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Weak Hawmiltonian

/ ™ BY S K= K n )uTp /
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- FONC suppressed in the SM
- New heavy particle can contribute with competing diagrams

4G R

A(i — f) =< flHepgli >= — 7

VanVie > (Cj < flO;li > +C) < f1Ofli >)+>  CNF < flONF|i >

- i are short distance Wilson coefficients
- <f 10;li> long distance hadronization (form-factors)




Weak Hawmiltonian

AGF
V2

A(i = f) =< flHessli >= ——=VaVis ) (Cj < flO;li > +Cj < fIOfli >) + ) CYF < flO}]i >

- Allows to separate short and long distance contfributions
- Allows to classify the NP contributions
- Combine information from dif ferent decays

Operator O; B—+K% BoK% u~ B-—utu

—

O7 ~ mb(§La#,,bR)FW v v

v
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Angular analysis of B->K*mm

The decay is described by three angles 6, 0, ¢ and the dimuon invariant mass ¢?

e Observables of interest:

— F, (longitudinal polarization fraction of the K*)
> — The forward-backward asymmetry App

— The observables S;

e Bilinear combination of the transversity amplitudes A;

e Depend on Form-factors and Wilson coefficients

- - ——— —

1 d3(T+7D) 9 [3 5 5 1 )
I — — ]. - F k‘. . 9 F S 9 é — ]. - F . x‘. . 9 g S 29 /
['dcosbydcosOi do 327 {4( p)sin” O + Fp cos™ O + 4( L) sin” 0 cos 26

— F cos? O cos260, + S5 sin’ 0 sin’ 0y cos 2¢ 4+ S4sin 20 i sin 20y cos ¢ +

: : 4 : : : :
S5 sin 20 sin @y cos ¢ + §AFB sin® @ cos 6y + S-sin 20 sin O sin ¢ +

Sg sin 20k sin 26, sin ¢ + Sg sin? 0 sin? 0y sin 2¢ ]




Awmplitudes

e The decay is described by six complex amplitudes A([;‘]ﬁ

e Correspond to different transversity state of the K*

e and different (left- and right-nanded) chiralities of the dimuon system

AO
2 2 2

L2 L2
1 AL _A||

2 A7 + A% + A3

1 R(AFAD)
V2 Aﬁ + A% + A?

R(AL*AL)
V2 0 L _ LR . . .
Aﬁ + A2 + A2 / e Let’s see how the amplitudes depend on Wilson coefficients and form factors

s (abah

2 A2 2 y—L—=R
3AZ+ AT + A3

Sk AD

Al + A7 + A

=1-—Fp

+L — R

+L —= R

o I'=|A)|”+ |Ao]* + |AL|?

+L = R

J(AT*Af)
Aj + A7 + A
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Awmplitudes




“Clean” observables

:CJ—:FI(")AIQ + CF T3]
Cor1041 + CF T‘Z}
Coz10V + C7 T4

Ai’R = \/§;\r7713(1 — §) {(Cslj'ﬁ + Cst;m) F (Cio +CYy) +

2my,

TG+ C5) | €u(Bie)

210 , o off/
(G )} §1(Ex)

S

AlLfR - —\/2;\’7713(1 - 3) |:(C:Jff - CSH,) F (Cro — C;()) +

Nmpg(1l — §)*

27?zh—-\@

We now build ratios such that the same combination of
FF appears in the nhumerator and in the denowminator

IJ-R
1/1()' —

[(C:;"f —C5") F (Cro — Cio) + 21 (C7" — c;ff')} £ (Ex-)




the g2 distribution
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Analysis of 1fb

In the analysis of 1fb? we did not have enough data to fit the
full Pdf, so we used “folding” of angles to simplify the Pdt

6 = —¢ ifo<0 LHCb Collaboration JHEP 08 (2013) 131
00 - =—0, ito,<r/2  LHCb Collaboration PRL 111 (2013) 191801

1 d3(I'+T) 9 |3 5 ) 1 ,
™ — _ 1 — F k‘. [ 9 d F , L‘ 9 4 - ]. - F , L‘. ( 9 -~ L‘ 29 )
['dcosfOpdcosblideo 327 [4( L)sin® Ok + Fr cos™ Ok + 4( 1) sin“ @ cos 20,

