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Why Lepton Flavour Violation (LFV) 7

* LFV occurs in Nature: LFV observed in neutral sector

v; — vj oscillations DO NOT conserve Lepton Flavour Number
Does LFV happen in the charged sector?: Not seen yet

x Challenging exp. bounds in the charged sector : present/future
(see next)

MEGA, SINDRUM, BaBar, Belle /MEG, SuperB, PRISM/PRIME

* In SM: no LFV if m, = 0; extremely small if m, #= 0. For example:
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BR(pu — evy) ~ 327T > U -y <10~

Highly suppressed by small neutrino masses

Any observation of LFV points to New Physics Beyond SM



Where to ook for LFV ?

Decays of standard leptons: (the most studied ones)

7: BaBar, Belle, SuperB, u: MEGA/MEG, SINDRUM

* Radiative LFV decays: [; — ;v (i #j) I321=T1,p,¢

* Leptonic LFV decays: [; — [;l;l (r — 3x maybe also at LHC)
* Semileptonic LFV tau decays

T—un, T— pfo, T—pV (V=p,é,w, K¥)

7 — uPP (PP =nm, KK, 7K)

Other decays considered in the literature:
Do — lil;, Z2 — Lil;, H—Lil;, B—pe, K—puv / K —ev, ..
©u — e conversion in heavy nuclei uy~ N — e N: SINDRUM-II

Coherent process (enhanced by ~ Z° Z = protons in N)
Clear signal: single mono-energetic ¢

New LFV process propossed in a muonic atom (Kolke et al PRL
2010):

pn~"e”N — e~ e N, is a 2-body decay, larger PS than ut — etete™
overwrap between ;~ and e~ enhanced by ~ Z3 over muonium.

Decays of non standard particles: SUSY etc
One example: LFV stau decays 7 — ux could be seen at LHC.



Experimental Status on LFV

(I thank Simon Eidelman for help in the update)



Present experimental bounds and
future sensitivity to LFV decays:

I) radiative I; — [+ and leptonic [; — [;l

LFV decay Current best UL (90%CL) | Future sensitivity (7)
BR(u—evy) | 1.2x 10~ (MEGA 1999)
2.8 x 10~11 (MEG 2010) 10713 - 10714 MEG
BR(r — e~) 3.3 x 1078 (BaBar 2010) 3 x 1079 SuperB

BR(T — ) 4.4 x 1078 (BaBar 2010) 2.4 x 10~° SuperB

BR(u —eee) | 1 x 10712 (SINDRUM 1988) | 10~ 13 -10"14 MEG
BR(r — cee) 2.7 x 10~8 (Belle 2010) 1072 — 10719 superB
BR(T — puw) 2.1 x 1078 (Belle 2010) 1072 — 10710 superB
BR(T — e p) 2.7 x 1078 (Belle 2010) 1072 — 10710 superB
BR(T — pee) 1.8 x 1078 (Belle 2010) 1072 — 10719 superB

(?) = Future sensitivities are under discussion

SuperB potential for LFV also to be discussed here, at Bensaque....



II) Semileptonic tau decays

competitive with leptonic modes

LFV decay Current best UL (90%CL) | Future sensitivity (?)
BR(r — un) 5.1 x 10~° (Belle 2010) | 1072 — 10~ 1Y SuperB
BR(T — ufo) 3.4 x 108 (Belle 2010) | 1072 — 1010 sSuperB
BR(r — um) 5.8 x 1078 (Belle 2010) | 107° — 1010 SuperB
BR(T — up) 1.2 x 1078 (Belle 2010) | 1072 — 10710 SuperB
BR(T — ud) 8.4 x 108 (Belle 2010) | 1072 — 1010 sSuperB
BR(T — uw) 4.7 x 1078 (Belle 2010) | 1072 — 10710 syperB

BR(7 — uKk*0) 7.2 x 1078 (Belle 2010) | 1072 — 10710 SuperB
BR(7 — uk*0) 7.0 x 1078 (Belle 2010) | 1072 — 1010 sSuperB
BR(r — urtn~) | 3.3x 1078 (Belle 2010) | 10792 — 1019 SuperB
BR(r - uKTK~) | 6.8x10°8 (Belle 2010) | 1072 — 1019 SuperB
BR(r — urTK~) | 16 x 1078 (Belle 2010) | 1072 — 10710 SuperB
BR(r —» uKTx~) | 10 x 1078 (Belle 2010) | 1072 — 1010 SuperB

Similar bounds for - — e semileptonic modes

(?) = Future sensitivities are under discussion




III) 1 — e conv. Iin nuclei

(From PDG2010 and Kuno's talk at NOW2010 conf.)

LFV process

Current best UL (90%CL)

Fut. sensitivity (7)

CR(p—e,Au) | 7.0 x 10~ 13 (SINDRUM?2 2004) 10~ 1% Mu2E
CR(u — e, Al 10~16 COMET
CR(p—e, Ti) | 4.3 x 10712 (SINDRUM?2 2004) 10—18 PRISM

SINDRUM?2 (PSI), Mu2E (Fermilab), COMET (COherent Muon to
Electron Transition) (JPARC), PRISM/PRIME (JPARC)

(?) = Future sensitivities are under discussion




LFV Beyond SM

e Many models BSM produce sizeable LFV rates
* SM + heavy (but not too heavy) neutrinos my ~ O(TeV)
* SUSY 4 Seesawl with heavy neutrinos my ~ 1013-15GeVv
* SUSY 4 Seesawll with heavy scalar Triplets mp ~ 1013715GeV
* SUSY 4+ RPV
* Models with extended Higgs sector:
Little Higgs Models, Additional doblets, triplets etc.
* Models with extra generations
* Models with extra dimensions, etc....

e Most models produce too much LFV
— Flavour problem of BSM
— Usually some extra condition is required to reduce Flavour
mixing. For instance in SUSY: some universality conditions on
soft SUSY breaking mass parameters at the GUT scale
— Models with Minimal Lepton Flavour Violation (MLFV)

e SUSY usually preferred due to the Hierachy Problem of BSM



General Theoret. Description of LFV

(see, for example, review by Kuno and Okada 2001)

General Lagrangian for y — e transitions (similar for 7 — u, 7 — e):

£ = 0y A By + Aot P

_4_% > 1(91,0,7€0% Prpp + gR 0, 18O Pru) (fOuf) + h.c
dipole (photonic diag) + contact int.

e ! :
i\e
n e + ¢ &

the values of the form factors Ay, Ar, and gy /i, r depend on model

where a = S,P,V,A, T and f =1,,q;

If photonic diagram dominates — correlations among LFV processes
ex.: BR(u —eee) ~ax BR(up —ev); CR(u—e,N) ~ax BR(u — ev)

(l; — l;y) explore less types of new physics than (I; — [;ll;), (u—e,N),
LFV 7 decays (lep and semilep)

— eX.: (I; — l;v) not sensitive to NP in Higgs neutral sector



Generic diagrams in LFV

Applies to : lj — Ll ly, T— uP 7 — pPP, T — pV, un—e conv. in nucl.

