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Lepton flavour universality

Lepton Flavor Universality (LFU) first observed in the framework of
Fermi theory
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LFU built-in the SM on the level of gauge couplings. Broken by the

lepton Yukawa couplings.
UB)L xU@B)e = U(1)e xU(1), xU(1),

Well tested in pion, kaon decays, ...
For example, Z decays at LEP:

M3
s _ &Mz ((ch)? + (€)?) = 83.42MeV Lec = (83.94 £ 0.14)MeV.
V2 \ I, = (83.84 % 0.20)MeV.
ch =1 I,, = (83.68 + 0.24)MeV.

CY = -1+ 4sin® Oy
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LFU tests at low energies

1. LFU ratios are theoretically clean, blind to universal features
(CKM, couplings, hadronic parameters)

2 2
™y Ty
I'p oy ~ G%"/}ijJ%umﬁQ (1 - —2) <1 o —2>

chiral SM interaction phase space

2. Many LFU ratios are in good agreement with the SM

SM exp. value
R (1.2352 + 0.0001) x 10~ (1.2327 £ 0.0023) x 10~
RS, = (2.477 £ 0.001) x 1075 (2.488 % 0.010) x 1075
. (1.1162 % 0.00026) x 102 (1.101 + 0.016) x 1072
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LFU In neutral current b—=>sf+#-

e First proposal and prediction of Rk, Rk*, Rxs [Kruger, Hiller, hep-ph/0310219]

B(B — K,u+:u_)q2€[1,6] GeV2
B(B — Kete™)2e1,6) Gev?

Ry = — 1.0004 £+ 0.0003 ~ 1 = mp2/m52

e | HCb observes hint of LFU violation (2014)

ex 0.090
RKP = 0.745 =5 o7, =0.036 2.60 from 1 [LHCb 1403.8044]
ENLCSR Lattice —-Data
(‘l\l 1 L D e e e i R ' LA L L L L I L L AL R I L L

> B*K*u*u- = : Belle Ry [0.10,22.00] :

8 u l" 5 — Belle Ry [0.10,19.00] —
% : BaBar Ry [10.11,22.00]

X _ :_ _ BaBar R[0.108.12] _
o?o : - BaBar Ry [10.11,19.00] N
N . ++ E B BaBar Ry [0.10,8.12] i
ol - - — L 2
_g' 1 :_ —‘ N LHCb Ry [1.00,6.00] ]
% F [LHCDb, 1406.6482] .

PR B T TR T T . N 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 l 1 1 L L
OO 5 10 15 20 0 0.5 1 1.5 2
| 2 [Gevz/c4: e*e”/l U~ ratio
Experlment prefers [Blake, Lanfranchi, Straub 1606.00916]

deficit of muons scenario
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Effective operator analysis

Standard Model + dim-6 operators at scale A\ (SM-EFT)

Lesm = 7z _; CiQ;
Qi ~ (HD,H)(qv"q) “Higgs current”
(go""'V,waq)H “dipoles”
Gql/ “4-fermion”

Assume linear realisation of the EW symmetry. RG running to

b-energy scale

4G
Eeff V;ﬁb
V2
(&
(’)gl) = (471')2 mb(EOWPR(L)b)F“
2
e B _
OF = p Wb (B Off =
2
e B —
0V = ooy (5Pp(1)b) (£6) ol =

Grinstein, Camalich, Alonso, 1407.7044 ]
Grinstein, Camalich, Alonso, 1505.05164]
Cata, Jung, 1505.05804]

Feruglio, Paradisi, Pattori, 1606.00524]
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ZCZ’O@' +
1=1
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i=7,8,9,10,S,P

(C;0; + C;0;)

1. no tensor currents
2. scalars: Cs=-Cp, Cs
3. Cosm=-C1io,sm=4.2
4. LFU violation from
semileptonic operators

’:CPI
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http://arxiv.org/abs/arXiv:1407.7044

Effective operator analysis

e

o7 = (a2 ™ (50 PRy b)
O(/) L 62 (_ P b)(g /,Le) (9(/) — i(_ P b)(g K 6)
O T (4r)? STut"L(R)O)\EY 107 (41)2 T ELEPIET
62 - _ 62 _ 3

e Global b—suu data prefer: decrease muonic decay rate B = Kuy,
possible alternative: increase electronic rate B = Kee

e Scalar operators Cs=-Cp, Cs'=Cp’ for muons: large sensitivity in
Br(Bs— pu) X

e Scalar operators Cs=-Cp, Cs'=Cp’ for electrons can decrease Rk: in
conflict with rate of B = Kee X

¢ (Axial)vector operators or LEFT chiral vector currents: can affect p or

ev
Destructive interference with SM in
Cg — _Ofo -~ —[05’ 1] B = Kuy and Bs— up [Hiller, Schmaltz, 1408.1627]
(refative to the SM values) [Hiller, Schmaltz, 1411.4773]
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More LFU in b—=sf+¢-

B(B — Hpyp)
B(B — Hee) ’

RH= HZK,K*,XS,KW,...

