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Neutrino Masses

e Data-BG-GeoV, _ _ _ _ _ _ _
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Type-1 Seesaw Mechanism

Introducing a right-handed neutrino Ny(1, 1, 0) we can explain the “tininess” of the Yukawa couplings

mR_ —

m

W

Which can be rewritten as:

725, N (0 ™) (% Y
=——\U
m

2 VRS A\mp mg )\ N

Using m, << mp the mass eigenvalues are:

2
m Y 1
My = Mp m~—=\—y, | —

’ Mg \/5 Mg

Which fory, ~ O(1) gives
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Type-2 Seesaw Mechanism

C
Qpr — ( Mp ' ? E?I/
m 2 Uy my N, What about this term” 5 Yt

In SU(2); the left handed neutrino is embedded in the lepton left-handed doublet: [ = <Z> so a mass-term like the above

should come from a combination [ and .

Gi . A+/\/§ A++

Requires an extension of the SM: A(1,3, +1) =——A"'=

V2 A0 ATH/2

Allowing us to add a term in the Lagrangian: &% = f,, [5ic*Al, + h.c.

V V
: [ -
Let the neutral component acquire a vev:{AY) = —— L5 = fo——T

V2
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Type-2 Seesaw Mechanism

The Higgs potential now is a bit more complicated....

A
Vi, A) = —mo@ o+ M*TrATA + (up'ic*Ap + h.c.) + Z(gﬂ @) + A0 TIATA + A(TrATAY + L, Tr(ATAY + L, AATp

One can still find that this potential has a minimum at:

2

M= = AR g L (A0 =—
2 t V2
\/Evt
/1 /11 + /14 1Y
mq% = Z"c% | v \/_/Wt (p”) = sz

S0, the vev is suppressed if the mass of the triplet is really large

Xavier Ponce Diaz

v
. pA I —c
Remember: &£y — f,—U L,

@ So, for f ~ O(1) we need a small vev.
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A few comments before moving on...

The GB: G*, G are now a combination of triplet and doublet fields

Let’s do some counting: breaking the relation:

Before SSB: 4 (doublet) + 6 (triplet) d.o.f

After SSB: 3 GB + 7 physical particles m‘%, 2Vt2
p = ~1 — 1.00037 £ 0.00023 — v, < 2.1 GeV
m5 cos? 0, vz + 4v,

The physical states are: H*, H*, A, H, h, which except H** = A*™*, mix doublet and triplet fields

QT Ht\ [cosp —sinf\ [(A*
Q= | vg+hy+izg Gt/ sinff  cos f3 ot

/ Vi
» tanfi ~tanff' ~ —

2
& A\ [cosfp’ —sinf’\ [z i
N G°) \sinp cosp’ ) \Z
V2 _
A= v+ hiz AT H\ _ (cosa —sina h, tan 20 = 2\/§M Vat 20+ A ViV <0.3at95% C.L.
V2 V2 h sin@ cosa h, %vc% /; vz — 2(Ay + R)V7

arxiv:1903.02493
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Are we done?

1+ 3
Well, there are some “issues A
* We explain neutrino masses in a natural way, -" ‘, 3 i ‘2 qu
however... 0 . L 0 M2 2,4 K | +ntE
--------- R 1671'2 M2
« We also know type-2 seesaw mechanism cannot Neutral components are unstable., they
solve all the open questions of the SM, one of the will always have a decay channel:

most important: Dark Matter.

* And more: Strong-CP problem, flavour hierarchy

problem, GUTs, quantum gravity... Even suppressing f_;, does not work,

since other decays become relevant
e.g. H > W*W+

* Phenomenologically testable at TeV scale.
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Scales and EFT

e Consider A > M, > O(v,) and a coupling of the NP to the SM + A. In
this case we can “integrate out” the NP and work with an effective

A New Physics Lagrangian:

3D36 _ 3D34 gDzS 3D=6 _ C 0 Cj(S)('u) @(5) Z C]§6)(’u ) @(6)
AEFT — A T AEFT T AEFT 2 i('u) l T Z A J + - A2 k
! J

My+ A, Type-2 Seesaw Mechanism Where we allow the type-2 Lagrangian to have mass-dimension 6 terms.

