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Lepton number @ Sian ard Model
~ ( ’
P> Lepton (also Baryon) number is conserved in the St@ M&del (SM)

Flavourwise

and the total > P\CCIdeMa J&( I of ﬁhre SM Lagrangian

P> Not imposed but consequence of tipe a |e16 ;6%1@42’( gauge invariance,
< /Yenormaf (2ability and Lorentz invariance

Example: €pil y ﬁ}y@ (3,-2)&(1,-2)

({i\/ /
V% ')

Gauge lnvarlan@l cgemtor

Collection of 3 Fermionic fields:
Violates Lorentz Invariance and Renormalizability

Isotriplet and Isosinglet configurations from
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Lepton number @ Standard Model .

Particle- :ﬂﬁparﬁl/conjugaﬂon operator

/ \){ rices
Another exampl7% (ZTCZ'TQT‘XK)( LTQTQ-F? . \

(37 _2)

Some coupling

(k
NN Non 2ero neutrino mass
Some mass scale to match . < 7 N\
Dimensionality requirement g ~ (H) 2
4 <‘ oo my, ~ AL
i\

Gaae a O(EVL}Z) nvariant AL=2 operator
.< 3 o~ 7%

@/

It's a d = 5 operator: Non-renormalizable
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Limitations of the Standard Model The NObilPriZe in Physics
2015 <,

e

D

&
akaaki Kajita

Arthur B. McDonald

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
& Kajita and Arthur B. McDonald "for the discovery of neutrino
(km's) N/ oscillations, which shows that neutrinos have mass”

@)ré’ra’non curve inconsistent
s with Keplerian decline

Aesthetic/Cosmetic ?

@s ; 7 7 Brutality of mother Nature ?
Gauge—h'em problem with HIQQS Mass » Part of a more robust framework like
Supersymmetry (SUSY) ?

» A few others: matter-antimatter asymmetry, too many free parmmeters, etc...



Beyond the Standard Model with massive net\mmos
R
No-right handed neutrinos (RHN) in the SM (‘ ) d

No Yukawa coupling between nggz(f}ﬁilgkﬂ'-}@aded neutrinos
RPN
7 )

\

No Higgs assisted mass genera

N

_ s _
How about adding a new term like }% £7—2 )Niz,\/ gives mp =Y, <H>
\ /

'i / (f») 5
A Lorentz invariant, renorm@llz ))otnd Gadge invariant term iff Vg
.<) is singlet under SU(3). X SU(2)_X U(),
.(3 </\/')
If N is SM @-sﬁugle’( 1hen how you can forbid a term bilinear is N:
A mass term for RHN
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Beyond the Standard Model with massive net\ﬁmnos
c ( 7
A mass term for RAN: 1 My NECNR ? My "‘ n ja's‘teymd Higgs VEV

A Lorentz invariant, renormalizable, GGuge@Sh} fe}vﬁs N, is SM singlet

e )
How to preserve Le{@? er cons’ervahon now ?

Case-| 9 . \(J) 27 Case-l

Nyhas L= 43, ‘¢ 0y Al N, has L= 0
Y, l(iryH*)Ng Presgeleyt mivhber SMyNECNR Preserves L-number
$MyNECNg @ Ia‘tes L-number Y, l(it,H*)Np ~ Violates L-number
two units By one unit

Non-zero neutrino mass : Violation of Lepton numbers
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Non-zero neutrino mass : Violation of Leptc\ n numbers
s ( 7
M, Is arbitrary: Consider M, = 0 with L(N) = +1 P> mD = >)

Dirac mass term for neutrinos p Flavzm‘ illotfo, s\ \ e
No Majorana mass term p No process ke, vBB(‘

/
Violation of L, L, & rﬁ\bfﬁgm, 9

/
M,#0 P Majorana mass for I \u rfh Co s ™D
Seesaw mechanism: Minkowskl, P., PHys.Lett, 52) F2-4-2.8:

Yanaglda, T., Prog.Theor Phys. $ﬁ- n9g . N. and Senjanovic, G.,
Phys.Rev.Lett. 44 (1980) 9124

entgpe ). aed alg(JWF
PhysRev. D22 (190) 2321 t\;“ - f
Majorana mass@forﬁeufnnos » v —7U osclations

Non-zero 0vBB, Unique collider signatures P

TeV N,, on-shell
Violation of L, also

Plc courtesy: Lindner, M, Schmidt, S., & Smirnov, ., JHEP 1410 (2014-) 117
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Consequence of broken Lepton pt(fmber
e <7