L l; L l;
% o % 7z

lj @ l; lj li
i Hp :%:

T f f f

New Physics can enter in: 1) shaded areas (via loops),
2) different mediators, ex.: Z' (Bernabeu 1993), Higgs bosons..(tree)

Ex.: If Higgs-mediated diag. dominates over the photon-mediated one,
the correlations with [; — [;y are lost: this is a clear signal of New Physics.
Different models give different ratios:

BR(lj — lzlklk)/BR(l] — li’y), CR(,u — €, N)/BR(,u, — efy), etc.



Ratios of LFV rates in different BSM scenarios

Different LFV models predict different ratios
(Ex.: table from Buras et al. 2010)

ratio LHT MSSM (dipole) | MSSM (Higgs) SM4
BR(u —e cTe’) 0.02...1 ~6-103 ~6-103 0.06...2.2
BR_(M—:e’Zr)_
= 0.04...0.4 ~1-1072 ~1-1072 0.07...2.2
BR(1 —p pnp) 0.04...0.4 ~?2.103 0.06...0.1 0.06...2.2
BR(T—opy)
ST oe i)l | 0.04...0.3 ~2.1073 0.02...0.04 | 0.03...1.3
BRéE(jﬁgf) 0.04...0.3 ~1-1072 ~1-102 0.04...1.4
ST —eee) 0.8...2 ~5 0.3...0.5 1.5...2.3
Bt et
BRG re 0.7...1.6 ~ 0.2 5...10 14...1.7
Ch{pTi—ell) 10-3...102 ~5.10"3 0.08...0.15 10-12...26
BR(p—ey)

LHT= Littlest Higgs model with T-parity (Blanke(2009),delAguila(2009)) Z-dominance
MSSM (dipole)= MSSM without Higgs (Ellis(2002),Brignole(2004)) y-dominance
MSSM (Higgs)= MSSM with Higgs (Paradisi(2006)) v, H competition

SM4= SM + 4th generation (Buras(2010))

In models with v-dominance, ratios fixed to:

2

Imi—es = f(log - — ) = 6.107%,1.1072,2.1072 for (|jl;) = (pe), (e), (7p).

)



T he most popular scenario for LFV.:

SUSY 4 Seesaw with heavy vp



How to generate LFV via SUSY loops
(A. Masiero and F. Borzumati 1986)

e 1.- Need flavour off-diagonal slepton mass entries

Y, generate at one-loop (for instance via RGE-running)
flavour off diagonal M7’ and MY (i # 5)

e 2. - Flavour changlng slepton propagators into loops then generate LFV
Example: 4 — €7y

M7 = [ MP? Mg M;‘_.gg ] L T %@  BR simple in LLog and MIA
MP?Z = = (3Mo + A3); G#= HO,TLY.)y
M = —1637T2Ao ﬁYL(YV LY,)ij
Mg}% = 0; L;;=log (f—i)
BR(i — ey) ~ O‘j tazzﬁ 62117 ; 6%, = ]\ig/ . XY = LL,LR,RR ij = 21,31, 32
GF MSUSY SUSY

<H>>

LFV need: large Y., large tan g = <H>

and not too large mgysy



Why seesaw mechanism for m, generation

* The seesaw is the simplest mechanism explaining small m,
* If Majonana v, the seesaw allows for large Y, couplings
* If Majorana v, L not preserved, viable BAU via Leptogenesis

_ _ 1
— Ly = YCrepHy + YV vpHo + Sm VVECUR + h.c.

me =Ye < Hy >, mp =Y, < Hy >, < Hj2>=174GeV x (cosg,sin3)

Both Dirac mass mp and 0
Majorana mass m; involved — M = r P
J M mp Tnag
mp << mjp; = Seesaw: m, = —mDm&lm% (light), my = mj s (heavy)

For Y, ~ O(1), my; ~ 1014 GeVv =

my ~ 0.1eV (OK with data)

For 1 gen. — 2 mass eigenstates { my ~ 1014 GeVv

Generalization to three generations also OK with data



Seesaw parameters versus neutrino data

my = —mDmN_lfm%;mszM;mDZYy<H2>

Solution: mp = 1 \/m%ag Ry mgwg UIJ:r’I\/INS [Casas, Ibarra ('01)]

R is a 3 x 3 complex matrix and orthogonal

C2C3 —C183 — S152C3 $183 — C182C3
R = C283 C1C3 — 818283 —S81C3 — C182S83 , C; = COS 0; , 8§ = Sin 0; , 91,2,3 complex
S2 S1C2 Ci1cC2

Parameters: 0;;,0,a,8,my;,my.,0; (18) ; my,, 6; drive the size of Y,

' ' e - 2 2 — 2 —
Hierarchical v's : mj << my, = Amsol + m,/l << m; Amatm + m,/l

e Degenerate N's

le — mN2 — mN3 — MmN
e Hierarchical N's
my; << mpy, << mpyy

2 Scenarios



Connection between LFV and Neutrino Physics

172
In the MIA the LFV is parameterized by 5XY = M]\gXY .
SUSY

Within SUSY-Seesaw and in the LLog aprox. 52713 dominate.
For instance, in the tau-mu sector:

32 _ _ 1 (BMZ+Ap)
077LLog = 032 = 8.2 M%USY (Y]/ LY,/) 35

Ly =log(Mx/my,); Msysy is an average SUSY mass

The relation with neutrino physics comes in,

v3 (Y,)L LYV>32 = Lazmy, |(y/Mu,c1c2c13023 — /My, 51¢2C12523)

(vVmwscichsos + /mu,s1chc12¢23) ]

+  Loomy, [(v/mu,(—s1c3 — c15283)co3 + /M, (515283 — c1¢3)c12823)
(v/Mu, (—sich — cishs3)s23 + /mu, (cics — sisbsy)ci2co3) |

+ Liimy, [(vVmu,(s1s3 — c1sacs)cizc23 + /o, (s1s203 + c1583)c12523)
(v, (s183 — s1s383)c12823 — /T, (s185¢5 + c1s3)c12c23) |

