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B Plan

. Lepton Flavour Universality: an Introduction

. summary of present hints of Violation of Lepton Flavo r Un
in semi-leptonic B-decays :

. compatibility of New Physics explanations with exis1
EWPTs, LFU/LFV, collider physics
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l . of course, LFU is largely broken by Ly+8L,, inthe r

e.g. in neutrino oscillations
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for the processes discussed here,
to an excellent approximation

g .. __

LCC = —EWH eLyM prN5V£ + h.c.
%)

V] and Vj, are equivalen

effecﬁvely, UPMNS — 1

il

‘ two theorems in this limit

1. noLFV in charged lepton transitions
2. LFU violation controlled by m, , m, , m;



Present upper bound
BR(put — e+'y) 4.2 x 10713 [MEG]
BR(u™ —efefe™) [ 1.0x 1071 [SINDRUM]
CR(uTi— e Ti) |43x10712 [SINDRUM II]
| CR(p~Au — e~ Au) | 7.0 x 10713

SINDRUM 11]

Present upper bound
BR(T —ey) | 3.3 x 1078
BR(7 — py) | 4.4 x 1078

Present upper bound
BR(7 — 3e) | 2.7 x 1078
BR(r — 3u) | 2.1 x 1078

Anp (TeV) (e =1)

6.3 x 10* L —> ey
6.5 x 10° T — ey
| 6.1 x 10? T — Wy
=
 Anp (TeV) (fe/=1)
207 ©w— 3e
10.4 T — 3e
11.3 T —3u
174 n— 3e




2. Well verified in a large energy range, at per mille level

an example: charged pion decay

T — e Veand T — UV, have very different rates

- - angular mome

® . requires helic
u- — — and muons

er =e(h=—1/2)+%e(h= +1/2) A(

212 radiative corrections
ror—ev.)_mi (1) (1+ (3 = 1.235%10*
F(n‘—m‘Ve)_me (1_m_%£>2 o

me

cfr. Exp = (1.230 + 0.

g:clovu\l/ir;% fec'w“differen‘r couplings ‘ g”/ge = 1.0021 + 0.0016



e different couplings of W to e, pand 1 de 9y Uz
- FT—)/_L/FT—)C Fﬂ'—)p,/rﬂ'—m FK—)u/FK—)e FK—)W;L/FK—me FW—)p,/FW—)e

19,1/ 9e| 1.0018 (14) 1.0021 (16) 0.9978 (20) 1.0010 (25) 0.996 (10)
FT—)C/F/J—)C FT—)W/FTI'—)/J, FT—)K/FK—HJ FW—)T/FW—)/,L
l9-/g,]  1.0011(15)  0.9962 (27)  0.9858 (70) 1.034 (13)

F'r—),u/ru—)e FW—)T/FW—NE

197/ 9e| 1.0030 (15) 1.031 (13) [A.Pich, 1310.7922]
-0.032 T .
[Erler, Freitas pdg 2015]
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a./a. = 1.0019 (15)
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LFV in charged leptons and LFUV
closely related in most SM exte
though this is not a strict rule.
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Lesson: tests of LFU require
- precise measurements
- good control of theoretical uncertainties (hadronic, perturbation theory,...)

many tests of LFU in decays of pseudoscalar mesons, charge dle
bosons |

in this talk: semileptonic decays of B mesons like

B - D<{¥v CC transitions
BaBar B ->D*¥fv b—c
Belle
LHCb — b
Belle IT B - K?¥Ef NC transitions

B - K*{¢ b 248
Strategy:

- focus on " " safe quantities” to minimize SM uncertaintie:
ratios between reactions differing only in the LF s
- small, residual uncertainties remain
yet these ratios are believed to be well understood

What are data telling us?