— /
Massive neutrinos: Mass basis and flavour basl’ a@—l&nger the same

N ( b2 >
» Non-trivial leptonic mixing : PMNS matrix (It‘s like @v(lc(j(w

Porf ) 1957, 1967, Maki, Nakagawa, Sakata, 1962
(K s R‘
7/

Neutrinos change thel £ /vou$durm§ propagation @ ‘_—‘ @
okl

Neutrino Oscillations p Flavogr s§) (aré)wposlﬂon of mass states f\’ 5// gﬁ
.< g t/\/ o) e’ @ 5

©

Y

@M analogue P Any arbitrary states can be written as a linear combination of the eigen states

January 4, 2020

8/38



When neutrinos oscillate...... ’g\

) 7
Think about this process: p — ey \?)
e E fiols

AL=0but AL=18%AL =1 I;lon 2ero ){m 3
v for non-z F

’ et
G’

< .
S 7

‘ )

< /> \\\/ﬁr?Mw ~ 80 GeV and neutrino mass ~ 0.1 eV,
(  fbfis Br ~ 10°*.... too small fo detect

Flavour state re ||nea e (\ o Aghanim, N. et. al. Planck 2018 results, 1807.06209

A\
R Aker, M. et. al. KATRIN, Phys.Rev.Lett. 123 (2019) 221802
combinationof mas& 9 tatgs\,/ er,M.et.al ysRev.ett. 123 (2019)

Experiment @enge Current sensitivity (MEG) ~ 4.2 X 107, Eurphys.). C16 (2016) nog, 434
Projected sensitivity (MEG Il) ~ 6.0 x 10™, Eur.phys.J. 1 (2018) no5, 380

Too small to detect or too soon to detect ?
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When neutrinos oscillate...... _g\

Think about another process: 1 — eee \9
Non-zero n%mx mc)ro)a only

AL=0but AL =& ALP= | et for non-2. Oﬁfx{ﬁo}mss

One more option with 2* -

W

BR gfn\?w)weg» (})d)lﬂonal vertex of y conversion
R, - 7

iz - = [& / -)
v, V. .
“ 9 (k \/C))
Flavour stateé a (

re linearC )
combination of mas&@)g ’(afes <

Experime@allenge Current sensttivity (SINDRUM)~ 1.0 X 1072, Nuc.phys. 29 (982) 16
Projected sensitivity (Mu3e)~ 1075, Blondel A. ArXiv: 1301613

Too small to detect or too soon to detect 7
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History of Charged Lepton flavour v

jolations (C with muon......
: (‘AH:}Q/

10—18

Pic. source: R. Glada, PhD thesls, 2017

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year
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Why beyond the Standard Model (BSM) 10@’@(19 CLFV
) /
AWk

(/

Branching rations are too small to dete ﬂr) §§M) even at 2030

%G&N\?{\’m < P

Present sensitiviy '&& X46 13 MEG collab EurPhys.J. C76 (2016) no.8, 434

CLFV needs non-zero neutrino masses p vSM : 'y

SUSY is a well knowr%Bsﬁamm)ewefk that overpowers SM's shortcomings
QL

New (o.qmmé’(e/ sin {ae theory : New sources of CLFV
J

CFLV experiments can help us to probe SUSY parameter space
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CLFV in BSM theories: SUSY is not the cho$en one
(\

AN
T —>‘yp/)t e 1t e A ——
() < (\{3 ) T A -¥)

Pic courtesy: Chakrabortty, J,, Ghosh, P., Mondal, S., & Srivastava, T., Phys.Rev. D43 (2016) no.Ij, 15004
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CLFV in SUSY RON

v o
<)%

Just like the vSM we can try with RHN in SUSY modalg‘b\QmoV? Br' NOT the I* choice

Let's try something that is pu\(elg /@WETRK
L

Lepton number

Violation of R-parttg: Rp ]\)%:B*jLJr 5 -Baryon urer

Spin
R,= +1 for Sl"l’\pa\ﬂésQfR‘p <) for Sparticles
sl \
-,
R (\ BF :EQ o R
S St \/\/ s Sparticles
- £ 7 Fp=-1
@} 7 %, Rp=-1 q"’”/q, Rp=+1
Rp conserved Rp violated

R, broken p- Lightest SUSY particle (LSP) unstable.... Decaying dark matter ?
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Gilves rise 1o Epsllon-problem:

