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e Standar odel provides a good “explanation
The Standard Model provides a good “explanation”
for most of the current expem’menmf results in
Joam’cﬁe ]oﬁysics and it is one of the most successﬁxf

theories (y‘: nature !
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Some Questions

What 1s the origin of Neutrino Masses ?
Why the SM 1nteractions are so different ?
Why the fermion masses are so different ?
Why the Higgs boson 1s light?

How can we explain the Dark Matter in the Universe ?

How can we explain the matter-antimatter asymmetry ?




Is there New CPﬁysics at the TeV Scale ?
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Is there New CPﬁySiCS at the TeV Scale ?

Let us ignore the Standard Fine Tuning arguments
and discuss some other possibilities which motivate the
existence of New Physics at the TeV Scale
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Neutrinos are Massive !

How do we test the theory of Neutrino Masses ?




Massive Neutrinos

NuFit Collaboration
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Massive Neutrinos

e Dirac Fermions B-L. Conservation !

—Lp =X Ui io, H vy F e

* Majorana Fermions B-L Violation !

Many |ldeas !
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Dirac Neutrinos

B-L Conservation !
2L % Vil io l U - hia.

YP <ige'’ mmm)  NE 8.1 eV

Y

SVR ﬁ U(]-)B—L Local Anomaly

Free Symmetry

a) Unbroken B-L: Stueckelberg Mechanism Feldman, P.F.P., Nath

b) Broken B-L: = Spr ~{(1,1,0,n5L), |nBE| > 2.
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(Minkowski, Mohapatra, Senjanovic, Glashow, Yanagida, Gell-Mann, Ramond, Slansky)

’quomna Neutrinos

i 1
— Ly = YVD Ciao it v §MRV£CVR + h.c. (Canonical Seesaw)
ﬁ M,/ — mDM}glmg

if mp ~ 10°GeV ﬁ Mpgp < 1014 1%GeV  (Seesaw Scale)

—L! =Y, CriocyH*vg + Ag v CvgSp + hec,

Srie o (IS
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The Canonical Seesaw

* In general, the upper bound for the B — L breaking scale 1s the
canonical seesaw scale, i.e. vg_; < 101 GeV.
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How do we test the theory of Neutrino Masses ?
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How do we test the theory of Neutrino Masses ?




P. F P., C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter

Neutrino Dark
Masses Matter

1 _ o
£oM D =2 FL F g™ + iXpy" Duxt + iXry" Duxr + (DuSBL) (D" SpL)

— (Y,, lricoH*vp + A\ V%CVRSBL + M, XLXR + h.c.) ,

S Mp = V2 rvBL Mgz, = 29B1LVBIL,
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P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter

n = 1/3 when Qph? < 0.1199 £ 0.0027
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The Canonical Seesaw

* In general, the upper bound for the B — L breaking scale is the
canonical seesaw scale, i.e. vg_; < 104 GeV.
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P. FE P., C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter
The Canonical “Dark’’Seesaw

* The presence of Dark Matter in the game lowers considerably the upper
bound to vg_; < 200 TeV.

J0TeV ~

A

10V ™

» Hope to see signals in a near future!!! S A L E
SAVE |

UP TO 9 ORDERS

OF MAGNITUDE
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P. F P, C. Murgui, Phys.Rev. D98 (2018) 055008

Seesaw Scale and Dark Matter

The upper bound on B-L Seesaw Scale 1s in the multi-TeV region

Therefore there 1s a hope to test the origin of neutrinos masses at Colliders !

LNV Signatures at LHC

pp — Zgy, — NiN; — s WFefWT — eFeif4;. P.FP, T Han, T Li

See also M. Duerr, PEP., J. Smirnov R Ve Dotoz



P. . P, C. Murgui, Phys.Rev. D98 (2018) 055008

.

\

One can expect lepton number violating and DM signatures at the LHC
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P. F. P., C. Murgui, Phys.Rev. D98 (2018) 055008

Testability at the LHC

pp — Zpg, — NiNi — e WTef W — eleff 4.