The size of my, and 6; drive the size of ¢;;, hence the LFV rates
Within SUSY-Seesaw /3> > 021, 031, hence, larger v — i rates



Size of 035 in Constrained SUSY-Seesaw models
(Plots from Herrero(2009))
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argl, = 7w /4 |02|=4 argl, = /4 argl, =argf; = /4
e Large size of |d32| for large 01 > and/or large my if degenerate heavy
neutrinos (large m 5 it hierarchical. Nearly independent on lez)

o Complex 6012, with large: mod (2 < [012| < 3); arg (n/4 < arghy o <
37w /4); large my ~ 1014 — 1015 GeV = |635| ~ 0.1 — 10

e In contrast to |61/, |031| < 1073



Next: Our contribution to LFV
INn SUSY-Seesaw Models

From several papers in collaboration with:

various coleagues and PhD students

E.Arganda, A.Curiel, M.H. and D.Temes PRD71,035011(2005) Higgs
E.Arganda and M.H. PRD73,055003(2006) I; — 3l;, Ij — l;7y
S.Antusch, E.Arganda, M.H. and A.Teixeira JHEP11(2006)090 613
E.Arganda, M.H. and A.Teixeira JHEP10(2007)104 p — e conv. nuclei
E.Arganda, M.H. and J.Portolés JHEP06(2008)079 semilep. 7 decays
M.H.,J.Portolés, A.Rodriguez-Sanchez PRD80,015023(2009) 7 — ufo



Summary of our Work

Predictions of LFV rates in SUSY-Seesaw
* L — Ly 1y — 3l; RO, HO, A — T,

* 17— uP (P=mn,7) and 7 — ufp

x 7 — uPP (PP =7Tr",7%0, KTK—, KogKp)

* 17— uV (V= p, ¢, related to 7 — uPP)

* u — e conversion in different nuclei: Ti, Au,...
Full one-loop computation of LFV rates
Require compatibility with » data
Compare predictions with LFV bounds

Explore sensitivity to SUSY, Higgs and heavy vp

Provide a set of simple formulas that approximate well
the full result and are usefull for comparison with data
and with other authors



Full 1-loop in I, — 3l;, 7 — puP 7 — puPP, 7 — uV, p—e conv. in nucl.

lj li lj li

Z-mediated (also Z — I;1;) H-mediated (also H — I;l;)



Our framework for computation of LFV rates
Use seesaw (Type I) for v mass generation

Within SUSY-seesaw (MSSM content+43vir+ 30R)
Two simple scenarios for soft parameters at My = 2 x 1016 GeV:

* Universal soft parameters: CMSSM-seesaw
(Mo, My /2, Ao, tan 3,sign(u))

* Non-universal soft Higgs masses: NUHM-seesaw
(Mo, My /5, Ao, tan B, sign(u), My, = Mov/'1 + 61, Mg, = Mov/'1 + 062)

LFV generated by 1-loop running from My to My,
Full RGEs including v and v sectors (No Llog approx)

Mass eigenstates for SUSY, neutrinos and Higgs (No MI approx)

Numerical estimates:
* SPheno (W.Porod) for int. of RGEs and SUSY spectrum

* Additional subroutines for all LFV processes (by us)
Also subroutines for checks of BAU, EDM and (g — 2)u



Lighter H in NUHM than in CMSSM = larger LFV
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e In CMSSM (412 = 0) a heavy SUSY spectrum (large Moy, Ml/z) =
heavy HO and AO.

o In , @ proper choice of 61 and do, even for very
masses of O(1 TeV), can lead to , Mo 40 S 200 GeV

H9 and A9 become lighter with the increase of tan 3.
e 10 remains always light (for all tan g and Mgygy), mp, < 150 GeV.

e HY and/or AO relevant Higgses in H-mediated LFV processes:
Their couplings to I = —1/2 fermions are enhanced at large tang.



Other works on LFV from SUSY loops (etc..)

Seminal: Masiero, Borzumati (86): LFV in yu —e, MSSM-seesaw

Improved: Hisano, Moroi, Tobe, Yamaguchi (96):
l; — Ly, lj — 31; (without Higgs), p — e (without Higgs)

SUSYGUT-Seesaw, lepton-quark relations:

Barbieri, Hall; Barbieri, Hall, Strumia; Hisano, Nomura, Yanagida;
Hisano, Nomura; Hisano, Moroi, Tobe, Yamaguchi; Fukuyama, Kikuchi,
Okada; Bi, Dai, Qi; Masiero, Vempati, Vives; Carvalho, Ellis, Gomez,
Lola; Calibbi, Faccia, Masiero, Vempati.

CMSSM-Seesaw: Without Higgs

Casas, Ibarra; Lavignac, Masina, Savoy; Blazek, King; Kuno, Okada;
Ellis, Hisano, Raidal, Shimizu; Petcov, Rodejohann, Shindou, Takan-
ishi; Deppisch, Pas, Redelbach, Rueckl, Shimizu; Petcov, Profumo,

Takanisi, Yaguna; Illana, Masip.
Higgs-Mediated LFV:

Babu, Kolda; Sher; Kitano, Koike, Komine, Okada; Dedes, Ellis, Raidal;

Brignole, Rossi; Paradisi. ) ) )
muon-electron conversion in nuclei:

Hisano, Moroi, Tobe, Yamaguchi; Kitano, Koike, Komine, Okada;

Kuno, Okada; Calibbi, Faccia, Masiero, Vempati.
semileptonic LFV tau decays:

Sher; Brignole, Rossi; Cheng, Geng; Fukuyama, Illakovac, Kikuchi.



Results for LFV radiative and leptonic decays



Predictions for - — uv and u — ey in CMSSM-seesaw
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x Most relevant seesaw param.: my, if vy hierarchical (m if degenerate)
BR ~ |my,logmp,|?. Next §;; Ex.: BR x10 — 100 if 65: 0 — 3¢/™/4
*» Relevant SUSY parameters: tan @ and Mgygy (explains BRgpg)

BR(u— e7) ~ 0.11621P(22) (5592 BR(7 — ) = 0.0150352% (722)" (522

BR(u — ey)/BR(T — pvy) ratio nearly independent on SUSY parameters.
It depends just on neutrino parameters: correlations fixed by seesaw (see next)

* BR(p — ey), BR(7 — py) reach exp. lim. at large (mp,, tang, 6;)



Sensitivity to 613
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* u — ey very sensitive to 013 (see also Masiero et al 04) Ordrs of mag change!!

* u— 3e, T — ey and 7 — 3e also very sensitive to 013 (r — wy, ™ — 3u are not!!)