B(B — DWr—,)

R(D™) =

B(B — D(*)E_Dg)

BaBar (2012), had. tag
0.440 +0.058 % 0.042

Belle (2015), had. tag
0.375+£0.064 £ 0.026

Belle (2019), sl. tag
0.307£0.037 £0.016

Average
0.340£0.027 £0.013

SM pred. average
0.299 £0.003

PRD 94 (2016) 094008
0.299 £0.003

PRD 95 (2017) 115008
0.299 +0.003

JHEP 1712 (2017) 060
0.299 +0.004

FNAL/MILC (2015)
0.299 +0.011

HPQCD (2015)
0.300 £0.008
HFLAV

1 I 1

0.2

Rexp

BaBar (2012), had. tag
0.332+£0.024+£0.018

Belle (2015), had. tag
0.293 £0.038 £ 0.015

Belle (2017), (had. tau)

B(B. — J/VTD)
Be= I/00)

J/¥ = B(

Cb 2017

0.270£0.035 +£0.0Z7

Belle (2019), sl.tag
0.283+0.018 £0.014

LHCb (2015), (muonic talg
0.336 £0.027 £0.030 H
LHCb (2018), (had. tau) |
0.280£0.018 £0.029 H
Average

0.295+0.011 +0.008

SM pred. average
0.258 £0.005

PRD 95 (2017) 115008
0.257+0.003

JHEP 1711 (2017) 061
0.260 +0.008

JHEP 1712 (2017) 060
0.257 +0.005

HFLAV

0.2




accuracy: RY/% 1+1 FFs,

percent lattice extrapolation also
([/{, away from zero recoil
R, =0.300+ 0.008
/¢ RI/%: 3+1FFs, ,
R, =0.260 £ 0.008 only zero recoil results from |

unknown scalar FF.
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violates all expectations:

New Physics in loop-driven, Cabibbo-suppressed and/or chiral-suppressed
transitions, like b » sy, B, > u*u~, .. or EDM,...

needs confirmation from Belle IT




RME = B(B - K 1“‘:‘)6"!’ — 0.69 T 057 (stat) = 0.05 (syst)
B(B_) K ee)exp g2€[1.1,6]GeV
B(B — Kup)
RMe — r/exp = 0.846 10.060+0.016
K B(B — Ke€)exy AElLEIGeV 0.054-0.014

AGpVy
V2

/ d=6 Gy, invariant operators

- +[€T 70,0, PLv; - 5O—WPLb]+ [eSL 7P, - GPLb + e, TPLuy - EPRIJ

(1 | EL)T’)/“PLVT ~ey" Prb ﬁ-[eR’T"y#PLVT - ey Prb

+ h.c.

simplest solution:
€,=0.07+0.02

. [“eng, Grinstei

, Camalich, 1905.08498]



4GF € (Y4 10y E

14 — 7 14 — 7 Ciuchini, Coutinho, Fedele,
Og = (57 PLb)(("€),  Og" = (57uPrb)(Iv"0) , Ko Biene Gauesl. Ko

_ ~ _ . Acbisher, Altmannshof
Oty = (57, PLb) (1y"v5L) , 01 = (57, Prb)(£y"v5() * rbey, Hurth, Mehmoud:

Kumar, Kowalska, Ses

C coefficients from global fits to b -> s transitions,
including angular distributions and differential rates

-
: [AAGRSS]
solutions have a pull ~50 w.r.t. the SM EE

b— spp lo

and prefer NP in muon channel [AAGRSS] i [l LR

Coeff. best fit lo 20 pull
clon ~0.95 [~1.10, —0.79] [~1.26, —0.63]  5.80
Cthsmn +0.09 [—0.07, 40.24] [—0.23, +0.39] 0.50
s +0.73  [+0.59, +0.87] [+0.46, +1.01]  5.60 ‘
Cbonn ~0.19  [~0.30, —0.07] (041, 40.04] 160

Cbsuu Cbsuu +0.20 [+0.05, +0.35] [—0.09, 4+0.51] l4o

o — _bsum —0.53  [~0.62, —0.45] [<0.70, —0.36]  6.50

" All"includes Ry Ryx,
angular variables in B -> K* -, Co, = Cm“
differential BRin B ->K y*y,B-> ¢ p

, [Aebisher, Altmannshofer, Guadagnoli, Rel
O



. can Rp p Ry x+ be made compatible with the existing test:
. what are the most relevant correlated processes?