[Kruger, Hiller, hep-ph/0310219]

sensitive to right-handed [Hiller, Schmaltz, 1408.1627]
quark current

CR— purely left-handed quarks

Green band: Rx 1 sigma LHCb. Curves: different BSM scenarios. red dashed: pure Cy, ;.. Black solid:
Crr = —2CRy. Blue: Cgrr. Orange band is prediction for Rx« (not significantly measurend) based

on Ry and B — X00: RE'09 = 0.42 £ 0.25, REBar'13 = .58 +0.19.

[Hiller, Schmaltz, 1411.4773]
N I IE————

AN
Ry, — _tl4=6]

[Altmannshofer, Straub, 1308.1501]

Fb4—6]
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/' model with Lj-L+

e Gauge the leptonic number difference: U(1)L,- 11, coupled to Z’,

e \ector-couplings of Z' to either muons or taus

e Vector-like quarks charged under U(1) mix with SM quarks and give
dim-6 operators:

Mo T
09 __09
w /T
C9 — Y9

12

| e Analogous modes, b— sTT, should be
enhanced by ~20% w.r.t. SM predictions

[16,19]
Ry

1,6
Ry}

>144
Rx, :

[Altmannshofer, Gori, Pospelov, Yavi, 1403.1269]
[Altmannshofer, Yavin, 1508.07009]
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Scalar leptoguarks in b—=sp+u-

Representations of scalar LQs under SU(3) ® SU(2) @ U(1) Q=Y +Ts)

(3.2)7/6 Increases B—=Kuu Qer

(3,2)1/6 Decreases B—Kpu Ldp Ry (3, 2)1/6
(3,3)1/3 Proton destabilizing QC 15T L 7@’72?@

(3, 1)a/3  Proton destabilizing @ER @uR

L = E]Lz iTQRZde

=Yy (_ZLideRg/g)* + ﬂLk(VPMNS)Lideég_l/g)*)

Y = ( Y,s Yub) SU(2) doublet correlations with B—=Kvv

[Becirevic, Fajfer, NK, 1503.09024 ]
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http://arxiv.org/abs/arXiv:1503.09024

Scalar leptoquark Rs(3,2)1 /6

— (Vuehirsg + Yuirbr) R

N S Cly = —Ch = — b s
2V2G Vi Viia Mg,

RIGHT HANDED quark currents

i
1. Use the exp. inputs from B—=Kpup and % . ?
BS_’_“U rates DRIVE ONJH DRIVE ON
2. Predict Rk LEFT RIGHT

ON MONDAY ON TUESDAY

B(BT = K utu )| 2cris 001qevz = (8.5 £ 0.3 +0.4) x 1078 [LHCDb,1403.8044]
K H)g2€[15,22]GeV
—Nex _ _ [LHCb+CMS,1411.4413]
B(Bs — ptp™)™P = (2.8%45) x 107°
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Scalar leptoquark Rs(3,2),,6 and Rk

Im C 1%ff

220 -15 -10 -05 00 05
ReCI»]eOff

Further signatures of RH currents:

Rk = 1.11(8)
A,UJ
Rp, = —22% — 0.84(12)
fb[4,6

11

Ceff Ceff model: Rx=0.88+0.08

{12 ! ,l ! 0.6 I_
- Rk = LHCDb)
1.0} ;'
0'5_‘:\ L1
0.0} °
_05 1.3 \\\\ \\\\ i
R 08
~10L NN \ o
-0.5 0.0 0.5 1.0

Re Cleff

+ effects in Bs mixing
and B—Kwv

[Becirevic, Fajfer, NK, 1503.09024]
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Further comments on LQs

Scalars (3,3)173  (3,1)13

e Both states may destabilize the proton

* (3,3)1/3 implements a Cy = —C%; scenario, preferred by fits

[Hiller, Schmaltz, 1411.4773]

o (3, 1)1/3 has loop level contributions towards B—=Kpuu and tree-

level contributions to B—= D)ty
[Neubert, Bauer, 1511.01900]

e \Vector (3, 3)2/3 conserves baryon number, implements
Ct = —C%,, scenario and also improves fit to B=D"tv

[Fajfer, NK, 1511.01900]
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http://arxiv.org/abs/arXiv:1511.01900

LFU In charged current b—=ctv

I'(B — Drv) ['(B = Dtv)