* Sensitivity of u — ey, p — 3e clearly within exp. reach

x BR4 > BRyp > BR1a > BR3 > BR2 > BRs (all > BRYS®™ in y — ey for 013 > 5° 1)

Y Y



Correlated study of y — ey and ™ — uvy

(—n/4 < argfy Sn/4, 0 Sargby S w/4)
(SPla: Mo = 100 GeV, M;,, = 250 GeV, Ag = —100 GeV, tan3 = 10, u > 0)

O e
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Present: p — ey still more competitive than 7 — uv, unless very small 613 < 3°.

MEGA bound, BR(u — evy) < 10711, already excludes my, > 10'* GeV (for SPS 1a)

Future: Assume 6:3 is measured. Planned SuperB sensitivity BR(7 — py) ~ 1072 will

compete and even set better upper bounds on my,. Planned MEG 10~13 will reach further.

BUT: both are insensitive to Higgs! Some LFV semileptonic tau decays do! (see next)



The 7 — 3u channel: fully
CMSSM
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H-contrib. overwhelmed by ~v-contrib. even at large 10
-18
tan3 ~ 50 and large Mo, M7, ~ O(1 TeV) 10
10-20

Even if mgogo S 200 GeV (as in NUHM)

There is NOT sensitivity to Higgs in 7 — 3y in CMSSM nor NUHM

NUHM

dominated by photon diagram

T T . . :
...... .
. AAAxx
POES XX
L AAAeeﬁﬁxxx |
AAAﬁxxx
ABBEXX
xx R X RRRRHSHK
+++++++++++++++++++++++++ AAAA[%%"X++++++++++++
- AA%)(XXX |
AeAxx
AAeeeﬁx )
I AA?%%XX Full - |
X
& my = 10%°, 10'?, 10'% Gev Y
= boxes x*
£ My = M., = 250 GeV, A, = 0
2 0 1/2 0
T e_3|1t/4e_e_o 7z -+ |
2 82 —264 8’ 16 3= Higgs *
: T Higgs-approx. 2
1 | . ) I
tan 8
""""""""" D B O DL . U, e LS . S B
F o eeeeeeee? t.oo.oooo. . |
.louo.o.. AA%QX
.... ALXX
ALEXX
I AAAAQQQQXX
AL X B
ALBERX
%5 AA%%XX
R ORAACHOKIOK
+++++++++++++++ AAAA%Q%@%J'***J'* TERF
L irassstsr vy |
AA%%%%%X)(
AKX
ARX
- @25 my = (10", 10, 10') Gev fall -
2 = = —_
& Mo=Myp =750 GeV, Ag=0 Y
& 0, =3e™* 09,=0,=0 boxes
& 2 1=93
Qé% 8,=-24,8,=0 2 . |
# _ Higgs *
£ L . nggS-l approx. 4 .
tan 8



Comparison between I; — L;l;l;, and 1; — l;y

For this comparison, better use the approximate formulas (work well, see our papers)

) (=]

(=)

100
BR(T — 3/1) oprox | — 3.4 x 10_5 032 2 (
! _| | Msysy(GeV)
BR(T — 3u) 1.2x 1077 _|5 ° 100 '
T — = 1.
HJ Hagoro 32 m 0 (GeV)
100

For instance: for typical d3» = 0.1, (my, = 10'% GeV, 6 = 2¢7/4),
SPS 4 (tan g = 50,Msysy ~ 500 GeV, m4 ~ 400 GeV), [factor],, ~ 107>,

CMSSM maximum rates: BR(7 — py) ~ 1077, BR(7t — 3u) ~ 2 x 10710 (SuperB?)

)4 <tan 5)2
Msusy (GeV) 60 )

BR SPS 1a SPS 1b SPS 2 SPS 3 SPS 4 SPS 5
T—puy| 42x1077 | 79x1077 [1.8x10°109[26x10719] 9.7x108 [1.9x 101!
T—3u]94x1071% | 18x1071 [ 41x1073 [ 59x1073|22x107Y |43 x 1071

Conclussion 1: BR(7 — 3u) dominated by ~ contrib. in both CMSSM and NUHM,
unless extremely light, m4. ~ 100 GeV, NUHM: [factor], ~ 3 x 1073

Conclussion 2: 7 — vy still more competitive than r — 3u for LFV searches
Conclussion 3: Due to v-dominance (even for - — 3u), fixed predicted ratios:

m

3= (log

m;

2

L
2
)

— 1) =6.1073,1.1072,2.1073 for (l;l;) = (pe), (re), (Tp)




Results for LFV semileptonic tau decays

(Framework for hadronization: we use ChPT, see our papers for details)

hU HO

7
o
.
-

ZO AO

P (PP =nnm,KK)

P
E\ (P=mmnmn)
‘./hOHO
E\fo(%m
Enhanced H coupl. to hadrons with s quark component, gass ~ mstan 3, grposs ~ msggzg,

Are semileptonic decays into KK, n, fo sensitive to Higgs? (see next)



LFV tau semileptonic decay rates
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CMSSM: No sensitivity to Higgs NUHM: HO enters at large Msysy
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* In scenarios with light H and heavy SUSY (NUHM) we find sensitivity to Higgs
* Largest rates in CMSSM are for BR(T — up), BR(r — purtn~) (v-dom).
In NUHM also BR(7 — un),BR(t — ufo) (H-dom). At the present exp.reach 1078



Approx. rates for LFV semilep. 7 decays in
SUSY-seesaw

Valid at large tan 8 and MI. agreement with full results within a factor of 2

tan g
BR = 12x1077|s 2( ) ( )
(T - /’Ln)Happrox | 32' AO(GeV)
_ 7.3 x 1078 (g = 7°) 4 rtan B8\ °
BR(T - /'LfO)Happrox — ( 42 % 10~ 9 (QS _ 300 |532| Ho(GeV) 60
100 4 anﬁ
BR = 3.6x10719s ( ) )
(T — W7 Happrox |032)° e (GeV)
100 2
BR(T — tp)yoppex = 3.4 x 1077|632 2 ( ) ( )
! 19z2] Msysy (GeV)
100 4 ng\2
BR e, = 13x107°|8 2( ) ( )
(7 = 1) e 19z2] Msysy (GeV) 60
5 100 2
BR(T — pm 7 )rnee = 3.7 x 107°|632| ( ) ( ) ~ dominates
Msysy (GeV)
100 4 /tanp
BR to = 26x10710 2( ) ( )
(7-_> /.L7T T )Happrox | 32| mHO(GeV)
100 tang
BR KTK~ = 3.0x10°%(s 2( ) ( ) and H compete
(T - ,LL )’Yapprox | 32| MSUSY(GeV) 60 fy p
100 4 rtan B3\ °
BR KTK™ = 2.8x108(835]° (—) ( ) 1
(7- - /.L )Happrox | 32' mHO(GeV) 60 ( )