N \\(\/ 7 cape: LY HY
< 2 .
Similar terms in Soft-SUSY breq E)gmn\ﬁlay): SU(2) structure with ¢,
. L

o N\~ Ao .
-y = _ﬁﬁ)’}?‘*%(Al/\)mcLi,LjEfé'F(AJQ]k i ﬁj{"%‘@w )ijeUf DD —(Be)i L,
-
™ i <
o) O L9
NP SRV re
.(e P

Simultaneoufgpraserfce of L a?)d B violating
operators ar idden: fast proton decay »

Several other constraints: See e.g,, Barbier, R. et. al. Phys.Rept. 420 (2005) 1-202
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Neutrino masses in R V SUS‘/‘ N

v
p2

Hi Mya Hy i
D v 4Treslevel with bl \92 m, A~ Lk
A=) Xa  AL=)

. 4
Loop level with Tri-linear ter D .
€ R N R AL iy
'd “ ()') ’ Aaw A ’
(97

ny o2 (B€)i(Be)
my, = gy =5 J

Pic courtesy: Grossman, Y. & Rakshit, S, Phys.Rev. D64 (2004) 093002
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CLFVinR V SUSY e
p -
e o
By A [P g
Neutral Gauglnos and nggslnos mix with neutrinos p Extinée\ *ml{no Matrix 7X7 or More

W=, Hf, H; g % >@
Charged Gauginos and’ H;ggslnos mix with Charged I \gﬁs KS chnrgmo mass matrix
Ve )
Charged Higgses mix with Char eg lep s k% X8 charged scalar mass matrix

Neutral Higgses mix with I\?) )eﬁt?ns‘y Enlarged P+, CP- scalar mass matrices
Y

~ \
<7,
w v ] //f — gy sgi e S

.~<|

5 = = = = = = = =
X fa % ER % % % 3 %
Y

Including LQD< will increase the number of diagrams, quark-squark channel also

Pic courtesy: Carvalho, D. F. and Gomez, M. E. and Romao, J. C,, Phys.Rev. D65 (2002) 093013
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CLFVinR V SUSY-| : (( \

Given the cuj t/oﬁsfmlm
on the €um ©f, }eutrmo mass,
Only 0.5¢V is OK.. if mu-parameter

i§ axfforge as D¢ GeV... not natural
i ('5 owevet, Snce again will
dict%g.2mall Br... hard to detect

- Present
= 10" Future 3 \\(\/ K(s{)o@
[5) ,/ P e{ N/
Ut ‘- TeWScale mu-parameter gives g ~10*+ GeV
= (]2 hich would predict too small Br...
= ¥ hard to detect even in distant future

If SUSY with BRpV is the model for neutrino mass
100 » CLFV processes will remain beyond
experimental reach even In the far future

(

E
100.001 0.

, )/

Pic courtesy: Carvalho, D. F. and Gomez, M. E. and Romao, J. C,, Phys.Rev. D65 (2002) 093013
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£, (GeV)

CLFVinR V SUSY-| (Conid....)ﬂ—\

If SUSY wl&hﬂiig;/ I% amodel for neutrino mass

> CLFV— IHFeraain beyond
exp(j} nefzdu eueu)ﬂ the far future
gr )

//, leed as per the Solar neutrino
o j’)Mass square difference

Ol r=r == m e .

m, =001 eV
001 z

0.001 : v -
oo (J-s (GeV) ° w

Pic courtesy: Carvalho, D. F. and Gomez, M. E. and Romao, J. C,, Phys.Rev. D65 (2002) 093013
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CLFVinRV SUSY-II(TRpV) .«

Constraint ’rge pro c’r of R \7%77
@ «

couplings particle mass plane

Pic courtesy: de Gouveaq, A, Lola, S. & Tobe, K., Phys.Rev. D63 (2001) 035004
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CLFV IR,V SUSY- Il (Contd.),
— / a
) i

i " iy CLFV at the @wet\ % .
L (JH)/ Q (\/ (C \) 7D T ey
¥ N Ara1
-a(j”
A

Constraint %e prod)uc’( of RV
&

couplings particle mass plane

Plc courtesy: de Gouvea, A, Lola, S. & Tobe, K., Phys.Rev. D63 (2001) 035004
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CLFVinR V SUSY- I+l (wha’r \@é\should do)
) /

RV is instrumental for neutrino mass 9ene(éé f(ee or loop-level
Some of the R V couplings can eqae C<l: } tree or loop-level
W e 2 /

gﬁa’(ures at the LHC from unstable
L:S multi-lepton, Same-sign leptons, etc.

