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Lepton flavour universality

Lepton Flavor Universality (LFU) first observed in the framework of
Fermi theory
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Standard Model: LFU is the consequence of replication of fermions
with equal properties. Broken by the lepton Yukawa couplings.

UB)L xUB)e > U)e xU(1), xU(1),

Well tested in pion, kaon decays, LEP physics ...

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

2k LFU ratios are theoretically clean, blind to universal features
(CKM, couplings, hadronic parameters)

2 2
my my
Lposo ~ Gu|Vig | fpmpm,” (1 2 ) (1 T3 >

chiral SM interaction phase space

2k Numerous LFU ratios are in good agreement with the SM

SM exp. value
Ry, = ﬁf;rjuj)) (1.2352 4 0.0001) x 10~ (1.2327 + 0.0023) x 104
RY), = ?ff:uz)) (2.477 £ 0.001) x 1075 (2.488 + 0.010) x 107°
. (1.1162 % 0.00026) x 102 (1.101 + 0.016) x 1072
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Motivation: LFU In neutral current b—=sf*¢-

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

B(B — KN+M_)q2€[1 6] GeV2
Ry = ’ = 1.00 + O(m? /m4%) + 0.03
K B(B — K6+6_)q2€[1,6] GeV2 ( 'u/ B) |

rad.corr.

[Bordone, Isidori, Pattori, 1605.07633]

e | HCb observed a small hint (2.40) of LFU violation (2014)
REP = 0.745 £ 079 £0.036 [LHCb 14038044
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http://arxiv.org/abs/arXiv:1605.07633

Effective operator analysis

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

Lesm = 7z _; CiQ;
Qi ~ (HD,H)(qgv"
(go""'V,wq)H

qqll

q)

“Higgs current”
“dipoles”

“4-fermion”

Assume linear realisation of the EW symmetry. RG running to

b-energy scale

6
4G
Leg = Vin Vs E C;0; +
V2 —
1=1
OV = & (50, Py ) F*
7 (47_(_)2 1214 (L)
5 2
o e 7 n_ _¢
(’)9 = (47T)2(3’VMPL(R)b)(€7u£) 010 - (47)2
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[Grinstein, Camalich, Alonso, 1407.7044 ]
[Grinstein, Camalich, Alonso, 1505.05164]
[Cata, Jung, 1505.05804]

[Feruglio, Paradisi, Pattori, 1606.00524]

2

i=7.8,9,10,5, 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

2 2

€ €

Oy = W(EWPL??) (&v40) Ol = MT)Q(EWMPL5> (04" 750)
.2 . 22 i Leading LFUV effects
Og — (47_‘_)2 (gPRb) (68) 053 = (47_‘_)2 (gPRb) (2/756)

e Assume that B = Kee is purely SM. Fits well with data.

e Scalar operators Cs=-Cp, Cs'=Cp’: excluded by Br(Bs— ppy) X

e Preferable operators have (axial)vector structure

[Hiller, Schmaltz, 1408.1627]
[Hiller, Schmaltz, 1411.4773]
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LFU In charged current b—=ctv

['(B — Dtv) ['(B — D1v)
RM — — (.299 + 0.003 REP — — 0.440 + 0.072
P I'(B — D) D7 T(B— D)
['(B — D*1v) ox I'(B — D*tv)
RM — = 0.252 4+ 0.003 RSP — — 0.332 %+ 0.030
D" ™ T(B = D*tv) P" T(B — D*v)
[Bigi, Gambino, 1606.08030]
[Fajfer, Kamenik, Nisandzic, 1203.2654] [BaBar, 1205.5442]
- 1 _ LHCb R
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[Blake, Lanfranchi, Straub 1606.00916]

Large effect - 25% enhancement of the charged current!

