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Theoretical Challenges

(i) Absolute mass scale: Why my << my,q,e?
¢ seesaw mechanism: most appealing scenario = Majorana

e UV completions of Weinberg operators HHLL

» Type-l seesaw: exchange of singlet fermions I o9

Minkowski, 1977; Yanagida, 1979; Y\T\ /}’/
Glashow, 1979; Ni: SU(B)e x SUR)w x U()y ~(1,1,0) / .
Gell-mann, Ramond, Slansky,1979; R. C w Y 11

14 14

Mohapatra, Senjanovic, 1979;

» Type-Il seesaw: exchange of weak triplet scalar s
Lazarides, 1980; Mohapatra, Senjanovic, 1980

A: SUB)e x SURWw x U(1)y ~(1,3,2)
e//YA\\ ‘

» Type-lll seesaw: exchange of weak triplet fermion
Foot, Lew, He, Joshi, 1989; Ma, 1998

>kt SUB)e x SU@)w x U(1)y ~(1,3,0) Y/Q—Y\
V4 14
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Theoretical Challenges

For a recent review on TeV scale seesaw:

(I) Absolute mass scale: Why my << mu,d,e? M.-C. C., J.R. Huang, arXiv:1105.3188

¢ seesaw mechanism: most appealing scenario = Majorana

e can originate from GUT scale Physics:
e indirect probe through LFV processes at colliders

* seesaw scale can also be at TeV (if yukawa ~ 10 allowed)
e type Il, lll, inverse seesaw, .....

e TeV scale new physics = Dirac or Majorana

¢ extra dimension: through small wave function overlap

¢ associated phenomenology in extra dimension  [Talk by Renata Zukanovich-Funchall
e extra U(1)’ gauge symmetry

¢ associated Z' phenomenology
¢ Discrete R-Symmetries

¢ simultaneous solution to mu problem and small Dirac mass
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Theoretical Challenges

(i) Flavor Structure: Why neutrino mixing large while quark mixing small?
e seesaw doesn’t explain entire mass matrix w/ 2 large, 1 small mixing angles

e family symmetry: there’s a structure, expansion parameter (Wtry effect)

® mixing result from dynamics of underlying symmetry

e if symmetry breaking at TeV = signatures at colliders

e with SUSY: superpartners charged under family symmetry, can probe (indirectly)
flavor sector even for high symmetry breaking scale
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Type_l Seesaw at CO”iderS Minkowski, 1977; Yanagida, 1979;

Glashow, 1979;
Gb‘“'llldllll, Ramor |d, Star |b'r\y,"|979,
Mohapatra, Senjanovic, 1979;

® assuming no new interaction: small neutrino mass from

BN 9
Mg ~ 100 GeV mp ~ me ~ 107 GeV N
Yg, Yy
e same level of “un-naturalness” if small electron Yukawa allowed . /—\ .
* RH neutrino may be within reach of LHC Nt SUB)e x SUR)w x U}y ~(1,1,0)

e Only way to test seesaw is by producing RH neutrinos
e Yukawa ~ O(10): irrelevant for colliders
¢ RH neutrino production: gauge interaction through heavy-light mixing

—4

Mg 100 GeV \

* Observable at colliders: require mixing 1 - .01 Han, Zhang, 06; del Aguila, Aguila-Saavedra,
) Pittau, 06; Bray, Lee, Pilaftsis, 07
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Type-l Seesaw at Colliders

e Neutrino mass get contributions from different singlet fermions

¢ neutrino mass small NOT due to seesaw, but cancellation among these contributions
) ) ) ) ) Buchmuller, Wyler ‘90; Pilaftsis, ‘92

e universality of weak interaction & Z-width: V < 0.1

e cancellation at 10-8 level to get 0.1 eV neutrino mass

, Vil \ 2 M.
0) o (Vs 2M; = 107 eV (D SN
my” o~ |Vai M Y1001/ \100Gev

e with 3 singlets: light neutrino masses vanish if and only if

¢ Dirac mass matrix has rank 1 Buchmuller, Greub ‘91; Ingelman, Rathsman, ‘93;
Heusch, Minkowski, ‘94; Kersten, Smirnov, ‘07
(73] Y2 Ys
mp =m | ayy QY QY3
By By2 Pys
2 2 2
Y1 Ya Y3

e three contributions add up to zero  jy, + M, + My X

* Yukawa couplings arbitrary = allowing large heavy-light mixing
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Type-l Seesaw at Colliders

e symmetry justification for such cancellation: Kersten, Smirnov, 2007

e | -conservation; discrete subgroups of U(1)L

e A4, S3
® neutrino masses arise as small perturbations to the cancellation structure
e Collider signatures