In other words, think it as SMEFT + A

vy~ Standard Model * Inevitably we lose the “theoretically natural” mass range of the model.
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The Basis

* At dimension 5 we obtain 7 different operators.

* Couplings to quarks do not appear at dimension 4. New Fermions Scalars
ways of producing these particles at hadron colliders. One | (€8e,)Tr(AA) O(Al?zw Tr(ATA) T AG
O Adp | OF) FAATAG
* The extended scalar sector is difficult to probe. Aqd KL g? Alp? SOT . TSD
Ole [y Ae, g Opin | (PTAP)(PTp)
OAqu SOTA?_LTQp

« Two SU(2); doublets can be combined on a singlet and a
triplet: g,d,.¢ and qurfl(;b

. i)
.+ A - U AU with U, = e
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The Basis

43 operators in this table.

Again an extended scalar sector which
is difficult to probe.

Lower part of table almost identical to
the Warsaw Basis.

Xavier Ponce Diaz

A% and A*D? A*p? and A?p? A?p?D? and @ p? A*
O [Tr(ATA)]? Oon | Tr(ATA) (979)? | Opp, | TE(ATA) O (glep)
O Tr(ATA)? Tr(ATA) Oon | (PTAATY) (¢T@) | Opp, | (91iD,p)Tr(ATiDEA)
O3 Tr(ATA) O, | Tr(ATA) (pTAATY) | O%p, (D*o) ATADH
Oan Tr(ATA) O Tr(ATA) | 0%, | Te(ATA)? (¢fp) | Ohp, | (9! D) Tr(ATDIA)
Opba | T(ATDEA)* Tr (ATD,A) | O%, | (TrATA)? (plp) | Ol, (¢TAP) (pTAP)
Oba Ti[ATA O(ATA)] Or, | #TAATAATY O%a (BTAp) (pTATD)
A2X2 A2¢2¢ ¢2A2D
Orc Tr(ATA) G4 GAw Opeyy | THATA) (erp) | OR) | TAND,A) (y41,)
O nc Tr(ATA) G4 GAm Oflﬁ; To(ATA) (g,drp) | OF) | Te(ATDIA) (I,71%1,)
Oaw Te(ATA) W W T oL | THATA) (Gour@) | Oae | TH(ATID,A) (6,40 e,)
O niiy Tr(ATA) W W o L, AATe, Ok, | Tr(ANDLA) (g,7"g,)
Oap Tr(ATA) B, B 0533; G, AN, og”j Te(ATiDLA) (G717,
~ <~
N T(ATA) B, B* o), TAVANLTRY Opu | Te(ATiD,A) (@ u,)
OawB Tr(ATTTA) W, B Ong | Tr(ATiD,A) (d,y"d,)
Oai g Tr(ATrIA) W;{VB“’/
OAWW TI'(ATTIATJ) W‘{VWJW/
Oavirw Tr(ATTIATY) W;VWJ“”
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The Basis

L-Violating
* [ Lepton number violating operators. O(All) Tr(ATA) (l;;w *Al,)
OF) | (IGic*AATAL)
* These operators give contributions to lepton flavour violating OlAgol (oTp) (l_gia2Alr)
processes, such as y — 3e Ox, | (LJio%p) C (p'Al)
OiAD lﬁz’a%“erADMgp
* Intotal 57 new operators, 226 real parameters 179 complex Onig | (ISi0?c" Al,) By,
phases = 405 number of parameters. Onw | (ICio?a"™ ATL,) WL,

So, how can we constrain all these parameters?

