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e Seesaw models - archetypes of neutrino mass
models

e Effective operators as a systematic approach to
the problem of neutrino mass

 From operators back to models

e Example: Zee-Babu Model
e How to test operators using the LHC
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e The experimental discovery that neutrinos have mass
presents a theoretical problem that is simple enough to state:

e Neutrino mass exists and it’s small.

e The Standard Model (SM) predicts massless neutrinos, so the
task for any neutrino mass model is to provide a mechanism
for its existence and a ‘natural’ explanation for why it’s so
small (~6 orders of magnitude lighter than the electron).

e More accurate precision measurements, such as the first
values of 013, put strong constraints on such models. This has
already ruled some out (e.g. Zee Model), but many still
remain.

e But before going onto look at how to approach all the possible
models, I first want to go through the simplest example.
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CLASSIC EXAMPLE: TYPE I SEESAW MODEL

e [tisnatural to add vr~(1,1,0) to the SM.

* Once added, gauge invariance allows two new
terms (a Dirac and Majorana mass term):

)\I/[—/F[VR e A/[DRZ/‘(R = h.C., )\1/ — m/ = i 2

e Adding these terms is what is known as the Type I
seesaw model and I'll briefly describe where the
name comes from.

e The combination of these two terms leads to a mass
matrix (for one generation):

%(DL (VR)°) (7(7)7, J\n/}) ((l;lgc)
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 Diagonalising yields two mass eigenstates:

)
m- - faE
'”I[l'_(]/)f = —v ,”,N'(Ivl'!/ =M

e This can also be seen through a Feynman diagram:

e M is not protected by a gauge symmetry, meaning it
can be very large. Increasing M decreases the lighter
mass and so it is called the ‘seesaw’ mechanism.

e M-~10" TeV is require to generate neutrino masses
consistent with experiment. Accordingly, although its
simplicity makes it theoretically favourable, this model
is very hard to test experimentally.
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e [finstead of adding vr, we add ©~(1,3,2) or fr~(1,3,0),
then we can also introduce neutrino mass via a seesaw
type mechanism. The two new models are the Type II
and III Seesaw models respectively.

e Both models produce new physics at a lower energy

scale and are in fact both being looked for at the LHC.
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SEESAW MODELS - A COMMON THREAD?

e [t turns out the Seesaw Models have more in
common than just their names and the fact
they all explain the smallness of the observed
neutrino masses using a seesaw mechanism.

e The easiest way to see this link is to look at all
the diagrams.
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SEESAW MODELS - A COMMON THREAD?

Notice that all diagrams have the
same external field content: LLHH
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SEESAW MODELS - A COMMON THREAD?
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What remains if we integrate out the
heavy fields?
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SEESAW MODELS - A COMMON THREAD?
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SEESAW MODELS - A COMMON THREAD?

This is the simplest example of a neutrino mass effective
operator - it captures the important details of all three seesaw
models. It is usually represented as (Roman letters are SU(2)

indices):

i 17 17k 17l
Ol —F LJH H eikejl
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 An effective operator is a non-renormalizable term  H R
that captures the essential ingredients of the model.

e In the case of Majorana neutrino mass models the

essential ingredient is the AL=2 requirement e
(satisfied by L'L/ for seesaw models). O =LLH
e [tintegrates out the new high energy physics, just

like Fermi’s four fermion theory of beta decay

integrates out the W boson.

e How many other AL=2 operators can be written
down? Babu and Leung found there are 75
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EFFECTIVE OPERATORS

1 5D Operator

Oy = L'L’ H*H'e;e

7 four fermion Operators

Oy =L'L/L*e“H'e;jep,

O3={L'LI Q*d“H'e;jens, L'LI Q*d“H'eixe i},
Os={L'LI Qi H*ejx, L'L’ Qrit° H€;;},
Os=L'L) Q*d°H' H™ H; ¢ 1€,

O¢=L'L/ Qvii°H' H*H; ey,
O;=L'Q/e°QrH"H' H" ¢1€ 1,

Oz =L'¢“ud“H¢;;.

12 9D Operators

O =L LI LFeC Ll ‘e ey,

O =L LIL*ef Qldce,-jekl,

On={L'LI Q*d°Qld€;je, L'LI QFdQld €ie i},
On={L'L/Qia“Q;i¢, L'L! Qi Qii‘e;je"},
Op=L'LI QiaL'eey,

Ow={L'L! Qi Q*d‘¢;j, L'L! Qii° Q'd’},
Oys = L'LI L*dLiiCe i,
O16=L'L/ede“ui’e;j,

Oy =L L/dd“du‘e;;,
Ois=L'L/du‘ii‘u‘e;j,

O = L' Q/d°d“e“i’e;,

Oy = L'd° Qe u¢.