— Fy cos? 0 cos 20 + S5 sin? O sin? 6, cos 20 + \/FL(l — Fp)P: sin 20 sin 6y cos ¢ }

— . A —— — o = W - -

1—r————7————"7TT— Theory W Binned

0 5 10 o 15 20
q2 [GeVi/cY]
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http://arxiv.org/abs/1304.6325
http://arxiv.org/abs/1308.1707

Analysis of B0—
>K*mm (3fbh)




Signal region

LHCb 10°
preliminary

- LT, L

1

5.2 53 54 55 5.6 5.7
m(K*n‘u*u') [GeV/c?]

e - —

e Signal selected with BDT which combines kinematic, geometric and PID criteria

e \Veto charminium resonances

e Used of charmonia as control channels
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Invarian
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e Total signal yield integrated in ¢°: 2398 + 58 events

e Angular analysis performed in small ¢ bins is more sensitive to NP contributions

e High significance of the signal in all bins

e Independent angular and mass fits in each bins
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Likelihood Fit

e Four dimensional fit of B-mass, angles (¢, 6/, 0x) and simultaneous fit of m(Kw) (background
fraction shared)

log L = Z log G(ﬁa q2)fsigpsig(ﬁ)Psig(mKwu) T

(1 - fsig)Pbkg(ﬁ)Pbkg(mKwuu)] T

Z log [fsigpsig(mK’ﬂ') + (1 o fSig)Pbkg(mKW)]

- . dBF 2\ @ . _
o Piig(Q) = Toostideosaeds and €(€2,q ) is the signal efficiency

o Puiy(2) is modelled with three second order Chebychel polynomial and extracted from the
sidebands

® Poig(MKru,) IS an esponential
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Method of Mowments

Use orthogonality of spherical harmonics to determine the
coefficients

We sample the angular distribution with our data, so the
integral becomes a sum over data

M; =

The weights w. accounts for the efficiency
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The K*mwm anowaly persists

LHCb
preliminary

0.5¢
SM from DHMV i

N N N N N | N N N
10 15
g* [GeV?/c4]

e Local discrepancy of about 3.0 in each of these two bins
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The K*mwm anowaly persists

— o 77—

LHCb
preliminary

0.5k

SM from DHMV i

: |
L

0.5F |
| -

|
— Ot J‘
_1_ 1 1 1 1 | 1 1 1 1 | 1 J
0 5 10 15

l

+

g* [GeV?/c4]

e Good agreement with the analysis of 1fb—!

80



The K*mwm anowaly persists

SM from DHMV

0.5 ® LHCb Run 1 analysis —
0 LHCb 2011 analysis B

I\‘
NG

| | | | | | | | | | | | | | | |
0 5 10 15
q? [GeV?*/c4]

Very qood agreement with the recent Belle
measurement of Ps5°
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A coherent
pattern?




A coherent pattern?

ENLCSR Lattice —®Data
L L B e e e e

B - K'utu
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BN.CSR ce —®Data

|\
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[a—
W

LU D S S S —
1

[e—
(an]
L L)

W
T

dB/dq? [10°® X c*/GeV?]

(e]
T T

BNLCSR Lattice —®Data
—————————

S B'— K'u'u
Q 4 LHCb A3
vU ]
X 3 -
S F :
2am
S -f
% O:. PR TR S T ST TN SN SN NN SN SN SN SN SN SN SUN SN S S T
0 5 10 15 20
¢ [GeV¥/c*

LHCh Collaboration JHEP 06 (2014) 133

e All b — suu branching ratios are measured
to be lower than SM predictions

e All these measurements are numerically consistent
with a reduced C'9g Wilson coefficient
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http://arxiv.org/abs/1403.8044

A coherent pattern?