RIM — F<(B T — 0.297 + 0.017 RYY = F((B ~ D) = 0.440 + 0.072
R = g((g : gZ; — 0.252 + 0.003 Rp? = ?é : gZ)) = 0.332£0.030
[Fajfer, Kamenik, Nisandzic, 1203.2654] [BaBar, 1205.5442]
2 i ;
- _ _ _ Belle (SL) _
s Belle 1 _ _ Belle R
o JBaBar _ - _BaBar 1
TN AT T [ SM ]
0L 02 03 04 03 R0'6 01 02 03 04 05 06
D Ry

[Blake, Lanfranchi, Straub 1606.00916]

Old and new Belle and LHCb results on Rp*
also above the SM and consistent with BaBar

Large effect - 25% enhancement of the charged current!

SM hypothesis incompatible at 4o level.
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EFT view of b—=cT1v

Data can be best described by (a combination of) following operators

4GF Vcb —u _
L=— 7 (1 + gv)(Ty*ve)(eLyubr)
Operator + 95(Trve)(CrROL) + 97 (TRO VL)(CRUW[?L)
Ov, | (eyuPrb) (7" PrLv) [Becirevic, NK, Tayduganov,1206.4977]
Ovgp | (¢yuPrb) (77" PLv)
OSR ((_ZPRb) (TPLI/)
OSL (EPLb) (TPLI/)
Or (EO"WPLb) ( PLV) - - S (qq,)(ll‘) .
Ov, | (FyuPrb)(ey"PLv) - IR ]
OQ/R (ffyupr) (cfy“PLy) e XOM e \:}.\.;_.;.,..'....-.;,.’. ................... k \\.\. - /‘\ ;P .......................
Ok, (7Pgb) Prv) 100 T A B 307
O‘IS'L (TPLb) ( P ) P T SLCCTITTTTORO B SRR SRR PPRAPRRRPRAASRRPRPR Y R | BRSPS 20—
Oaw (TO’“ PLb) (5 PLI/) ~<
OV, | (FyuPrc?) (b°y" PLv) DY SRS | OSSOSO | USSR lgoe
OV | (FYuPrc?) (b°9* Prv)
o4 | (7Prc?) (b°Prv) M "
0%, | (7Prc®) (b°Prv) 10! I A et _A=1Tev
O |(7o™ Prc?) (b0 PLv) -4 -3 -2 -1 0 1 2
Ci

[Freytsis, Ligeti, Ruderman, 1506.08896]
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Models for b—=ctv

Only tree-level NP can compete with tree-level SM!

Charged scalars: extra Higgs(es)

e Non-minimal flavour structure
(e.g. type lll)

e Scalar form factor Fo enhanced in

B—Dtv, absent in B—2D#v

12500

10000

7500

5000

2500

% 2 "4 6 8 10
q°[GeV?]

C+,0(q4)

[Crivellin, Greub, Kokulu,1206.2634] [Ko, Omura, Yu, 1212.4607]
[Crivellin, Heeck, Stoffer,1507.07567]

[Celis, Jung, Li, Pich,1210.8443]

Coloured bosons - LQs

e Fierzed basis of operators:

—scalar/vector/tensor

[Sakaki, Tanaka, Tayduganov, Watanabe, 1309.0301]
[Bauer, Neubert, 1511.01900 ]
[Li, Yang, Zhang, 1605.09308]
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. Q models for b—ctv

Scalar R2(3,2)7/6

Lrq =LlrYRIQ + arZimyRY L

00 O 0O 0 O
Y=100 0 Z = | Z21 Z22 %23
()Oy33 0O 0 O

! Fit of scalar and tensor to Rp, Rp-

Large solutions excluded
by Belle spectra (is03.06711;

LFV constraints guide leave

a small portion of parameter space

[Dorsner, Fajfer, NK, Nisandzic, 1306.6493]
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. Q models for b—ctv

Vector Uz (3,3)2/3

A weak triplet state couples at tree-level only to LH fermions

_ [Fajfer, NK, 1511.01900]
£U3 — gijQi'Yu TAUé‘L Lj [Barbieri, Isidori, Pattori, Senia, 1512.01560]

non-LQ triplets:
(2/3) .UNMPLV;‘JW“PLK ]

[Greljo et al,1506.01705]
+ U (V2Vg)ij ay* P

[Boucenna et al,1604.03088]
+ Uéu 1/3) (V29U4);; diy" PLv; + hec..

