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From present anomalies to new anomalies!

Wl o-fr'('/ko G oncouwnt Prize

Hervé Le Tellier

The Anomaly
After analysing one anomaly, a new anomaly
appers....

“Buckle your seat belts, as Hervé Le Tellier takes you on an extraordinary
ride. You won’t want to put this book down until the very last page!”

—Leila Slimani, #1 New York Times bestselling author of The Perfect Nanny
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We measure the charge asymmetry A = (Nt — N~7)/(N*tT 4+ N™7) of like-sign dimuon events Asl —

Anomalies - in the past

NSt — N, ~

o —=
in 6.1 fb~! of pp collisions recorded with the DO detector at a center-of-mass energy Vs =1.96 TeV N b + N b

at the Fermilab Tevatron collider.

From A we extract the like-sign dimuon charge asymmetry

in semileptonic b-hadron decays: A% = —0.00957 4 0.00251 (stat) + 0.00146 (sys). It differs by

3.2 standard deviations from the standard model prediction A% (SM) = (—2.3792) x 107*, and
provides first evidence of anomalous C'P violation in the mixing of neutral B mesons.

N, ** and N, —~ represent the number of events in which the two muons
of highest transverse momentum, have the same positive or negative

charges.
b TB2>Bo>pX)-T(B>Bop X) The large forward-backward asymmetry in
""T(B—-+B-outX)+I(B»B—opX) the production of tf pairs at the Tevatron
L CDF Att =0.193 £ 0.069
" D@ Att = 0.24+0.14
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FIG. 3: (Color online) Comparison of A% in data with

the SM prediction for ad and af.

Also shown are

other measurements of a% = —0.0047 & 0.0046 [15-17] and

ag = —0.0017 £+ 0.0091 [18].
standard deviation uncertainties on each measurement.

The bands represent the +1

These anomalies have disappeared!



Introduction

Why to formulate a new theory?

observed phenomena, unexplained by existing theory (e.g. neutrino
masses, Dark Matter,... in the Standard Model)

SMALL STEP
+ SMALL STEP

+ SMALL STEP
disagreements of the existing theory predictions and data BIG RESULTS

trying to cure theoretical problems of the existing theory as e.g. sizable
corrections that depend quadratically on the cutoff energy scale for the SM
Higgs mass (Supersymmetry, Little Higgs models etc.,...)

Expectation that the Nature supports unification of fundamental
interactions — GUT.

The thing that doesn't fit is the thing that is most interesting.

Richard P. Feynman



https://www.azquotes.com/quote/935430
https://www.azquotes.com/author/4774-Richard_P_Feynman

Steven Weinberg
The Making of the Standard Model

“My starting point in 1967 was the old aim, going back to Yang and Mills, of developing a gauge theory of the strong interactions, but now based
on the symmetry group that underlies the successful soft- pion predictions, the symmetry group SU(2) x SU(2) [32]. | supposed that

the vector gauge boson of this theory would be the p-meson, which was an old idea, while the axial-vector gauge boson would be the al meson,
an enhancement in the m — p channel which was known to be needed to saturate certain spectral function sum rules, which | had developed a little
earlier that year [33]. Taking the SU(2) x SU(2) symmetry to be exact but spontaneously broken, | encountered the same result found earlier by
Higgs and Brout and Englert; the Goldstone bosons disappeared and the al meson became massive. But with the isotopic spin subgroup
unbroken, then (in accordance with a general result of Kibble [34]) the p-meson would remain massless. | could of course put in a common mass
for the al and p by hand, which at first gave encouraging results. The pion now reappeared as a Goldstone boson, and the spontaneous breaking
of the symmetry made the al mass larger than the p mass by a factor of the square root of two, which was just the ratio that had come out of the
spectral function sum rules. For a while | was encouraged, but the theory was really too ugly. It was the same old problem: putting in a p-meson
mass or any gauge boson mass by hand destroyed the rationale for the theory and made the theory less predictive, and it also made the theory
not renormalizable. So | was very discouraged.