-:’f-—1 9 .=— I T T T T T _=, _i‘ l 8 : T | T T T T | T T T T | T T T T | :
O 3 3 kS i Six
r\|1> SE LHCb - r; 1.6 - SM prediction = T -
O = = 2 14F ] (IR R
O 7 3 = = C ~®= Data i .
s - = o 12F —e——— _]
o OF N =0 n = = I B -
—_ = | deddeddeddl )] AUNVSRNNRRNN & = cooe 1] —
w E 7/l + i = B pod ]
- // N/ /// 7777X7774// / o — '; o 1 fim
3 4F A 2 08k -
=~ E = =1 C A ‘ S i
3. 3F SMopred. o < 06 ‘ g
- + 7 SM (wide) 3 0 | -
3 2 SMLQby | . 04 + E
C = Data 3 L m
S« 1 + Data (wide)— %’ 02 ‘ LHCb "
% O - 1 | 1 1 1 1 | 1 1 1 1 | 1 - — " I—I—l 1 1 " | A 1 i " | i i " i |
= 5 10 15 0 5 10 15 20
2 -
q* [GeV/c?] g2 [GeV?/cH

- - - -~ -

e All b — sup branching ratios are measured
to be lower than SM predictions

Larger than expected
deviations (even in NP
scenarios)

e All these measurements are numerically consistent
with a reduced Cy Wilson coefficient
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A coherent pattern?

A reduced C9 Wilson coefficient would be visible in a number of
other observables, like branching ratios

| a SN (v Expt: LHCb, CMS & CDF (K*)
SM (1 p
SM [ (binned) b—}—( LHCb, CDF ()
4 -
1.2 P T Jrl 1.2 T I I T

e B — K*¥u"u~ — BY 5 éutu 3
LoLor 1§ 1of TTOE

"4 % 9
~ b~

o 06 =4 \\ 5 06 _ 1F
- R ~ eSS
o 0.4 N - 04F } { — 0F
o e >
o 02f - o 0.2 s
o \ (‘:8 ’ \ —1F

0.0 : L L 1 | | | | d
15 16 17 18 19 0.0 15 16 17 18 19 _o bl 1
-3 -2 -1 0 1 2 3
¢ (Gev?) ¢ (Gev?) o
9

- — == =-11, C)=1.1

Wingate et al. Phys. Rev. Lett. 112(2014) 212003
(high q2 form factors from lattice QCP)
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http://arxiv.org/abs/1310.3887

Interpretation




LAltmannshofer/Straub 1411.3161 ¢ 1503.06199]

T —
o} - Tension with SM prediction
N st N when theory combine this
2 G A E) measurements with many
SR B e others
R ; ; LPescotes-Genon/Hofer/Matias/Virto 1510.04239]
T s T s on oS S
Re (Cg\JP) 3__ r Branching Ratios S
If it is a New Particle the best |
candidate seem to be a Z° \'
g | =~
b . S ( -2
Jai IREEs
d Co"
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charm Ioop effects?

uncertfainties from Jaeger2013

- Non factorizable contribution could be large
(Van Pyk 2013 Zwicky 2015, Silvestrini,Ciuchini 2016, ..

- Charwm loop photon mediated can give a Co-effect

- Possibility to explained with “large” charwm loop contribution

- 8. Jaeger pointed to possible (soft) form factors effects
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Charwm loop effects?

Hadronic picture:
- Large effect from the tails of the
cchar resonances + open charm

Zwicky-Lyons 2015
= = Partonie picture:
1 - Large effect from cebar loop
b - Adding an hadronic parameter to the fit
itis possible fo describe the anomaly

Silvestrini, Civchini et al., 2016
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NP or hadronic effect?

- NP is expected to be universal for all b->smumvu transitions

- NP is expected to be g% independent

|||||||||||||||||||||||

1.0 ] 1 g .
: B} : : 5 “t [Pescotes-Genon/Hofer/Matias/Virtol !
os | LPescotes-Genon/Hofer/Matias/Virtol | i Pescotes-Genon/Hoter/Matias/Virt 5
0.0 : ;
' - ] 2 0.0 ;e
%m —05} E QID C 1
) | GlobalFit | __ _ _ _ __ ___ _ B | Y ]
—1.0,_| 17 %m [ _ ]
S . I S S ¢S x Global Fit
1.5} -1.0f
—2.0¢ 15[
0 5 10 15 20 0 5 10 15 20
q? (GeV?) P (GeV?)