SM hypothesis excluded at ~40 level.
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Leptoquarks

Their origin can be traced to gauge bosons or Higgs sector of Grand
Unified Theories. Consider SU(5):

gauge bosons: 24 gauge bosons (8,1,0) @ (1,3,0) @ (1,1,0) &
(3,2,-5/6) @ (3,2,1/6)

fermions: 5 =(3,1,-1/3)i @ (1,2,1/2)
10i = (3,2,1/6)i @ (3*,1,-2/3)i @ (1,1,1),

scalar sector: 5,10, 15, 24, 45

e.g. Georgi-Jarlskog mechanism uses 5-, and 45-dim.
scalars to reproduce observed fermion masses

5=(1,2,1/2) ® (3,1,-1/3)
10= (32,1/6)® ...
45 = (8,2,1/2) @ (6*,1,-1/3) ®(3,3,-1/3) ®(3*,2,-7/6)
®(3,1,-1/3) ®(3*,1,4/3)
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L eptoquarks and proton stability

gauge bosons: (3,2,-5/6)
(3,2,1/6)
(3,1,-1/3)
(3,3,-1/3)
A(776)(3,2,7/6)
A(1/6)(3,2,1/6)
A073)(3,1,-1/3)
(3*,1,4/3)

scalar sector:

STATES WITH F=2 (IN GENERAL)
COUPLE TO 2 QUARKS:

0—=>MOf, M+v

o—=>M+M+fvv

B L
2 / /
2 / /
2 / /
2 / /
0 1/3 -1 (Ra)
0 / / (R>)
2 / / (S1)
2 / /

INDUCED BY SCALAR
POTENTIAL

A(/6)
A(1/6)

A/

[Arnold, Fornal, Wise '13]
[Dorsner et al 16]
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Selection of b—sppu observables

Bm[L.CSR Lattice -e-Data Bm[LCSR Lattice -e-Data
o ™3 B cumn I S S B B B
o A B~ K'u'
Q 1 L4 LHCb ]
© 1 L .
X 1 x E
% 1 = ]
) 1 5 _+_ |
% i % 4 :
: | £ |
......... 1 PURET R B R W W T PR ST R T N ST W ST U W S W U N N S S T N
= 0% 5 10 15 20 ° 9% 5 10 15 20
g [GeV%c4] q* [GeV¥c4]
Em]L.CSR Lattice -®-Data
o 20
s : B*—> K™t utu”
5\9 15 LHCb -
Q i T
2 10 - J
2 | +
:‘ -
& 5 TV -
S | 4t
% 0- ................. PR Y
0 5 10 15 20
g2 [GeV?/c4]

B(B" — K+M+M_)‘q2€[15,22]GeV2

B(Bs — pp™ )P

11

MILC , HPQCD

3.0

2.5¢

9,

[MILC,1509.06235]
[HPQCD, 1306.2384]
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—— LHCb
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Br(B—>Kupt) 15 Gev? < 42<22 Gev?

= (8.54+0.3+0.4) x 1078 [LHCb, 1403.8044]

[LHCb+CMS,1411.4413]
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dB(B —> K u* u~)/ds * 107 [GeV-?]

1.5

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

f 1 Factorable and non-factorizable
| - . . .
, | contributions of charmonium resonances

O
o]
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http://arxiv.org/abs/hep-ph/9910221

dB(B —> K u* u~)/ds * 107 [GeVv-2?]

1.5
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| 2

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

| Factorable and non-factorizable
| contributions of charmonium resonances
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http://arxiv.org/abs/hep-ph/9910221
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http://arxiv.org/abs/hep-ph/9910221

Cio

| Q features - A9 (3,2,7/6)

L a6y = (gR)ingA(WméRj,
= (Vgr)iju; Prt; AP + (gr)i;d; Prt; AP

[ 5. Ch* e (~0.76,-0.04)
- Co==Cyp™
1.0}

C™ = Oy =
0.5
0.0/

-0.5

L 1 1 1 1 1 1 " L | 1 1 L 1 VT W WY WA (N TR Y SN SN (N TR ST SR T (R T S S

—1.
-25-20-1.5-1.0-0.5 0.0 0.5 1.0

Co

13

 m® (gr)st (9R)p,
mevf; Olem mZA

Increases B—=Kup
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L Q) features - A3 3,1, -1/3)

L/ = (gL)Z‘jQ_Z-CiTngA(l/B)* + (gr )muRzg A (1/3)%
— A1/3)x [(V*QL)ij@PLZj — (g91.)i;dS Pry;j + (gR)ijﬁpjo}