. is the implied New Physics compatible with collider bounds?

we heed a concrete framework to answer that
- define a benchmark scenario

- discuss deviations from the benchmark



.~ Benchmark fran

. NP mainly occurs in four-fermion V-A operators

4GV 8GEVepVis €2

vz ¢ (ELVubL)(fLyMVTL) 7z 1em § (ELyMbL)(‘aLyM‘uL)

‘ CECQILP

: |
. NP above the electroweak scale £ = A2 Z CiO; + ...,

. NP dominantly affects the third generation

couplings to lighter generations - misalignme
[e.g. muons, c-quark, ...] ~ . and inter

-

1 _ vy - a ) a
Lyp(A) = A2 (Cl G @ Capvulsr + Cs Gy 1d5 CapyuT éL)

6 sub-leading operators



L ad'ess b

C, C
o Ve ¥

e

% ch (ELyMbL)(fLyMV‘UL)

(ClAZCB) 995 (fLyMbL ) (HL)/MML )

both Ry and Rp+) can be explained
A=1TeV C33C1 = 0(1)

9,=0(0.01)=V,
3, =0(0.3) = U™

[Calibbi, Wf




(C,+C)) 9,0,

C3

process

parameters

B(BS — u‘/-_l‘)exp
B(Bs — pit)sm

RBsuu =

(C, +Cy) 8,09,

RT/H — B(B = TV)exp/B(B = TV)sm
Brv —

B(B — uy)exp/B(B — /'I'V)SI\/I

C3

s B(B— KWup)
K(*) — B(B - K(*)VD)SM

(Cl - C3)ﬁd

[Glashow, Guadagnoli, Lane 1411.05

B(B— Krpu) <48 x 107

|

B(B— KTp) : ‘
B(B — m*u%) ~ B(B — Kt+u7), |(C1 + C3)0d0e 0(10_6+7)
B(B = K*m*u¥) ~ 2 x B(B — K1)
uty- and THT-
Production at LHC (€ +Cy)

r
i
)




1 : S | | + - N
C. + C)bvED, T vIET enhancement expected in 7* 1~ production
z (Cat Ca)orke DT ¥t = at high py through bb > £+ 7"

signals depend on the mediator type

colorless mediator: Z' colorful mediator: LQ

§-channel resonance t/fi-ex
dependence on resonance no width c

width
[Faroughy, Greljo,Kamenik 1609.07138]

lgsg-| x v’ IMZ, Vector LQ exclusion

ATLAS 13 TeV,3.2fb™" |

0608101214161820
MZ'(TCV)




they generate terms that are absent in Lyp%(A) and new processes
are affected

their order of magnitude is similar to accuracy in EWPT and in
other tests of LFU

they are enhanced by logs: log(A2/my?) ~ 57

| | | eﬂ(y,q¢tl)|

0O mm, m,=m,=~m, ~m,
MATCHING
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| I | Leﬁ(y’q;ttal) |

CRUNNING
L, (Z.W.y.H.q.])

2

Z a- e (Cl —0.8 03)
P o 10004

[ v (C, — 0.8C3)
¢ iL ! JL Ve 1 =005 A2(TeV?)
e a-/a. = 1.0019 (15)

ij

v /ve = 0.959 (29)

(Cy +0.8C)
A2(TeV?)

N, = 2.9840 =+ 0.0082 B(Z — p*77 )exp < 1.2X107°

A N, ~ 3+ 0.008 L B(Z = p*rF)~ 107"

O



0 mm,

RT/e — B(T = pv0)exp [ B(T = pvvv)su |
T B(u—evi)ep/B(u—evi)sy 0.008 Cs

~ 1

B(T — evi)exp/B(T — €vi)sm T A2(TeV?)
B(p— evi)exp/B(p—eviv) sy

R7/¢ = 1.0060 =% 0.0030
RT/¥ = 1.0022 % 0.0030

R™/# =

T

INGCALVA
B(t — 3u) ~5x 10 S(Ai(TeV34)) (0.3)

B(r — 3p) < 1.2 x 10-8

_ 2 /U, \?2
B(T — up) ~5x 104G ) (0.3)

