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Leon Flavour Violation

 Minimal Flavour Violation (MFV)

The flavour changing transitions in Standard Model (SM) are governed by
the CKM matrix, which applies to the quark sector (..QFV)

* Lepton Flavour Violation (LFV)

Not present in the SM, present in the nature (at least) through neutrino

mixing: PRL 81 (1998) 1562
AA/\'l/A/\{ b Ce=eype]
L\/i) = 24._ U,,L ,\_):__‘ C,c=1,z,?>j
Foven. diginibule o s _..at the level of <O(10-49).

Large LFV is expected in numerous New Physics (NP) scenarios
(Supersymmetry, Extra Dimension, Little Higgs)
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Lepton Flavour Violation
A subset of LFV searches in LHCDb

[B(s) N ei/ﬂc} (1 fb1) BR(B? - etp™) x1078 | BR(B? = efpu™) x10~°
at 90% (95%) CL at 90% (95%) CL
PRL 111 141801 (2013) Expected LHCbh, 1fb~* 1.53 (1.95) 3.97 (4.95)
Observed LHCh, 1fb~1 1.11 (1.36) 2.8 (3.72)
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~...no evidence for Lepton Flavour Violation
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Lepton Flavour Universality

* Lepton Flavour Universality

* In Standard Model, lepton couplings to gauge bosons are identical.
r la Vi

)
Neutral current: / «v\»< Charged current: |1/ W/<
l y

Qzeaﬂﬂ' U] l=e,u, T

* The leptonic branching fraction (BF) only differ due to lepton masses
» Higgs couplings, phase space, level of helicity suppression

* Lepton Universality has been thoroughly tested over the years
at LEP, SLC, and many other experiments:

Z s wESiEy s Fur ut o eTun
K* 5 1*y K;p =177 Kg—ntlm KT - pEF T

Tt liul

+

...and so far, found to hold.
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Lepton Flavour Universality

* Lepton Flavour Universality Violation (LFUV)

e The most stringent limits on LFUV involve the f|rst two generaﬂons

| NP could easny evade the strong bounds from thedlrect searches |

ﬂ

| whlle preservmg the effect on heavy flavour

— e

« Many NP scenarios contain additional |nteract|ons and enhanced
couplings to the third generation:

o Examples: A%, HE, new vectors coupled to SM Higgs doublet, leptoquarks

* The NP effects can be suppressed due to the MFV in pion and kaon decays

...assuming the NP is MFV, the kaon limits need to be improved by ~ O(1) to
probe the parameters space relevant in B decays. A. Crivellin et al. arXiv:1601.00970v3
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* Lepton Flavour Universality Violation (LFUV)
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—_— e

« Many NP scenarios contain additional |nteract|ons and enhanced
couplings to the third generation:

o Examples: A%, HE, new vectors coupled to SM Higgs doublet, leptoquarks

* The NP effects can be suppressed due to the MFV in pion and kaon decays
...assuming the NP is MFV, the kaon limits need to be improved by ~ O(1) to

probe the parameters space relevant in B decays. A. Crivellin et al. arXiv:1601.00970v3

@xample of an SM NP (tree Ievel)j

excellent LU test mode: q > g q > q

Bls < < ¢ (u) bB p — < ¢ (w) P
b % CTvV b \\W*L{ \,‘<+,<W/:/+
++ ++
not rare: BF~O(%)

& Vr Vr J
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Lepton Flavour Universality Tests
R(D*)

o _ BB = D*"1u,)
LR(D ) BB S D i) 0.252(3)}

SM: PRD 85 094025 (2012)

 Semi-leptonic B decays are in general well understood in the SM
* Many uncertainties can be significantly reduced in ratios

 theoretical (hadronic form factors, SM parametric)
e experimental (D* reconstruction, particle identification and tracking)

 Babar and Belle measurements (pre 2015) show deviations from SM:

Belle 2007 | *
O
BABAR 2008 |  #——— 4 e S
00}
0
Belle 2009 e =+ p :
N « R(D)and R(D*) combined:
Belle 2010 e e g 3.70 (W. rt. SM)
BABAR 2012 H-re—+ et N
| - PR | BRI TR ST N FES PR DY SR TR R | =
w
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Lepton Flavour Universality Tests
R( D*) n LHCDh LHCB-PAPER-2015-025,arXiv:1506.08614

Extremely challenging in hadronic environment, requires a different strategy
compared to Belle and Babar

e Unknown B momentum
e use the boost of the visible system and PV-SV separation

* Determine the ratio between decays to the same (visible) final state:

e Separate the decays in B rest frame
* missing mass, lepton pair recoil, lepton energy
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Lepton Flavour Universality Tests
R(D™) Results

/LHCb R(D*) = 0.336 =+ 0.027°1%" 40, 030898\
BaBar =(D*) = 0.332 £ 0.0245% + 0.018°¥** SM R(D*) = 0.252 4 0.003
Be"e R(D*) 0.293 + 0.0385t%t 4+ (0.0155Ys? Phys.Rev.D85(2012) 094025

@elle R(D*) = 0.302 + 0.030%** + 0. onsst

~ 05— .