 The triplet has not been observed — integrate out the triplet

« EWPO are modified by this basis — Constraints from LEP

« H™ has a signature of 2 same-charge leptons — LHC searches

Xavier Ponce Diaz
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Summary

The type-2 seesaw mechanism introduces a complex triplet. After SSB a Majorana neutrino mass-term is produced:
M Py With my, = V2fv; ~ 0.1eV

a

)
HV

V2M?

The vev is naturally small if the mass of the triplet is large: v, ~

f., is also the coupling of the decay H™" — [T]™ lower vev stronger coupling.

The type-2 seesaw mechanism at a “natural” mass scale, would (naively) imply a hierarchy problem of the Higgs. Other
questions of the SM remain open.

This motivates the extension of the type-2 seesaw mechanism with higher dimensional operators induced by some new
physics at a scale A > M,

This basis includes a large amount of new operators, including an enlarged scalar sector difficult to probe, new operators
that affect EWPO and direct couplings of the triplet field to quarks, which does not happen at dimension 4.
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Phenomenology

Below the mass scale

« The AEFT is defined at energies above the mass of the triplet. If we assume

A New Physics we work at energies below that mass we can also integrate the triplet.

Integrate out New Physics ° N the process of integrating out include dimension 5 operators.

e Then, work with SMEFT:

M AEFT
* Only observed fields.
Integrate out A « Large amounts of data available.
V, ~ SMEET * Many of the SMEFT contributions to observables already computed.
* Matching has already been done at tree level: arXiv:1711.10391
E
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The Matching

* We obtain 9 operators of the Warsaw basis.

Os= @) (@1

O,0=(@'9) O ) On = Lyl) (Uy,L)

* Not all operators are well constrained
@qu — ((pTDﬂgﬂ)* (CDTDMqD) @ugo — ((pT(p) (gpur(p)
* Typically Weinberg operator is not included due to LFV.

), |

) - rp . H

1V=11-4 |IMM’M| :n€0 (CS)”P><2 CCDD =2 M4
M M

o lnl N Il (4 2 a) + 2 ReCad) =Tl
Q M4 72 M4 1 4 A M2 IVrpst — M2
1l” o 1 om 1l e 1 op 1o
(Cep)rp = IR N Mz(CAle)rp (Cap)rp = IYZIR 2RI Mz(CAqd)rp (Cugrp = IV 2RI Mz(CAqu;x;?

Xavier Ponce Diaz Internal Hidden Webminar 2021




Constraints Below the Mass Scale

« Typically these analysis are made using )(2 functions: )(2 =(y— ,u(C))TV_l(y — u(C))

« Some groups make available their)(2 functions, for global analysis: J. Ellis, et al. arXiv:1803.03252

 Which includes: EWPO (most of them from LEP), LHC run 1 & 2 signal strengths...

uvs

d . .
« Wecanuse v, ~ and write the constraints in v, — C; plane. 0.040

— 0
\/EMZ 68% C.L.
0.035 - 95% C.L.

— p-parameter 95% CL

0.030 -
0.025 -

< 0.020 -

Using only dimension 4 operators >

0.015 -

0.010 -

0.005 -

0-000 I I I I I 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Vi [GeV]
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Constraints Below the Mass Scale

1000 1000
| — 68%C.L —— 68% C.L.
800 - 95% C.L. 750 A 95% C.L.
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‘ 500 A
_ 600 |\
" T'«_' 250 -
> —
£ 400 - E 0- — —— C Vv,
S ;)_' dqﬂNX Agd
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—750
—200 ] , | : : : | | —1000 T T T T T I I
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ve [GeV] vt [GeV]
1000
—— 68% C.L.
750 - 95% C.L.
500 - —— p-parameter 95% CL (¢T¢)(le¢)
"': 250 \  Higgs couplings to fermions are poorly constrained at LHC with current
E O . e data-
S -250- f
500 -  The vacuum expectation value of the triplet is constrained to small
values, allowing for larger values of Wilson Coefficients.
—750 -

_1000 1 1 1 1
1.5 2.0 2.5 3.0 3.5 4.0
V¢ [GEV]
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e Itis known in the SMEFT that dimension 6 operators modify Electroweak Observables.