Rare charm and charged currents at tree-level! 0 0 0
gL = (0 (gL)s,u (gL)ST)
0 (QL)bu (gL)b’r
my 1 v (g0 gL )
Oﬁlﬁz . C€1€2 — t L/0s T .
9 10 SWCYemmA (gL>t£1 (gL)tKQ 327T046m mQA ‘/;jb‘/til; (gL gL)£1€2
m; m; 1 0% (9195
05152 05152 _ 13 1 TUA _ L)os ¢ T |

Putting gr=0, AU/ mimicks the Cg = -C10 Scenario

and must satisfy
Ci* € (—0.76,—0.04)

Proposed by Neubert, Bauer, ‘15
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L Q) features - A3 3,1, -1/3)

Rich semileptonic phenomenology

Lot = =2V2CrVaa| (1+ 9v) (@r0ds) Ey*vi) + 95(10) (nds) (Crvn)

+ 97 (1) (Wro W dr) (LR "VL)] |

Also a candidate also for Rp?

To be considered: K—=pv, Ds—uv,tv, B—21V

Additional neutral current constraints

Am'y 14 m(gL - 91)% = 1.02(10) Br(B — Kvy)™ <4.3
AmS T 33GEmE, ViV PnnSo(w)mA Br(B — Kvv)S¥ =~
T — pry
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L Q) features - A3 3,1, -1/3)

IHP Paris, Nov. 8 ‘16
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L Q features - AM/9(3,2,1/6)

LAcre = (gL)ijJRiA(l/G)TLJ

= (gL)fijd—z’PLVj AL3) (gL)z’sz’Png AZ/3) “PMNS = 17
0 0 0
/ / 2 (g9r)se, (9L);
chtz) — _ (Chfz) = — m* X gL, = (0 (9L)su (gL)sT>
( ) ) ( 10 ) 2V Vit oem mA 0 (g0)on (91)br

Experiment: (C§*)" € (—0.48,—0.08)
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LQ features: Co' = -C100 A1/ (3,2, 1/6)

ff ' eff
.......... C9e"C1% Ceff Ceffmodel Rg=0.88+0.08
15'_ '|1.2 Il ]
1.0 — ) ,',RK,
1.0 ! !
1I.1
20 215 -10 -05 00 05 1.0
ReC'ﬁ)ﬁ :
~10L
05 .
Further signatures: Re C,¢ff
Rk = 1.11(8)
AH
fb[4,6
Rp, = —22% — 0.84(12)
fb[4,6]

[Becirevic, Fajfer, NK, ‘15]
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L Q features - AM/9(3,2,1/6)

Laase = (g1)ijdri AL,
= (gL)ijJiPLVj A — (g)ydi Pty AP

0
And take Into account; g1 = (g
Amp, _ m(ge - 93,
Amp! 16GEMy Vi Vis|*nBSo(z1)mA
o 4 oy
R, =1— 1 Re (gL gL)Sb + 1 (gL gL)ss(gL gL)bb
v 6 CPM Nm2 48(CEM)2 |N|2m4
(9L)sr(9L)3,] _
B(r — ug)®™® < 8.4 x 107 . = T < 0,036 Tev :

19

“PMNS = 17

(90% CL)
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L Q features - A(1/9(3,2,1/6)

Radiative LFV is suppressed:

QoS (1 — m?, m23 , /
T(f = 0'y) = e e( ; o/ e) (|U%e|2+|0ee|2)

o _ N

5*) § S (87)
A A~
\ / / 4 \ el
. ; et ¢ A
(¢©) q (¢%)

IL m ; { (lZE'lqeme + TSEIqumg/)l[stS (qu) — fF ($q)]l

+ Lo Tqemq [Qsgs(zq) — gr(z4)] },

’ ZNC * *
i = 16n2m2 ~ > S (rieraeme + Uplgeme ) [Qs fs(zq) — fr(zg)]
[ mLQ q I 1

+ "";Uqumq [Qsgs(zq) — gr(z4)] }

20

When Qs = 2/3 vanishes
as Xqg = Mg2/mrg2— 0

Applies also for anomalous magnetic
moment of the muon

[Dorsner et al ‘16]
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LQ predictions - A1/9(3,2.1/6)

B(B-Kur)

Quantity ma =1 TeV | ma =5 TeV | ma = 10 TeV

B(B; —»pr) [ <1.0x107° | <30x107%| <1.8x 1077
B(B— Kur) | <11x107° | <34x10%| <20x1077
B(B— K*ur) | <20x107° | <6.1x107°| <3.7x 107"

Table 2: Predictions for exclusive B(s) meson decays at 90% CL for the A(/6)_model.