MELBOURNIE

40 11D Operators

O = {L'L/ L* ¢ Q'u H™ H" €;j€xmern, L'LIL¥eC Q'u¢ H™ H €i1€ jmern),

O = L LI L* e L1 H H™€j1€ jm,

Op =L L/ L*e Qxd H H™€j1€ jm,

On = {L'LI Q*d° Q'd° H™ Hi€ jxeim, L'LI Q¥d°Q'd° H™ Hi€jment},

O2s = L'L) Q*d° Q'u H™ H" €€ jnen,

Oz ={L'LI Q*d°L;e° H' H™ € jueum, L' L Q¥ d°Lie H H™ €16 jm )},

Oy = {L'LI Q*d°Q;d°H' H™€jixm, L'L Q*d° Ohd® H' H™ €ir€jm},

O ={L'LI 0*d°Q;a° H' Hyeny, L' LI Q*d° Ot H' Hie
L'LI Q*d° Qi H' Hieji ),

O = {L LI Q*u® Qrit® H' H™€i1€ jm, L'LY Q¥ u’ Qi H' H™€in€ jm },

Oso={L'LIL;&° Qrit® H*H'e i, L' L Lyne° 0t ® H* H' €ie jie™},

O3 ={L'L/0;d° Qs H*H'ej, L'L’ 0,,d° 0, H*H'eie ™),

O ={L'LIQ;u°QraH*H;, L'L’ 0it® Qnit H Hie jye™},

Os3 =L LI ee“ H" H' e,

O34 =&°€°L' Q/e“d H" H'eipe i,

O35 =éC°Liec Qi H' H i1,

O36=2°€°Q'd°Q/d°H" H' eige jy,

037=é0é69idcgjﬁCH{H(<eik,

O =ee°Q;uQ juH HY,

Os9 = {L'L/ L*L'L;Lj H" H"€¢ jmew, L'L/ L*L'L, L, H™ H"€;jeu,
L LU L H™ H e je6tn, L'LI L*L'L L, H™ H' €;j¢kmemePe},

Ou={L'L/L*Q'L; 0 H™ H" exmern, L'L/L* Q'L; Q1 H™ H" € jmen,
L'L/LYQ'T;0; H" H" € jmern, L'LI L¥Q'L; 0, H" H" € ji€i,
LiLIL*Q'L; 0 H" H €164, L'LIL¥ Q'L 0; H™" H €j€1n,
L'L/L*Q'L, Qi H"H" € 1€n, L'L LK Q'L 0, H™ H"€;j e,
L'L/L*Q'L,, 0, HP H€ipe jyeri€™,
L'L'L* 'L, 0. HP Hieipeizeize™ ),

Os =L LI L*d°L;dH H™ € ji€pm, L'LIL*d°Lid°H H™ €;j€iom ),

Ou = L' LI LML H H™ € jieom, L'LY L*u T H H™ €;j€1om ),

Ou = |L'L/L*d° Ly H' Hie i, L'LY L¥d°L;a°H' Hieny,
L'L/L*d°Lii® H™ Hyeijeime™ ),

Oss={L'LI 0%e“ Qi H' H™ € jyekm, L'LI Qe Ore“H' H™€j1€ jum,
L'LI Q% 012 H' H™€ijerm, L'LI Q%e 012 H H™€inejm ),

Ous =L Lie‘d°e°d°H H' eje i,

Os6 =L LIe‘ueu H* H' eje jy,

Oy ={L'L' Q*Q'0; 0 H" H" €xmern, L'L! Q* 0' 0; Ok H™ H" € jmein,
L'L' Q*Q' 01 01 H™ H"€im€jn, L'L’ OF Q' Q; O H™ H" € €1,
L'L'Q*Q'0; OnH™ H" € jners, L'L Q* 0' Ok O H™ H"€;j€1n,
L'L' Q¥ Q' 0k OmH™ H €16 ju, L'L Q* Q' 0, Oy H™ H"€;j€kmeine,
L'L'Q*Q' 0,0, H™ H"€ii€ jmeine™?,

L'LI0*Q' 0,0, H™ H" €ime jneueP?},

O3 =L'LId°d°d°d H*H' ey,

Os9 =L Ldu‘du’ H* H' ;e 1,

Oso=L'L/d°d°d°u°H* He jy,

Os) = L' Liu‘u‘u®a’ H* H'e;e

Osy = L'Liduu‘a®H Hie .,

Os3 = L'L/d°d“a‘a‘ H; H;,

Osqa =L Q) 0¥ d“Qie“H' H" ¢ jyepm, L' Q7 Q0 d° Qe H' H" €r€pm,

L'QJ) 0*d°Qie°H H™ €imeji, L' Q7 0*d° Q12°H' H™€ij€m ),

Oss={L'Q/ Qi Qxe“a“H"H'e;;, L'Q7Q; Qre“u“H H'ey,

L' Q) 0, Onecu H* Hl eipe je™},

Ose=L' Q/d°d°e°d°H" H'ere i,
Os;=L'd°Q;ue°d“H’ H ey,
Oss = L'u®Q ue‘uH' H ey,
Osg = L' Q/d°d°e ua’H Hie i,
O¢o=L'd°Q uea“H’ H;.

e Listdue to Babu and Leung

e  There are 15 others they
didn’t originally list

e Soin total 75 operators

Monday, 9 July 12



EFFECTIVE OPERATORS i’

MELBOURNE

e The list realises basically all existing models for neutrino mass, e.g. O;
can give rise to an R-parity violating SUSY model.