Ls1, = — [4GF @@ (eY* PLb)(TyuPLvi)

= cbuTz'
V2 7
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. Q models for b—ctv

Vector Uz (3,3)2/3

A weak triplet state couples at tree-level only to LH fermions

_ [Fajfer, NK, 1511.01900]
£U3 — gijQi'Yu TAUé‘L Lj [Barbieri, Isidori, Pattori, Senia, 1512.01560]

non-LQ triplets:
[Greljo et al,1506.01705]
[Boucenna et al,1604.03088]

Ly, U(2/3) [i’Y“PLI/j@{Y“PszT LH currents for Puzzle b->sll!

+ U, (5/3) (V2Vg)i; uiy" Prt, charm and top
T Uéu H/9) (fgu)Zj z’Y“PLV] + h.c.. B—Kwv

Ls1, = — [4GF @@ (eY* PLb)(TyuPLvi)

= cbuTz'
V2 7
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Relating LFUv to Lepton Flavor Violation

Ly, = Us!? [(VQU )ij Wiy" PLvy — gij di" PL@']

0 0 O

+UsY (Vavg)i; win Pri; g=10 gsp O

+ Ué;l/?)) (\/§ga)m Ji’)’“PLVJ‘ + h.c.. 0 gb.u' 9br
Inevitable LFV in T-p sector. LFV bounds from B—=Ktu,(B—=Kwv

strongest LFV constraint
Br(BT — KTvi) < 1.6 x 107°

[BaBar, 1303.7465]

Excluded by B » Kvv
Excluded by t » btv
Excluded by B -» Kty

Preferred by Rp» and B - Ky

[Fajfer, NK, 1511.01900]
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Relating LFUv to Lepton Flavor Violation

Even with LFU violation, LFV can be avoided [Grinstein, Camalich, 1407.7044]

In leptoquark models, LFV is closely tied to LFUV.

s LFU breaking,
> ...... < Y — Ylus Ylub U(1)eXU(1)UXU(1)T

’ y symmetric!

For LFV we need electronic and muonic couplings

u—ey, Y—ey, ®—ep |

annn
-----------
.......
“y “

L] \d

o

Ve
o ‘e
- .
.
. .
. .
o* ‘e
o* .

Bs—ey, B—Kep . ™
P S

19 LHCP (Lund), June 16 ‘16

.
-,..
L] .
.........



Summary

e | FU ratios offer very precise validation of the Standard Model

e Rk experimental value by LHCb fits well with global analyses of
sbup (rates, angular coefticients). Confirmed deviation and
corroboration in Rgx would leave no room for doubts of New
Physics effects at work.

* Rp is the charged current LFU violation. Several measurements
point at increased semi-tauonic rates. Will be further probed in
near future. Tree-level new physics needed.

* |[f Rk or(and) Rp puzzles are true it is possible(very plausible)
that Lepton Flavor Violation also occur at detectable levels.

e More stringent LFV tests would help narrow down the NP
candidates
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Thank you!
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Backup
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B—KOu+u-

d°T'y(q?, cos 6)
dg?d cos 6
L art 3 : B2 Kp*y

F
0 deosts Z(l—Ff{)(l—cosQHg)—l— TH—FA%B cos 0y

= ay(q*) + be(q*) cos @ + co(q*) cos® 0

g2 spectrum, Arg, flat term Fn

B-oK'utu—=Krmouty-) &rs° —koee) 9
U U U U dq? dcosf, dcosbx dp 32—7rl(q 00,0, 9)

12 CP averaged observables + 12 CP odd

I(q°,0p,0k,0) = I(q°)sin®*0x + I(q*) cos® Ok + [Izs(qQ) sin® O + I5(q*) cos® HK] cos 26,
+ I3(q?) sin® Ok sin® 6, cos 2¢) + I,(q?) sin 20 sin 26, cos ¢
+ I5(q2) sin 20 sin 0, cos ¢
+ [I§(¢%) sin® Ok + I§(q%) cos” Ok | cos by + I7(q”) sin 20 sin O, sin ¢
+ Is(q®) sin 20k sin 20, sin ¢ + I9(q?*) sin? O sin® G, sin 2¢
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B—KOu+y-

[LHCb 1403.8044]

BuLCSR Lamce +Data _ B[ .CSR Lattice -e-Data ]
> B Ko ’ > B'— Kot
9 LHCb | © LHCb A
© i © ]
X 3 X 3
S b+ Tt 1% + 1 :
3 13 t :
m m 1 L L 1 :
o <= % 5 10 15 20
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20 -LCISR Lamce +Data .
B* > K"ty

LHCb -

. + L
IEa X Pl =S5/\/F.(1 - F)
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¢ [GeV¥ci]
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T
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o—sup