¢ Lepton Number Violating processes: .

qq — I Iy +jets

q1

e leading order: my=0 by symmetry (L-conservation)

e small L-violating effects = small neutrino mass

e unobservable unless fine-tuned

Neutrino mass generation & collider physics decouple

Mu-Chun Chen, UC Irvine Testing Neutrino Masses at the LHC

GGl, 06/26/2012 7




Type-Il Seesaw at Colliders

* SU(2) triplet Higgs contribute to neutrino mass  yALL

need Y, ~ 10712 YA = [ U%/ﬂ Mi,

v : custodial symmetry breaking coupling in scalar potential HAH'
M, =V2Y,va, — 5 Y, =1, u~10"20rY, ~ y~ 1075

e Higgs spectrum after SSB: 7 massive physical higgs bosons
H,, Hy, A, H* and H**
e Generic predictions: doubly charged Higgs
¢ only couple to leptons, not quarks

¢ unique signatures: different from SUSY scalar spectrum

AT etet, ptut, ot
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Type-Il Seesaw at Colliders

¢ doubly charged Higgs at the LHC:
¢ produced through Drell-Yan

q(j—>fy*,Z*—>H++H__, qq_’—>W*—>
3 E T T ' L L
= - LHC Production of Triplet Scalars:
N N ;
10
1k
=
10 3
-2:
10 | ] ] ]

200 400 600 800 1000
M+ (GeV)

Han, Mukhopadhyaya, Si, Wang, ‘07;
Akeroyd, Aoki, Sugiyama, ‘08;
Perez, Han, Huang, Li, Wang, ‘08; ...

H**:g+,

Perez, Han, Huang, Li, Wang, ‘08; ...

For a mass ~ (200-1000) GeV:
cross-section: 100-0.1 fb

potentially observable rate with
high luminosity of 300 fb-! for
Ma ~ 600 GeV
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Type-Il Seesaw at Colliders

e distinguishing NH vs IH mass spectra Perez, Han, Huang, Li, Wang, ‘08
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Type-Il Seesaw at Colliders

Perez, Han, Huang, Li, Wang, ‘08

Spectrum Relations
NH Br(rT7"), Br(u"u™) > Br(ete™)
Am3; > 0 Br(u7") > Br(etr"), Br(etu™)

IH Br(etet) > Br(u*p'), Br(rT71)
Am3; <0 Br(u7") > Br(etr"), Br(etu™)
Br(etv) > Br(u™ ), Br(r70)
QD Br(ete™) ~ Br(ptu™) =~ Br(rTrT)
Br(u"7") ~ Br(e"r") ~ Br(etu™) (suppressed)
Br(e™v) ~ Br(u"v) ~ Br(rv)
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Type-lll Seesaw at Colliders

* Type-lll seesaw: exchange of weak triplet fermion with Y =0 Foot, Lew, He, Joshi, 1989; Ma, 1998

YR //// E — (Z+7 EO? Z_)

Y;TJ\ T
E //H_F\ . Zr: SU@)e x SUR)w x U(1)y ~(1,3,0)

e small neutrino mass with TeV g and Yukawa y ~ 10°

e triplet fermion produced through gauge (weak) interaction  Franceschino, Hambye, Strumia,2008

pp — X5t S TWHWEIT 5 djets+ Ep + ¢

¢ TeV scale triplet decay : observable displaced vertex

. 1 2
- <1 mm x (OO5eV)( OOGeV)

* neutral component >° can be dark matter candidate E. J. Chun, 2009
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Inverse Seesaw

e additional Siﬂg'GtS S: in (VL, VR, S) basis Mohapatra,1986; Mohapatra, Valle, 1986;
Gonzalez-Garcia, Valle, 1989
0 My, O
M,=| M! 0 My