Vs =14 TeV £=300fb"" Vs =14 TeV

— My=1TeV, Mz, =2TeV, g =0.1
— My=3TeV, My, =6TeV, gg =0.5
— My=4TeV, Mz, =TTeV, gg =0.9

200 500 1000 2000 5000
My (GeV)

The LHC could see these events 1in the near future !
P. Fileviez Perez
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S}aonmneous QSaryon Number Violation
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QBaryon Number Violation in BSM

Explicit Breaking
for example in GUTs: Meauyr > 101°GeV

Spontaneous Breaking

ﬁ Baryon Number as a Local Gauge Symmetry
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Baryon Number as a Local Gauge Symmetry

A. Pais, 1973

S. Rajpoot, 1988
R. Foot, G. C. Joshi, H. Lew, 1989

C. Carone, H. Murayama, 1995

P. F. P., M. B. Wise, PRDS82 (2010)011901; JHEP1108(2011)068

M. Duerr, P. F. P, M. B. Wise, Physical Review Letters 110 (2013) 231801
P. F. P, S. Ohmer, H. H. Patel, Phys. Rev. D90 (2014)3,037701

P.F.P., Physics Reports 597 (2015)
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P. F. P., M. B. Wise

Breaking B and L at the TeV scale !

@) SUBeeSU@):reU)yeUl)seU(l);

where U(1)p and U(1);, can be broken at the TeV Scale !
B(quark) =1/3 L(lepton) =1

How to define an anomaly free theory ?
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Anomaly Cancellation

Baryonic Anomalies:

A1 (SUB)??2®U1)8), A2 (SU@2)2@U(1)5),
As (U3 @ UL)B), A (U(L)y @U(1)3%),
As U(1)B), As (U(1)3),

In the SM: Ar = —Az =3/2
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Different Solutions for Anomaly free theories.:

. :sequewciu'cﬁm%

- Vector-like Fermions

P. F. P, M. B. Wise, PRDS2 (2010)011901;
M. Duerr, P. F P.,, M. B. Wise, Phys. Rev. Lett. 110 (2013) 231801
P. F. P.,, S. Ohmer, H. H. Patel, Phys. Rev. D90 (2014)3,037701

P.F.P., Physics Reports 597 (2015)
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M. Duerr, , M. B. Wise, Phys. Rev. Lett.

One can define an anomaly free theory using the Fermionic Lepto-baryons:

Example: Wp ~ (1,2,—1/2, By) Up~(1,2,—1/2, Bs)
e (17 17 _17B1) s (17 17 _17B2)

X2 (17 1707B1) Lo (17 170732)

) BB

They can have vector-like masses and cancel all anomalies !
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Generation of Mass:

LO ANV VRS + Al DB e i LG

()  NewHiggs: Spr ~ (1,1,0,—3,—3)

_4> Stable Proton ! [ NO DESERT !
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Dark Matter: X = XL + XR cold dark matter candidate !

/

Leptophobic Gauge Boson: Zp — qq, XX

New Higgs Boson: ho — qq, WW, ZZ hh, xx

Missing Energy at the LHC: pp — Zghy — ttxy — it Ejngiss
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P. F. P, E. Golias, R. Li, C. Murgui, 2018

e CMS 8 TeV, 18.8 fb™*

e CMS 8 TeV, 19.7 b

= CMS 13 TeV, 12.9 fb~*
CMS 13 TeV, 35.9 fb™*

e CMS 13 TeV, 36 fb™*
&27 b1

s [JA2

e ATLAS 8 TeV, 20.3 fb!
me ATLAS 13 TeV, 3.6 fb~*
wess ATLAS 13 TeV, 29.3 fh™*
me= ATLAS 13 TeV, 36.1fb~*

ATLAS 13 TeV, 37 fb™!
wee CDF Run I

me= CDF Run II
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P. F. P, E. Golias, R. Li, C. Murgui, 2018

Qpyh? < 0.12.

XX = @@, WW, ZZ, hih1, ZpZp, Zgha, Zghi, haha, h1hs.

M, [TeV]
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Sjaonmneous ﬂBaryon Number Violation

The scale for baryon number violation must be low In
agreement with cosmology and one could test the
spontaneous breaking of baryon number at colliders
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Summary

The testability of the theory of neutrino masses is crucial fo
complete our understanding of the origin of fermion masses !

The Seesaw Scale must be in the multi-TeV scale in the simplest
theories based on B-L if there is a relation between DM and
the origin of neutrino masses. One can hope fo test this
mechanism at current or future colliders.

The simplest theories for spontaneous baryon number
violation predicts new physics at the multi-TeV scale in
agreement with cosmology. This theory predicts the proton
stability, it is a good theory for dark matter and one could
change the way we think about unification of forces.
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Thank You !