» Gy, is defined as a the 4-fermion vector - vector interaction:

4@ R 1
= (U }/,uPL:u) (e}/ﬂPLV ) > GF — 3 — Cll + \/_C(3)
V2 \/ 272
A 1
« AEFT also contributes to these kind of observables. Gr= 7 _ _sz +/2 (
A

. Other parameters that are modified: g, g’, sin6@,,, My, g{/, gfz, gﬁf with f = {u, d, e}

« Remark: One must always introduce three input parameters {GF, MZ, aew}

18

2
c® += _c®)

Electroweak Precision Observables

)



Electroweak Precision Observables

A% and A*D? A*p? and A%p* A%p*D? and 9% A? Contributions to the mass of the gauge bosons
O [Tr(ATA)]? Oon | Tr(ATA) (¢79)? .
O} Tr(ATA)? Tr(ATA) O2a | (pTAATY) (¢Tp) L I
(93A Tr(ATA)B OlAc,o Tr(ATA) (QOTAATQO> (Q”@)TATAD:QO DA — 5 N>R ( AD T AD)
Oan Tr(ATA) O Tr(ATA) OX, Tr(ATA)? (¢Ty) (goTDI“go)Tr(ATDfLA)
Opa | Te(ATD*A)* Tr (ATD,A) | O, (TrATA)? (pTp)
O% A Tr[ATA O(ATA)] OX. Pt AATAATY

A2X2 A2¢2<P

Oac Tr(ATA) G4 GAw O}j% Tr(ATA) (e, ) Tr(ATLBMA) (L 1,)

: Tr(ATA) GA GAm W1 THATA) (g, Tr(ATiDIA) (1,7 41, . .
Oac AR GG Oz’ff (ATA) (@) HATDLA) (LT ) Modified Z and W boson couplings
Oaw Tr(ATA) WL W inv Ogitpo | Tr(ATA) (Gu,@) Tr(AYiD,A) (e,7"e,)

~ _ A4
O vy Tr(ATA) WJVWI‘“’ Oz(s) [,AATe,p ; Tr(ATiD,A) (37" q,) > C. 27 5
. v (3f — AAT LAY (7 ] ~ SayVr 4V TV
Oap Tr(A'A) B, B quw pAAd, @ Tr(A zDMA) (G 7" qr)
N Tr(ATA) B, B o) G AN 0, G Te(ATiD,A) (v u,)
<~ _
OawB Te(ATTIA) W B Tr(ATiD,A) (d,y*d,)
O A7 B Tr(ATTT YW B N
Oaww | Tr(ATTIATT) WJVWJ“”
O avirw Tr(ATTIATY) WJ,,WJ””’

N\

This adds another mixing term between gauge bosons, modifies sin 6,
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Electroweak Precision Observables

0.04 -
Observable Measurement SM prediction 0027 \\
Tz [GeV] 2.4952 4+ 0.0023 | 2.4943 £ 0.0005 T —
ol , [nb] 41.540 + 0.037 41.488 + 0.006 L S
RY 20.767 £ 0.025 20.752 + 0.005 Sy —0.02- /
A% 0.0171 £ 0.0010 | 0.0171 = 0.00009 “
A (Py) 0.1465 £ 0.0033 | 0.1470 £ 0.0004 ~0.04 -
A; (SLD) 0.1513 £ 0.0021 | 0.1470 £ 0.0004
R 0.21629 + 0.00066 | 0.2158 4 0.00015 oer
R? 0.1721 4+ 0.0030 | 0.17223 + 0.00005 SR S
A%, 0.0992 4+ 0.0016 | 0.1031 +0.0003
A%, 0.0707 £ 0.0035 | 0.0736 & 0.0002 0.03 -
Ay 0.923 4 0.020 0.9347
A, 0.670 & 0.027 0.6678 = 0.0002 0.02 1
My [GeV] 80.387 4 0.016 80.361 =+ 0.006 . \
My [GeV] 80.370 4 0.016 80.361 =+ 0.006 8
T'w [GeV] 2.085£0.042 | 2.0896 +0.0008 Y Bttt =
BR(W — lv) 0.1086 £ 0.0009 | 0.10832 = 0.00005 ~
BR(W — hadrons) | 0.6741 +0.0027 | 0.6752 «+ 0.0004 ~0.01-
—0.02 A

