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Outline

® [ntroduction
* Model iIndependent analysis

e Right-handed x left-handed(RL) and leptoquark
implementation

e Additional observables and LFV
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Introduction
LHCb measured

B(B — Kp i )g2e[1,6) Gev?

Ry =
B(B — Kete ) 2e(1,6) Gev?

= 0.745 5079 +0.036 [LHCb1406.6482]

2.60 departure from Lepton flavor universality (LFU), Rk = 1

LFU was fist observed experimentally in the framework of Fermi theory

e~ (I
FNGF

LFU predicted in the SM on the level of gauge couplings. Broken only
by lepton Yukawas

14
= —1
9 #1 of — ofA5 CV
0089W7 2( v A7) C’fi‘ — — 1+ 4sin® Oy

Well tested in pion and kaon decays, Z decays

eIVE Fee = (83.94 4 0.14)MeV.,
oM =2 ((C{;)2 + (C£)2) = 83.42MeV [, = (83.84 & 0.20)MeV.
6v/2m T, = (83.68 £ 0.24)MeV.
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INntroduction

e First proposal and prediction of Rk, Rk+, Rxs in 2003 ruger, Hiller. nep-ph/0310219]

RZM =1.0003 4 0.0001

e \/ery precise due to efficient cancellation of hadronic uncertainties.
e and p are almost massless.

e Back then, the averaged Belle and BaBar indicated LFU

Rxg =0.81+£0.24 B(Bs — ptp™)<2x107°

Ry« = 0.98 + 0.38 Bola]
[CDF]

Rx. = 1.20 & 0.52

¢ Renewed interest with the dawn of the LHC era

e | FU observables are generally theo. and exp. clean.
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Effective operator analysis of Rk

e

o = (a2 "5 Pray D E

2

2
e - € (s 7
0y’ = (47)2 (57uPL(r)b) (¢4") Ol = W(SWP L(r)0) (67" 5¢)
62 - _ 62 _ o
0f = (an)? (5Ppr(r)b)(£0) Oy = W(SPR(L)Z))(K%E)

e Experiment prefers to decrease muonic decay rate, alternative is to
iIncrease electronic rate

® [ensor operators: decrease | rate, electronic increase too small X
e Scalar operators: electronic increase, but not possible at 10 X

e (Axial)vector operators, chiral vector currents: can affect y or e v

i = i

[Hiller, Schmaltz, 1408.1627]
[Talk by J.Martin Camalich]
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Leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)"
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Leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)"

oo
DO

Increases B—=Kpup Qer
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Leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)"

(3,2)7/6 Increases B—=Kup Qer
(3,2)1/6 Decreases B—Kpp Ldg
(3,3)1/3
(3,1)a/3
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Leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)"

(3, 2)7/6 Increases B—=Kup Qer

(3,2)1/6 Decreases B—Kpp Ldg

(3,3)1/3 Proton destabilizing QCinTL  QCimTQ
(3,1)4y3
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Leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)"

(3, 2)7/6 Increases B—=Kup Qer

(3,2)1/6 Decreases B—Kpp Ldg

(3,3)1/3 Proton destabilizing ~ QCinTL  QCinTQ

(3,1)4/3 Proton destabilizing dSlr UG UR
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Leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)"

(3.2)7/6 Increases B—=Kuu Qep

(3,2)1/6 Decreases B—Kpuu Ldg A(S, 2)1/6
(3, 3)1/3  Proton destabilizing QC 15T L 72'72?@

(3,1)4/35 Proton destabilizing @ER @uR
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Leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)"

(3.2)7/6 Increases B—=Kuu Qep

(3,2)1/6 Decreases B—Kpuu Ldp A(S, 2)1/6
(3,3)1/3 Proton destabilizing QC 15T L 7@'72?@

(3,1)4/35 Proton destabilizing @éR @uR

L = Y;]ZZ iT2A*de

=Y (—ZLideAW?’)* + PLk(VPMNS);ZideA(_l/B)*> Q=Y + Ta)
Couplings designed for B—=Kpuu
Y = Yis Y Framework of LFUV and LFV
SU(2) doublet correlations with B—=Kwy
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Leptogquark model
A(Bv 2)1/6