Then it suddenly occurred to me that this was a perfectly good sort of theory, but | was applying it to the wrong kind of interaction. “

“The gluons are in fact massless, but we don’t see them for the same reason that we don’t see the quarks, which is that, as a
result of the peculiar infrared properties of non-Abelian gauge theories, color is trapped; color particles like quarks and gluons
can never be isolated . This has never been proved.

There is now a million dollar prize offered by the Clay Foundation to anyone who succeeds

in proving it rigorously, but since it is true | for one am happy to leave the proof to the mathematicians. “

hep-ph/0401010



Lepton Flavour Universality (LFU)

the same coupling of lepton and its neutrino with
W for all three lepton generations!
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valid for quarks too!
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Flavor changing charged... LFU
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Experimental tests do not show violation of LFU



LFU violation in the SM

Obviously LFU in the SM is a consequence of the same gauge coupling!

However, all quarks and leptons have different masses! Flavour puzzle!
Lyukawa = Y QL Hdy — Y QY Howly — YL HE%, + hec. Within SM LFU is violated by different
fermionic masses

The Yukawa interaction breaks

Gavour = U(1)B X U(1)e X U(1)u X U(1)r x U(1)y

, Are there any LFU violation behind the SM?
1=u,d, €



Flavour puzzle - a “blessing” for CP violation

Only Yukawa terms in the SM Lagrangian are not invariant under CP symmetry.

The measure of CP violation is given by Jarlskog invariant

Jy = Im (det [YzY], v, Y,])

: TR RN
Al R IO AR IS

— (mf —m2) (m§ —m3) (m2 —m3) (m§ —m3) (m§ —m3) (Mg —m3) _ #1922
Jy = Jop 212/2 tv2/2 v2/2 v2/2 v2/2 v2/2 ~ O(107™)

JCP = Im [VuchbVJbVZ;] = 0126236%3812823313 SiIl 5KM ~ )\GA2’I7 ~ 0(10_5)

CP would be conserved in the SM, if any of two pairs of masses are equal!



2309.06042 The Curious Early History of CKM Matrix
-miracles happen!-
Stephen Lars Olsen

“The Christenson, Cronin, Fitch and Turley discovery of the CP violating decay mode K.—> mm-was
reported in the summer of 1964 . This was a relatively low priority experiment that was not aimed
at investigating CP violation but, instead, was designed to investigate some anomalies in coherent
K2->Kiregeneration measurements that had been reported during the previous year. It failed to
qualify for a spot in the main experimental hall of the then, almost new, AGS synchrotron that was
occupied by spectrometers specialized for total cross section determinations, and i, K, p and p-
proton elastic scattering measurements. Instead, the experimental apparatus was located in a
relatively inaccessible area inside the AGS magnet ring that the laboratory technical staff referred to
as “Inner Mongolia,” in a neutral particle line that was essentially a hole in the AGS shielding wall that
was pointed at a target located in the accelerator’s vacuum chamber, as illustrated in Fig. 2a. The high
flux of y-rays emerging from the target were attenuated by a 3.8 cm- thick lead block followed by a
collimator and a bending magnet that swept charged particles out of the beam aperture. A double-
arm spectrometer consisting of tracking spark chambers before and after two vertically bending
magnets measured the directions and momenta of charged particles that were produced by K. meson
decays that occurred in a 2 m-long decay volume that was a plastic bag filled with atmospheric
pressure helium—a low-budget approximation of a vacuum chamber.”

4 In the 1960s diplomatic relations between the U.S. and China were non-existent, and mainland China,
including Inner Mongolia, was considered by most Americans to be about as accessible as the far side of the Moon.