e While the list is long, there is a straightforward recipe for its construction:
can’t violate baryon number (constraints too strong); must have a AL=2
term; and then can add Higgs or AL=AB=0 number conserving terms.

e Akey feature is that the list is finite because 13D operators generate a
mass too small to be consistent with atmospheric data.

e De Gouvea and Jenkins have shown 25 are already strongly
disfavoured and that many are testable at LHC and upcoming
measurements (e.g. oscillation and neutrinoless double beta decay).

o After talking to Babu at ICHEP, Ray and I are planning to investigate
the possibility that in fact 11D operators may also be inconsistent - this
would reduce the list from 75 to 20 operators!

e So the approach is to pick an operator that can be tested with existing
experiments, generate all possible models from it and set constraints.
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e ['ve shown how you can go from models to operators, but not how to
go from an operator back to all the models it can generate.

e The question of how to go from operators back to models in general
was answered by Paul Angel’s thesis last year (a Masters student of
Ray), where he provided a step by step procedure for generating one
and two loop models.

e Note that only (; generates tree level models. Loop models don’t
have the seesaw mechanism, but rather they explain the smallness of
neutrino masses through loop suppression.

e Itisassumed, but has yet to be proved, that three loop models are
inconsistent with the data.

e Rather than go through Paul’s procedure I will give an example:

Dg = LiLijecLlecéijékl
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Og=L'L/L*e L' e€;jey .

Write as a vertex
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Use Paul’s method to e.g.
complete with scalars
(several possible UV completions)
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Close the excess fermion lines,
here using Higgs, and rearrange
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¢ Thus we have gone from an operator to a model:

@=L e Lccicyy ——

e A similar procedure can be used for any operator to create
models involving either scalars or scalars and fermions in the
UV completion.

e Incidentally the model generated here happens to be the Zee-
Babu Model, which was known before the effective operators.
Kenji Hamano and I are currently working on a ZBM search at
ATLAS, so I'll say a few words on the status of this analysis.
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e The model introduces two new particles: singly charged h~(1,1,2) and
doubly charged k~(1,1,4).

e Kenji and I have joined the same-sign dilepton analysis as it was
determined this analysis can strongly constrain the k particle. The most
up to date results from this analysis were presented at ICHEP and the
limits (unfortunately no discovery) should be published shortly.

e We also have people working on a Type III Seesaw analysis and hope to
have results out this year.

e Undoubtedly the LHC is a rich source of constraints on many of these
models, especially leptonic analyses currently underway in exotics.

Monday, 9 July 12



Slide taken from Else

Like-Sign inCI: ReSUIt Lytken's paralel talkc o

In bins of like-sign mass, using 4.7 fb":

> 120 L B B B BB BB
& ATLAS Preliminary 4- Data 2011 |
& 100 _[Ldt - 471" [[JNon-prompt
o \s = 7 TeV [ Charge flips
Sample Number of electron pairs with m(e*e™) T g - [ ]Prompt -
>15GeV | > 100 GeV | > 200 GeV | > 300 GeV | > 400 GeV § et -
Prompt 03694 | 529=57 | 13616 | 40=06 | 13202 g o0 E
0 0.2 -
Non-prompt 75+29 29+ 12 6.0+£28 0.61"'16 0.07 5 40 :
Charge flips and 16125 | 86+13 | 21.0=35 | 7914 | 35208 20 E
CONVETrSIONSs ]
Sum of backgrounds | 33039 | 169=19 | 40647 | 124713 870 % ~"50" 100 {50 200 250 300 850 400
Data 329 171 38 10 3 m(e‘e*) [GeV]
= = > e L e I L L L
Number of muon pairs with m(u~p™) S eoF ATLAS Preliminary 4 Data 2011 -
>15GeV | > 100GeV | > 200 GeV | > 300GeV | >400GeV g : I Ldt— 471" [T]Non-prompt -
Prompt 205+26 | 90=11 | 218+28 | 58=09 | 22204 ¢ °°F \se7Tey  [JPrompt
Non-prompt 42+14 | 12146 | 1.0=06 0.0707 0.0797 e 40 L.
Charge flips 0.0°42 0.0°22 0.0°18 0.007 0.0%17 2 b R
| Sum of backgrounds | 247730 | 102+12 | 228737 5.8'00 2270 20;_ _
Data 265 111 29 6 2 : :
10F —
E | T B + '=F

M N B = == oSS
O0 50 100 150 200 250 300 350 400

m(uu?) [GeV]

All mass bins consistent with SM only hypothesis
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Nick Rodd
Slide taken from Else Lytken's parallel talk at ICHEP


CONCLUSION 33
e Effective operators provide a systematic way to approach
neutrino mass, operating at the boundaries of both theory
and experiment.

e QOur group is contributing to that goal with the Type III
Seesaw and ZBM LHC analyses and may ultimately move
to look at other operators and models.

e But there are many more models left to analyse and this
represents a great opportunity to use our involvement
with the LHC, and also draw on many upcoming precision
measurements.

e Ruling out other operators can indirectly give weight to
favourable models like the Type I Seesaw or perhaps
reveal nature isn’t ‘natural” as we thought.
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