- For now we do not have evidence for process dependency or
g dependence

- Need more statistics




— -— -

Decay % of BT — KTutp~
Penguin 0.6 %
B+ — pK+ 0.0003 %
Bt — wK™ 0.0006 %
BT — oK+ 0.003 %
BT — JWp KT 92 %
Bt — ¢(2S)K™ 7.3%
B+ — ¢(3770)K+ 0.007 %
BT — (4040)KT ~ 0%
Bt —s 1(4160)K+ 0.005 %
BT — ¢(4415)K™ ~ 0%

Trying to handle the ccbar-loop

Y(2S)

W(3770)
V(4160)

| L ' ' ' 1 ' o1 1

m; (Mp — M)

L500l ' 1000 l l1500 ' l2000 ' l2500 ' l3000 ' l3500 ' l":OO(IJ ' lt’:500
2 14
g? [GeV</c™]

dl'  G%a?| Vi ViE|? 2001902 | et 2\ |2
a2 275 k| B+ §|k| B G S ()] +
kP |1- Lg2 | osty, (¢2) + ocsn ot ey
3 +_ 9 7 Mp + Mg

¢* M3

)

- Add all the resonances with BW and the try to fit for Co




Trymg fo handle ’rhe cchar-loop

i 5 =2
{— P.' THEP02(2016)04
] P, DHMV14
FF BSZ15 68% (0)
FF BSZ15 68% (r)
FF BSZ15 68% (mt/2)

kel ekl —

- Used SM predictions for BO->K*mwm with no charwm loop

- Taking publish measurewments for the resonances

- Assuming the penquin pollution having small effect on the
resonances

- Contribution from open charm wissing
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Lepton Flavour
Universality (e/mu)




Uu U
BT 7 Kt
b ; 8
‘\\\W_._ v :
-~ - - C_
Zol,':}\<ﬂ /
pr/et
' - _
B(BT — Ktutu™)
Ri =

B(BT — Ktete)

R, (SM) = 1.0003 + 0.0001

Ry Anowmaly

Bobeth et al., JHEP 12 (2007) 040

—

—

Magnet

- Difficult bremsstrahlung recovery affects invariant mass

resolution

- More complicate J/psi veto
- Harder trigger, reconstruction, PID
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Ry Anowmaly

LHCb:

PRD 113(2014).151601
2 LHCb 1
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- Need to correct for g2 migration, due to bremsstrahlung
- Total signal yield 264 events

B(BT—=Ktutu™)

B(BT=K J/p(ete™)) _

Rk
N

Ktptp—

— B(BY=SKT IR (uFp))

N

B(BT—Ktete)

KT J/p(etTe) €K+J/@b(u+u_)T CKtete—

N

KT J/ (ptp—)

NK+e+e_

€K+M+I~L_

l€K+ I/ (ete™)

— cancel systematics
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Ry Anowmaly

LDescotes-Genon/Hofer/Matias/Virtol

_—. Al bsup and bsee —.—LI](*b —.—BaBar +BCIIC
72 2

1.5F

I

0 5* LHCb: PRL 113(2014),151601
~L BaBar: PRD 86(2012),032012
i Belle: PRL 103(2009),171801

oL
0

- Intriguing deficit in muon branching ratio compatible with the
effect in b->smumu analyses (2.6 sigmas from SM)

- QOPD uncertainties cancel out in the ratio

- Still statistically limited... need confirmation




Leptonic B-decays

By — 74~

TBG%MI%VSZ'TLZLHW

BR(B(, — (717) = oS
™

* 2 2
|CroVi Vi | Fgmpemy x \/

- These decays can be predicted very cleanly since you have
only one known hadronic parameter that is Fe and can be
computed by lattice QCV

- In the SM the only operator which contributes is the axial-
vector operator (C10)

- They have two suppression, one is becavse it is FONC and the
other is the helicity suppression




Leptonic B-decays

BR(B(, — 7777) m?2 BR(B?q) — put ) m,

BR(B, — ptp~) 2 BR(B?q) —ete™)  m?