Rates and angular asymmetries in b—=spuu persistently indicate non-

SM contributions

Decay obs ¢ bin SM pred. measurement pull

BY - K0yt Fry, 2,4.3] 0.814+0.02 0.264+0.19 ATLAS +2.9
BY - K*0utpu~ Fy, [4,6] 0.74+£0.04 0.61£0.06 LHCb +1.9
BY - K*0utp Ss [4,6] —0.33+£0.03 —0.154+0.08 LHCb —2.2
B? — K*0ut - P! [1.1,6] —0.44+0.08 —0.05+0.11 LHCb -2.9
BY - K0yt P! [4,6] —0.77+£0.06 —0.30+0.16 LHCb —2.8
B~ — K* ptp~ 107 9%t [4,6] 0.54+008 026+010 LHCb +2.1
B — Kfp~ 108 %% [0.1,2] 271£050 1.26+0.56 LHCb +1.9

B — KOufp~ 10% 450 [16,23] 0.93+0.12 037+022 CDF 422

By —¢ptp~ 107 43 [1,6]  048+0.06 0.23+005 LHCb +3.1

Table 1: Observables where a single measurement deviates from the SM by 1.90 or more (cf. *® for the B —

K*u* p~ predictions at low ¢?).

[Altmannshofer, Straub, 1503.06199]
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o—sup

Rates anc
SM contril

BO
BO
BO
BO
BO

B-
BO
BO

B

Table 1: (
K*'pu p™

[Altmannshofer, ¢

Coefficient Best fit lo 30 Pullsyy  p-value (%
CP —0.02 [-0.04,—0.00] [-0.07,0.03] 1.2 17.0
¥ —1.09 [-1.29,-0.87] [-1.67,—0.39] 4.5 63.0
P 0.56  [0.32,0.81] [—0.12,1.36] 2.5 25.0
CNP 0.02 [-0.01,0.04] [-0.06,0.09] 0.6 15.0
CoF 0.46  [0.18,0.74] [—0.36,1.31] 1.7 19.0
CNP —0.25 [—0.44,—0.06] [—0.82,0.31] 1.3 17.0
CyP = CNFP —0.22 [-0.40,—-0.02] [-0.74,0.50] 1.1 16.0
CF = —CNF —0.68 [-0.85,—0.50] [-1.22,—0.18] 4.2 56.0
Cof =CNY —0.07 [-0.33,0.19]  [-0.86,0.68] 0.3 14.0
COF = —CXF¥ 0.19  [0.07,0.31] [—0.17,0.55] 1.6 18.0
CF = —CF —1.06 [-1.25,—0.86] [—1.60,—0.40] 4.8 72.0
CNP — —CNP
S o P —0.69 [-0.89,—0.51] [-1.37,-0.16] 4.1 53.0
=—Cy" = —Cyy
CNP — _ (NP
_ ggp _ —100{35’ —0.19 [-0.30,—0.07]  [-0.55,0.15] 1.7 19.0

Table 2: Best-fit points, confidence intervals, pulls for the SM hypothesis and p-values for

different one-dimensional NP scenarios.
R ————

[Descotes-Genon et al, 1510.04239]
- ‘—WA
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o—sup

Rates anc Coefficient Best fit lo 30 Pullsyy p-value (%) te non
SM contril CNP —0.02 [-0.04,—0.00] [-0.07,0.03] 1.2 17.0
cNP —~1.09 [-1.29,-0.87] [-1.67,—0.39] 4.5 63.0
CNP 0.56  [0.32,0.81]  [-0.12,1.36] 2.5 25.0
B CNP 0.02 [-0.01,0.04] [-0.06,0.09] 0.6 15.0
R0
B CNP 0.46  [0.18,0.74]  [-0.36,1.31] 1.7 19.0
RO
& CNP —0.25 [-0.44,—0.06] [-0.82,0.31] 1.3 17.0
BO
CNP = CNP —0.22 [—0.40,—0.02] [-0.74,0.50] 1.1 16.0
BO
o [—0.85,—0.50] [—1.22,—0.18] 4. . VeCtOI' LQ
30 CyF = Chy —-0.07 [-0.33,0.19] [-0.86,0.68] 0.3 14.0
B0 0.07,0.31]  [-0.17,0.55] . : S calar LQ
B
CNP — —CNP 3
Table 1: ( e O —0.69 [-0.89,-0.51] [-1.37,—0.16] 4.1 53.0 "B —
K*ptp~p —Cy" = —Ciy
CNP _— _(CNP
NP —1CONP —-0.19 [-0.30,—0.07) [-0.55,0.15) 1.7 19.0

[Altmannshofer, ¢

Table 2: Best-fit points, confidence intervals, pulls for the SM hypothesis and p-values for

different one-dimensional NP scenarios. [Descotes-Genon et al, 1510.04239]
e —— — e e
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High g2 region motivated by applicability of lattice QCD calculations
(K| 50,,q,b|B)