This talk does not contain topics as

{ |Veslure = (41.94 + 0.41) 10° |
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Cabibbo Angle Anomaly (CAA)

No charm- see talks by Solomonidi and Vale Silva!
Lepton flavour universality violation in tau decays (t & pvwv)

Crivellin and Mellado, 2309.03870



B meson anomalies

Ro%)

B(B — D™ D)

Rps =

B(B — D®Ip)

le{e,u}

* Rp®® and Rp«®*® : dominated by BaBar!
* InR;y®™® and R . ®* limited precision.

Solution for the puzzle - New Physics!
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There are still some issues! < D(*)(p’, (e))\éf“ b|B(p) ~—

1) B - D : one (two) form-factors with f,(0) = f,(0) at g% = 0;
Lattice QCD at g2 7/g2,ax for both form-factors.

Rt = 0.293(5)

2) B - D*: three (four) form-factors;
First lattice results at g2 5/G2,.x | Tensions with B - D*/v exp.

> KT
F See Judd Harrison talk yesterday!

If g2 spectrum for |=e,u

RGP — (),295(3)

— BGL B — D* : 1905.08209
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R(D*)=0.252 + 0.003, S.F,, J.F.Kamenik, and I.Nisandzic, 1203.265420 .
independent LQCD results + Belle-Il data needed!

JLQCD, R(D*)=0.252 + 0.022, Y.Aoki et al.2306.05657



Puzzlesin b —» s up transition

v e [T 0w R o
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RK( .y = 1.00(1) Bordone etal., 1605.07633

Itis important that LFU (e,u) holds! —RK
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Greljo et al., 2212.10497 (Ciuchini et al 2212.10516) See talk by Smolkovic today
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Stefanek’s illustration



A new anomaly? A new player in the room!

Ri{,/(*) = B(B — K(*)z/ﬁ)/B(B N K(*)wj)SM Belle 1l at EPS conference, 2023

RE <36 (90% C.L.), | Glazov at EPS 2023
Belle, 1702.03224 o o on o Avgraee Privately produced comparison
RI/I/ < 27 (90% CL) N . Belle II (362 fb, Combined)

2.440.7 This analysis, preliminary

——O—|— Belle II (362 fb'!, Hadronic)

1.1+1.1 This analysis, preliminary

O Belle II (63 fb !, Inclusive)

)+ 1 PRL127, 18180
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1.0+0.6 PRDY96, 091101
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0.840.6 PRD87, 112005
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0.2+0.8 PRD87, 112005

|
|
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Searching for explanation 3 Babar (429 fb-!, Hadronic)
Bause et al., 2309.00075 L i Bl s i P
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RE =54+1.5

. I
1 " 2p 1 R
Belle 1l 2023 1
. |
|
|

| L L L | L L 1 | L Il L |




Allwicher et al, 2309.02246
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Cr™ = —6.32(7) Buras et al.,1409.4557,
SM = OSM _ Altmannshofer et al., 0902.0160
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B(B* — K*uv) = (4.44 + 0.30) x 10~°, B(B —» KWvv) = B(B » KWwv)| (1+0B%))

B(B* — K™vv) = (9.8+1.4) x 107°, 5CL #0:6C, € [—4.2,—3.5] U [16.9,17.3),

K*
2.4,2.
Assuming SM neutrinos a large contribution to Ry, €(24,2.7),
the right-handed quark operator necessary! 6Cr #0: 6Cr € [-12.0,—3.5],

RE € (0.6,2.1),



(g-2),, expecting the clarification of the theory

Hadronic contribution

Weak e
Ve vg HVP, N s Theory Initiative
W
SM prediction u Wv“ W2\ . T. Aoyama et al. Phys. Rept. 887 (2020)
I
~ ~ - = ~ ~
Precisely known Large uncertainty
< 5.00 4>
—e—+
Significance will likely decrease Fermilab
with an updated SM prediction (2023)
| f ——————1§§!t———' “E?Hts +J—o~—+
New results after 2020 SM: e+e- HVP ) Fermilab+BNL
T.I. White Paper (2023) From
(2020) .
Disclaimer: prediction from Lattice taken from | P — 2.10 g ‘ 1-8" > G. Venanzoni, EPS-HEP2023, Hamburg,
Lattice 2023 talk; prediction from CMD3 e
based on our specific assumption
Comparison of FNAL Runi-3 result with the SN: ovo- HVP The CMD-3 data in e+e- - Tt
e e, . . i ly CMD-3 . .
T.heory Initiative’s calculation wp2o is at 5 e I (Coas provides an R-ratio result
sigma 17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 compatible with the lattice one

a,x10” - 1165900

The picture is still unclear, however more studies are underway! _
a,(FNAL)=116592055(24) x 10 11