- Becavuse of Lepton Universality, the only difference hetween
the different leptons is the mass

- The decay of taus is about 290 times more abundant than
the decays into muons, but it is experimentally challenging
because the taus decays before we track it

LFU holds in the SM but not in general in other NP scenarios




Leptonic B-decays

- The ratio of Bs and By decays into leptons depends the ratio of
Vid and Vs, of B-masses, of B-lifetime and the ratio of the
bag parameters

- This is true in all Minimal Flavour Violation theories, so we
can test non-MFV models




Leptonic B-decays

_ 4m? m?
BR(BJ = p*p™) oc (1= —55)|Cs = C4 + |(Cp — Cp)* + 2 (

B mp

- In general NP theories the operators that contribute are
010", Cs"! and Cp"”

- Models with an extended Higgs or in general (psudo)-scalar
contributions, since they do not have an helicity suppression




Measurements at LHCb

LHCb
BDT>0.7

3 fb!

[S—
(@)
|

[S—
ESS
[ 11

—_—
S N

TT T[T T T[T T[T T T[T 1T
+ —t— }

W
o))
]
()

2
m.- [MeV/c?]

1
S TR R

Candidates / (44 MeV/c?)

lIlll!lll

IIIIIIIIIII]IIIIIIIIIIIIIIIIIIII

S N A O

m,., [MeV/c?]

13.5. 2012 8:24:38
Run 115275 Event 1941832142 bld 1447




B->wmm branching ratio
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CMS + LHCb ATLAS

B(B! — p*p) = (2.815¢) x 107° B(B% — p'n) = 0.93:; x 107
B(B" — ptp~) = (3.95,73) x 107 B(B® - u'n) <4.2 x 10™ at 95% CL

- |f there is NP in 010 this will have to be confirmed in Bs->mwm



Measurements at LHC

From D. Straub, arXiv:1205.6094
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Radiative decays




Photon polarisation

® B"'>K'mtmthy

e B0 K Oete-

® B.—>0dy

® b-baryons: A,—> Ay, &, > =y, Q> Qy

Results with 1fb?!

l;([;() - I\'ﬁ:())/)
B(BY = ¢y)

= 1.23 £ 0.06 (stat.) = 0.04 (syst.) = 0.10 (fs/fq)

Acp(B” = K*y) = (0.8 £ 1.7 (stat.) £ 0.9 (syst.)) %.

~+ |n the SM, photons from b— sy
decays are predominantly

- left-handed (C7/ G ~ mp/mg) due

to the charged-current interaction.

very low gZ sensitive to photon polarization




Photon polarisation
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PRL 112, 161801 (2014) ]
@ Combining the 4 bins, the photon is < oif :
: E . LHCb  :
observed to be polarised at 5.20. 0.05¢ | —+ | 3
o Unfortunately you need to understand T
. ) 0.05F ¢ P ; :
the hadronic system to know if the e | ¥
polarisation is left-handed, as expected [ 3 N I e =
. 1200 1400 1600 1800 )
in the SM. M(K7r) [MeV/e?)

— First observation of photon polarisation in b— s+ decays




Photon polarisation

T T T T T T T T T T T 1 R
T sof ! RDda e By K0 LHCb | d*(I'+ 1)
> E B B —(KX)eve - R 2 1.2 deos )R -
g 25— Combinatorial - - _‘ d(l | ) (l(j (l(/ dcos H/ dcos H/\‘ do
o - ]
) 9 3 ) e i o
~ 20 — (1 — F1)sin® O + Fy, cos” O +
@ . 167 | 4
T 15 E l . 9
% . (1 — Fr)sin” H — Fr, cos” By | cos 260, +
S 10 B '
O - J - . 9 . 9 1
= S(1 = F1,) Sin“ @y sin” #p cos 20 +
0 . " 1-..'1" (1 — f“'L D--l'lf,»" Sillz HI\' COS H; T
4800 5000 5200 5400
m(K™mt e*e’) [MeV/ 1 . . 9 . 9 . ol
( ) g —(1 — Fy) Sin” Hy sin” 6y sin 20
e — fo— - R - - 2

e — — — T —

B 2R (CT()
e+ | T

_ access to the photon polarization information

S, e 2//*///((:%:' )