<K ‘ 57,0 ‘ B>

3 3
dat data
2.5 ata 25 |
2 -
1.5 1.5
1 f+ fo 1 - fr
0.5 05
0 | | | 0 U | | | I |
12 16 20 24 0 4 8 12 16 20 24
g° [GeV’] q° [GeV’]
fi === fr mm—
3t fo - 31 HPQCD 13 (LQCD) ——— 1
HPQCD 13 (LQCD) ——— | Khodjamirian 10 (LCSR) ————
Khodjamirian 10 (LCSR) ———
2.0 2.5
2 t 2 r
< ~
=15l 15t
1t 1r
0.5 0-5
1 1 1 1 1 O
0 5) 10 15 20
¢*(GeV?)
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High g2 region motivated by applicability of lattice QCD calculations
(K |57,b| B) K| 504 00| B)

3 3
) s data »s L data
2 -
1.5 - 15
1+ f+ fo 1 k- fr
05 05
o 1 | | | | o LU | | | 1 |
0 4 8 12 16 20 24 0 4 8 12 16 20 24
g [GeV’] #[Gev?]  [HPQCD Collaboration,
Bouchard et al, 1306.2384]
fi === fr m——
3| fo == - 3t HPQCD 13 (LQCD) -
HPQCD 13 (LQCD) ——— | Khodjamirian 10 (LCSR) ————
95 | Khodjamirian 10 (LCSR) ——— | |

J+0

[Fermilab lattice, MILC
Bailey et al, 1509.06235]

0 5 0 15 20
¢*(GeV?)
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107 [GeV-?]

dB(B —> K u* u)/ds *

1.5

Clean kinematical regions”

| [Ali et al,hep-ph/9910221]

| | Factorable and non-factorizable
, | contributions of charmonium resonances

.

O
o]

27 LHCP (Lund), June 16 ‘16
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dB(B —> K u* u~)/ds * 107 [GeVv-2?]

1.5

Clean kinematical regions”

o | [Ali et al,hep-ph/9910221]
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Clean kinematical regions”

1.5

dB(B —> K u* u~)/ds * 107 [GeVv-2?]

o | [Ali et al,hep-ph/9910221]
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Operator product expansion

expected to work in large
enough bins
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Scalar leptoquark and B—Kpp

EmLCSR Lattice —o-Data C.eff _ _c'eff
L I IR B 9 = 10

Q- E |
% B"—> K u*tu ] !
QO . I
X
0.5
o0
= SM
N 4+t O 00 °
N =
g | B
< -0.5
m PR TR TR T N TN TN T T NN S T T PR TR TR T R T
= 0
0 5 10 15 2 ol
[LHCb,1403.8044] q* [GeV7/ct] f |
N P T P T i

-20 -15 -10 -05 00 05 1.0
ReC|1%ff

Assuming QH duality ...

Standard Model overshoots at high g2
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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 .

‘Hadronic form factor uncertainties‘

Rk by LHCb (gray): 0.75 £ 0.12
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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 .

‘Hadronic form factor uncertainties‘

CS™ = —-CE model: Rx=0.88+0.08

e Y Rk contours Vs. prediction (green)
101 RP*Y = 0.88 £ 0.08
e 051 [ia Rk by LHCb (gray): 0.75 + 0.12
(¢} [ |
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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

‘Hadronic form factor uncertainties‘

C?ﬁ-—Cﬁanﬂd,RK 0.88+0.08

S = Rk contours Vs. prediction (green)
¥ red.
L0 RY°% = .88 4 0.08
- 0-5:‘:‘ Rk by LHCb (gray): 0.75 £ 0.12
5=
E oo . Tension between B—Kpp and Bs—up
—0502 Increasing B = Kuy implies
ol larger Bs — uu
05 00 05 10

Re Cl%ff
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. Q specific constraints: Bs mixing

Het = O™ (b, Prs) (07" Prs) + Cg (b, Prs) (by" Prs) Y Y

Quadratic sensitivity and mass dependence!

G% 3
C5¥(ma) = — 5 (ViVis)*ama (C15)’)

1 o m2
Cl* 2 TYA
272 So(x¢) (Cro) m2,

G2.m?
A’mBs= F Wl Vis|* 5, mB, Be,nBSo(x:) |1 —

Amb, =17.34 1.7 ps~!