Predicted fixed ratios: BR(t — up)/BR(t — pvy), BR(1 — pntn~)/BR(T — puy) ~ 2 x 1073 (y-dom)

Better sensitivity to new physics in: BR(r — un)/BR(r — pvy), BR(t — ufo)/BR(T — uv)



Constraining the model parameters from 7 — ufp
(Similarly for 7 — un, replacing H° by A°)

Excluded Reglons

100+ |

20+

e Sensitivity to Higgs sector = constraining mainly tan 8 and mgo

e For fixed |d35|, comparison with present exp. bound =-
limits on large tan 8 and light m go.
For ex., if |[d32] =1 = tanB 2 50, myo S 115 GeV excluded.



Results for u — e conversion In nuclei

We follow the general parameterisation and
approxs of Kuno & Okada Review (2001). See our
papers for details



u — e conversion in nuclei: CMSSM versus NUHM

First estimates of CR(u — e, Nuclei) did not include H-contrib. (Hisano et al PRD53(1996)2442)

T T T T -8 3 T T T T T T
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voq my = (10*°, 10, 10™) Gev Ag =0, tan =50 CR, ©
e —%%%%—@ —————————————————— B =0 -Bg=5--mneaes 1010F 813=5%6;=0 CRz x
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CMSSM: v dominance for all Msysy NUHM: H? dominance if H? light
CR(u—e, Ti)/BR(u — ey) ~ 5.1073
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A
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* CMSSM rates above exp. bound if Mgysy < 400 GeV
* NUHM: CR(p — e, Au) above exp. bound,7.107!3 even for heavy SUSY



Future prospects for u — e conversion in nuclei
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x Challenging: if sensitivity ~ 10718 reached: my down to 102 GeV will be tested
Full coverage of SUSY parameter space.
x CR(u — e) very sensitive to 613, mainly for hierarchical vy (as u — ey and p — 3e)

A future meassurement of 6:3 can help in searches of LFV in u — e sector



Conclusions

At present, if 6,3 is not very small, u — ey is still the most com-
petitive channel to search for LFV signals within Constrained
MSSM-Seesaw scenarios

If 613 < 3° 7 — uvy is better than yu — ey and u — 3e

Semileptonic tau decays complement nicely the searches for LFV
in 7 — u sector

The most competitive semileptonic channels to search for Higgs
sector signals are + — un (sensitive to A°%) and r — ufy (sensitive
to HY)

The future prospects for u — e conversion in Ti are the most
challenging for LFV. With sensitivity 10~18 will cover the full
SUSY parameter space and be able to explore the Higgs sector

Future prospects for SuperB are the most challenging for = — u
and T — e transitions via tau decays. Sensitivity up to 1079 -10-10
needed to explore Higgs sector. Mainly via semileptonic decays

Work in progress to constrain the model parameters from a global
study of all LFV channels



Additional transparencies



Why Majorana neutrinos are prefered

Massive neutrinos (Q, = 0) could be either Dirac or Majorana fermions

e Dirac neutrinos:
neutrino #* anti-neutrino. Four degrees of freedom, vy, v
Lepton number is preserved (mvrv, AL = 0). v are like other SM fermions
—Ly =YCrepH +YVl;vpH + h.c., l; = (vrer), H doublet, H = ito H*
me =Y < H> my=Y"< H >, <H>=174GeV
my ~ 0.1eV = YV ~ 1071211

e Majorana neutrinos:

neutrino=anti-neutrino. Two degrees of freedom, v; (vp = (v1)°)

Lepton number is violated (Mv°v, AL # 0). v different than other fermions.

It allows for Leptogenesis: Generation of Lepton asymmetry in the Universe
by particle interactions (= may induce successful Baryon asymmetry)

Both allow for Lepton Flavor Violation (LFV) (ALe # 0,..) but it is more
relevant in the Majorana case due to the potential larger size of Y,



MSSM spectrum and experimental constraints

SUSY particles
Extended Standard | SU(3)c x SU(2) x U(1)y Mass eigenstates
Model spectrum interaction eigenstates
Notation Name Notation Name
q = u,d,s,cb,t qr, qR squarks q1,q2 squarks
l=ce,u,1 lr,lr sleptons ) sleptons
V = Ve, Vy, Vr D sneutrino v sneutrino
g g gluino g gluino
W= W=+ wino
Hr > Ht at higgsino X =12 charginos
H; DH~ H; higgsino
Y fz photino
Z ~Z Zino
H{ D hO, HO, A° ae higgsino X9 (=1..4) | neutralinos
HS D hO, HO, A° Hj higgsino
w3 V3 wino
B B bino

e Mass bounds (95% C.L.) from direct searches (PDG 2008) in GeV
mpo > 92.8, mao > 93.4, mpy= > 79.3, mz > 89, m; > 95.7, mz > 379, mz > 308,
me > 73, my > 94, mz > 81.9, mp > 94,mz0 > 40, mgs > 94



Full RGE vs Leading Log

10°® : : : 107

> T T
SPS 5 Leading Log <;><><><><> SPS5 Leading Log
my; = 10'° GeV, my, = 10" Gev 5 my; = 10*° Gev, my, = 10 Gev

108 F ] 10°} i
= 10" = 10%}
()] =3
T T
5. 10 12 e 10-10 L
14 4
m m

\4
10 102} Full RGE
2
AMOQ 913 =0° .
1071° 1014 013=5° ¢
1012 '1'(')13 107
my3 (GeV)
5
3 M. tan’p LLog —1 (3 M2+A2) 1 M
BR(l; — = —= g = R
¢ i Y)MIA 1440072 T, sin® Oy mé ey |5JZ| 0; T 87w mi, (Y, LY,)ji; L = 109 Okl

+» LLog approximation fails: BRI ~ 104 x BRI for SPS 5

« Scaling of BR™M! with my, is not |my, logmy,|? for SPS 5

x Checked: divergence of BR™!l vs BRLL99 enhanced for large Ag
LLog also fails for low Mg and large My 5, as in SPS 3

* Generically: LLog works better for Ag = 0 and not small Mg
(Full vs LLog: see also Petcov et al 04; Chankowski et al 04)
(Full vs MIA: see Paradisi 06, departures of up to ~ 50% found for |5jz-| ~ 1)



Predictions for other SPS points
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Similar results for SPS1b. Slightly worse prospects for SPS2,3. SPS5 the worst.
SPS4 the most restrictive one (due to tan 3 = 50): my, = 1013 GeV disfavoured!!