I 2 (7
AT (¢" = 0) = Cr? + Co2| - [D. Becirevic and E. Schneider Nucl. Phys. B
: d 854 (2012) 321]




Photon polarisation

Results: SM predictions:
Fi 0.16 +0.06 + 0.03 Fo= 0.10 + 8.(1)1)
AR _ 10104012 L O NE '
"\'ll;]' = —0.231+0.23+0.05 ;\f]?) — (—)‘031:;};?
LM, L + ().292 + 5 ,, 9
;‘X] ()11__()._._ _()()) f\l|l‘“ — (_()zi:z) Ve ]() 1

- "

- Cowmpatible with SM
predictions

- Best sensitivity to C7” up to
date




Inclusive

B(B — XS’}/)‘E >16 GeV — (3 43 1 0. 22) x 1074

nt by CLEO, BELLE and BaBa

B(B = X,7)|p>1.6cev = (3.15 £ 0.23) x 10~

— — ~— NLLO predictions

- Radiative decays allow to probe the operator 07 and 07

- Inelusive decays are cleaner from experimental point of view,
but are more difficult experimentally

- The sum of 07 and 07’ is constrained from the b—>s gamma
measurement, but to probe 07 and 07 separately need to an
angular analysis (probing the photon polarization)




Other rare decays




Rare D-decays

FCNC in D-meson decays are more suppressed
than in B-mesons
Predictions:

I35 D° — yy 2.2 %1078 CL=90%

I'36 D - ete” <719 x107% CL=90% 932

237 D — ptu~ <1.4 x1077 CL=90% 926

[y38 D° — z0¢te <4.5x107° CL=90% 928

39 D - 7Oty <1.8 x10™* CL=90% 915 ot i r

a4 D > nete <1.1 x107* CL=90% 852 <

L1 D° - nutp- <5.3 x107 CL=90% 838 v/ ~ p W S —\{—

a2 D - ntrete” <3.73 x107* CL=90% 922 . iy . . .

I3 D° - plete- <1.0x107* CL=90% 771 Do J N g D J g

T D > ztnpty 3.0x107° CL=90% 894 lg— W a3/ T 9

45 D = pOutu~ 2.2 %107 CL=90% 754 ™S {

I D° - wete” <1.8x107* CL=90% 768 - ] ' - )

| oYY DY — w/ﬁu‘ <8.3 X10_4 CL=90% 751 - ‘|:> T - ,|> T

Dosg D° - K K*ete™ <B.15x107* CL=90% 791

49 D° - gete” <5.2 x1073 CL=90% 654 —

250 D° - K K*utu~ 33 x107° CL=90% 710

51 D° > gutyu~ 3.1 %107 CL=90% 631

r 0 L7 4. —4 CL=90% 866 . .

o DK Jtend SM prediction for the BR ~10°
253 D° > K utu- <2.6 X10 CL=90% 852

Is4 DY - K- mtete™ <3.85 x107* CL=90% 861 - - -




Rare K-decays

5 K(L)0 - ptyu~ (6.84 +0.11) x10~° 225
Ty K(L)0 - ete™ (9 *6) x10712 249
a5 K)o > ntr~ete (3.11 +0.19) X107’ 206

K(S)0 - utu~ <9 x10~° CL=90% 225
K(S)0 — ete” <9 x10~° CL=90% 249

L R —— — P

I3 K(S)0 —» nlte (3.0 ﬂ:g) x107° 230
T4 K(S)0 - 7%tu~ (2.9 *13) x107° 177

_— -

(3.00 +0.09) x10~
37 Kt - ntyptyp” (9.4 +0.6) 1078 S=2.6 172
I'sg K* - ntww (1.7 +1.1) x10710 227

Still more precision might give us surprises (e.g. NA62 experiment)



Conclusions and outlook




Conclusions

- Indirect searches allow to probe very high energy scales,
much higher than those reachable at central colliders