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

(charge -1/3)

4G * i ij 1J myiJ 1] e s i
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)n(VY)j,

1 GrVi Vo
N 4m3

v, SIS

: N

tj
Cp =

Y,
/A
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L Q specific predictions: B—+Kwv

2
L= YUZZ iTQA*de (charge -1/3)
=Y (_ZL dp; AZ/3) ‘|*;ﬂLk(VPMNS)LideA(_l/g)*>;
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

v, SIS

CH = , N

Y,
/A
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L Q specific predictions: B—+Kwv

Sum the widths over all neutrinos i, |

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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L Q specific predictions: B—+Kwv

Sum the widths over all neutrinos i, |

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

Accumulating evidence of non-SM physics in B meson decays F1 seminar, April 14 2016



LFV

LFV < (LFUV in different channels)

(Bs =ep 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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Scalar leptoguark models
Representations of scalar LQs under SU(3) ® SU(2) ® U(1)

Yukawa couplings
(3.2)7/6 Increases B—=Kuu Qer
(3,2)1/6 Decreases B—Kuu Ldp A(?), 2)1/6|
(3,3)1/3 Proton destabilizing QC 15T L T@'Tﬁ@
(3, 1)4/3 Proton destabilizing @zR @uR

L = Y;]ZZ iT2A*de
— Y, (_ZLideA(Q/B)* n ELk(VPMNS)};ideA(—l/B)*>

| FU violation but flavour conservation

Couplings designed for B=Kup
Y = Yis Yu
SU(2) doublet correlations with B2 Kwy
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Scalar leptoquark model -
A(372)1/6

— (Y,us,aLsR + Y,ub,aLbR) A(Q/S)*

[Becirevic,NK,Fajfer, 1503.09024]

‘right-left” couplings

b S
— Y oY 7
> ...... < C’io — _Cé — T ub2us :
2V2G Vi Vit M

Increasing B = Kup implies larger Bs = pyu !

"eff _ ' eff
C9 - _C1O

t o KTt )| pepsongeve = (854 0.3+0.4) x 1078
_ [LHCb,1403.8044]

10.7 9
8X06) X 1077 [LHCb+CMS,1411.4413]

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

Ry (C}y) = 1.001(1‘)\ 0.46 Re[C,] — 0. 094?) Im[C1'] + o.(;ﬂ})cg()?
|

Remaining form factor uncertainties‘

cgeff = —Cl%ff model Rx=0.88+0.08

S = Rk contours Vs. prediction (green)
1.0}
L red.
REd — .88 + 0.08
. 0.5_-',‘ 1
B! ‘ Rk by LHCb (gray): 0.75 + 0.12
05 \
—1.0_ IIIIII NN O
-0.5 0.0 0.5 1.0
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Relating Bs mixing and Rk

Hegg = CSM (by, Pps) (by* Prs) + Ca % (by, Prs) (b7y" Pgs) o

S

G2

CEma) = — 5 (ViVas) oA (C15)?

With imposed Rk constraint, effect in BsBsis increasing with mass

G%m? 1 a? m2
A — F W V 2 p2 B S 1 — C/* 2 "PA
ma, ViVl 15, m, B, nsSo(ee) |1 = 5 5 o5 (Cro)* 0
AmSM
—=17.3+ 1.7 ps!

2

Upper mass limit for the LQ of the order 100 TeV.
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Scalar leptoguark model - e
A(3,2)1/6
— (Yesinsgr + Yejinbr) AP/9* Hiler, Sohmalz, 1411.4773]
—1T Yo Y.,

b S / /
o — (O =
> ------ < 10 Y 2V2G RV Vi mA

YaYE 1

Cy ~ 0.5 ~
Y m% (24TeV)2
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Scalar leptoguark model - e
A(3,2)1/6
— (Yesinsgr + Yejinbr) AP/9* Hiler, Sohmalz, 1411.4773]
—1TT Yo Y.,

b S / /
Cly = —Cl =
> ------ < O T 0BGV Ve mA

Increased B = Kee implies decrease in Bs = ee

YaYE 1

Cy ~ 0.5 S
? m4a (24TeV)?2
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L Q 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

v, SIS

CH = , N

Y,
/\
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L Q specific predictions: B Kwv

L= YUZZ iTQA*de (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

b S
Cii 1 (VY)in(VY), N GrVoVie N
BN 4m? ’ V2
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L Q specific predictions: B Kwv

Sum the widths over all neutrinos i, |

3
I'(B— Kvv)~ )
i,5=1

.12
5;;Ct™ + Cp

= 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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L Q specific predictions: B Kwv

Sum the widths over all neutrinos i, |

3
I'(B— Kvv)~ )
i,j=1
= 3|C2Y[? +|C1ol* — 2Re[C2Y O]

.12
5;;Ct™ + Cp

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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Decay spectrum

dI’

dg?

...In terms of Wilson coefficients and form factors

ar(@®) = C(®) [¢*IFp (@) +

co(q?) = C(¢?) [ -

Form factors (with full correlations) taken from HPQC

calculation
3

Aq?)