A4(TeV?) B(’T —)/.zp) <15 X 108

: ~ -8 ((;’1_03)2 19}”_ 23 <927 x%x10-8
: l B(T—)pﬂr) ~ 8 x 10 A(Tovd) (0.3) (1 = pm) < 2.7 %



W R} and RY/¢, ‘
B LFV 7 decays

B Z-pole observables
O R:/” ]

m All

0.20-

0.?.00 .5 1.:10 1AI15 1.é0 1.I25 1.:’30 1.:’55 1.40
1.05 B R .
e o)
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]..6 T I T T T T T T T T T T T
150 R;/(i) anomaly @2¢ -0, =0 ]
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N
aa 1.2
1.1
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0.9
L Q20 i
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092 094 096 0.98 1. 1.02 1.04 1.06

R/t

W R} and RY)
B LFV 7 decays
M Z-pole observables

1.20
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— Experimental bounds
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1 1 3
Llo\IP — F(Cl [Ql(q)]ssss + C’3 [Qéq)]3333 + C'4 [Qld] 3333 + 05 [Qed]3333 + CG [Qqe]ssss)

' :Qz(;)]ssss = (ZsL’Y”e;L)(q:%L’Y”q;L)
:Qz(;)]ssss = (Z,L'Y”TGKQL)((?;L'YMT(IQ;L)
Qud]ssss = (E;L'Yue;L)(J;R'Yd;R)
Qedlssss = (Esz7"€5p) ((i.'ISR’Yd;R)
Quelssss = (05,705.) (Esp"€5r)

,,,,,

constraints from Z pole

and T - 3u less severe

but simultaneous explanation o7

of both CC and NC anomalies < 05

still prevented by R/ s
7

0.8

RKVV

o n .
o M Zpole
W 3y
O

all constraint

0.4

0.3
e} .
C1 ¢ € {—3,3}, 35 and 'y’ € {—0.3,0.3}, and A = 1 TeV.,
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B discussion

. different flavour pattern in 0,3 can help in softening the be
e.g. in recent UV complete models with the vector LQ Ui=(3;;

cancellation/suppression of log effects by contributions of addi
and/or finite correction terms not captured by this approach

[Buttazzo, Greljo, Isidori, Marzocca, 1706.07808, Diluzio, Greljo, Nardecchia 1708.0? ‘
Bordone, Cornella, Fuentes-Martin, Isidori 1712.01368, Barbieri, Tesi 1712.06844,..]

couplings to 2" lepton generation not dominated by mixing fc

£ £ — -
. R;/ RL/,. alone can be explained in present fr‘ame
eg. 34% 1,3, <«< ey, A 25 TeV ‘ loop effect
. R’I‘{/ © RY/‘ alone can be explained in present frcﬂm

eg. 34~ 1,9, 21,A ~30 TeV ‘ loop effects



B conclusior

simultaneous explanation of Ry and Ry~ anomalies appealing
it calls for a "low" New Physics scale A # 1 TeV, at least in simy

. colliders bound strongly restricts consistent explanations
due to the enhancement expected in T 1~ production “

. in this context the inclusion of quantum corrections & O(v
crucial to asses the viability of proposed solutions

. in the reference case discussed here (NP in 3rd generation
purely leptonic LFUV/LFV transitions are generated and st
constraints arise -

Rrle — B(T — pvv)exp [ B(T — ) sm

& _t T B(u—)eul"/)exp/B(p—)euD)SM
a v

e e R:/“ _ B(T—)eul—/)exp/B(T—)el/ﬂ)SM

B(p— evi)exy/B(p—eviv)sm

watch 7 - 3u

. Bounds from EWPT and/or tau physics can be sof‘r%jn
more elaborate flavor patterns in NP and/or
- some conspiracy by UV physics i






Belle |l sensitivity

* Lepton universality violation may be established even with 5ab-! (2020).

* High statistics data will provide more detailed information, such as T
polarization, g2 distribution, to discriminate type of NP.