- Study of b-hadrons strongly constraint BSM and test the
CKM paradigm (which seems to hold... but room for NP is still
left —> more precision)

- There are some intriguing discrepancies in B-physics: test of
lepton universality in sewileptonic and B-decays and b—>sll
transitions —> more statistics, better theory
understanding

- |n the next few years we will know if these discrepancies
wrt SM predictions are genvine sign of NP




Backup slides



Searches for LFV decays




LLFV due to neutrnino oscillations

Neutrino masses imnduce LFV at loop level, e.g. mu—>e gamma

3o ... Am? _
B(p— ey) = 30 Z m-UeiM—vzvl 107>
i=2,3

Because their standard-model branching ratios are far too tiny
for possible detection, observation of any mode would be cer-
tain evidence of new physics. That’s what makes such sensitive

searches potentially transformative. S.L. Glashow

- —_— — —_—

- ~
- -—



Mu—> e transitions

Supersymmetry Compositeness Leptoquark

M =
rate ~ 10 A, ~ 3000 TeV 3000 (A ,qheq)"2 TeV/c?

W ® d
LQ
o

Heavy Neutrinos | gecond Higgs Doublet Heavy Z |
Anomal. Z Coupling

M. = 3000 TeV/c?
iy 4 e

|UuNUeN|2 ~ 8x10-"° g(H ) ~ 10'49(pr)

o —— .

see arXiv:0801.1826




Model in dependent transition

v K — — 7]
rROuerFH + 1+ R)A2 pryser(uryHur +dpytdy)

“Contact Terms”

Supersymmetry and Heavy Exchange of a new,
Neutrinos massive particle




m——~>€ gamma
e Signal: Ny, = R, X B(u — ey)

e Physic Bkg: Nrp ox R, x B(p — ey2v)

o Accidental Bkg: Nace o R: X (AO)? x (AE,)* x AT x AE

ut — €+7MV€”}/

Background ————————t

Signal

pt— ety

Physical

o b, =FE.,=028MeV

o O, = :
K Accidental
o I’ ="1¢




Signal and background

o Signal: Ny, = R, X B(u — ey)
e Physic Bkg: Nrp ox R, x B( — evy2v)
o Accidental Bkg: Nace x R: X (AB)? x (AE,)* x AT x AE

Michel spectrum

1 dN 0035F
NdE ¢
0.030 |
0.025 |
0.020 -
0015 -

0.010 -

0.005 -

E N

. f Signal region



— — —
Q Q Q
~ D (4)}

90% C.L. upper limits for LFV T decays
S

Tau LFV decays

In general one expects 7 LE'V more sensitive to NP
e.g. T — 3 predicted at the level of 107° in some NP scenarios
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LHCD limit with 1fb—1 B(T Sy 3,&) < 6.3 x107% @90% C.L.
World’s best limit set by BELLE (< 2.1 x 103 at 95% CIL.)

‘ Winter 2012 |

e CLEO
v BaBar
A Belle




Meson LFV decays

Decays of the type H — euh are sensitive to ”contact models”
(e.g. leptoquarks)

History of K5 — eu

——

Year | 90% CL | Collaboration/Lab Reference

1966 | 1.0 x 10~ BNL Carpenter et al. [1966]
1967 | 8.0 x 10~ BNL Fitch et al. [1967]
1967 | 9.0 x 107 CERN Bott-Bodenhausen et al. [1967]
1988 | 1.1 x 1078 BNL Cousins et al. [1988]
1988 | 6.7 x 107 BNL Greenlee et al. [1988]
1989 | 1.9 x 107° BNL Schaffner et al. [1989]
1989 | 2.2 x 10710 BNL/E791 Mathiazhagan et al. [1989]
1989 | 4.3 x 1010 KEK Inagaki et al. [1989]
1993 | 3.3 x 10~ BNL/E791 Arisaka et al. [1993]
1995 | 9.4 x 10711 | KEK/E137 Akagi et al. [1995]
1998 | 4.7 x 10~12 BNL/ES871 Ambrose et al. [1998]

Limits of BT — hteu, B

0
(s)