* ~ = BaBar, PRL109,101802(2012) ) N

a - —— Belle, PRD92,072014(2015) Ay =10 -

EZ 045F  —— LHCb, PRL115,111803(2015) —

= == Belle, arXiv:1603.06711 -

_ = HFAG Average, P(%?) = 67% i

04 = SM predictior% & -

0.35 — —

035 =

.y =gs __ \/ .

Combined compatibility 0.25 - ROD). PRD9§354510(2015) .

with SM : 4.0c 0y - RSD ) PRDSIS 09402.5(2?12) o D

0.2 0.3 04 0.5 0.6
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Lepton Flavour Universality Tests
R(D™) Results

‘Excluding the newest (26/08) Belle result:

We report the measurement of R(D*) with hadronic 7 decay modes 7= — 7 v, and

[(D*) = 0.252 + 0.003

7~ — p v, and the first measurement of P; in the decay B — D*7~ i, using 772 x 10° BB ‘
ev.D85(2012) 094025

data accumulated with the Belle detector. Our preliminary results are

R(D*) = 0.276 £ 0.034(stat.) {05 (syst.), (14)

P, = —0.44 £ 0.47(stat.) ") % (syst.), (15) , —— .
2(2012) ) ]
which is consistent with the SM prediction within 0.6. / FO15) Ay =10
3(2015) —
e ———— e ETIe ATV 1005 06711 .
_  — HFAG Average, P(x?) = 67% i
04 - == SM prediction ]
035= —

0.3

Combined compatibility @ 2>

= R(D*), PRD85,094025(2012 -
Wlth SM : 4-00 0.2 1 f ? | 1 ( 1 ) | 1 1 1 1 | 1 1 1 1
0.2 0. 3 04 0.5 0.6
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Lepton Flavour Universality Tests

| R(D*) S not the only place vvhere we measure unexpeoted results

* Another group of excellent Lepton Flavour Universality Tests involves a
flavour changing neutral current transition:

(b s IH)

* The BF's of FCNC decays highly sensitive to various NP contributions:

ot @ w@| @) - w(d)| Bu(d) "(d)KW
b W S (d) ’ b -.Ii-- - S (d) ’ b s (d) ’
t 7!
izoﬁ _: o+ L:ZON _: o+ \k ¢
‘- ‘- -
SM NP NP
(GIM suppressed at tree level (loop level) (tree level)

penguin and box diagrams)
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Lepton Flavour Universality Tests
R(K)

* Inthe SM, the ratio between the leptonic B decays to kaons and leptons is

precisely predicted in the SM:

é )
B(BT - KTutu™)
R(K)°M = =1+0(107°
(K) B(BT — Ktete™) ( )
(..due to phase space)
N\ _J

* R(K) is sensitive to new scalar and pseudo-scalar interactions or Z* bosons,
and has been determined by the B-factories with a precision of 20-50%:

Experiment

g% (GeV?)

Rk

BaBar*

0.1 -16.0
0.1 -8.12
> 10.11

1.00793% £0.07

0.7479%53 +0.06
+8.'35

1.4370% £0.12

Belle**

0.00 —16.0

1.03 =0.19 = 0.06

* PRD 86 (2012) 032012
** PRL 103 (2009) 171801
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Lepton Flavour Universality Tests
R(K) in LHCb

R(K) is determined in the dilepton mass squared (q2) range:@ <q° <6 GeV? /c‘g

e excludes the resonant J/ region and higher Pp(2S) resonances
* makes precise theoretical estimates possible

..and as a double ratio w.r.t the respective resonant B+— J/K+ modes
to cancel potential sources of systematics:

2
fqma.x dr(B+_)K+P'P') d 2
2 q

Re — % . _ (NKW) ( Nk /2y (ee) ) ( €Kee ) ( €KJ/1(ee) )
fq;nax dT(BY 3Ktee) o Nkee Nk /o (uw) €Ekup /) \E€KJ/p(up)
q dq?

min

2§

g % T F 10

o o -LHCb (b

S S Tt e

& % 10°
i A 13+—>J/ K+
B+— J/PK+ |

. Signal

\ Signal
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Lepton Flavour Universality Tests
R(K) Results (LHCb Run 1)

electron trigger, 1727:"_{% events

1

 Electrons are tricky: LHCH -

* efficiency to detect an electron is 50% smaller

RS
>
O
>
- L] u o

* mass distribution of electron modes depends N (d)
3
<
o
£
=
@

strongly on the associated photons

* bremsstrahlung causes migration in the
di-lepton mass squared range

5000 5200 5400 5600
m(K*e*e”) [MeV/c?]