B2a®) (IFaa®)? + | Fv () )

M) (1B + ()
+ 4mim%|Fa(q®)]? + 2my (m2B —m3 + q2) Re (Fp(q2)FZ(q2)) }

Ma?)
1

25
7
1.5
1 -
0.5
o L |

f+

data
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12
g’ [GeV?]
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24
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0.5

Fp(q®) = —mg(Co + Clp)

B 2
(B— Kutp™) =2a,(¢°) + g%((f)

Fy(q®) = (Co + Cy) f+(q®) +
Fa(q®) = (Cio + Clo) f+(d%)

f+(d®) —

me

data

41

20

24

mp+ Mg

2

mp — Mg

q

2

D lattice

2

(C7 + C%) frq®)

(fo(QZ) - f+(q2)>
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Decay spectrum

dI’
dg?

...In terms of Wilson coefficients and form factors

Aq?)

ac(e?) = C(q*) [a*Fp(q))* + = (IFala®) 2 + | Fy (6*)?)

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

Ma®)

ce(q?) = C(q2)[— 1

Form factors (with full correlations) taken from HPQC

calculation
3

B2a®) (IFaa®)? + | Fv () )

data
25

) L
1.5
L f+ I
05 |

0 | ] | ] ] |

0 4 8 12 16 20
q2 [GeVz]

24

2.5

1.5

0.5

Fp(q®) = —mg(Co + Clp)

) 2
—3(B = Kt ™) = 20,(¢°) + Seu(d®)

Fy(q®) = (Co + Cy) f+(q®) +
Fa(q®) = (Cio + Clo) f+(d%)

f+(d®) —

me
mp+ mg

data

41

20

24

(C7 + C%) frq®)

2 2
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. (fo(d®) = f+(d%))
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[Bouchard et al, 1306.2384]
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Puzzle #1 + #2: introduce U(3,3,2/3)

Ly, = gijQi”y“ TAU:;L L; e.g. vector(3,3,2/3)

- LH currents for Puzzle #1!
Ly, U(2/3) [i’Y“PLVj@W“Pij}

LU (5/3) (V2Vg)i; tiy* PLe; charm and top
4 Ufgu 1/3) (vV2gU);; diy" PLv; + hec.. B—Kw, K—=nvwy

0 O 0 0 Vusgsu + Vubgbu, Vubng
g = 0 Isu 0 ) Vg =10 Vcsgsu, + Vcbgbu Vcbgb'r
09

bu gbr 0 Vtsgsu,""vtbgbu thgb'r

Lg1, = — [_F U @ (ey" PLb) (7, PLvs) ~ VaVia vt M2

V2 Mg
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Puzzle #1 + #2 constraints on U(3,3,2/3)

Semileptonic decays: lepton specific CKM elements, e.g.

2 v 95-(Vg)
~ 2 Y bt CT _
~ Vep| [1 + —5Re ( » )] (My =1 TeV)

124

To reproduce exp. values of Ro"): | Ves(95r — Gu) — Gougsp ~ 0.18

Semileptonic decays: lepton specific CKM elements, e.g.

2
* % * -
Cg — _ClO — o gbugsﬂ W S [—0.81, —050] — gbugsu < [07, ].3] X 10 3
O -

Altogether (#1 + #2):

gbuGspy ~ 10_37

2 2
: ng - gb % 4.41
Veb (9 — Gbu) — Gbulsp ~ 0.18, 8
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Puzzle #1 + #2 + remaining constraints
on U(3,3,2/3)

] k LK™ —e v k TI'(tm—=Kv)
KaOH LFU- Re/p F(K_ —),LL_D), R’T//,L F(K_ —),LL_D)
RSP = (2488 £0.010) x 107°,  RJ™W = (2.477 £0.001) x 107 [Cirigliano, 0707.3439]

Vub _
Re (|gsu|2 Y bgsugbﬂ) = (—4.6 £ 6.9) x 1072(My /TeV)?

Third generation semileptonic decays: B(t — br"v) = 0.096+0.028
[CDF, 1402.6728]

2 * Vg)t
YO =Yy [14 60 500 _ Y po (ng( T)
£ tb [ ] £ QMIZJ Vib

9pr| < 2.2 (My /TeV)
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Puzzle #1 + #2 + remaining constraints
on U(3,3,2/3)

Neutral currents with neutrinos: B & Kvv

U(3,3,2/3) enhances the SM rate by factor

1+

4o 1 22 2
Re S * + 3 2 2 + - 2
3avtbvt*sM[2JCEM (9 ugbu) 3|C§,M|2 (thbV;sM(21> fm (IngI 9br | )

Also probes LFV!

Br(B"’ — KTvp) < 1.6 x107° [CDF, 1303.7465]
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