Not enough sensmvuty to Higgs in 7 —- uKK
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~v-dominated at low Msysy, H°-dominated at large Msysy: SUSY non-decoupling

* The Higgs contribution is important at large tan g 2> 50
Within xyPT', and for large tan 3.

JHKK ™~ mf(tanﬁ, since gpss ~ mstan B and Boms = mf{ o %mg"

* However, BR below present exp. bound at 6.4x1078 (Prelim,tau08) if Msysy ~ O(1TeV)
* Provided usefull approximate formulas atllgorge tan 8 which \ivork pretty well

tan g
BR KTK- = 2.8x10°8|535/° —) ( ) ~ — x BR
(T - /’L )Happrox | 32| mHO(GeV) 60 50 Cheng Geng(2006)

3.0 x 1078|335/ ( 109 )4 (tanﬁ)z
Msuysy (GeV) 60

BR(T - :U’K_'_K_)’Yapprox




Constraints from ’viable’ BAU
BAU requires complex R# 1 = complex 6; = 0. Most relevantly 65,
np/ny € interval = (Re(f2),Im(62)) € area ('ring’) (WMAP in darkest ring)

SPSla

10 E
Try <2 10°° GeV 8|
RH .10 10 my. = 10 Gev, m_ = 10'* Gev
m.. =103 eV nB/nY <10 2 3 3 T T e
2F VI ] my, =10"ev. e
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1 ] = 17650 e
— 3639958 H et O] ooguﬂnu%o o ’
S it 1108 ] T 1070 ‘
E i it 2
.0 1.4 m T T S
a1k m 10MER .
x 813=0°% my =510"  GeV x
10"%<ng/n, <5.910"° ° my, =5 1030 GeV o
2f na/Mmy<0 59100 < g/, < 6.3 1010 . 1012k 0 013=5°% my, is 1010 GeV
6.310° <ng/n, <10° My, =5 107 Gev
/nY 51079 : BAU disfavoured -
n P4 .
_3 E1 1 1 1 1 B i 1 L 10'13 N Lo N B B TN [
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Implications for LFV

x 'viable’ BAU « ny/n, € [10710,1077] (WMAP ~ 6.1 x 10710,706)

BAU [disfav]-[fav]-[disfav]-[fav]-[disfav] pattern in 0 < |65] < 3

The BAU [fav] windows occur at small (%= 0) |65 < 1.5
= smaller |0>| = smaller LFV rates
* The existence, location and size of the windows depend on m
mpy, ~ O(1010) GeV BAU [fav] windows at |62| ~ O(1) and |65 ~ O(1072)
mpy, ~ O(10%) GeV only one window at |6 ~ O(5 x 107 1)
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SPS | My 5 (GeV) | My (GeV) | Ag (GeV) |tan3 | pu
1la 250 100 -100 10 > 0
1Db 400 200 0 30 > 0
2 300 1450 0 10 > 0
3 400 90 0 10 > 0
4 300 400 0 50 > 0
5 300 150 -1000 5 > 0




800
m [GeV]
700 L
600 | g :
- 2
ur,dr .
u ,dL ?2
500 | By
+
I o % % i
X3
300 |
200 L [P —
=" x %
I £
100 h? T
- Xl
0

Mgy = 100 GeV
M1/2 = 250 GeV
Ap = —100 GeV
tang3 = 10

p >0

m [GeV]

SPS1b
Mgy = 200 GeV
M1/2 = 400 GeV
Ag = 0GeV
tan 8 = 30
p >0

SUSY SPS points (I)

1800
m [GeV]

1600 L

1400 |

1200 |

1000 -

800 L

600 L

400 L

200 L

0

Mgy = 1450 GeV
My, = 300 GeV
Ag = 0GeV
tan3 = 10
pw >0

g b
O, A H* 6,0 e
tab,
&
g
! X5
X
. d—x
X1




SUSY SPS points (II)
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Non-Decoupling of SUSY in LFV Higgs vertex

BR(HO — Tﬁ)
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(532 = —0.4, tan ﬁ = 50, mpyg, = 340 GGV)
Large Msysy = Mo = My, >> my, large tan 3, mpyo fixed (with 61 )

3
o1 g mr 2
P dzotan
LO*7) 167 sin2 12myy - g
3
or g mr 2 2
pima 1 — 3tan? 0y )dsotan
LGCD T6m sin? 24muy w)dsztan”

~ The effective Hl;l; vertex tends to a non-vanishing constant at large Msysy

Non-decoupling of SUSY in Higgs mediated LFV processes: H - 1t , 7 — 3u, T — un....
x In contrast to BR(7 — puvy) ~ (My/Msysy)”

x Higgs decay rates up to ~ 107>, even for large Msysy (See also Brignole and Rossi 03)



Framework for Hadronisation

e We use Chiral Perturbation Theory (xPT)
It realizes nicely the large N expansion of SU(Ng-) QCD and is the
appropriate scheme to describe strong ints of PG Bosons P =m, K, n

* BR(r — puP), P =m,n,n', from leading O(p2) xPT. Results in
terms of Fr and mp (F ~ Fr ~ 92.4 MeV, BoF? = — < yp >)

* BR(r — pPP), PP =nTn",KTK—, KoKy from xPT plus contribu-
tions from resonances (RxT). Results in terms of Fr, mp and well
established form factors Y (s),(G.Ecker et al. PLB223(1989)425)

Fy™(s) = F(s) exp [2 Re (FIW(S)) + Re (ﬁKK(s))}
M? M? s S
— p Mo
B = s TG [1 T (5 M2 ! Mp2> M2 — 5 — ierw]
Mg — s —iMyly(s)’

_ s |1 m?, kp(Mp) 1 . m2,
Hpp(s) = F_ﬁ [E (1 - T) Jp(s) — 6 + 288#2] ,op(s) =\/1— -
1 —1 1 2

In(s) = 2 [ap(s) In Zj:((j)) —+ 2] () = 55 (m % + 1)



