Minimal Lepton Flavor
Violation

Benjamin Grinstein (UCSD)
DPF, Hawaii, Oct 2006

Vincenzo Cirigliano, Gino Isidori, Mark Wise
Nucl.Phys.B728,121(2005)

Nucl.Phys.B752,18(2006)
and hep-ph/0608123



Rationale for MFV
(Minimal Flavor Violation)

® Buchmuller & Wyler: order /A2 terms in Hes

Nucl.Phys.B268,621(1986)

e |[f A is related to EW-breaking, or higgs
hierarchy problem, expect A~103* GeV

® All fine, except processes with FCNC

® TJo avoid FCNC need small coefficients
C ~ 10-%3), or large scale A ~10%7 GeV

o If A ~10%7 GeV then no relation to hierarchy

® Can we make C naturally small?
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Minimal Flavor Violation (MFV)

Premise: Unique source of flavor braking

Quark sector in SM, in absence of masses has large
flavor (global) symmetry: Gr = SU(3)% x U(1)

Symmetry is only broken by Yukawa interactions,
parametrized by couplings Au and Ap

MFV:all breaking of GF must transform as these

When going to mass eigenstate basis, all mixing is
parametrized by CKM and GIM is automatic



How does this work!?
Consider K; — wvo

Recall, Gr breaking from:  Lvux = Hgr \vur + HgrApdr

Gr, using spurion method:

— V]
qdrL L4qL Ny VL)\UVJ
B P VA %
dR—>VddR b VLAD V4

: : 1
Effective lagrangian = Les = > Ci0;

where the operator is, for example

O = CYL(AUAZJ)’YMQL vpytvr

2
In mass basis = ( > VaVaa )stdL vyt
g=u,c,t

Since [ViiVialmi/v* ~ A2X° =~5x 107" so effectively C ~10-3



Minimal Lepton Flavor Violation (MLFV)

® Rationale: elevate MFV to a principle

® |f leptons acquire Dirac masses (mimic quark sector)
copy from above. But uninteresting: flavor violation
proportional to tiny neutrino masses

® More attractive/interesting: Small neutrino masses
from see-saw mechanism.

® VWhat are the restrictions from MLFV in see-saw
models?

® [wo cases. Field content (below LNV scale):
® Minimal: three Liand ex

® Extended: three L, er, and vk



A Note on: LN vs LF

® Distinguish Lepton Number (LN) violating
interactions from Lepton Flavor (LF) violating
Interactions

® | N isa U(l) symmetry, assigning unit charge to all
leptons.

® Neutrino Majorana mass breaks LN
® |Fisan SU(3) symmetry, mixing different flavors

® |t commutes with U(1)LN, ie, preserves the LN
charge



MLFV: Minimal Field Content

Ex: SUSY Triplet Model, A. Rossi, PRD66(2002)075003

Assumptions:

|. The breaking of the U(1)wn is independent
from the breaking of lepton flavor Gir, with

large ALN (associated with see-saw)

2. There are only two irreducible sources of
GLr breaking, A. and gy, defined by

Lsympr. = —\9 e (HTL ) — g9 (LS H)(H 7517, + h.c.

2ALN

3. The scale of LNV is large compared to the

scale of LFV, ALr » ALN
1

Liryv =

Y G0,

2
ALFV



Implementation of MLFV in
Minimal Field Content Case

® Add all possible terms to the lagrangian consistent with

assumptions (also: Lorentz invariance, gauge symmetry,
locality, ...)

® Characterize allowed operators by spurion method

LL—>VLLL BR%VReR
T * T
Ae = VR AV g =V 0V
(recall:  Lsym.Br. = —\Y éﬁq(HTI/z) T AN gij([_/CLiﬁH)(HTﬁLi) +h.c.)