0 MNS Ms

» effective mass M ~ (MM Mg(My M
with
Mys ~ O(1 TeV), My, ~ O(100 GeV) M ~ 0(0.1 keV)

¢ correlation between Hirsch, Kernreiter, Romao, del Moral, 2010

BR(X; — Nij2 + p) ~ BR(p —e+7)
BR(X{ — Niy2 +7%)  BR(r = e+7)

e non-unitarity effects

e enhanced LFV (both SUSY and non-SUSY cases)
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Radiative Seesaw

e Zee-Babu Model: neutrino mass at 2 loop Zee 1986: Babu, 1989

e singlet charged SU(2) singlet scalar + doubly charged SU(2) singlet scalar

¢ neutrino mass at higher loops Krauss, Nasri, Trodden, 2003; E. Ma, 2006;
Aoki, Kanemura, Seto, 2009
¢ can be achieved with Z> symmetry

e TeV scale RH neutrinos

® [oop particles can also have color charges Perez, Han, Spinner, Trenkel, 2011

¢ enhanced production cross section

e different models involve different (TeV scale) particles in loops

e collider phenomenology very model-dependent
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TeV Seesaw with New Interactions - LR Symmetry

® new gauge interactions RH neutrinos participate:
e seesaw mechanism may be tested even for small heavy-light mixing

e an example is the left-right SU(2)L x SU(2)r symmetric model  pati, Salam, 74; Mohapatra, Pati, 75;

Mohapatra, Senjanovic, 75
¢ particle content

u

e fermions: Qir = <“) ~(1/2,0,1/3), Qi = <d) ~(0,1/2,1/3)
iR

i,L

Li,L = (5) ~ (1/2707 _1)7 Li,R = (i) ~ (07 1/27 _1)
i,L iR
e scalars:

0 4+ + ++
P = (zli Z%Q)) ~(1/2,1/2,0) Ar= (_ff/ﬁ> ~(1,0,2)  Ap= (A —AA};'E/JF\/?) ~ (0, 1, 2)

¢ upon LR symmetry breaking: neutrino masses generated

e type-I| + type-ll contribution 2.2

myzva—y Y
fUR
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TeV Scale Left-Right Model

¢ TeV scale LR model:
® neutrino mass
e preferred SUSY vacuum: preserved R-parity, break P
vr #0, vy, =0
e small neutrino mass with TeV Wgr and Yukawa y ~ 10
e Wr & Z’ at LHC:

e production independent of light-heavy mixing

Keung, Senjanovic, ‘83
* signal:

pp — p i+ X
¢ very small background
e current limit from DO & CDF: Mwr > 780 GeV
¢ | HC can easily probe WRr up to (3-4) TeV and vr in (100-1000) GeV range

Azuleos et al 06; del Aguila et al 07, Han et al 07; Chao, Luo, Xing, Zhou, ‘08; ...

Mu-Chun Chen, UC Irvine Testing Neutrino Masses at the LHC GG, 06/26/2012 16




TeV Scale Seesaw Model: R-Parity Violation

e MSSM with bi-linear R-Parity Violation Kaplan, Nelson, 1999

—_ m,;,=1000 GeV

® mixing angle < neutralino decay:

e mass generation for Amatm?: S A
H  my =200 GeV
) . . \%/101_
AP A
~
H_
3
<v> <v> H el
=
A

Mukhopadhyaya, Roy, Vissani, 1998

de Campos, Eboli, Hirsch, Margo,
Porod, Restrepo, Valle, 2010

107

BR()Z? — lLL:l:W:F) 107 10° 0
BR()N(? — TiW:F) tan2 023
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Mechanisms Naturally Suppress Neutrino Masses
with TeV Scale New Physics

Two examples:

» TeV scale U(1)’ Family Symmetry for quarks and leptons
» associated Z’ collider phenomenology

» Discrete R-Symmetry in SUSY

» simultaneous solution to mu problem, proton decay problem, naturally suppressed Dirac
neutrino mass
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TeV Scale Seesaw and Non-anomalous U(1)

M.-C. C., de Gouvea, Dobrescu (2006)
e SM x U(1)na + 3 VR charged under U(1)na symmetry, broken by <¢>
e U(1)na forbids usual dim-4 Dirac operator and dim-5 Majorana operator