The n(548) and fp(980) mesons

We define n(548) via mixing between the octet, ng, and singlet, ng, com-
ponents of the P(0~) nonet of pseudoscalar Goldstone bosons in yPT

n\ [ cosf —sinf ns (2)
n )\ sinf coso 10
6 ranges from ~ —12° to ~ —20°. We take 0 ~ —18° (Ecker et al)

n = QB,loF{(\é§ Cosf — @ sin 0) (wivsu + divysd) + (—2\/7§ COS O — \/Tg sin 0)sivyss}

s most relevant, g4,; ~ mstan 8. Expected large A%-n mixing at large tan g

We define fp(980) via mixing between the octet, Rg, and singlet, R,
components of the R(01) nonet of resonances in RxT

fo(1500) \ _ [ cosfg —sinfg Rg (3)
f0(980) |\ sinfg cosfg Ro
6¢ quite uncertain. We take 6g ~ 7° and 0g ~ 30° (Cirigliano et al)

fo = 2\/_BOF{( cosHS—\/—_sm 0g)(uu+dd)+ (— \/_cos(95+2‘/_sm 0g)ss}

s most relevant: gyo,, msgggg Expected large HO-fy mix. at large tanp
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The  — un channel

107 »
x *
**** x X
x x x X
1012} ********xxxxxxxxxx*********
13 | —_ (1010 11l 114
=10 Total - my = (10*°, 10', 10'%) Gev
= Z-boson Ag=0,tan=50,6,=0
. Higgs x — -
I 104} 99 8,=-1.8,8,=0
x
TR
10716
10'17 1 1 1 1 1 1
300 400 500 600 700 800 900

Mgy = My, (GeV)

108 F  my= (10" 10™, 10" Gev
Mo =My, =250 GeV, Ag =0 s
oof % =29e™4 0,=0,=0 4%%%%“‘
8,=-24,8,=0 AA“/'A
—~ AAAAA
s ce 22
?10-12, ‘e,uO'..:;;\AAA
o %
nd aR
o 10MF 2% Full -
53R Approx. 2
AA Higgs.
108 Z boson
vay
'18 1 1 1 1 1
10 10 20 30 40 50
tan

Z-dominated at tan 3 < 15, A%-dominated at tan3 > 30. Not much dependent on Msysy
* Provided usefull approximate formulas, valid at large tan g 2> 30

BR(T — 1) Happrox

3

g

1

3
8mm?2

2

2
(mT—m

n

)2
1.2x 107" |532|2 (

mr

(A%)
HL,c

0
B (n)

—1

* The xPT mass relation Bogms = m?

1
4+/3

(
1672 12my

g

100

on(GeV)

2mwy m

2
F

2
A0

) (

AO A°
B () HY,

)

1
r

1

tan g
~ 2 X BRsher(2002)

60

83> tan’ 3, LFV form factor

tan B [(3m2 — 4m%) cos6 — 2v/2mj sin 6] , hadronic form factor

2

— im2 (and F ~ F,) is used everywhere




Sensitivity to Higgs in 7 — un within NUHM

; Approx. (60, 1015) © ]
6| Approx. (50, 3x1014) A |
10 Approx. (60, 1014) X ]
[ Approx. (50, 1013)
; © o064 Full (tanp, mNS(GeV)) =(50,107") -
10 " ¢ o} 3
/E ------------------------ ?-Q-Q-Qoeedé--é -------------------------
=. fololotote! OO0
T 108+ Saa A A E
o y A A A A A A Aa
v * xx**x% AAAAAAAAAAA i
m 9l KXK Kk 0 ey i
10 ° o ¥>K9K9K)K3K>K;K E
100F my, =10"GeV, my =10 Gev T TTTrreeenn 0
250 GeVi;MMSUSY < 750 GeV
| 0,=29e",06,=-24,8,=0 1
10 120 14 160 180 200 220 240
ma0 (GeV)

x Great sensitivity to A° found in 7 — pun within NUHM
BR(7 — un) at exp. bound for my, = 1015 GeV, tan 8 = 60, 0, = 3¢i/4

x The approximate formula works quite well (within a factor 1.5-2)



Results for T — ufo (Nnew)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

- _ 10 11 14
108} 8, =-2.4, FuII A my= (1o 110" Gev 108F  my=(10" 10", 10 Gev
81 =-2. 4 H . AO =0, tan B 50 MO M1/2 250 GeV AO 0 %A
107 . 8, =-2.4, h° + 0,=3e™* 6,=6,=0 E ook =3e™ 6,=0,=0_ i
10k Zy AAAAAAAAAA CMSSM o 52 =0, 95:70 ] 61 =-2. 4 82 0 GS 7 Q{,\@Q/'\Q/‘\/‘\w‘
10 A“A‘AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA PN o8
> —~ 1n12F O a
«=10™ poog, 010 iR
=, 00, o) 4\@4
” OOOOooo 3. @ pore
T 10 ©900000 i) -
o OOOOOOOOOOOOO o 10 14 &@é
) [ofc) - &
h 10-13 OOOOOOOOOOOOOOOOOOQ o QAAA
o ., Qs H Full -
10 10 X Approx. & 7
15 . hO
10 w8} " HO
10
10}
10_17 1 1 1 1 1 1 1 10_20 1 1 1 1 1
300 400 500 600 700 800 900 10 20 30 40 50
Mgy =My, (GeV) tan f3

Totally dominated by H° at all tan 8 and Msysy, h° negligible. Not much dependent on Msysy

*x Provided approximate formulas, valid at all studied tan 3. They work pretty well
2

_ 1 2 2\2| ¢ L o) (HO) 1
BR(T — /,Lfo(980))approx - me; (mT — mf0> m mf_{o JL H I__T

7.3x 1078 (s = 7°) 8302 100 ttanp© 1er
4.2 %x 1079 (GS — 300) 32 mHo(GeV) 60 20 Chen—Geng(2006)

3

gEy = J M7 53, tan?3, LFV form factor
167‘(‘2 12mW
JHED = al tan g [i sin egm + (cosfs — V/2sin QS)QmK] hadronic form factor
k 23 V2 !