034 . v T
8fb 8fb"/ /ﬁ\\\ i Belle Il Projection

2 : " S0ab" - . SM prediction: PRDSS 094025 (2012), PRDS7 034028 (2013)
0.32 | 2 \22fb v 0.5 Scalar
% - Vector 3» PRDS7 034028 (2013
= Tensor
\J

llllllll

0.3 e -
05| LHED \\\i/// y
026/ |,  Muaco | IBelenl 56 7 8 9 101 1
SM [+ ] Future WA [+]SM prediction
0.24 03 035 04 0:‘5 * 4 spectrum in B> D* T v (HT)
arXiv:1709.10308 R(D) R(D")
. . - - '
AR(D) [%] AR(D*) [%] More observables (distributions) !
Stat Sys Total Stat Sys Total *  P(7),P(D%
Belle0.7abt 14 6 16 6 3 7 « dl/dq?, dl'/dpp), dl'/dpe, ...

Bellell5ab!l 5 3 6 2 2 3
Bellell50ab! 2 3 3 1 2 2

* More modes !

s B—oT1TTY,
Will soon hit the systematic limit ! « Bs— DsTV (at 55 runs), ...
The prospect of Belle |l

Chengping Shen shencp@fudan.edu.



(Semi-)leptonic
B(B — 7v) [1079]
B(B — pv) [107Y)]
R(B — Dtv)
R(B — D*1v)

« (Semi) ., Belle II
«+ LEPTONIC 7% Belle 11
Kk LFUV 3% Belle 11

kK 2% Belle II/LHCbH

Tau

T — py [10719)
T — ey [10719]
7 — ppup [10719]

The prospect of Belle |l

Chengping Shen shencp@fudan.edu.

s < 50 Belle 11

e TAU < 100 Belle 11

* K < 3



@ Leptonic:

SM pred Exp

Nl (445+0.01)-10 (5.9242.83) 107

@ Semileptonic:

@ For the comparison between e and u, only b — c/v, averaging
naively results from Babar and Belle

Exp Exp
Moo 098+£007 {27 1.0340.05
both expected to be 1 up to a good accuracy




‘% 7 polarisation in B — D*rv
@ Belle with 7 — Xv, X = p (or x)

w

2 1 dr
1 [ dcosé

’
=5 [1 + axP-cosf;]

0.15 0.2 0.25 0.3 0.35 0.4 0.45

. ° 97’ angle (ﬁXa _ﬁTI/)
R(D")

@ Large stat unc, SM compatible, P > 0.5 excluded at 90% CL

D* polarisationin B — D*rv

@ Angular analysis: 174 = [2FL cos? p- + (1 — Fp)sin® 90*}

@ Belle: F;, =0.60 +0.08 & 0.04, agree with SM at 1.7 o




r and te

disfavoured by boun
[Alonso, Grinstein, Camalich 16

can only contribute

[Oteqa] o = (L) €15) (45 Q17
[Oéi()lu]prst - (L_zloae:"R) Eab (Q_,sbu;R) ’

(0D.] = (T ouein)ear (@ 0" ly,) -

solutions by a weighted combination

’_l:_ L5.:—

(S
.
el L

g
W

B(h-17)/B(h->T1

:CT’siné)l;<0

[ Cf sinfy >0

—04 -85 00 02 04 06 oL TN T
Aa, x 10*

excluded by new Belle data 5 T
[Straub talk, 66T 1.10.2018] chira s

ﬁ
FL(B — D*Tv) = 0.60 = 0.08 + 0.03 to h =g

1-
[CKM 2018] effects [
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any violations physics LFV in charged Iep’r
of 1. and/or 2. beyond the SM  closely re!a:c

. can they be made compatible with the existing 1

. any specific LFV/LFUV process to especially mon

we need a concrete framework to answer that. He
- define a benchmark scenario

- discuss deviations from the benchmark



e B KMypty~

a o o = €

Oy = 1 (S27ubr) () Oy = ;- (8RYubR)(£70) Ory = 5mMb(5L0"bR) Fw
a _ a . e o

O10 = E(SL'YubL)(E'Yu'YSe) 0,10 = E(SR’)’MbR) (£7u'75e) O',M = _2mb(3R0# bL)Fuu

\’