— (Yosfirsr + Yujirbr) A (2/3)*

> ...... < > O, _ —O, _ —Tr Y,ubY,u*S
10 9 N 5 .
2\/§GF‘/tb‘/;SCV VA

b
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Leptoquark model
A(Sv 2)1/6

— (Y sitnsr + Y,ulirbR) AR/3)

> ...... < > C, _ —O/ _ —Tr YlubY’u*S
10 9 N 5 .
2\/§GF‘/tb‘/tSCV VA

b

1. Constrain the LQ couplings from B—=Kpp at high g2 and Bs—pp
2. Predict Rk

Lepton flavor nonuniversality in b—s€+£- processes 7 N. Kosnik, Marseille, 6.10.’15



Leptoquark model
A(Sv 2)1/6

— (Y sitnsr + Y,ulirbR) AR/3)

> ...... < > C, _ —O/ _ —Tr YlubY’jS
10 9 N 5 .
2\/§GF‘/tb‘/tSCV VA

b

1. Constrain the LQ couplings from B—=Kpp at high g2 and Bs—pp
2. Predict Rk

B(B+ — K+M+M_)’q26[15,22]GeV2 — (85 + 0.3 + 04) X 10_8 [LHCb,1403.8044]

—\exp _ +0.7 —9 [LHCb+CMS,1411.4413]
B(BS — UM ) (2'8—0.6) x 10 [talk by Flavio Archilli]
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Decay spectrum

dr . 2
qgz B = Kt u™) = 2au(¢") + Seula’)

...In terms of Wilson coefficients and form factors

2
ae®) = () [ Fp @) + 2 (1Faa?) + 1Fy ()

+ 4mim%|Fa(q®)]? + 2my (m2B —m3 + q2) Re (Fp(q2)FZ(q2)) }

Ma®)

ce(q?) = C(q2)[— 1

(@) (Fal)P + 1 Fv(@)P) | om
b

Fy(¢®) = (Co + C) f4(d®) + o (C7 + C%) frq®)
Falq®) = (Cio + C1o) f+(d?)
mp — mi

Fp(¢) = —ma(Cho + Cly) [f+(q2)— T (o)~ £4(6)

Form factors (with full correlations) taken from HPQCD lattice

calculation
3 3
55 | data s | data
2 - -
1.5 1.5 F
1 f+ fo 1 F fr
0.5 | 0.5 -
O | | | | | | 0 ] | | | | |
0 4 8 12 16 20 24 0 4 8 12 16 20 24
g [GeV?] g’ [GeV?]
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Decay spectrum

dr . 2
qgz B = Kt u™) = 2au(¢") + Seula’)

...In terms of Wilson coefficients and form factors

2
ae®) = () [ Fp @) + 2 (1Faa?) + 1Fy ()

+ 4mim%|Fa(q®)]? + 2my (m2B —m3 + q2) Re (Fp(q2)FZ(q2)) }

Ma®)

ce(q?) = C(q2)[— 1

86 (Fa@) + P ()P) om
Fu(e®) = (Co+ Co) o (@) +
2 2

Fa(q®) = (Cro + Clo) f+(q°)
mp — Mg

Fp(¢) = —ma(Cho + Cly) [f+(q2)— T (o)~ £4(6)

(C7 + C%) frq®)

Form factors (with full correlations) taken from HPQCD lattice

calculation
3 3 [Bouchard et al, 1306.2384]
data data
25 25 |
2 F -
1.5 1.5 F
1 | f+ fO 1 n fT
0.5 | 05 |
O | | | | | | O ] | | | | |
0 4 8 12 16 20 24 0 4 8 12 16 20 24
g [GeV?] ¢’ [GeV?]
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Borrowing from [LHCb,1403.8044] 1.57
BN].CSR Lattice —-Data :

g T TS 1.0}
> B*"=> K 'utu - :
9 LHCb - 0.5/
QO ] Fo I
X = < oo
o+ +++++ - - :
= 2F ++ E ~0.5]
[\ B i L
S 1F — I
Q N ] -1.0r
3 0: s ' : AR I
= % 5 10 15 20 _1.5F
g2 [GeV?%/c4] 20 -15 -1.0 -05 0.0