Need complementary analyses

Plc courtesy: ATLAS-CONF-2016-075
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CLFV in SUSY: an example of complementary analysis

2y
RHN superfieldwith L= SingletGlpergeld with L = +
W = Wsssar + eahl, LI HED? WS ‘+ 188
7, - < /
No RpV \) AL

na, Cc, Buzzocchl F., Fornengo, N,, Romao, J. C.
( X (\ & Valle, J. W. F. PhysRev.Lett, 101 (2008) 161802
Hirsch, M, Kernrelter, T., Romao, J. C, Villanova
/ del Moml A JHEP IDOI (20]0) 103

/
Soft-SUSY breaking part b K? \7{‘ ?tm;') '” FIT° +mStS
9 f’( k ’\H »abAJ LEUCHE + By, S + %Bwﬁg‘«lr h.c.)
.< 3 <\/ e )

Hsmp, Mp .
Tree level neu@ mass p my)ij = sz with mp — hy (Hy)
R Dy,

Only one massive neutrino at the tree level P Loop effects are necessary
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~: %
2Jrut/BRNMH_

BR}

CLFV in SUSY: an example of complemenfa( analysis

fn in 3(»(4&) (\(ﬁn,%)

BR(u~ em?/ BR(SeA)

Pic court gsch, M, Kernreiter, T., Romao, J. C,,
Villanova joral, A., JHEP 1001 (2010) 103

N\
e

u:k/.,.i

T N
Nip

X3

ve
Feynman diagram for the process
pp — 3+ Ep or 20 + 1 —jet + Er ¥

=

Pic courtesy: Mondal, S., Biswas, S.,, Ghosh, P. & Roy, S..,
JHEP 1205 (2012) 134
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o(pp—pt S0 + Fr)
a(pp—7E Y i+ Er)

CLFV in SUSY: an example of complementartj analysis
e <7
-’

Vs =14 TeV

1 1.5 2 2.5 3 3.5

tan®fs3

Plc courtesy: Mondal, S, Bliswas, S., Ghosh, P. & Roy, S.,, JHEP 1205 (2012) 134
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CLFV in SUSY: another example of complenQéQfarg analysis

Model: Supersymmetric Type-l seesaw
Grey: Wrong Higgs mass

Large tan needs small sparticle masses

Slepton mass splittings versus the a\fl

7000 My =P Gel My, = 10" GeV

6000 tan 8 = 10
=
> 5000 o\ -
% o 2 o @ purple BR(p — ey)< 10717
Ig; 5 <M,3 ? orange [10717,10719]
zE:u‘ 9000 / (\/_¢ yellow [10716,1071]
V. 2000 dark-green [107%,6x 107

3o light-green [6%10714,5.7x 1071%]

black > 5.7x10713
105 10* 107 102 10" 10°10%  10*  10% 102 10" °

Amy(ér, i) /my Ami(Er. ivr) /ms Slepton mass Iimits Compatible with
7 i (e, i) /my 2019 ATLAS SUSY searches

Pic courtesy: Figueiredo, A. J. R. & Teixeira, A. M., JHEP 14-01 (2014) 0I5
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CLFV in SUSY: One more example of complemép’carg analysis

e
TRpV SUSY '
P & " -':
e 1) 5
//{n ; Aisz [ A L
— [ " Br(Z—en I Diboson
“ 2 | <asxoa® 7 . Top E
/ -(%n. . f / Q 4 Data
nfo | ) ° )z —Zen
= ey - 3 \ ;fi ) / B =10 x10°
i 9‘/ P
32 Iy §
- 2 [ 2
LU T
ol ! -<) 3 R o ]
2 s | EAY h e
TD- A2z, 7 I 2s / year Lo P
oo —a0n e ”"’x (}D 75 80 85 90 95 100 105 110
Squark Mass (GeV)
mg, [GeV]
Z — el LC & TLEP Pic courtesy: ATLAS collab,,

Phys.Rev. D40 (2014) no., 072010

Pic courtesy: Yang, J. M, Sci.China Phys.Mech.Astron. 53 (2010) 194-9-1952
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CLFV via slepton mixing (RpW) -4

’
)%
Char ged Slepton mass squared matrix (6 %6 L RR LR entries
. /( ‘\//

LL, RR entries contain Lepto %@?s,sggare of t-SUSY
breakmg squared masses\a #erm gon’mbuhon for diagonal terms