® All opsfor y— ey, u+ N — e+ N’ have at least one
factor of A =glg, (neglect A2); m, ~ v*g,/ALN



® Amplitudes are given in terms of

® AN and Arv (actually only ratio Ain/ALry)

® (oefficients, C, of order 1

® | ow energy measured (or measurable) masses and
mixing angles

® |n particular, the following two combinations appear
in the operators (O appears in 4L ops, eg, 1 — ece ):

A3 A
LN Um?2 U §=6" = = U m, UT
(V) (V)

A\ =

U= PMNS mixing matrix, my diagonal



MLFV: Extended Field Content

Ex: SUSY with RH degenerate Ns, J. Hisano et al, Phys. Rev. D 53, 2442-2459 (1996)

Recall, now we include RH neutrinos, flavor group
has additional SU(3)vr factor

Assumptions:

|. The right handed neutrino mass is flavor neutral, ie, it
breaks SU(3)vr to O(3)vr. Denote MY = M, 5%

2. The right handed neutrino mass is the only source of
LN breaking and My » Arrv

3. Remaining LF-symmetry broken only by A and Ay
defined by

Lsympr. = —AJ &b (HVL)) +idN9oh(H L) + hc.



MLFV: Phenomenology

® Future experiments will (continue to) look
for flavor changing neutral interactions in
the charged lepton sector:

e MECO ... was cancelled

® PRIME at the PRISM muon facility at

JPARC will measure p-to-e conversion at
10-13 sensitivity

® MEG at PS| looks for y*—e* y at 10-13
single event sensitivity

COBRA(Constant Bending Radius Spectrometer) § ,



Sample results, minimal field content
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quick example (probably out of time by now):

Ty, T—ey & p—ey

ALog = %@R { AN+ e DA+ s A AT } oer F

just like MLFV above

Generalizes Barbieri & Hall

c=v>'v,
New mixing structures G=VIV,
Independent of M, ;

o (Mmefo). ()
Hierarchical (%) x 4 X(mrfv), (1)
[ \° m,/v), — e
Large: for A=10TeV el
(A = 0.22)

Br(p — ey) ~ 10717



MFV/MLFV and GUTs

Quarks/leptons in same reps of Ggur, eg., 1) ~ 5,y ~ 10
Flavor symmetry smaller: SU(3)?

Broken by Yukawas, including trans-PL term for light
quark/lepton mass relations (H ~5,% ~ 24)
1
Loymbr. = ¥ AXH" + X" MoxH + 0" XXX H

Right handed neutrino for see-saw (not mandatory);
extends Gr to SU(3)?3, and

A'Csym.br. — NTA1¢H - NTMRN
MFV/MLFV: GF broken only by

)\57 /57 )\107 )\17 MR



Implementation similar,

Qr — Vi QL Ao — Vip Agg VlTO
dr — Vg* dr )\g o V; )\/5 VlTO
eR —> Vl*o é R MR _ Vl* MR VlT

but trade parameters for low energy ones, eg.,

Ay = Gy P\m T €1u>\10)‘10>‘10 + E%)Am()‘g) )T)\é/) T .. }

A = ay _()\5 + >\’5) A 4 DAY AT A + e ATAY ]

A = | (% = 5% )+ eladl + AL Alghig + BTN .|



FCNC:s: Bilinears as building blocks of operators

Old
quarks: QA N, Qr,  dpAAAN,Qr
leptons:  LrAJMLn,  érAANLL

New (plus replace anywhere A <> A7)

quarks:  Qr(A )" Qr
CZR}‘Z()‘G)\Z)TQL 9 CZR()‘e)‘J{Al)TQL

drMA )T dg, dr(MN )T dp
leptons: Ly (A N)TL;
eEROANANTLL,  egAMATLL

éR)\u)\LeR : éR()\Zl)\d)TGR



Summary and Conclusions

Notion of MLFV for see-saw models formulated

Two approaches: minimal and extended field content

MFV in GUTs formulated

Predictive (in extended f.c. case need CP limit
and M-diagonal assumptions)

All or nothing: effects observable in near future rare
process experiments iff LFV scale low (LHC) and LNV
scale as large as possible (perturbative couplings)

A lot to study: mixing, non-CP limit and leptogenesis,
LHC physics, other versions...



