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Introduction

Introduction: masses for the neutrinos
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Introduction

The seesaw mechanism
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Fig. from Abada, Biggio, Bonnet, Gavela and Hambye JHEP 0712 (2007) 061
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The doubly charged scalar from the SU(2),-triplet scalar

Type-1l see-saw model
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Yukawa term with the triplet:

Majorana mass term for neutrinos:
L 5C . W= me
mijvi VjL mij = Wl = mj;
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Introduction

The doubly Charged SU(2),-singlet scalar
Zee-Babu model

SM + 2 SU(2)-singlet scalars:

@ a singly charged scalar which couples to left-handed leptons: h*

@ a doubly charged scalar which couples to right-handed leptons: k*+

It generates mass terms for the neutrinos at two loops:
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A. Zee, Nucl. Phys. B 264 (1986) 99
K. S. Babu, Phys. Lett. B 203, 132 (1988)
M. Nebot, J. F. Oliver, D. Palao and A. Santamaria, Phys. Rev. D 77 (2008) 093013
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The doubly Charged SU(2),-singlet scalar

Minimal model for neutrino masses
SM + 1 SU(2)-singlet doubly charged scalar: S,Q,ti

It couples only with right-handed charged leptons:

AL = (D,S) (D"8H) + (Aon Ur)elrn S*H 4+ D)

+ Mo (HTH) (S77S) 4 00 (S775H)% 4 [inv ]
Aap consist of 6 independent complex parameters and allow for LFV processes.

S. F. King, A. Merle and L. Panizzi, JHEP 1411 (2014) 124
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The doubly charged SU(2),-singlet scalar

Neutrino mass terms are generated at three loop:

V)°

Via
la (Ip)° W=

EFT approach:

g

5SS [HTHT (D H®) (D*H®) — 2HTH® (D H') (D*H®) + HOH® (D HT) (D*HT)] +h.c.

S. F. King, A. Merle and L. Panizzi, JHEP 1411 (2014) 124

Margherita Ghezzi (PSI) The doubly charged scalar PSI, 25.06.2018 8 /33



The Effective Field Theory approach to BSM
Outline

@ The Effective Field Theory approach to BSM
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The Effective Field Theory approach to BSM: SMEFT

The SM can be seen as an effective theory valid up to some high scale A and it can be
extended to include higher dimensional operators:

_ 1 G o6, 1 6) H(6) 1
£_£SM+K;C/( Qk +ﬁ;ck Qk +O F

Assumptions:
@ The dynamical degrees of freedom at the EW scale are those of the SM
@ The SU(3)c x SU(2). x U(1)y gauge group must be contained in the EFT
@ New Physics appears at some high scale A >> v (decoupling)

@ Absence of mixing of new heavy scalars with the SM Higgs doublet
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The SMEFT

Warsaw basis
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@ 15 bosonic operators @ 25 four-fermion operators
(assuming baryonic number

@ 19 single-fermionic-current >
conservation)

operators

15+19+25=59 independent operators (for 1 fermion generation) J

Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 1010 (2010) 085
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The SMEFT beyond the tree level

Running and mixing of Wilson coefficients

() = (3217 £ 10512 ) (M)

@ Compared to the SM, additional logarithmic divergences are present;
@ these divergences are absorbed by the running of the coefficients of the local
operators;

@ the matrix ,Y_(_o)

i mixes the coefficients;

@ the only one-loop diagrams which generate logarithmic divergences are the ones
containing one insertion of effective vertices;

@ a selection of the operators a priori is not possible;

@ the coefficients must be evaluated at the scale of the experiment!
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Low energy: limits, EFT and the matching
Outline

© Low energy: limits, EFT and the matching
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Low energy: limits, EFT and the matching

The low-energy Effective Field Theory

UAY d
EW Scale
Matching
I,
1,
ﬁ :
Running
Vv Low Energy Scale (i.e. m,)
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Low energy: limits, EFT and the matching

The low-energy effective Lagrangian

Dipole
Qe em,(l_pcr“” Pyl )Fu, + H.c.
Scalar/Tensorial Vectorial
Qs (loPulr)(lsPyle) + Hc. Quie | (" Pul)(lsvuPrle)
Quir | (v Pulr)(lsvuPrI)
QVRR (Ioy* PrIr)(Isyu Prl:)
Qsiq(1) (IoPL1r)(§sPLat) + H.c. Quigte | Upy*Prl)(dsvuPLat)
Qsig(2) (IbPLlr)(@sPrge) + H.c. Quigtr | (Ipy*PLlr)(Gsvu PrAr)
QTig (loo™ P1)(Gsopw Prae) + Heee || Quigre | (b7 Prlr)(GsvuPLat)
Quigrr | Up7* PrIr)(Gsvu Prat)

Dimension-six operators that allow for effective leptonic transitions below the EW scale
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Low energy: limits, EFT and the matching

Low-energy effective Lagrangian and the matching

Feynman diagrams representing the UV-complete contributions that match to the dipole
and four-fermion operators:

I, I,
l, l, Ly
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Low energy: limits, EFT and the matching