"#0 good fits of: > Rk S. Descotes-Genon, L. Hofer,
> Cévp — 11\6p ?é 0 > P's (et aI.) J. Matias, J. Virto (2015)
(8LvubL) (Cryulr) = left-handed current

Altmannshofer, S‘rangl and
Celis, Fuentes Martin, Vicen

traub, 1704.05435;
Virto, 1704.05672; I
ahas and Virto, 1704.05340;




Coeff. best fit lo 20 pull
Ch -1.59 [-2.15, —1.13] [—-2.90, —0.73] 4.20
Cty +1.23  [+0.90, +1.60] [+0.60, +2.04] 4.30
Cs +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.40
Ct ~1.30 [-1.68, —0.95] [~2.12, —0.64] 4.40

Ci =-Cf, -0.64 [-0.81,—0.48] [-1.00, —0.32] 4.20
C§ =-Cfy +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.30

S —0.00 [-0.26, +0.25] [~0.52, +0.51] 0.0
cih +0.02  [-0.22, +0.26] [~0.45, +0.49] 0.1
Cy® +0.01 [-0.27, +0.31] [~0.55, +0.62] 0.0
Cio —~0.03 [~0.28, +0.22] [~0.55, +0.46] 0.1

TABLE I. Best-fit values and pulls for scenarios with NP in

one individual Wilson coefficient.

[Altmannshofer, Stangl and Straub, 1704.05435]

LFU observables
b — spp global fit

~10 — all
' flavio «o 21 ~ =~ all, fivefold non-FF hadr. uncert.
|
-20 -15 -1.0 -05 0.0 0.5 1.0

il

Re O



i

[Rilpe) =~ 1.00(1) + 0.230(CYF , +Ch,, ) — 0.233(2)(CNE. . +Clou—) s

Qu—e 10pu—e

,+0.55(6)C"

L&

[Ric-Jjp.04s,1.1] = 0.92(2) + 0.07(2)Cq,, . — 0.10(2)Cq,, ., — 0.11(2)Cy,, . + 0.11(2)C1g,, -

[Ric-]j1.1,6) = 1.00(1) + 0.20(1)Cq,,, — 0.19(1)Cq, . — 0.27(1)CTy,, . + 0.21(1)Clg,, .. -

Qu—e 10p—e

[Celis, Fuentes Martin, Vicente and Virto, 1704.05672]




Semileptonic operators:

Leptonic operators:

-Oqe- pr

O prst = (B pvillr) (Tprdlr)
O Nrst = (B pyumer) (T 70l
Orulprst = (Z;)L’}'uerL) (@, " usR)
Oudlprst = Eor1ubir) (dopydir)
st = (G 7u9r) (Eipr eir)

[Oelprat = (Crvulir) Capylir)
[Ore)prst = (ZLL'Ype;-L) (E:rY'eir)

Vector operators:

Hadronic operators:

(¢ 35)90) ( L’Y#

- sozﬁﬁso) ( Wrae',-,)
. = (w*iﬁlcp) (@ Yu91)
0], = (¢'iDlg) (Z,7umd.r)

04 lprt = (@7u91) (Trr*ain)
:Ogg):prst = (cj;)L'ypT“q:.L) (@ mq;r)
O |prst = = (T Vudrr) (TsrY %r)
Of,d)]prst (@) (dipy dig)

Table 1: Minimal set of gauge-invariant operators involved in the RGE flow considered in this
paper. Fields are in the interaction basis to maintain explicit SU(2) x U(1) gauge invariance. Our
notation and conventions are as in [26].
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95Lr = 9f1r+ AdsLR =gig' + Ageg

v? L
/&2162
v? L
_A216 2(

(39101 93Cs + 32 Nia(C1 + Ca)) X

1 €
39101 + g2Cs + 3y Ny 3(Cy — C;,)),\ij




Qi §i
(BiryVin) (e var) | A5 Oxn [—6Y7 A53(C1 + C))]
Tizvuvie) (Excy ens) | Afj Okn [362(C1+ 3C3) — 12 (—3 + s5) Y7 N43(Ch + Cs)]
+0ij Mg, [—6y7 A% (C1 — C3))]