4 ( ) ’
LR entries are prqpor nfuja)/p’ton mass X SUSY breaking scale
Re)
'<;? P <) /

Sof ’(-Sus@pklﬁg slep’(ons masses and Lepton Yukawas are
not simultanedusly diagonal B Physical sleptons contain flavour admixing
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CLFV via slepton mixing .&'\
- /

"-

b Sl This con'mbu‘neh ése%mve to:
‘.‘.’ | \_)//; v
S N |

Iz ‘:J'.-[“L-';I.l‘ e (\/ o \)
£ enémcg \;Cfm’(rolled b

g Y
/ &Egg (dég/epemte Slepton soft masses
m?ﬁ?)\.@ Al merl,t )Con’(rolled by

GmjrigSlepton soft masses are almost diagonal
n the basis of diagonal lepton Yukawas

3. Decoupling : Controlled by very heavy Sparticles
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Whepp2019-26a.pdf




CLFV via slepten sneutrino mbgiﬁg
Q: What will happen if consider seesaw ? C ) /
2
A: It all depends on Neutrino Yukawai)& - \)—/%, mp =Y, <H>
X f \,< 9

Option 1 TeV scale seesaw \

Pros: TeV scale N,.. defecta%)‘ tha{.l»fg at least in HL-LHC

Cons: Neutrino Yuk@é)\a/ (‘*?[jo% small Am2
( \ 7

seqﬁev{ce Suppressed Br for CLFV processes p hard to probe

Model example: MSSM with RHN, HWSSM (Lopez-Fogliani, . E. & Munoz, C.,
PhysRev.Lett. 97 (2006) 041801)
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CLFV via slepten sneutrino mngrﬁg
Option IIl: GUT scale seesaw , /
Pros: Very heavy B> Hard to detect at man-made comgg@ %

Cons: Neutrino Yukawa ~ O(l) B Am?2 Slzofslé <s v
(& \

Consequence: Enhanced Br{gk}%()egses » chance to probe

S \\‘
P ’\ / (‘f’) -)
Be careful about net@rinﬁ)nass Wem’ﬂon > ml loop Amg

&) 07 ’\\[/) \
e
One-loop XK eujpno ‘l@i;du/ﬁ to . e
Cigwiﬁgtl‘m O e Sneutrino mass splitting
splittin,
g)_ 7\ plcing

v 171 2 v

Pic courtesy: Grossman, Y. & Haber, H. E., PhysRev.Lett. 72 (1997) 34-38-34-41
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CLFV via slepton mixing RN
)

C =7
Let's define the normalized off-diagonal param /FQ)
_ (LD (g i,
(OrL)ap = \ 7 Be}( m% Jaa(m%,)ss

(m2)aa(m)ps (Ol

These paramefe s@érghﬂg’constmmed from CLFV searches given the
SUSY spgetrumytang, ete..
Y
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(Ogp)12

107'E

107}

CLFV via slepton mixing o N

A Bino-lik. e\ \)ﬂgllno and

RH-sl foﬁsf(igpr,callg I and 2™
gen)...r @ o,f Je spectrum

?r Q%“‘?‘e

J)Mplementarg LHC searches
L

Pic courtesy: Calibbi, L., & Signorelli, G., Riv. Nuovo Cim. 41 (2018) no.2, N-174
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A Bino-like neutralino LSP LH

gtfe ton half-way between
Bino and Wino gen)... ress,Q‘F

CLFV via slepton mixing
l{é )edrum decoupled
i /

P ey, my=(My +M)[2
4 1000F
/
107! E o
Il N
o ¢\ £%
S5 P E
- wo2BE N\ e u:*:f: NN P lnt:
5 @ L ‘
g "‘\‘[/‘) | ) gl)‘dlffgwf“;dl\'ii*th LHC
2 2007 lepton searches at]the
<) STER
" Y n
0 ! (( i 4 i 200 400 600 800 1000 1200 140
m;=F{=M,/2 [TeV] M [GeV]

Pic courtesy: Calibbi, L., & Signorell, G.,
Riv. Nuovo Cim. 41(20I8) no.2, N-174

Complementary LHC searches
Is more stringent here
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CLFV in SUSY: not even covered the tip of 1he\ceberg ]

The take home message

Complementary searches: Hope survives
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/< Jaswant & Arjun
(Mentor: Tobias Toll)

Pankaj joins them b |
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