HHLL
— M ~ 10" GeV

mrr ~

¢ neutrino masses generated by very high dimensional operators

PHHLL
mrp ~ <<](/[¢>) A7 — M ~ TeV, for large p Lj\? ~ not too small ~ (.1
:<H> :<9> _____ :<e> :<H> low seesaw scale achieved
o I N\ ~TeV! with all couplings ~ O(1)
YPa X X X X Py

e anomaly cancellation: relate generation-dependent fermion charges
= predict mass hierarchy and mixing
e TeV cutoff possible with 3 RH neutrinos
¢ neutrino can either be Dirac or Majorana particles
e light sterile neutrinos: DM candidate
e TeV scale Z': probing flavor sector at LHC
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TeV Scale Seesaw and Non-anomalous U(1)

e probing flavor sector at colliders

¢ (2+1) Leptocratic models

¢ generation dependent charges for

lepton doublets

e bi-large mixing

B(Z' —ete™) (1—|—2az¢)2

B(Z' — putu—) 1 —azy
B(Z' —eTe) 2
— =3 (1+2
B (2" — 1) (L4 2az)

(5]
(=]

Ratio of Branching Fractions
S

—_
(]
T

M.-C. C., de Gouvea, Dobrescu (2006)

e invisible decays of Z’: distinguish different U(1) models

e U(1)s.: Br(Z — invisible) = 3/8

1
1 2 3 4 5 6

az_ parameter controlling
charge splitting, thus
mixing parameters

e Orwellian Z’ (universal lepton doublet charges): Br(Z’ — invisible) = 6/7

Mu-Chun Chen, UC Irvine
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TeV Scale Seesaw and Non-anomalous U(1)

e Establishing “flavorful” nature of Z’: 5 sigma distinction of e and mu channels
M.-C. C., J.-R. Huang (2009)

=
< — ' +a
0.9 —— exp. Z'/Z/y->e"e
0.8 _
S S U exp. Z'/Z/y->utu
0.7 -+
0.6/ .h":"_l__l_—l—
E L T i f
0.55- I ST T ORI N
0.4 +—I— A
0.3 T
—  LHC@ 10TeV T
02 500/fb for T
0.4E-  MZ=ITev

L1 1 | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | 1] | L
800 600 700 800 900 1000 1100 1200 1300 1400 1500
M, (GeV)
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Prediction for Sparticle Spectrum

e U(1) family (for quarks and leptons) also dictates sparticle mass spectrum (once
SUSY breaking mechanism is specified)

e U(1)’ family suppresses mu term

e predict testable (RG invariant) mass sum rules in Anomaly Mediated SUSY Breaking

(AMSB) among sparticles at colliders
M.-C. C., J.-R. Huang (2010)

Mg, + Mye + My, = (M, +mye +my,)amss (i =1,2,3)
_2 _2 2 2 2 2 -
Mg, + Mge + My, = (-mQ‘ +mge + my )amse (i =1,2,3)

=2 . . 2 2 2 :
My, + Mee + My, = (mp, + Mee + my Jamsg (i =1,2,3)

functions of gauge couplings, Yukawa
couplings and gravitino mass (msy2)

Flavor Physics at the Collider
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Naturally Light Dirac Neutrinos from W

e MSSM: many attractive features (solving gauge hierarchy problem, gauge unification)
e Dirac neutrino mass from Kéahler potential Arkani-Hamed, Hall, Murayama, Tucker-Smith, Weiner (2001)

XT m
K D kppywy — L H,7+hec. ~ 82 B
Ly 32 7+ he. D> v My~ My
* However, it has several problems <X>: SUSY breaking VEV

e mu problem: p << My
¢ Giudice-Masiero mechanism  Giudice, Masiero (1988)
¢ absence of mu term in superpotential
e effective mu term (non-perturbatively) from Kahler potential

. Xt Fy
K D kHqumHqu-i—h.C. <} {> Weg ~ ﬁHqu =: g H, Hy

¢ proton decay through dim-4, dim-5 operators
e dim-4 operators: forbidden by imposing R-parity
e dim-5 operators: severe experimental constraints on the models
e no symmetry reason for the absence of holomorphic mu term/Dirac neutrino mass
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Simultaneous solution based on symmetries to all
problems”?
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Dirac Neutrino Mass and the p Term