(Birvuvie) (ExrY enr) | XS Okn [3€%(C1 + 3Cs) — 12 53 42 M4y (C1 + C3)]
(Eivuesr) (Brry'ens) | A5 Okn [5€°(C1 — 3Cs) — 12(—5 + 83) 4i A3 (C1 — Cs)]
(Eivueir) (ExrY enr) | Af Okn [36%(CL — 3Cs) — 1255 yZNy3(Ch — Cs)]
(Tizyuesr) (Exr¥*Var) | (A5 Okn + 0ij M%) [—1297 X555

Table 2: Operators @; and coefficients &; for the purely leptonic part of the effective Lagrangian

LY. We set sin® Oy = sj.



Qi &,
(ZivwiLn) (Tep¥*var) | 0
(Tiryuvic) (ExyHen) A Okn * se? [(01 +3C5) — 2(Cy + C3) (A% log ¢ + AL log )
+(Cy — C3) A%, log m]
(Eivuejz) (Bxy'en) X, Ok - 5€° [(Cl —3C5) — 2(Cy — C3)(\Y log ™ + AL, log )
+(Cy + C3) My log 7}]

Table 6: Operators Q; a.nd coefficients §¢; for the purely leptonic part of the effective Lagrangian

JLle?D We set A% = A%%/log T




Field | Spin | Quantum Numbers Operator C, | C4
Ay 1 (1,1,0) av gy, Lty -1 0
Aj 1 (1,3,0) ayiregy Lyl | 0 | —1
Uu | 1 (3,1,+2/3) ol bnwd, | —3 | <3
Ui | 1 (3,3,+2/3) Tl bnrtd | -3 |+
S 0 (3,1,—1/3) 3 ic%l io25q, | +1| -1
se | 0 (3,3,-1/3) | g0 i0205req, | +3 | +1

Table 11: Spin zero and spin one mediators contributing, at tree-level, to the Lagrangian L% ,(A)
of eq. (7). Also shown are the operators they give rise to and the contribution to the coefficients
C) and Cj of the Lagrangian £ 5(A), when a single fermion generation is involved.




£’NP

A2 (Cl [Ql(;)]ssss + C’3 [Qé;)]sssa + 04 [Qld] 3333 + 05 [Qed]3333 + CG [Qqe]3333)

Q@ (1)]3333 = (e‘le.L’yﬂe.',iL)(q3L’Y Gs.) rSn&S
:Ql(;)]3333 _ (glL’yﬂTag,L)(%L’y#T qSL)
Qua)ssss = (egL’YuE;L)(d’R’Yd %)
Qedlsss = (€ €,e) A1) A @ ain
(Qqelosss = (85.795.) (€57 €;)
C1+C3=0Cg Cys=C5=0. | 0° =
we find
Z_T =1-— 001‘;’2)‘33(2 C1+0.2C3+0.02(2C; +Cs)) |
ar 03 /
— ¢
o = L0007 5 <

- OR :(Z,,,) to be < 0.02.
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cancellation/suppression of log effects by contributions
and/or finite correction terms not captured by this app

B vector LQ  Us=(3,1,+2/3)

OZ(q1 ) operators with C;=+C; if g;; #0 gf; =0
- automatically free from p-decay

- realizes the minimal lepton-quark unification within the Pati-Salam
SU(4)
- my 2 100 TeV unless flavour pattern is cleverly arranged
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ation to

. among all possible 1-particle extensions of the SM a spe:
enjoyed by scalar LQ that couples to quarks of BOTH ¢

S;=@G3,1,+1/3) R, =(3,2,+7/6)
[not automatically p-decay free]

. contributions to dipole transitions can be chirally enhanc
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. many models addressing B-anomalies

include S; or R; in their spectrum

[NC anomaly requires special care:
no contribution to b —» s¢*¢~ from
tree-level S; exchange;

Co=+Cyo from R, exchange]

. if LQ couples mainly to top
and 29 lepton generation

. If LQ couples also to top and
3rd lepton generation
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