Rp(+) disagreement SM and the world average at 3o level

B(B — K wv) =2.40(67) x 10™° is 2.90 larger than its SM estimate
Current flavour anomalies

(g-2), theoretically not settled — 5.10 (1.80?)-unsettled HVP ~ disappearance of Ry puzzle

Can we claim any New Physics?

LHC did not find any NP particles

We do not know what the rules of the game are; all we are allowed to do is to watch the playing. Of
course, if we watch long enough, we may eventually catch on to a few of the rules. The rules of the game
are what we mean by fundamental physics.

Richard Feynman



Why do we expect NP in TeV region?

the quadratically divergent radiative correction is given by

3
______________ 2 )2 2
5mh ~ _47r2 ( Ay + + = )\)A

Haber & Kane, Phys. Rep.117C 75 (1985)

Supersymmetry
In order to cancel quadratic divergence NP expected in TeV region!
------ Q------ szh 3
: Note that — ~10°for NP scale A = 10 TeV
- h
H 4 )' H

———— e ——_——————



Standard model effective field theory (SMEFT)

Weak interactions before SM energy
A
G UV theory
Lopp = ——=JhJ"
V2 A ——
However, we know that at low energies
o _Gr_ 1 vt are
8mi, V2 202 P
Energy scale of SU(2), X U(1)y massless up-to v
v= 246 GeV,
Expectation: NP appears on high energy scale A; ] _——_4mt 0 00 0
] - —_— My "9 90 ®
No new degrees of freedom bellow this scale; SM —— my - &
e i T
. . . S C. e u
New NP mediators create operators of dimension d= 5; | = I

Integrating out heavy degrees of freedom we create new operators not present in the SM



SMEFT role towards a theory of NP

new heavy particle >— - -
Falkow3Xi,

There are many ways in which higher-dimensional operators can affect observables. Eur.Phys.J).C 83 (2023) 7,

656 integrate out

heavy field

» New vertices: interaction vertices in the SMEFT Lagrangian that do not occur in the SM
Lagrangian, due to symmetries or accidental reasons.

» New Lorentz structures: interaction vertices that do occur in the SM Lagrangian, but
which appear in the SMEFT with a different number of derivatives, different

contractions of Lorentz orspinor indices, etc.

» Modified couplings: corrections to the coupling strengths of the interaction terms
present in the SM Lagrangian.

First we study NP within SMEFT , then we can think of a model!

At the large scale A, we generate operators and match Wilson coefficients at tree and/or loop level



Warsaw basis, Grzadkowski et al, 1008.4884

Lp—g = ﬁbosomc L:Yukawa Ecurrent + £d1p01€ + [:4 fermlon

Gauge fields, Higgs

SMEFT papers: Manohar et al., 1308.2627, 1309.0819, 1310,4838, 1312.2014

* There are 1350 CP-even and 1149 CP-odd parameters in the dimension-six Lagrangian for 3 generations

 Manohar et al. in SMEFT papers calculated the complete order y2 and y* terms and A, A2 and Ay?, of the 2499 x 2499
one-loop anomalous dimension matrix for the dimension-six operators of the SMEFT (y is a generic Yukawa coupling).

* Also they determined (1312.2014) the gauge terms of the one-loop anomalous dimension matrix
for the dimension-six operators of the SMEFT



N = 2499 dim-6 operators that conserve B and L — rich flavor structure!