* Large BR are found for light mgyo ~ 115 — 250 GeV within NUHM



Sensitivity to Higgs in 7 — ufp within NUHM

16'05 """"" T T LI LB |_| """ 15| """"" ;
i (tan B3, mNg(GeV)) =( 60, 1015) A
i (50, 105 ]
le06r (50,5x10%%) « 3
_ “han,, (60,1012) X ]
S 1e-07 ShL0anan,, (50,10
S i AAAAA ]
o
©
=
=
T
e
o
m le-10 | 5
my, = 10" Gev, my_= 10" Gev
Ag=0, 200 GeV < Mg,gy < 750 GeV ]
le-11 F 0,=3e™* 0,=0,=0 .
_ 8, =-2.4,8,=0,05=7° :
1e_12 ......... | IR A Lo v 000y Lo vy 00000 | A A | IR A Lo v 000y | A A
100 12 140 160 18 20 220 240 260

myo (GeV)
x We find great sensitivity to HO in this channel within NUHM

For large my, ~ 5 x 10'* — 10> GeV and large tan 8 ~ 50 — 60 the rates
are at the present experimental reach

(Note: In the comparison with present exp bound we are assuming BR(fo — 7n77) ~ 1)



Framework for u — e conversion in nuclei

e \We follow the general parameterisation and
approxs of Kuno & Okada Rev.Mod.Phys.73(01)151

*x Equal proton and neutron densities in the nucleus; non-relativistic u
wave function for the 1s state; neglect momentum dependence of
nucleon form factors

* u— e conv. rate compared to muon capture rate, as a function of:
Z,N number of p and n in nucleus; Z.s effective atomic charge, Fj
nuclear matrix element. We compute isoscalar and isovector cou-
plings ¢(9), ¢(1) from the full set of 1-loop diagrams. Zeft, Fp, Mcapt
for various nuclei from Kitano, Koike, Okada, PRD66(02)096002.

mZ G% a3 ngr Fp2
8m2Z
{)(Z+N)( 2+ o) + (2 - M) (o + o[ +

CR(u — e, Nucleus) =

‘(Z + N) (g(o) (O)) +(Z—-N) (g(l) + g(l))} }L

I_ca pt



Sensitivity to Higgs sector in 4 — e conv. in nuclei
* NUHM: Noticeable sensitivity to the Higgs sector if Hg is light, due to

large couplings of Higgs to strange quarks in nucleon/nuclei (o< myg)

L v et |
62 =0 ]
62 =01 a
=~ 4,=0.2
;‘ *  5,=(18-1.7-16,..0.7) 52 11 .
1 A 5,=8,=0 o
= Msysy = 876 GeV, 8, = 0.1
&
~ 001¢p - 8, = (-1.7,-1.6,-1.5, ...,-0.6) _
= i 8, =(-1.6,-1.5,-1.4, ...,-0.5) ]
0 4 7 I DLW 73 e ]
_;L =(-1.9,-1.8,-1.7, ...,-0.8)
= my = (10%°, 10%, 10'*) Gev
O Ay=0,tan =50, 0,3=5°6,=0 |
250 GeV < Mg gy < 1000 GeV
-2<06.<0,0<8,<2
0.001 ..............................................................
150 200 250 300 350 400
myo (GeV)

* Ratio of y —e to u — ey can be a factor 10 larger in NUHM than in CMSSM

*x Found useful approximate formula, if H-dominated, valid at large tan 3 and MI approx.

5 G2 3 Z4 F2 1
CR(u — e, Nucleus)| gapprox 5.2 Zefr (Z + N)? |g(o> r ;
capt
2
94 183 . ———0d21(tan B)

Numerical estimates of CR(u — e, Ti)|gapprox OK with Kitano et.al. PLB575(2003)300



Approx. formulae for LFV semilep.  decays

Valid at large tan 8 and MI. agreement with full results within a factor of 2

BR(T — ) Hapre = 1.2 x 1077 |632]? (%)4 (ta;f)(sw % x BRsner PRD66(2002)57301
BR(T — un)ie = 1.5x 1077 [d32]? (ﬁr (tzgﬁ)(é ~ BRarignole_RossiNPB701(04)3
BR(T — um) Hypee = 3.6 x 10710835 (onl(oGoeV)) (tan 6>6 ~ BRBrignole—Rossi
BR(r — pur®n®p,, . = 1.3 x 1071|652 (mH:(O(?eV))4 (tagﬂf
BR(T — punTm )mpe, = 2.6 x 1010 6322 (mHo(GeV))4 (tar(])ﬁ){)
BR(T = uKTK )y, .. = 2.8x107%83)? (mH:(Ogev))4 (tanﬁ) ~ — X BR¢hen—geng PRD74(2006)
BR(T — uK°K®) ... = 3.0x1078|d3,|? (m 1(0(;\/)) (tzn5)6
BR(T = unt7m Vs = 3.7 x107° 1632 (Msuslyo(ciaeV))4 ( 23612)5)2 dominant for all Msysy
BR(r — ;LK“LK_)%pprox = 3.0x10°° |<532|2 (MsuslyO(OGeV))4 (tzgﬂ)Qdominant if Msyusy < 300 GeV
BR(r — uK°K%).. = 1.8x 1070|832 (Msuslyo(%ev)r (tzgﬁ)Q dominant if Msusy < 250 GeV
Compare to BR(T — pu)approx = 1.5 x 1072 |d32]? (MsuslyO(OGeV))4 (ta6r(1)ﬂ)2 > semil ifMsysy < 1500GeV



Seesaw mechanism with 3vp

For 3 generations = 6 physical neutrinos: 3 v light, 3 N heavy
UV MYUY = MY = diag(Mmuy, Muy, Muz, MN, MN,; TN, )-
mp K my, mp=Yy, < Hy > =

p

my & —mDmM_lm% (light)

diag __ 1T
m,/. — UPl\/lNSmVUPMNS
diag __ .

mpy =~ mys (heavy)

\

A”, Yy, mp, My, UPMNS, are 3 x 3 matl’ices; Cij = COS(Qij), Sij ESin(Qij)
C12C13 . $12€13 . s13e™ % o
Upmns = | —s12c23 — c12523513€”  c1ac03 — S12523513€°  sozc1z | X diag(1, €', e”)
812823 — C12¢23513€°  —c12823 — S12¢23513€?  Co3C13

Pontecorvo-Maki-Nakagawa-Sakata matrix: 601-, 613, 053, 6, «,



Our choice of input parameters
Spectra= MSSM content +3vp + 3vp
e CMSSM:

Mo, My 5, Ag (at Mx ~ 2 x 1010 GeV)
tanB =< Hy > / < Hy > (at EW scale) ; Examples : SPS points
sign(u) (pu derived from EW breaking)

e NUHM: (M07M1/27MH17MH27A07tanﬁvsign(/'L))
Choose Mg = Mj j,, M,%l = M&(1+ 61), M22 = M&(1+ 62)

p

my, , 3 (Set by data)

NN, 53 (input)

Unns (set by data)

\ R(@l, 0>, 93) (input)

e For numerical estimates:

(Am2)1p = Am2,, =8 x 107> eV?
(Am?)o3 = Am32,,, = 2.5 x 107 3eV?
601> = 309, 923:450; 0=a=0=0; O§913§100
250 GeV < Mo, My, < 1000 GeV, —500 GeV < Ag < 500 GeV
5<tanpB <50, —2<012<?2

e Seesaw parameters <
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