In the SM: Slight deficit of events at high g2
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Time-integrated branching fraction

B(B, > pt ) =

2 3
By — stTnBS G%‘a2|‘/7ﬁb%s|2
0 P—

4m?
1 — I
| (4m)3 m%
1.5¢ :
: " Good agreement with the SM
1.0f | L
50| Complementarity of observables
O L
£ 0.0:
-0.5
)
—1.5:-
-20 -15 -10 -05 0.0 05 1.0
Re C&
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Time-integrated branching fraction

B(Bs = pp= )7 =

_ JBmp, GRaP ViV |, 4m]
I, (4m)3 m2BS

Good agreement with the SM

Complementarity of observables

220 -15 -10 -05 00 05 1.0
Re C/3'
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Time-integrated branching fraction

B(Bs = pp= )7 =

_ JBmp, GRaP ViV |, 4m]
I, (4m)3 m2BS

Good agreement with the SM

Complementarity of observables

20 -15 -10 -05 00 05 1.0
Re C&
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Rk

In the Co’ = -C10’ model (realized with LQ):

Ry (C}y) = 1.001(1) — 0.46 Re[C,] — 0.094(3) Im[Co'] + 0.057(1)|C" |2

N | /

Remaining form factor uncertainties‘
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Rk

In the Co’ = -C10’ model (realized with LQ):

Rk (C!,) = 1.001(1) — 0.46 Re]

N

o] = 0.094(3) Im[Co'] +0.057(1)|C1,|?

| /

Remaining form factor uncertainties‘

csM = —C1%ff model: RK_O 88+0.08

7'1.2 o 06

1.0[!
. 054 1] ¢ :
() [ j
E oo ‘ .
_05i3 . Y ;
: 07
—1.0_ ...... T .......... 7
~05 0.0 0.5 1.0

Lepton flavor nonuniversality in b—sl+2- processes

Rk contours Vs. prediction (green)

RY*% = 0.88 +0.08
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Rk

In the Co’ = -C+10’ model (realized with LQ):

Ry (C}y) = 1.001(1) — 0.46 Re[C,] — 0.094(3) Im[Co'] + 0.057(1)|C" |2

N | /

Remaining form factor uncertainties‘

cgeff = —cl%ff model Rx=0.88+0.08

S - Rk contours Vs. prediction (green)
1.0
i RP™% = (.88 £ 0.08
i 0.5_-",‘ -
f S Overlaps with 10 exp. region (grey)
— 0.0_— )
s Semileptonic pulls Rk down
o NN @ Leptonic pulls Rk up
-0.5 0.0 0.5 1.0

Re Cl%ff
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Related LFU observables

I'(B = K*u ™ p7) g2e.6) Gev?

Ry~ =

F(B — K*6+6_)q26[1’6] GeV?2

R
X = —1

K RK
6 GeV?
Y B ror
4 GeV?2
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[Altmannshofer, Straub, 1308.1501]
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http://arxiv.org/abs/hep-ph/0310219

Related LFU observables

1.00F _
1.20f :
0.95¢ _
‘ 1.15+
x 0.90 Lo
R : Rz 1.10]
0.85| :
[ 105‘
0.80] -
e ] 100 ]
0.1 0.2 03 04 0.1 0.2 0.3 04
Re [C]O'] Re[CIO']
04" 0.95¢
03l 090}
N T 1 Q -
. ! % 0.85
> 0.2 TR
; 0.80
O'lf 0.75|
00 . . :
0.1 0.2 0.3 04 0.1 0.2 0.3 04
Re[C;p'] Re[Cyp']

Rx =0.88+0.08, R~ =1.11+0.08,
Xg =0274+019, Rg =0.8440.12,
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Related LFU observables

[G. Hiller,
presentation at EPS 2015]

Green band: Rx 1 sigma LHCb. Curves: different BSM scenarios. red dashed: pure C7,r,. Black solid:
Crr = —2CRy. Blue: Cgry,. Orange band is prediction for R+ (not significantly measurend) based

on Ry and B — X00: REI09 = 0.42£0.25, RR*Br'13 = 0.58 £ 0.19.

