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New Physics and Flavour

» Distinct pattern of fermion masses and mixing
> Quarks

mu:mczmtm)\S:)\4:1, md:mszmbw)\4:)\2:1, A~ 0.2,

B ~13°, 65 ~24° 0% ~0.2°.

> Leptons

me:mM:mTw)\4'5:)\2:1,

m2, —mz ~T7.6x107° eV,

|m,2/(3 — m31| ~ 2.4 x 1077 eV2 | |my, t My, ~ A

form, =0

01 ~ 30°, Oy ~45°, O ~ 8°.
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New Physics and Flavour

» What is the origin behind these patterns?
» Most (except neutrino mixing?) seem to be non-random
» Quark and lepton mixing distinctly different

» Is this connected to the light neutrino masses / potential
Majorana character?

» Standard Model tells us nothing about the flavour structure
(+ neutrinos are massless)

» There is no theory of flavour
» Need to find signs of New Physics to make progress
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Neutrino Oscillations

» Neutrino interaction eigenstates different from mass eigenstates
> Neutrino flavour can change through propagation - LFV

v = Uyvy, v, (t) = e_i(Eit_pix)vi 0) normal hierarchy inverted hierarchy
- - Am? L/km
= Pgyp = sin” 20 sin (1-27 VI /Gev> e )] o ——
(M)’ —————
» Solar Neutrino Oscillations
o Large Mixing (Am)
» Atmospheric Oscillations . o
o ~ Maximal Mixing
» Reactor and Accelerator Neutrinos T e |
—m— ()’ (m,)’® —

° sin% 26,3 = 0.092 + 0.021

Experimental Unknowns and Anomalies
> CP Violation? Sign of Am,3? Sterile Neutrinos?

v
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Dirac vs. Majorana

» Two possibilities to define Fermion mass

Majorana mass, using only a left-handed

Dirac mass analogous to other fermions
neutrino — Lepton Number Violation

but with ™/, ~ 107! couplings to Higgs

(H)_k\ , A0
Vi, ﬂ
— \/ —
VL
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Dirac vs. Majorana

» Two possibilities to define Fermion mass

\)\ 0’5. 20,679 Physicians
q@é\“‘%_@?" - LUCKIES
l arve less (ritating’

(0 9 9
It's toasted
r Throat Protection against irritation against cough

Dirac mass analogous to other fermions Majorana mass, using only a left-handed
but with ™/, ~ 107'? couplings to Higgs neutrino — Lepton Number Violation
(H) (H)
A4
S /’
Vi, ﬂ
— \/ o
VL
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Absolute Neutrino Mass

B o allowed Bf (3
» Energy Endpoint in Beta Decay @wL NL

2 _ 2,22 2 ~ (0.2 eV)?2
mpg = Zi|Ugil m;, < (2.2 V) (KATRIN, 2018)

» Neutrinoless Double Beta Decay

neutrinoless B~

Tritium B-decay spectrum near endpoint

mgg = |Z;Uzm,,| < 0.2--1.0 eV

» Impact on Large Scale Structure ava
r=xim, <03--10eV

Eo=18590eV-Es

meV eV keV MeV GeV TeV
c Ty Y T T T Y
L8 A u c t
il
S 3 A A A -
c
()
o
v, d s b
2 " »n | .
&
=
v, e u T
1 | v v v -

2‘3 4‘5 6‘7‘8l9‘10 1, 12
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S I P
10 510 10 310 210 1
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Lepton Flavour versus *UCL
Lepton Number Violation

Neutrinoless B B ut - e”
double beta decay H —eyr conversion in nuclei
L e'
' dip " & e
A — u L q° . dq
W e = /N
- % a _i,:-;':'_ & Nucleon "
d—rt ! — N/ \N
nid dip = y  Nucleus g
X ¥ Al \A
AL, =2,AL, = 0,AL =2 AL, =1,AL, = -1,AL =0 AL, =1,AL, = 1,AL =2
Lepton Number Lepton Flavour Lepton Flavour
Violation Violation Violation +
Lepton Number
Violation
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Charged
Lepton Flavour Violation

» Lepton Flavour practically conserved in the vSM
> LFV is clear sign for BSM physics

2 W=
3a . Am%, _ ﬁ
Br{u—ey) =o— z U,uiUeim—zl ~ 1075

[ w {; _ _ _ £

» Flavour violation in the quark and neutrino sector
> Strong case to look for charged LFV

» LFV can shed light on
> Grand Unification models T

> Flavour symmetries
> Origin of flavour

GUT l,cllm:vm'si.\

Q,H

time

iy N

| wana Vv
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Lepton Flavour Violation