The End



backup material



Write all operators of dimension 5, 6, ... consistent with
assumptions.

For u — ey, u+ N — e+ N’ need two lepton field ops:
Ops with RL

O%Y) = ¢ H'ero" A\, ALy B,

O%2) = gH'ero™ 7o\, AL, W2,

0¥) = (D,H)terA, AD, Ly

Ops with LL
o) = L,y*AL, H'iD,H
O\?) = Liy"r° ALy Hir%D, H

(3) _ 7 2
O;; =Liy"ALp Qrv.QrL Og%:éR)\eALLQLADdR
(4d) _ 7 ; _
Op” = Liy*ALp dryudr O¥) = 6o\, ALL QLo Apdr
0245) — I_/LVMALL URYuUR 01%6% = epA\ ALjp ’L_LR)\J{]iTzQL

0252 — I_/L’}/MTGALL QL’}/MTCLQL Og% =erot"" N\ ALy ﬂRUW/AEZﬁJQL

Have used A = glg, with transformation A — V, AV}

Also neglected A2

We have neglected ~ (A\c)”, hence no RR operators



For 1 — eee need four lepton operators

OSL) = L;y* ALy EL%LLL
OS;) = L v*7*ALj Z_LLVMTC‘LL
OS:) = L;v*ALj ERVLER
Oz(:lL) = Ony ;km_iLVMLJL _TLnV/LLg

5 x T arl TmM arn
Oz(u:) = Onyj Ly, Lyt Ly

njy¥ma

where we used d = g, (so we can use same expressions
for extended field content case)



Up to dimension 6 operators, the new interactions are

5
1 1 1 1
Lo = > (00 + o) + A%Fv (§ oY) +h.c.)

2
ALFV i=1

with coefficients naively c¢~1

We can now study the phenomenology of MLFV
with minimal field content.

Useful to look at parameters first



Use Gir symmetry to rotate to the mass eigenstate
basis (v = Higgs vev)

My ] .
>\e — 7 — ; dlag(meamuamT)
A A
gy = ULQN U*m, UT = UL2N U*diag(m., , mu,, m., )UT

U is the PMNS matrix. It is determined from
neutrino mixing:

Cezal/Q Sezag/Q 8136_7’5

Ur | —se’/2/\2  ce2/2/\/2  1/V/2
Seia1/2/\/§ _Ceiag/Q/\/Q 1/\/5

Hel’e c=cosly s=sinly, 0Ogo 32.5°

s13 is poorly known, 513 < 0.3



Implementation of MLFV in
Extended Field Content Case

Lsym.Br. = =M &L (HVL)) +i)9oh(HT L) + hec.

Same as before, but now transformations are:
Ly, — Vi Lp er — VR ER vr — O, VR
e = VoAV A, = 0,0 V)
As before A=\ )\, A=V, AV)
but now not directly related to mass matrix m, = AZ—QVAZ)\V

However 6 =)\J)\, 06— V6V,

In CP limit A\, = A, and A=) )\,



® Same operator basis as before
(chose A and 0 by transformation
properties)

® Same effective lagrangian, but with Ane—My

® Summary: In mass eigenstate basis

A — Aj% Um2UT  minimal field content
My Um,UT  extended field content, CP limit

IU2

My 1r*m, UT extended field content

fl)2

5 §T — {AU% U*m,UT  minimal field content



MFV by example: consider K. = mvv

4G
Heg = F Z C'5rv,dr Ury*vy + h.c.

b=e,u,T

C =
27‘(‘ sin? Gml tdj\
/ CKM factor
Vud Vus Vub

1 loop factor, Vi = | Vg Voo Vi

X1 Viae Vis Vuw
— 5\ A AN (p — in)
Verm =~ | =A(1 +i42X\%5) 1— )2 AN? + O(\).
AN(1—p—in) —AN(1+i)\%7) 1

A\~ (.22 Vi Vig| ~ AZN



4Gy

He
)