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
V¢ [GEV]
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—0.01 1 —_
N > %
I> 2 - 8 )
8 —-0.0 =~ 0000 ~TTTmmmm————mmmm e === —_—— =
=~ 1N ml, —0.004 A
S~ S< S <
SI< —0.03 - —0.002 -
—0.006 A
—0.004 -
—0.04 -
~0:0067 —0.008 - T T T T T T T T T
r r r r r r r r r 1.0 15 20 25 30 35 40 45 5.0 10 15 20 25 30 35 40 45 50
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 v [GeV] vi [GeV]

V¢ [GEV]
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Electroweak Precision Observables

« SMEFT Couplings should also be taken into account.

 Always same combination of parameters, cannot be distinguished by only EW precision data.

2

2
u, V d 2
o = 0g, 8™+ (€8 = €L = Cau )+ (G = €O =€) = 3953

* Introduce orthogonal measurements with a different combination of the operators.
q h q

6% = (¢'iDlg)gr'y"q)
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Electroweak Precision Observables

400 - 40 A
200 - 20 -
3 _ 200 - o3 _
7500 - S 0 S
- - 1 . — -
5000 A 200 50 20
2500 - —400 7 100 - _40 -
—04 -02 00| 02 04 50 - —0.04 -0.02 0.00 0.02 0.04
3 0 - Cry ng (3)
O O 0 Chig
—2500 -
—5000 - =50 -
—~100 -
—7500 -
—— 68% C.L. —— 68% C.L.
~10000 - 95% C.L. —150 1 95% C.L.
-8 —6 —4 -2 0 2 4 6 8 —0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
CHd 20 - C,(_,?:;
0 !
=
O _20-
_40 -
— 68% C.L.
(o)
60 - 95% C.L.

—0.015 —-0.010 —0.005 0.000 0.005 0.010 0.015 0.020
CHwaB
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Phenomenology at LHC

« Type-2 Seesaw mechanism is typically searched in colliders by observing the decaying signature of H*+ — [T [T, WT WT

 However there are only a couple of ways to produce them at LHC:
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Phenomenology at LHC

 Now with this basis more production channels are added:

* Direct couplings to quarks and gluons.
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Phenomenology at LHC

Opg = Tr(ATA) G;,GH

- . Liatrilg i (1) — 1 A) (7
 New kinematic distributions: pp — H** H— - [Tt~ Oy, = Tr(A'iD ,A)(g,r"q,)

1 — T =
o), = Tr(A) G,d,)

0.0104 | —— Dim. 4 B —— Dim. 4
——— Crge 0.004 - — Cacc
— C(l) I C(l)
0.008 - A o
C(l) — C(]-)
Ade 0.003 - Ade
—— Bkg —— Bkg
0.0006 -
0.002 -+
0.004 -
0.002 - 0.001 -
e ey
OOOO % OOOO _AA_I T 1 q—_l_— |
0 200 40 600 800 1000 1200 1400 0 20 400 600 800 1000 1200 1400
P+ [GeV] P [GeV]
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Phenomenology at LHC

 To put constraints we take the latest analysis by CMS on charged Higgs (2021). [2104.04762v2]

 TJo put constraints we need to reproduce CMS analysis (since our basis modifies kinematic distributions).