1:X3 2: HS 3: H*D? 4: X?H? 5:92H? + h.c. 6: 9> XH + h.c.

Qc | [APCGlGlrGSr  Qu | (H'H)®  Quo (H'H)O(H'H) Que | HIHGL,GY  Q.p | (H'H)(lpe,H)  Qew | (Lo" e, )T HW],
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Qus H'H B, B* Qac | (Gpo**T4d,)H G,
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Many operators! Symmetries might help in the analysis.

The SM gauge-kinetic sector is invariant under a global flavour symmetry

Gr=U@B)° =U(3)y x U(3)y x U(3)q x U(3); x U(3)e
The fermion Yukawa couplings to the Higgs (Y, 4 ) act as the only sources of breaking in the SM
Gr - UDW*=U1)g xU(1). x U(1), x U(1),

However, first two generations have small Yukawas, the SM has the accidental approximate U(2)>

Gr ~U((2)°=U(2), x U(2)y x U(2)a x U(2); x U(2).

Maybe it is not accidental, it can be a consequence of NP!

Minimal Flavor Violation (MFV)

Two approches
U(2)°



Minimal Flavor Violation (MFV)

The leading flavour breaking sources are proportional to the lowest powers of the SM Yukawas,
G. D’Ambrosio et al., hep-ph/0207036 ....

All CP and flavor violation in the NP sector originates from the SM Yukawa couplings.

U i e i Y s
Arc ~ (YooY e m g2 | ViaVr 0 VeV | ~I[X5 0 A2

ViaViy, VisVi, 0 X

top Yukawa
MFV operators Observables
L QrArcy,.QrL)? &, Ains
2 2 ) d
7t DR/\d)\FcanL) I L LHC complementary searches
IT[Jr DR)\dApco'MUTaQL) GZV B — XS")/ )
(QrArc,.Qr)(Lry,Lr) B — (X)¢¢, K — mvi,(m)ll  The scale Ais in the TeV region
(QrArcY,™QL)(Lry,™Ly) B— (X)¥, K — mvv,(r)ll
(QrArcy,Qr)(H'iD, H) B— (X), K — nvp,(n)él
(QL/\FC'YMQL)(DR%DR) B — Kr, ¢€le,...



U(2)°

* NP is not flavour diagonal! L u(2)
* New flavour non-universal interactions couple to the third family (TeV region) [ , } breaking
AAAAAAAAAAAAAAAAA 1 I effects
flavour diagonal currents
Exact U(2)
Exact U(3)—> ¢, Prq" Exact U(2) — qgvuPng +€q' v, Prq’
flavour changing currents
o . L V
MEV q' 7oV Prg’ minimally broken qquWMPLq?’ V,~ 0 <th>
minimally broken U(3) U(2) ts

@'V vuPrq’)? — AMp,, AMp,
(@' Vi PLa®)(Py*Prl®) — (B — K71, B — Ko, B, — 77)
(@' Vivuo' PLg®)(Pyto’ PLi®) — (B — DW70,, Ay — Ao70;, B, — 70;)

—iY /10 3 *) 7 %) — 7 Barbieri et al., 1105.2296,
(@"VgruPra J(H'D"H) = (B — KW, B — KWy, By — ) Barbieri et al., 1203.4218,

i y Isidori & Straub, 1202.0464,
yb(qLVq O';WHPRb)F'u — (B — Xs’Y) Fuentes-Martin et al., 1909.2519



* The best probes of the SMEFT operators are
rare/forbidden processes in the SM
107, o 3 ?» < 1107
* LHC processes can be useful to probe these 106 S ¥z [ 10
. . ~ . < = L X N = :
types of scenarios (with lower values for A)! $10° | m § - . I 3 I < 510
Paly = T 280
» 107 T § > 10
2 < = N N 2R
10 - < 3 ? NS R:10
X S SIS = =
SMEFT CP-odd invariants 699 found in 100 8 X SN 10°
SERESISES SR
Bonnefoy et al, 2112.03889 e
Observable
1910.11775
Comment: MFV factors (hatch filled surfaces).