Z CﬁgLvﬂdL 17%/)/'“1/% + h.c.
EZG,,LL,T

New physics

1 _ _
Heg = E Z Ct w5 Yudr Uiyt vs 4 hec.
l=e,u,T

with C'.. ~ 1
Assume sensitivity to fractional deviation r from SM
rate:

(Mw /A)? |

A2X5 /(1672)

1l+r~ 11+

For example, r = 4% gives sensitivity to Ar~ 10° GeV
(r=4% is KOPIO’s would be sensitivity)



® The small factor comes from CKM

® (Generalized GIM mechanism
® old GIM: smallness of V..V (mZ —m2)/Mz,

® new GIM: smallness of |-to-3 generation
jump

® |f new physics respects this then the same
small CKM factor appears. New estimate

(M /A)? |
1/(1672)

1—|—7°~‘1—|—

And now r = 4% gives sensitivity to Ar ~ 10°* GeV



L —eY, U-to-e conversion and their relatives I:
minimal field content

AN
Arrv

4
) I%EV—%%(V)(81375;CCQ)

20~
17.5¢
15¢
12.5¢
10¢
7.5¢

- since Ao U(my)2UT, only 5|
differences of m? enter; these |
are measured!

- 513 and O unknown PMNS parameters (scan on )
- choose () of order one for the estimate

- ratio of scales can be large:

perturbative gy = Ary < 3 x 10'°(1 eV/m,) GeV
SO Arpyv ~ 1 TeV = ALN/ALFV S 10t
29

Bp,t;() = 1077 (
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Predictive: || Yy patterns are independent of unknown
input parameters (scales cancel in ratios, in this case c’s
cancel too, and all other parameters are from long
distance)
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If s;3is small, look at tau modes.
Here ALN/ALF\/—lolo and C( ) Cg%—l

Belle and BaBar have recent bounds (summer ‘05)
of a few x 10~/ for Br(r—1y) and Br(r—Ill)



L —eY, U-to-e conversion and their relatives ll:
extended field content

® Replace A%N/A%FV by UMV/A%FV

® Now Ax UmyUf so amplitudes depend on overall

neutrino mass scale (ie, lightest neutrino mass)

m}/ightest —0

lightest
mye " = 0.2 eV

oM, \° ~ . .
Bt () = 107% ( - ) Rfi—>€j(v)(313am}jght68t3C(Z))

perturbative Ay = My < 1013 GeV;

with ALFV Z 1 TeV,




One final note: results depend on hierarchy of
neutrino masses,

normal (my: ~ my2 € my3) vs. inverted (my: € myz ~

mv3)

NORMAL INVERTED

B7'—>’ufy BT_UL’Y

1078 |

(VM) /A ey = 5 x 107

1 2
et =

shading: 0 < mEghteSt < 0.02 eV



3| Decays: 4L operators

4
ALn 2 ‘i
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Tyse/Tpmsers = [\a+\2+2\a_\2—8Re(a8a_)—4Re(a§a+)+61\a0|2]

2
(A”Lj\f’g) |bep | extended

ay = sin? 0, (V) + ) + )

20..0%
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v4]AeT\2

4
ALFV

Trenis = Drseus []a+]2 +]a_|* — 4Re[ag(ay +a_)] + 12]~|a0\2]

v [20er 0|

4
ALFV

|Cg'j4) _I_ 6(5) |2

FT—>,u,ué — F’T—>€I/l7 L

NORMAL HIERARCHY INVERTED HIERARCHY

| 2de,, dee* / aey |




®We have also explored the effects of deleting a
class of operators.

®For example: assume 4L operators are not present

e Can we get 3| decays!? Yes, through loops

®Need care in loops of light quarks: chiral lagrangian
does the job

eResult: amplitude is ~0.1 of 4L ops (large logs)

e Equivalently, this give a ~20% correction to rate

ePatterns are similar to those from 4L

w, K m, K

l ’ N 1
i p | EM
¥ , \
1 ‘\
,
1 \‘
,
' T
M 7
v 7
,




Decays of/to hadrons

Hopelessly small!

Br
7.‘.0 N Iu—l-e— 10—25
T — Tp 10~20

T — T 10710