» Large number of observables
w—oey, u~ e ee’

o u—e conversioninnuclei: yw+A—-e  +A, u"+A-oet+ A

- T decays
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» Current experimental situation (future sensitivity)
o Br(u—>ey) <57x1071 @ MEG (= 10713 @ MEQG)
> Br(u » eee) < 1.0 x 10712 @ SINDRUM-I (= 107> @ MuSIC, n3e)
° R(u— e Au) <7.0x 10713 @ SINDRUM-II (=~ 10~'® @ COMET, Mu2e)
o Br(t>1ly) <4.0x10"® @ Belle, Babar (~ 107° @ SuperB factory)

10°
N [ 0 0 0 ﬁ I Orliginal graph: Marciano-MAri, ARNPS 58, 315 (2009)
% by IP IS AV 1] li]h AR | M Winter 2012 m Modified version
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Lepton Flavour Physics

» Connection between observables

Muon LFV

—

— — N/ Nucleus \N }[ —} E’ Ve <+ Yy
A A A/ \A } + €+E+€ Ve <5 Uy
l‘:‘ / "N e N Vyp < Vr
W ,u,__-'\"’ — etN' /
. ) pte™ = pet Neutrino Oscillations

T — Uy
L= 1y — @ T — (‘fg"fj_
(9 — ). (EDM), Va

/‘ T'au LFV
Muon LFC T —> T
(9 —2)7. (EDM);

Tau LFC
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Ef‘fe Ctive Univ t College London
Operator Approach

» Describe LFV processes using effective, non-renormalizable
Interactions,

1 1 .
Lot =LsM + 5Ly +—Lg+ L, = z'C}l(?,ll(SM fields) + h.c.
Myp Myp l

o Dimension-5
Os =1/2 (L; - H)(H* - L)€ —> Neutrino Majorana masses

c Dimension-6
- Two Lepton-Higgs-Photon
Os(llyH) = Lio"efH'E,, ——> u-eyetc., g—2, EDMs

* Four Lepton

P —— u — eee etc., _
Og (UL = (Liy*Lj)(Liy*Ly), etc. NSls in neutrino oscillations

- Two Lepton-Two Quark il _
U — e conversion in nuclei,

| O06(llqq) = (Liy*L) Q¥ QD) etc. | = Mason decays
\\‘\;‘\ Frank Deppisch | Lepton Flavour Violation | 14/01/2014




Effective *yCl
Operator Approach

» Different processes probe different

(combinations of) operators e Couven. Vouel 13
—e
‘Ll ' y ; i oA A U A A | T T A7000[ T T T T T

8 'l © € @ 6000}
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-E;(M - @ convin 27A|)=1o“8 ook @090 CEHESussRokdemass
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B(u — ey)=10"
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Effective *yCl
Operator Approach

» Different flavour transitions probe flavour structure
» Compare two example discrete flavour symmetries

A4 X Z3 X U(]-)FN 54 X Zg X U(l)FN

» Dipole operator coefficients

A2e A\Ze2 \2¢2 A2e2 M\2e2¢! \2¢2¢
Cr|Xe? Xe A |, Cr~ | Xl Xe  Aee”?
€2 €2 € ee’ ee’? €

» LFV process rates

Br(p — ey) = Br(t — ev) =~ Br(t — uv). Br(p — evy) = Br(t — ey) > Br(t — uy).
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The Flavour Problem

~
Vanille de Madagascar Mentfe Violette
A lextrant de venlle o Madagascar Aux eclals de chocolat now
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B .
@) -t
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Z
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- hat ‘1
. 4 . & -
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=2 N R
T - ” . - ~ e
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The BSM Flavour Problem

» Stringent limits on NP operators, e.q.

24213«
Gimi Myp

Br(l; - Ly) ~ c,|°

_13 —9 (Mnp 2
> Br(u —» ey) <5.7x10 = |Cue| <5x10 (TeV)

2
CBrt > ly) <40x107° = [Cyl <6x 1077 (T2E), 1 =e,p

» LFV couplings must be suppressed and/or New Physics
scale is larger =~ 103 TeV

» Solutions
> No New Physics at the TeV scale
- Specific flavour structure of New Physics

- Degeneracy
- Symmetry (e.g. Minimal Flavour Violation)

AR
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» Effective operator for Majorana neutrino mass

> Only dimension-5 operator beyond SM <i) <,IL|I_>
\ /
1 hl] — 1 _ S /
L2 EALNV (Li | H)(HT | Lj) W E(mV)ijvicvj L C L