Light (dark) colours correspond to present data
There are a number of software tools one can use to  (mid-term prospects, including HL-LHC, Belle Il, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS)

generate Wilson ccoeficents and mixind
Wilson, Flavio, DsixTools, Matchmakereft, ...



From SMEFT to low energies (LEFT)

How to connect this set-up to low energy observables? 5
See talk of J. Salko,

esterda
LEET - SMEFT : uv. Y y

|
|
m,, mb —

1) One connsider renormalisation group evolution (RGE) running of Wilson coefficents from the
matching scale down to electroweak scale;

2) Below the weak scale ———EFT that is an SU(3).®@U(1)., gauge theory and contains
the SM fermions, but not the top quark (H, W, Z, t are integrated out (1908.05295, Dekens&Stoffer)

3) The LEFT Lagrangian consists of QCD and QED and a tower of additional higher-dimension effective operators

4) The matching condition at the electroweak scale requires that the LEFT and SMEFT S-matrix
elements for the light-particle processes agree:

M_err =Msmert

MLEFT MLEFT+MLEFT :MbMEFT MSMEFT +MSMEFT

tree, ren. loop tree, ren. loop



Muon anomaloues magnetic moment in SMEFT
LsvyErT DO Cgrgpﬁ'uyerTagOWSV + CngpU“VGTQOBMV

Tree level contributions within SMEFT, dim 6 operator

The one-loop improved RGE evolution and mixing of the relevant operators are considered in SF et al,2103.10859.

For a closed set under the RGE we need to include four- fermion
scalar and tensor operators

.
t t t t - N It can help to that tree-level calculations in the UV model can
, P P , reproduce the full theory two-loop calculations to remarkable
accuracy.

yivi=1 my = A = 10* GeV
106 5

107L

_ 10—8\ CFC / One-Loop
g’“ ~ E Complete Two-Loop
3 —— R P SF et al., 2103.10859 (example 2HDM)
10-10p \ 0.5
10-11 I L I I | |
10° 10* 10° 0.75 1.00 125 1.50 175 2.00
my (GeV) Vivi

a, = (3.3 o)



NP explaining B anomalies

Leptoquarks can accommodate Rp), R Vi, LQ= (SU(3).,SU(2),U(1)y)

Scalar LQs they can modify Yukawa couplings (S1(3,1,1/3) and R,(3,2,7,6) for Rp+))
hopefully can help in understanding origin of flavour masses
and understanding flavour puzzle (why masses of quarks and leptons a so different).

Models of NP
Vector LQs prefarably should be gauge bosons, that requires full UV theory

Some GUTs, Pati-Salam-like theories ( the candidate to explain Ry U; (3,1,2/3) ).

Z’ as a new gauge boson of additional U(1) gauge group (accompanied by 2HDM)
explanation of Charm CP violation, D meson mixing.

Vectorlike quarks and/or leptons.

”Scepticism is as important for a good journalist as it is for a good scientist.” Freeman Dyson



Constraints from flavor observables

Constraints from LFV

(9 - z)u
Bc — tv B — v
If NP couples to b constraints are T — Wy
coming from SU(2), singlets B — K% y,p
p— ey
- . - BO o BO
* 1 S S K
3 ibUL T — K(m)u(e)
qL ™~ DO . DO
br, K — pue
) ) B — Duv,
K — v, B — Kpe
Dgs— 7, uv T =
K — muv
o T — pp
W — v, 7 — bvv
7 — bb Z =171 t— clte”

Becirevic et al., 1806.05689, 2206.09717,... Alonso et al., 1611.06676,...