(R(K) = 0.7457) 02, (stat) & 0.036(systD

. * LHCb = Belle + Babar
« most precise measurements up to date T
« R(K) compatible with the SM at 2.60 LHCDb
.+ Individual BF’s (LHCb): | ;
» Electron mode BF agrees with the SM (0<q2<6 GeV?/c*): —1 |
B(Bt — Ktete ) = [1.5670 [2(stat) 100 (syst)] x 1077 03 PRL 113 (2014) 151601 7

» Muon mode BF lower than the SM (0<g2<15 GeV2/c4).  or————t———b——————t—
JHEP 06 (2014) 133 7 [GeV?/c4]

Siim Tolk, KAON 2016




Individual B decays to leptons

[BO — K*ut u‘]
* Measured BF lower than predicted by SM
(though predictions have large uncertainties)

LHCb: arXiv:1606.04731, CMS: PLB 753 (2016) 424
SM: JHEP 01 (2012) 107, PRL111 (2013) 162002,
EPJC (2015) 75 382

* Angular distributions sensitive to NP effects

* 3 angles and di-lepton mass squared mapped
to optimised variables to reduced form factor
dependencies

-@ificant local tension in one of the variables

B’ > K *e+e_]
* Very challenging (statistics, resolution, trigger)

* Simplified angular analysis performed
(in agreement with SM)

LHCb: Phys. Rev. D 93, 014028 (2016) ,
SM: PRD 93 (2016) 014028

— 1.5 — T —r—
‘;.'B : B'— K u u :
% + - LHCb 3fb"
9 n = CMS 20fb1
s _
X I ]
~ i I ’ ﬁ-
g 0.5 _ 3,? . == l —
2 Gt 4
aa) s — T -
o . il
i " " N N l " M M N | " " " N | 2 N N
OO 5 10 15

q* [GeV ?/c?]

7 SM from DHMV

® LHCb Run 1 analysis 7
© LHCb 2011 analysis 7
0 Belle arXiv:1604.04042

1+ _I_F’ :
I
| g* [GeV?/c*]

[Global fit at 3.40 fromj

SM predictions
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Individual B decays to leptons

EBS o qﬁu*u‘]

Narrow ¢ resonance simplifies selection
* Lower BF than predicted in the SM

* Only CP averaged angular observables
accessible (e.g. no P’s), latter in agreement

LHCb: JHEP 09 (2015) 179,
SM: EPJC (2015) 75 382, arXiv:1503.05534,
PRD 89 (2014) 094501

5.0 )

CMS and LHCb (LHC run I)

dB(B! —>¢uu)/dg® [10°GeV7>c*]
S - N W s LN 0O

g [GeV?/c*]

In a wide bin from 1 < g2 < 6 GeV?/¢*,
the data is >3¢ from the SM prediction

» Similar (lower BF) trend seen in other b—>su*y- processes
Compatlblllty with the SM 1.20 for Bs (and 2.20 for BO)

8
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Weighted candidates per 40 MeV/c?
8
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5000 5400

—4— Data

- Signal and background
[ ]B-u'y
By
-+ = Combinatorial background
----- Semi-leptonic background 4
— = Peaking background 3

5600

5800
m,., [MeV/c?]

Nature 522, 68-72 (04 June 2015)

BB — u* 1) [107]

0.8

0.4}

0.6

0.2}

vvvvvvv

L ILLA LA LA N B B

\ATLAS ’
Vs=7TeV,49f" -
\s=8TeV,20fb" T

.| ...........

AN

ATLAS C ntours for -2 Aln(L) = 2.3, |
62118frommaximumofL —
AW |.l..|....|...|.\..|....T\....—
0 1 2 3 4 5 6 7

B(Bs — u* 1)[107]

893'170'1709L:A!xm

B (s) — TT
...already next
week at TAU!
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— BaBar, PRL109 ,101802(2012)
— Belle, PRD92 ,072014(2015)
LHCb, PRLI 15,11 1803(2015)
— Belle, arXiv:1603 06711
—— HFAG Average, PO = 67%
—— SM prediction

[ —]
R(D), PRD92.0545 10(2015)
R(D*), PRDS85 094025(20 12)

> Glob '
& Cgﬁ!ﬁ)—»slﬂ- fits show 4-50 tensions!
JHEP 06 (2016) 092 and many othel.'s

» Simul
taneous explanations exist!

Igiptoquarks, Vo |
L 116 (2016) 141802, arXiv:1506.01705
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LHCDb’s schedule is busy...

 [HCb expected to collect additional 5fb1 in Run 2 |
Presented analysis will be updated.

Many new analysis ongoing/foreseen at LHCb:
 R(D*) using hadronic 1-decays
e R(D) measurement
 Extend R to other mesons/baryons:
R(Ds) R(Ac), R(A™)
o R(K*) with BO=K*[*|- and larger g2 range
Electron-muon asymmetry in P’s

Very interesting years ahead!

"> Global b—sl*- flts show 4-50 tensions!
> CoN"<0  JHEP 06 (2016) 092 and many others

» Simultaneous explanations exist!
Leptoquarks, Z,..

PRL 116 (2016) 141802, arXiv:1506.01705
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