» Seesaw Mechanism
- Add right-handed neutrinos N; to SM, My ~ 10'* GeV

_ 1 _ 1 _ _
LD YNl - H =5 MiNNf ——— = (YeiMi V) (L7 - H)(HT - Lj)
: . H H
» Light neutrino mass <-k> <,|_>
N\ /
Y,(H) \° (10 GeV . N
—> N ———
100 GeV M L yv.yv L
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Effective

» Effective operator for Majorana neutrino mass

iy

M a S S a n d S e e S aW University College Condon

> Only dimension-5 operator beyond SM <i> <f_>
N\ 7/
1 hl] — 1 _ S /
L2 EALNV (Li | H)(HT | Lj) E} E(mV)ijvicvj L C L

» Seesaw Mechanism
o Sterile Neutrino Mass Scale Unknown

- ~ 101* GeV
- =10° GeV
- ~ 1032 GeV

- ~1 keV
- =~1eV

Naive Seesaw, GUTs
Thermal Leptogenesis

Resonant Leptogenesis, LFV Contribution
Production at LHC

Dark Matter Candidate
Oscillation, Cosmology, 0vBp
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Effe Ct ive M ass an d S eeSa\W  Unversiy collge tondon

» Effective operator for Majorana neutrino mass

> Only dimension-5 operator beyond SM <i> <£I_>
N\ 7/
1 hl] — 1 _ S /
L2 EALNV (Li | H)(HT | Lj) E} E(mV)ijvicvj L C L

» Seesaw Mechanism
> Three possible mediators at tree level

Seesaw | Seesaw Il Seesaw llI
(H) (H) (H) (H) (H) (H)
K + X + K +
N\ /7 \ /7 \ /7
*.Singlet,” o7 \Triglet/
Y v T ! T
L Y Y L :Triplet L Yv YV L
o <
Y3
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» Effective operator for Majorana neutrino mass
. . (H) (H)
> Only dimension-5 operator beyond SM + +

N\ /

N\ /

1 hij — T 1 ~
L> T (L5 -H)(HT - Lj) 7 MV —>—ZL ——

h

» Radiative Generation via Loops
> Alternative to Seesaw, e.g. R-Parity Violating SUSY

(H)
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Problems of Naive Seesaw

Introduces high energy scale

v

Right-handed neutrinos are singlets

» Couple only via small mixture
with active neutrinos

Mechanism not testable
with low energy observables
> Negligible charged LFV

Possible Solutions
o SUSY Seesaw
- Testable LFV effects from sleptons
> “Bent” Seesaw mechanisms
- Decouple Apny from heavy neutrino mass
> Left-Right symmetric models

- Right-handed neutrinos couple
with gauge strength to charged leptons

v

v

v

Frank Deppisch | Lepton Flavour Violation | 14/01/2014



Small Yukawas vs M V(o4 ]
“Bent” Seesaw

» Seesaw Mechanism with TeV scale heavy neutrinos

> Standard Seesaw VYIth small Yukawa couplings Y, ~ 10~/ My /TeV
Charged LFV remains small

- “Bent” Seesaw mechanisms

Decouple ALNV from A — — -
- 14f . 2 1
heavy neutrino mass | . YV<H) = 10° GeV 1
r _ 3 1
Example 1010 M = 10° GeV i
10°f 1
0 Y,(H) O 10§ ]
> 10°f Quasi-Dirac 1
M = YV<H> M M 8 1 1
= 10°r Majorana Neutrinos ]
0 M u = 0% 1
2 F 3
1072 r e(o’b. 1
0 al
Potentially large 107 ‘
charged LFV 107 1
. 10 8peng 3
* In the I|m|t u - O, 10-10F 1
no LNV but LFV sonl voomd vovmd v ool sueed syomd soemd svoned romd s ueed vioed sl syl vyvd el vl vl sl el veel el sl 11
: 100 106 1077 102 100 10° 100 106 105 1010 107 10t
p[GeV]
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Left-Right
Symmetric Models

» Based on SU(3) x SU(2); X SU(2)g X U(1)p_; Pati & Salam '74

Mohapatra & Senjanovic '75

» Higgs Sector
> Bidoublet (EW Breaking)

- Left-handed Triplet + Right-handed Triplet
(Breaking Lepton Number + Parity + SU(2)R)

» Generating N;, Wy, Zp masses| My, ~ My, ~ Mz, ~ (Hg) ~ 0.5 — 5 TeV

ML My

. M, M
» General Seesaw |+I1l mechanism My—( 7 D)?