® Requiring Symmetries H.M. Lee, S. Raby M. Ratz, G.G. Ross, R. Schieren,
K. Schmidt-Hoberg, PK. Vaudrevange, (2011);

¢ to forbid mu term

c———>> R Symmetries

® be anomaly-free
¢ be consistent with SU(5)

e continuous R symmetries not available |::> Discrete R Symmetries
A.H. Chamseddine, H.K. Dreiner (1996)

S . R - H.M. Lee, S. Raby M. Ratz, G.G.
e Search Abelian discrete R symmetries, ZE, that satisfy oM. Loe, S. Haby . Batz, &G

Hoberg, P.K. Vaudrevange, (2011);

M.-C. C., Michael Ratz, Christian Staudt,
Patrick Vaudrevange, arXiv:1206.5375

e Majorana neutrino case for ge = integer:
e anomaly freedom (allowing Green-Schwarz)

e mu term forbidden perturbatively

* consistent with SU(5) - five viable symmetries found;
e usual Yukawa allowed '::> - one unique solution consistent
with SO(10) = Z4 R-symmetry

¢ \Weinberg operators allowed
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Dirac Neutrino Mass and the p Term

e Search Abelian discrete R symmetries, 7Z# , that satisfy M.-C. C., Michael Ratz, Christian Staudt,
M Patrick Vaudrevange, arXiv:1206.5375

¢ Dirac neutrino case for ge = integer:

e anomaly freedom (a la Green-Schwarz)

— > classes of models found

e forbidding mu term perturbatively

¢ consistent with SU(5)

e allowing usual Yukawa

¢ \Weinberg operators forbidden perturbatively
e an example: Z? symmetry

ms3/2 _ . Mmg3y/2
LH,
Mo A VF

QRQL

» at non-perturbative level ~ #ex ~ maj Hy Hg +

» A L = 2 operators forbidden = no neutrinoless double beta decay

» AL = 4 operators allowed = new LNV processes
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DiSC rete R Sym metries M.-C. C., Michael Ratz, Christian Staudt,

Patrick Vaudrevange, arXiv:1206.5375

¢ For all solutions:

» absence of perturbative mu term = constraints on R charges of Hu, Hd

= non-perturbative mu term ~ TeV automatically arise po~ (W) Mg ~ mss

» absence of perturbative Weinberg operator = constraints on R charges of leptons

=» non-perturbative, realistic Dirac neutrino mass

. . ms/2
automatically arise Y, ~ 2o K

Mop Mp

» solutions automatically forbid dim-4 proton decay

» solutions automatically suppress dim-5 proton decay (allowed only at non-perturbatively
level through Kahler potential)

» predictions for B and L violating operators to all orders with Hilbert basis method
R. Kappl, M. Ratz, C. Staudt (2011)

anomaly-free, SU(5) compatible symmetries simultaneously solve mu problem,
suppress Dirac neutrino masses, and forbid proton decay problems!!
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Conclusion

e Seesaw based Mechanisms: to have observable effects at colliders
e TeV cutoff scale, assuming small Yukawa (~1079)
®* N0 new gauge interactions:
e mediators charged under SM gauge group (type-Il, lll, radiative seesaw)
e new interactions: left-right symmetric model

e common operators for superpartner decays and neutrino mass generations (RPV,
inverse seesaw)

e correlation between mixing parameters and decay branching fractions
* More Naturally: inverse seesaw or higher dimensional operators or Extra Dim
¢ SO(10): adjoint fermions + inverse seesaw
® inverse seesaw
e adjoint SU(5)
¢ higher dimensional effective operators (from, e.g. extra U(1))
e TeV Scale Extra Dimension
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Conclusion

M.-C. C., Michael Ratz, Christian Staudt,

e anomaly-free, SU(5) consistent Discrete R-Symmetries: Patrick Vaudrevange, arXiv:1206.5375

» very predictive framework (prediction to ALL order with Hilbert basis method)

» common origin of a suppressed mu term and Dirac neutrino mass

ms/2 N v

Mp Mp

o~ W) Mg ~ ms Y, ~

» automatically forbid dim-4 proton decay operators
» automatically suppress dim-5 proton decay operators to high power

» new L number violation operators
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