Low-energy effective Lagrangian and the matching

Dipole
Qe | emy (o™ PpIy)Fyuy + Hec.
Scalar/Tensorial Vectorial
Qs (IoPLI)(IsPLle) + Hec. QuviL (o y* Pl YIsyu Prl)
Qvir (IoY* Pl ) (Isvu Prlt)
QVRR (o Prly)(Isy, Prlt)
Qsig(1) (IoPLl-)(§sPLge) + Hec. Quigte | (v Pl )(@svuPLar)
Qsiq(2) (IbPLIr)(@sPrat) + H.c. Quigtr | (" PLlr)(@s7u Prat)
Qrig | Upo™ Pl ) (5o Prae) + Hee. || Quigre | (pv* PrIF) (857 PLat)
Quigrr | (Io7* Prlr) (s Prat)

Art A},
Cle(mw) = =5

1 3
calmw) = 55> (i)
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Low energy: limits, EFT and the matching

Low-energy effective Lagrangian and the matching

Dipole
Qe | emy (o™ PpIy)Fyuy + Hec.
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Low energy: limits, EFT and the matching

Low-energy effective Lagrangian and the matching

Branching ratios at the physical scale

BR(ff — [Fy) = r 2 (mp)|?
5
+ + F £y _ my 1 prst prst 2
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Low energy: limits, EFT and the matching

Current low-energy experimental limits

Br[rT —efee™| <
Br[r% — pTpfpt] <
Br [T; — eq:uiuﬂ <
Br [7} — u¥eilﬁt] <
Br[rT — ,u]Feieﬂ <
Br[rT — eﬂ;ieﬂ <
Br [u¥ — e]Feiqu] <

Margherita Ghezzi (PSI)

14 %108 P(M—M)=24x10""°
12 %108 (for right-handed currents)
1.6 x 107°

Au —13
9.8 x 10~ Brime <710
11x107° Brfr > ey] < 33x10°
8.4 x 1078 Brfr = uy] < 4.4x10°°
1.0x 107" Brip—ey] < 42x10°°

SINDRUM Collaboration, Nucl.Phys. B299 (1988) 1-6
MEG Collaboration, Eur.Phys.J. C76 (2016) no.8, 434
HFLAV Collaboration, Eur.Phys.J. C77 (2017) no.12, 895
BaBar Collaboration, Phys.Rev.Lett. 104 (2010) 021802
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Low energy: limits, EFT and the matching

Current low-energy experimental limits

Excluded values for k
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Outline

@ High energy: searches at the LHC
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Direct searches at LHC

Ql

g-’r
ATLAS 7 TeV:
o @ Eur.Phys.J. C72 (2012) 2244

,
R A ‘
4

v/Z ‘\!_I__ . CMS 7 TeV:

~< @ Eur.Phys.J. C72 (2012) 2189 )
q

ATLAS 13 TeV:

@ Signature: same-sign lepton @ Eur.Phys.J. C78 (2018) no.3, 199
pairs

@ Assumptions on the branching CMS 13 TeV:
ratios

@ CMS-PAS-HIG-16-036

@ Narrow width approximation
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High energy: searches at the LHC

Current limits from LHC
CMS searches

+ ++
Search for a scalar triplet S = ( \%SO ﬁng > with degenerate masses.

12.9fb~! of integrated luminosity at 13 TeV
Channels:
@ Pair production with decays ST+S—— — ¢t¢te—¢—
@ Associated production with decays STESF — (E¢+¢Fy

+
lI
ad +
_
\\\ []}

CMS-PAS-HIG-16-036
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High energy: searches at the LHC

Current limits from LHC
CMS searches

] Sfi decaying at 100% to ee, uu, 77, eu, etT, uT;

@ Benchmark points:

Benchmark Point ee ey et up ut 1T

BP1 0 0.01 001 030 038 030
BP2 1/2 0 0 1/8 1/4 1/8
BP3 1/3 0 0 1/3 0 1/3
BP4 1/6 1/6 1/6 1/6 1/6 1/6

Lower bounds on the mass of the Siti - observed (expected) 95% CL:

Benchmark AP [GeV] | PP [GeV] | Combined [GeV]
100% D= > ee | 734 (720) | 652 (639) 800 (785)
100% ®== — eu | 750 (729) | 665 (660) 820 (810)
100% D+ — up | 746 (774) | 712(712) 816 (843)
100% P+ — et | 568 (582) | 481 (543) 714 (658)
100% D= — pt | 518 (613) | 537 (591) 643 (708)

| 100% D** — TT | 479 (483) | 396 (419) 535 (544)
Benchmark 1 613 (649) | 519 (548) 723 (715)
Benchmark 2 670 (671) | 465 (554) 716 (723)
Benchmark3 | 706 (682) | 531 (562) 761 (732)
Benchmark4 | 639 (639) | 496 (539) 722 (704)

++
SR

sections. No associate production.

Margherita Ghezzi (PSI)

The doubly charged scalar

may have similar kinematic properties, but potentially very different production cross

CMS-PAS-HIG-16-036
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Margherita Ghezzi (PSI) The doubly charged scalar

High energy: searches at the LHC

Current limits from LHC
ATLAS searches

[+
36.1fb~! of integrated luminosity at 13 TeV.