Rk and Rk* discriminate between different Wilson coefficient realisations
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. Q specific constraints: Bs mixing

Hegr = CTM(by, Prs) (by* Prs) + CfI;Q(B%PRS) (by" Prs) u v

G2
8

(BIbyu(1 —v5)s by (1 — v5)s| BY) = (8/3) f§,m%, BB,

CsUma) = — 5 (ViVis)?’m3|(C15)?l  Quadratic sensitivity

G2.m2 1 a? m>
Amp, = =2 3" |ViVisl* 5, mp, Be,npSo(xe) |1 - Co)’—o
mp, Vs Vis| fB.mB,BB,NB O(wtz o2 So(wt)( 0) m%/v

Amb, =17.34 1.7 ps~!

Upper mass limit for the LQ of the order 100 TeV.
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LQ specific predictions: B—+Kwv

(charge -1/3)

4GF * 17 /2] 17 LI 117 — —
Mo =~ 2 VaVii(CLOF + CRO) OF n = 152 (57 Pr,rb) 7" (1 — 75)v5)

SM: flavour diagonal contributions

CEM = C¥ = —6.38+0.06, (no sum over ¢ implied) [Altmannshofer et al, 0902.0160]

L Q: mixed flavor contributions

(VY)in(VY),

1 GrVi Vo
N 4m3

T

: N

tj
Cp =

V
/\
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LQ specific predictions: B—+Kwv

L= Y:L'jzi iTzA*de (charge -1/3)
=Y (_ZL dp; AP/3* ﬂLk(VPMNS)LideA(_l/S)*.>;
H _ _4GFV Vo CUOZJ Czjozj ij . e2 /= I
off = /3 wVis(CL Op +CRrOR) OL,R = W(S’YM_PL_,RZ?)(VW (1 —5)v;5)

SM: flavour diagonal contributions

CEM = C¥ = —6.38+0.06, (no sum over ¢ implied) [Altmannshofer et al, 0902.0160]

L Q: mixed flavor contributions

(VY)n(VY)j,

1 GrVi Vo
N 4m3

T

CH = , N

V
/\
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LQ specific predictions: B—+Kwv

Sum the widths over all neutrinos |, |

3
.12
I'(B— Kvv) ~ Y |6;C3M + CH
i,j=1

= 3|CEM[* + |C1ol* — 2Re[CLM*CY]

Correction of the SM g2 spectrum and branching fraction:

1 2 2
14 3 1C/CEY[" - % RelClo/CEY)
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LQ specific predictions: B—+Kwv

Sum the widths over all neutrinos |, |

3
.12
I'(B— Kvv) ~ Y |6;C3M + CH
i,j=1

= 3|CEM[* + |C1ol* — 2Re[CLM*CY]

Correction of the SM g2 spectrum and branching fraction:

1 2
1.01 < [1 + 3 {C{O/C§M|2 -3 Re[C{O/CEM]] < 1.05
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LFV

Relate LFU violation (lepton flavour specificity) with Lepton Flavor
Violation (LFV)

In leptoquark models, LFV is closely tied to LFUV.
P O

Cannot play with electronic and muonic decay modes simultaneously:

u—ey, Y—2ey, ©—ep
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LFV

LFV < (LFUV in different channels)

(Bs =epy and B—Kep can be measured) if and only if (LFUV in
bottomonium and ® can be measured)

ol

B(T — ee)
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Conclusions

®* Rk measurement is a very compelling hint
e (Axial)Vector operators are most obvious solution
¢ | eptoquarks naturally realize these operators

¢ (3,2,1/6) scalar is favoured, additional signatures in neutrino
modes

e | FV closely connected to LFUV
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