Radiative constraints Feruglio et al.,1606.00524; Gherardi et. Al., 2008.09546,...
Cornella et al., 2103.16558,



Scalar and Vector Leptoquarks as NP meditaors

(SU(3),SU(2),U(1)) | Spin Symbol Type F
(3,3,1/3) 0 Ss LL (ST 9
(3,2,7/6) 0 R, RL(SE,), LR(SE,)
(3,2,1/6) 0 Ry LG DR 0
(3,1,4/3) 0 Sh RR (S} —2
(3.1.1/3) 0 S1 LL (S%), RR(S®), RR(S§) -2

(3,1,—2/3) 0 S, RR (5% —2
(3,3,2/3) 1 Us LL (VD) 0
(3,2,5/6) 1 Vs RL (VL,), LR (V) 2
(3,2,-1/6) 1 Va RL (V},), LR (V{},) —2
(3,1,5/3) 1 U, RR (V) 0
(3,1,2/3) | U,  LL(VY), RR(VR), RR(VE) 0
(3,1,—1/3) 1 U, RR (V) 0

Dorsner et al., 1603.04993

F=0, these LQs do
not have diquark
couplings and

can not lead to the
proton
destabilisation.

Q=|3 +Y



Rp+)explanation

Lee =—2V2G Ve, {(1 + gv,) (eLyubr) €y ve) + gvi (Ervubr)(Cy"vr)

+ gsn (€Lbr)(LrvL) + gs, (€rbr)(UrvL) + g7 (ERO"UJV[)L)(ZRO"MVVL)} + h.c.

Angelescu et al., 2103.12504.

Eff. coeff. lo range | xZ;./dof
gvy, (M) 0.07+£0.02 | 0.02/1
95 (my) —0.31+0.05| 5.3/1
gsy, (M) 0.12 +0.06 8.8/1
gr(ms) —0.03+0.01| 3.1/1
gs;, = +4g9r € R |-0.03+£0.07| 12.5/1
gs;, = —4g9r € R | 0.16 £0.05 2.0/1
gs; = £4gr € iR | 0.48 £0.08 2.4/1

U= (3,12/3) : gvr, 9sr
RQ — (37277/6) - gsrL = 49T>
S = (3, 1,1/3) : gsr. = —4gr, gvL

Rp+/Rp!

1.4

1.2

0.8

0.6

Exp
|t
SM
B - 9w
9s, = —4gr
. gSL — +4gT
| — g5, = +4gr €iR
1 l 1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 l
0.6 0.8 1. 1.2 1.4
SM
Rp/Ryp



SMEFT in Rp*) S; Leptoquark

ool Models© R R ')'i ] 034] Model §{<© ]
Ur D D) — r 1
ol ] 032/
~t leclgul! [
VR _10b | 1 R 030} Many papers:
T - L [ ‘ Crivellin et al., 1703.09226
; ] . 08% Butazzo et al., 1706.07808
15| M—1Tev. 0287550 Gherardi et al., et al, 2003.12525, 2008.09548
[ , 999%CL | [ Bauer and Neubert, 1511.01900
~20f ! 95%CL | 0.26199%
i B 6s%cCL | o SMO
0.0 0.5 1.0 L5 0.28 030 0.32 034 036 0.38 040
Aot R(D)
R}fj(j?g =1+ Re[2Cy, +1.49C}§, + 1.14C5] + O(C?)
M
ijl()?;) =1+ Re[2Cy, —0.11C5, — 5.12C5] + O(C?) ,
SM
-1
PP(T g))gM = ( R]?Z(DZ)DS)M) (1+ Re[2Cy, +4.65C%, — 1.18C3] + O(C?))
* * -1
PP(’ 1(71? )S)M = ( R](%l(?? )S)M) (1+ Re[2Cy, +0.22C%, — 3.37CF] + O(C?))
FP (R \™ . . 2
[ FEL*]SM = ( R D*)SM) (1 + Re[2Cy, — 0.24C5, — 4.37C3] + O(C?)) CVL_)gVL

Br(Bf — mtv)
Br(Bf — 7tv)sm

=1+ 2Re[Cy, — 4.33Cs,] + O(C?) .