» Charged current weak interactions Neglect any
Left-Right mixing

9L

= OE 775 NTCTT ! dgr . —T7T 7T T 1 L— — )
= = 7 (vULp + N°Urg) Y"er, + 73 sin Cw (#Urr + NUggr) v"€r, l T, = \/gUe?:V?:"Y’{ ‘1,

¢ JRr

- ./L . - =TT NTT.T NT-T.T —CTT
]{{/ = —==8ll Cw (I/L’LL + N (:“L[,)) j./l(‘L + —— <A\ (x’[,)]? -+ I/(L‘]?L> ”,’l(‘p.

V2

J{f{}; ~ %%@Ni’}’”f&

\/_

Frank Deppisch | Lepton Flavour Violation | 14/01/2014

/2




Rare LFV Processes

» Mediated by right-handed neutrinos

2 TeV

Mwpg

_\./11f2

2

BR(p — e7) =~ 2 x 1077 sin(2¢

and doubly charged Higgs bosons

() (

» u—e conversion in nuclei enhanced
via box diagrams

R(u - e) = Br(u — ey)

enhanced due to
ution

» u — eee strongl
tree level contri

Br(u — eee) =~ 300 X Br(u — ey)

» BSM Flavour Problem

> Small mixing and/or mass differences
required

Frank Depp
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LHC Searches

(SR

=R

»  Monte Carlo Simulation (PROTOS)

» Main background tt, Z + jets
(Pythia, Alpgen)

» Fast Detector Simulation (AcerDET)

» Selection Criteria

> Number of jets N; > 2 5
> Number of isolated leptons N; = 2
> Invariant di-lepton mass  m; > 300 GeV myy, [TeV]

Das, FFD, Kittel, Valle ‘12

Total invariant mass my;jj > 1.5 TeV
LHC reach @ 14 TeV, 30 fb™!
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LHC Searches

» Reconstruct Wy and N

1500

100y

h
o

Events / (20 GeV)

2
<
o

Events / (20 GeV)
- [§®]
]
=

\_
a
|

.................

myy, [TGV]
LHC reach @ 14 TeV, 30 fb™!

Das, FFD, Kittel, Valle ‘12

Frank Deppisch | Lepton Flavour Violation | 14/01/2014



LFV at the LHC

» Two heavy neutrinos
with maximal mixing
and 1% mass splitting

7 Ne N,
UPMNS O 0 vy,
0 cos@ —sinf | N,

0 sinf cosf / Ny

0 =mn/4

» Correlation with low
energy LFV processes

iy

University College London

OL.

MSZE = 3MWR

my, [TCV]

LHC reach @ 14 TeV, 30 fb~!
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LFV at the LHC

» Two heavy neutrinos
with maximal mixing
and 1% mass splitting

VL, Ne Nu,
UPMNS 0 0 Vi,
0 cosf@ —sinf | N,

0 sinf cosf / Ny

0 =mn/4

» Correlation with low
energy LFV processes

iy

University College London

1 2

MSZ’,E — MWR

my, [TCV]

LHC reach @ 14 TeV, 30 fb~!
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LFV at the LHC

» Two heavy neutrinos
with maximal mixing
and 1% mass splitting

7 Ne N,
UPMNS O 0 vy,
0 cos@ —sinf | N,

0 sinf cosf / Ny

Rau(u—e)>8-1071

0 =mn/4

» Correlation with low
energy LFV processes

1 2) 3 4 3
MSZE = 0.3My,, | Mw, [TeV]

LHC reach @ 14 TeV, 30 fb~!
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LFV at the LHC

» Two heavy neutrinos
with mixing angle 8 10°F X
and mass splitting AMy 10~} | Brlutter)<igm]
Vi Ne Ny 1073 — | R;u(}rﬁ%&’”‘"’.,
U PMNS 0 0 vy, s e | r(/: *¢ee)> 1912
0 cosf —sin@ |N, 5210_ ' j P
. AlM>e)= 0T
0 sin@ cos@ / Ny E 10-4 : : e
OOI 0
suppressed as 103 T
I 111 N2
Onc &« AMy /(MyTy) 1076 10 : : L
» Correlation with low I . e
energy LFV processes 1073 102 10~ 10°
suppressed as sin”2¢

< AMZ /MZ LHC reach @ 14 TeV, 30 fb~!
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Conclusion

» LFV is crucial probe for BSM physics
> Discovery is smoking gun for BSM physics
- Strong experimental program with high sensitivity A = 1037* TeV
> Observation is critical to solve flavour puzzle
- Experimental problem: Comparatively weak sensitivity to t

» Strong connection to neutrino physics
- Oscillations demonstrate that lepton flavour is violated

> Models of neutrino mass generation predict wildly different LFV
rates > LFV can be used to discriminate

» Synergy with LHC searches
- Potential to observe charged Lepton Flavour Violation
- Complementarity of Observables
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