N

.
.
TSN
.

Scenarios: VZ s g -
-
® 3., B(STF = tity) = 100%

o m(Sit*) between 770 GeV and 870 GeV @ 95% C.L.
e m (ngi) between 660 GeV and 760 GeV @ 95% C.L.

@ B(ST* — 4;¢;) > 10% (decays to T and W are possible)

o m(Si*) larger than 450 GeV @ 95% C.L.
e m (S,Z?Ei) larger than 320 GeV @ 95% C.L.

Eur.Phys.J. C78 (2018) no.3, 199

PSI, 25.06.2018
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Width effects

@ No production X decay approximation;
@ some topologies that are negligible in the NWA can become relevant;

Assumptions:

@ gauge sector not modified; (Grw=Ghaw) O [%] or pp se’e’ee
@ [ 5 free parameter: A | oy
> Mg <Ts EEEEERSCERRILL
ab,cd Neme i | 5
|
1242 A - -
Uppg,/;r/;r/c* /; (MS’ rS’ )‘aby )‘cd) - )‘ab)‘cdg(MS7 rS) °\\; 5
g _
o :
I
+
<l I+ 0.
.
R Al <
VARAAAS ) A
\r - S+ (%)
N _ 01
B l 500 7000 1500 2000
l Ms: [GeV]
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Outline

© High energy: future colliders
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High energy: future colliders

Perspective of searches at future colliders
DCS exchange in the t-channel

et (O et 7 (O et (O et—<—T—>—u~
>’\/3/\< >«vw< > S -< v+
e~ ut e ut e ut e ——<—pt
Muon pair production with R-pol beams (X =5) Muon pair production with R-pol beams (¥ =5)
A e App Lhaow
o
.
wow
]
0.1] V4
Lyaryd
Vet
VA
V4
W s
V1
h T = CLIC 350 GeV
C 250 GeV L = CLIC 380 GeV
€ 500 Gev :%:): % — CLIC 1500 GeV
ILC 1000 GeV 1o CLIC 3000 GeV
0.01 3
4000 6000 8000 000 2000 4000 6000 8000 000
mg [GeV mg [GeV
@ Integrated luminosities at ILC: @ Integrated luminosities at CLIC:
250 GeV | 500 GeV | 1 TeV 350 GeV | 380GeV | 15TeV | 3TeV
250 fb~T | 500 fb—1 | 1000 fb~ T 100 fo—1 | 500 fb~T | 1500 fb—1 | 3000 fb~ T
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High energy: ure colliders

Limits from low energy and discovery power of LC

Low- and high-energy combined (mg =1 TeV)

Y i
. :
. i
A2 : R :
1(]71 L. H
’.v H
—
e
. .
1072 ~'~/AIO/'P A11, A1z  dominant
-
-
4
107° o
|
.#
107] .~Q
‘e A3 =A2 =23 =2A33=0
.Q
107°
— CLIC 380 GeV
CLIC 3000 GeV
1077 107" 107° 1072 107"
/\11
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High energy: re colliders

Direct production
Single production at CLIC

Single production at CLIC (stage 2)

Single production at CLIC (stage 3)

A r / A 3 s y
> D 1fb . Y&
q o . -
H H
o1 1fbe P f 01/' =100 ab . o~
v P
CREBTORT 3 : o B
b
. P H o e
- 10.ab * " 0 P
. & . . '
5 gbt A i o®
. "‘ . “‘
0.01 _— 0010 .
e " ».
i | Phe )
= + ks &
PN S) ¢) Bet1s) He)
T EiS « T « T
1 Hel - 0.001! e He
0.00 400 600 800 1000 1200 14{?10 : 500 1000 1500 2000 ZSO(E
mg [Ge mg [GeV]
BChns et ——>—( > -G+
et g Y+t
- ‘§~>~s++ £~
e - e e -
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High energy: future colliders

Direct production
Single production at CLIC

mg=800 GeV
mg=1200 GeV
mg=1600 GeV
mg=2000 GeV
mg=2400 GeV
mg=2800 GeV

H
0 500

Margherita Ghezzi (PSI)

10‘00 15‘00 2000 2500
M(e*,e") [GeV]

The doubly charged scalar

0 0.010.020.030.04

do/dMgg, [a.u.]

PSI, 25.06.2018
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Summary

@ Doubly charged scalars arise in many BSM models, in triplets or singlets under
SU(2)., often in connection with the neutrino masses;

@ LFV low energy processes set strong limits on combination of the DCS couplings
to leptons;

*e™ colliders can provide complementary bounds;

@ future e
@ Direct single production of the DCS is also possible at linear colliders

@ due to the production of the DCS in the t-channel, future e*e™ colliders can be
sensitive to mass scales of several TeV;

@ direct searches have been performed at LHC by both ATLAS and CMS, setting
limits on the DCS mass in the range (320, 870) GeV depending on the
assumptions;

@ a moderately large width (I's/ms ~ few%) can have 10-20% effect on the cross
section compared to the NWA.
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