— ep at the level of 107°




Fractional uncertainty




CPVin Mlxmg

' CP violated in mixing if a_ () # a__ (f)

« requires relative phase arg (q/p) # 0 between

dispersive part M., and absorptive part I, of

the B°~B? transition amplitude:

a_(f) cos|Am-t|(+)d - cosh(AT-t/2] O
mix cosh(AT-t/2)(+) 8 - cos(Am-t|
cos(Am-t) (=) d-cosh(AT-t/2
cosh(AT-t/2](-] §-cos(Am-t| )

3 i (t)

| « remember: B°~B?° transition amplitude described by effective Hamiltonian
Hy, = M,—(i/2)T

« M.,,: transitions through off-shell intermediate states, M,, « mf (Vg V:]b)2

o I',,: transitions through on-shell intermediate states, I',, « mi . (Vcd V,";,b)2

» different weak phases as required for CP violation
e I, < M., = interference term small = CP violation in mixing small
* New Ph sics can enter in box and have significant effect




CPV in the decay

CP violated in decay if A(B — f) # A(B — f)

* requires interference of (at least) two decay amplitudes with different weak
phase and different strong phase leading to the same final state

>

f

AB-f) =

pS
1l

AB~>f) =

i(8,+¢;)
D..ae

! ¢;: weak phase, changes sign under CP

Z a e'®¢) | O; strong phase, does not change sign under CP

A"~ A" = -2 ZU a;a;-sin(¢,—¢;)-sin(5,-9,)

a=a,+a,

4 N\ 4 N
¢2 ¢ ¢1 ¢2 7 ¢1
d, =90, d, # 90,

al = al #la
- lai=ld : - i al
(01 =01=0) @yt T ==, (01 =01 =0)

 interference and CP violation can be large

 New Physics can enter through loops if penguin diagrams involved

* but have to battle large theoretical uncertainties due to the strong phases




CPV in the interference

For decays into a CP eigenstate f that is accessible to both B°(S)M°(s

)

« CP violated if A,
_ . (q A 7N
Im (A;) = Im(;-x: # 0 g° £
* time-dependent decay rate asymmetry: q/P\‘ B’ /Z',

N(B,_,»f,t) — N(B;_,»>f,t)

a.lt — — 2
r(t) N(B)_,»f,t) + N(B_,>f,t) C _- S — 2-Im(A,)
— C,cos(Am-t) + S, sin(Am-t) ,

cosh(AT-t/2) + Q, sinh(AT-t/2) -

Y,

* the ideal case: asymmetries can be large and no strong phase involved
o if one single decay amplitude dominates: | A;/A;|=1 = |A;|=1

[ — Im(A;) - sin(Am-t)
a(t) = cosh(AT-t/2)+Re(\,)-sinh(AT-t/2)

o in BB’ system: AT, ~ 1

a.(t) = Im(A,)-sin(Am-t)




CP Violationin decay

Consider {I») |7} decaying info the final stateln .|/}
Defining . 4, = (f|P) 4;=(7|P)
A= (fIP) A;=(fIP)

We have CP violation in the decay if

“1f “1f

Then the probability of the decay of the CP conjugate
I'(P° — f) #T(P° — f)




CP Violation in mixing

CP violation in wmixing oceurs when the oscillation from meson
anti-meson is different than that of anti-meson to meson

Prob(P? — P°) # Prob(P° — P")

These probabilities are given by

2

2 q o
—19_ (Z)

op_.5(t) = |(P|P(t))
op-p (1) = |(PIP (1)) = |-

2
2

19 . on
]—g_ (£)

op_p(t) = [(P|P(t)) p

So this occurs when




CPV in interference

Let’s consider a CP eigenstate f to which P and anti-P can decay

f=7 }/‘\ “:

Acp(t) = Ipoty—s —L'poy—y  2Crcos Amt — 2S¢ sin Amit
“r B FPO(t)_>f + FPO(t)_,f B 2 cosh %Apt + 2Df sinh %APt

[Afl = 14¢1} lg/p| = 1 :> Afl =1

We have CPV if

—%)\f sin Amt |
cosh ATt + R\ s sinh 2AT |

Acp(t) =
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