. QBL—f Ny =
: : 10°¢ ———— - )
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E 15 5 —
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N _ ©
2 10 LEP 1 g 104
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M, |GeV]

N o CMB-S4 |=> AN.¢ < 0.06 at 95% C.L.

Next Generation CMB Experiment

T~ [Fileviez-Perez, C.M., 2018]
[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]



Theories for Neutrino Masses é\@é

Within Quark-Lepton unification m,# 0




Within Quark-Lepton unification

M, =Y — Mp =Ys —

NG) > /2
[\4D:Y1/U_1 M =Y- U1
Y V2 B85 5

H~(1,2,1/2) sm
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Within Quark-Lepton unification
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Within Quark-Lepton unification

e Add a fermion singlet S ~ (1,1,0)
1
Loy = YsFuxS + 5uSS +hee.
X)
':> M;? = Y50, /V?2

e Mass matrix for neutral fermions:

0 MP 0
(v ¢ S) ( (MPHT 0 Mf ) (
7

0 (MY)"

MY > Mp > p 5> m, = up(M))?/(M)?



Within Quark-Lepton unification

e Add a fermion singlet S ~ (1,1,0) Protected by fermion symmetry

1
—LGp = YsFuxS + é.S'S + h.c..

)
05> MY = Ysuy /V2

e Mass matrix for neutral fermions:

o (o ) ()

(0= & . -0




Within Quark-Lepton unification

d o
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Summary



=> B and L are classical symmetries predicted by the SM which seem to

be consistent with experiment.

=> Understanding how they are broken is of utmost importance.



[borrowed from Pavel’s talk]

?

Explicit Spontaneous

Breaking Breaking

3 X

- Stable proton
- Dirac or Majorana neutrinos
- Low B and/or L Scale

- Proton decay
- Majorana neutrinos




Thank you!
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Exploiting the connection DM - colliders
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Indirect searches
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Indirect searches
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Indirect searches

r___1 CTA Fermi—LAT I H.ES.S.



Indirect searches

| M, =195 GeV, Mz, = 130 GeV,
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Direct searches
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Direct searches
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Direct searches
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hp ===

Invisible decays

ATLAS, CMS
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M hp [GGV]

Baryonic Higgs

IMhB = 200 GeVI pp — Zphp /s =14TeV
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Baryonic Higgs
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Baryonic Higgs
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Baryonic Higgs
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Gauging both Lepton and Baryon Numbers




Gauging both Lepton and Baryon Numbers
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Gauging both Lepton and Baryon Numbers
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Gauging both Lepton and Baryon Numbers
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Spontaneous B and L violation

e Upper bound on the Baryon Number Violation scale
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Leptogenesis

e In order to generate a L asymmetry, A. Sakharov, 1967:
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Leptogenesis

e Lower bound on the Lepton Number Violation scale

Energy

My, =10 GeV g =eP1=99.107?

Lept : Ly iz m =112 107 eV gn =10
SLETRE SR U(1), T T e
> 10 | My, =5-10° GeV
MZL ~ 107 GeV \ 10_10/4 My, =2.5-10° GeV
— |
=101 i :
N ;
My, < O(10) TeV = // |
U (1)B 10712 :
Dark matter ]
TEW ~ 100 GeV

Z = MNl/T



Baryogenesis

e Conversion to the baryon asymmetry
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Leptogenesis
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Baryogenesis

e Conversion to the baryon asymmetry
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Baryogenesis

e Conversion to the baryon asymmetry
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Baryogenesis

e Conversion to the baryon asymmetry

Energy

Leptogenesis
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Kinetic mixing
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