« CMS looks at decays of H - W W™, which is dominant at larger v,

 The operators in our basis that contribute to this process are:

Opwg = Tr(A"t' M)W, B
Opww = Tr(A™t' Aty W W/

 We also add another operator:

GAD — = (D CD)TAD”@
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Phenomenology at LHC

To reproduce CMS analysis one must:
Implement the model in Feynrules
Generate the relevant processes
Hadronize the final quark states with Pythia8
Run a (fast) detector simulator Delphes 3

Run an analysis with mad analysis5 applying all the cuts.

Xavier Ponce Diaz

Variable WW+ W*Z
Leptons | 2 leptons, py > 25/20 GeV | 3 leptons, pr > 25/10/20 GeV
v > 50/30 GeV > 50/30
imy — my| > 15 GeV (ee) < 15 GeV
my > 20 GeV —
mn — > 100 GeV
prpss > 30 GeV > 30 GeV
b jet veto Required Required
Th veto Required Required
max(z;) < 0.75 < 1.0
m;; > 500 GeV > 500 GeV
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Phenomenolo

Events / GeV

Events / GeV

y at LHC

J

2.00
other bkg.
1.75 A e wEWE
mm Wz
1.50 - 1 HY*->W*Z
1 Hft-wtwt
AWW
C,,
1.00 - #aD
0.75 A
0.50 -
0.25 A - |
e I
500 1000 1500 2000 2500 3000
0.8
B other bkg.
0.7 A e WEWE
. W=z
0.6 - 1 Ht->W*Z
1 Ht*sWtw+
05 7] : CAWB
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1000

1500 2000
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2500 3000
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Phenomenology at LHC

137 fb (13 TeV)

C T ' ' ' | ' ' ' =
O 101 = CMS ¢ Data \\\Bkg unc. —
-~ H™(500)-W*W", s =1 W'Ww* N
10t 2 i — H'(500-W*Z,s =1 B WZ ]
BN other bkg. = g - A 2z -
10° - _— W L% 10° |- B Norprompt
- Wz i I Other bkag. |
H++ SW+HW+ - S __
107 1 5
0 Ht->W*Z 10° | 8 ]
10° 1 - W*W* SR WZ SR f .
- 5 &
- 2 N N~
102 | T} E -]
10_1 E_ -
= - | E
N 4 F =
~ — ® -
© 3F
e —
s L
1 —
e
0 20
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Phenomenology at LHC

N (us; + b))

« By using a Poissonian distribution for each bin: L(u,0) = H ' e ~(Hsi+b)
» ltis possible to define a test statistic to find the values of y for CL, = 95 %
 And then find the values of the Wilson coefficients associated to that signal
Operator CL, = 95% Operator CL; = 95%
C@AD/A [TeV_l] 1.7 C@AD/A [TeV_l] 2.1
v =5 GeV | Caww /A% [TeV 2] 27.8 v =5 GeV | Caww /A? [TeV—?] 30.3
CAWB/AQ [TGV_Q] 79.5 CAWB/AQ [TeV_Q] 96.9
C@AD/A [TeV_l] 2.1 C@AD/A [TeV_l] 4.1
vi =3 GeV | Caww /A? [TeV—2] 49.3 vi =3 GeV | Caww /A% [TeV—2] 42.0
CAWB/A2 [TeV_Z] 148.9 CAWB/A2 [TGV_2] 145.9
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Conclusions

 We have seen arguments that motivate an EFT expansion of the type-2 seesaw mechanism.

 We have built a basis of operators up to dimension 6 containing all possible couplings.
* Different ways of constraining these operators have been used:
* Integrating out the triplet field, adding dimension 5 operators.

 Through contribution to EWPO, which are constrained using LEP data.

« We also showed how to distinguish SMEFT and AEFT.
e We discussed new interactions relevant in the context of the LHC.

 And found upper bounds for some parameters using CMS searches.
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Thanks for your attention

and happy holigdays!
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