[Becirevic, NK, Sumensari, Zukanovich-Funchal ‘16]
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LQ predictions - A1/9(3,2.1/6)

Quantity ma =1TeV | ma =5 TeV | ma =10 TeV
B(B; —» ur) | <10x107° | <30x107°%| <18 x 107"
B(B— Kur) | <11x107° | <34x10°| <20x1077
B(B— K*ur) | <20x107° | <6.1x107°%| <3.7x 1077

Table 2: Predictions for exclusive By meson decays at 90% CL for the A1/8)_model.

B(B — K*ur)

B(B — Kur)

~ 1.8

B(Bs — urt)

~ 0.9

B(B — Kur)

... conseqguence of distinct chiral structure

22
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LQ predictions - A1/9(3,2.1/6)

B(B->Kur)

1 | -

l llllll‘

lllll‘l

10-1° 10 10~ 107 10~¢ 105 10~
B(B;—>7171)
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L Q features - AM/9(3,2,1/6)

¥ Can we stretch the model to fit Rp? Yes we can ...

ﬁA — E/YL (&)TL’ 4+ @/YRAV}{ (not a model of neutrino masses)

La =dr (YUpnns) v ATV —dpy e, AP 131, (VoxmYr) vRAP) + dpYrvp AUHP)

The semileptonic “portal”

0 0 0 0 VsV + Vap Y Vs Y57 + Vi Y57
Yor= (0 Y.'r YR VekmYr = | 0 Vo Yl + VYl Vo Y7 + VYT

b yrbr
0 Yl Yiy 0 ViaY + VY VY + VYl

[Becirevic, Fajfer, NK, Sumensari ‘16]
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L Q features - AM/9(3,2,1/6)

La =dg (YUpmns) v AT —dpy 0, AP g, (VoxmYr) vRAP?) + dpYrvp ACTH?)

The (semi)leptonic “portal”

Lot = —2V2G r Vg [ﬂ’yuPLd Z”VMPLV + gsuPRrdlPrv + g7 EOWPRCZZUWPRV]

dB 2)|?
i Bo|Veo|?| f+ (%) |7 {Cﬁ(q2) +|g7/*%(¢?) ;182;
RD 4 2y |2
+ (1 + |gs|? q ) t(q?) fo(q") using FFs from
mg(my —me)2) O T fi(e®)| [T [MILC, 1508.07237)
leptonic K—=uv, T=Ky, Ds—1v, Ds—pv, B—21v
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L Q features - A1/9(3,2,1/6)

2k Modification of semi-muonic and
semi-tauonic required

2k Only possible with known form factors
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Additional constraints on A®/9(3,2,1/6)

[Faroughy, Greljo, Kamenik ‘16]

TAas wiaTev a2/ 3k pp(bb) = T T searches
O ATLAS 1z: 8 TeV, 19.5 fo~ !
5 2k probes only left-handed couplings
T 4} | |
S0 3; 2k /mLq < 1 is a stronger constraint
’ 13 TeV, 300 fb~"
I 0.36
O b 035
0.5 1.0 1.5 2.0
M, (TeV) - 0.34
< 0.33
0.32
2k The model can explain Rp at 1.50 .31
0

27
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Predictions with A(1/9)(3,2,1/6)

2.1x 107 < B(B — Kur) <6.7x107°

1.02< B(B. — n.tv)/(Be — n.dv) < 1.21

0.35 |

5.5 < B(B, — 1v)/B(B, — tv)*™ < 16.1

B(B.—71v)/B(B.~»1v)°M
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Summary

2k LFU ratios offer very precise validation of the
Standard Model

2k Rk is an interesting and plausible NP hint

2% Roey is the charged current LFU violation. Several
measurements point at significantly increased semi-
tauonic rates. Tree-level new physics needed.

3k Lig
both

Nt scalar leptoquark is a plausible explanation of

ouzzles with further LFUV and LFV signals.

2k Embedding LQ in GUT connects the LQ to fermion
masses and proton decay bounds.
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