Rp(+) with R, Leptoquark

. 5 S 2
LD+ (VY™ EL)Tapitr;RE + (Y™ ER)dLite; RS cr , br

Yo Yr
2 15 3 2)\ij — = A =1 A) =

 4/2G RV My,

- 4G
Heoew DTQFVcb 9sp (1) (CrOL)(TRYL)  + gr(1) (ERUWbL)('FRa“”VL)-| + h.c.

-04  -03 -0.2 -0.1 00 ol 02 45

Re[QSL]

Yy

. . . . Yeff =
New source of CP violation - Imaginary couplings ’



U;=(3,1,2/3) in B anomalies

. 1 3 Baij
Zurich group OZJQB (qL"m L)(€L7 qL) = [Q( ) + Ql(q)] ) ngﬁa _ (CZJaﬁ)
B _ B AN 50@
OFR” = @tt) Epr ) = —2[Qlea] ciif _ (cijap
SMEFT operators i ch Baij (Crr’)"
O3 = (divue®) (@ dh) = [Qea)” ™,
‘CEFT 32 [CZJGB OZJO‘B + C"'JQB 07'.7056 (CUQB O’Uaﬁ + hC)]
4Gr k3 -
Lo—uirr = =7 {( ib + Z Vit Cf TT) (@ yubr) (TLyve) —2 Z Vik CE37 (w4 bR) (TR vL)
1=1,2 k=1
T —— EFT constraints from the b - ctv anomalies.
: : N\ =2 TeV. The dashed contours denote the fit results taking also
.10 : the constraint from B(B- = tv) into account, under the hypothesis of

minimal U(2)> breaking.

. (_/’r 4
SEERNEN /  Bp ] .
0,05 e / )/ - 1o regions.

=0 N\ LA i) Important constraints B, —B, mixing

<3 0.00
3}

—0.055— /| / —
] ' 1706.07808,

Cornella et al., 2103.16558, Greljo et al., 150601705, Buttazo et al.,
Bordone et al., 1712.01368, Fuentes-Martin et al., 1910.13474,

T
|

—0.10
[ Rp: N ] Fuentes-Martin et al.2012.10492, Fuentes-Martin et al.2006.16250, Fuentes-Martin et
By Ty T e al. 2009.11296, Bordone et al., 1805.09328, Bordone et al., 1605.07633




The most general Lagrangian for a Ui vector leptoquark coupling to SM particles is given by

1 T 4.0 SN LR FRAT ) T 40 e IRARE' T
—_ — — [l 22 SAI 9 — T pa uv,a - D
,CU - 2 UIJ‘V U + MU UM’ U ng (1 ’{Jc) UH’ T Ul/ G 350 ; E &é\n‘g\.Q | 350 _; "; _
2Z gU 3.0k ‘g ;_ /«&\\' 3 3.0F 3 !:: 1
v U 5 29 n 2 o
- g gY (1 - KJY) UZ Uy Bu + 7 (U“J/J' + hC) 3 25k ?— ~1 _ 25F f—_ :_— \.ﬁ“\" pF .
2 gu 20¢ L _,w\‘\\ 1 9v20p i T: W < 3
9 ::‘:E:: U, b T b T 15[ " o B LoF 3
1.0F . 1.0E ‘,‘«‘,\:.s\ )
Ul 0.5 e 0.5 " —
g U gwmméwwwl b T* e T T T T T T T T T T T T
(a) (v) (¢) My [TeV] My [TeV]
), =
B—> K "vv Cornella et al., 2103.16558
NP effects are dominant in the Wilson coefficient involving the third family,
while the other flavour combinations receive negligible contributions T
§ 1.8:— =
Full theory contains new gauge bosons (G’,Z’), and vectorlike quarks =
é 1.6:— —
=
My =4 TeV and g, = 3, and varying the scale of the scalar degrees of freedom T 1) ]
and the Z' mass in the My = [1, 2rt] M and M, = [0.5, 1] M ranges. 5 |
1.2 —
Orange and purple correspond to the benchmarks B,.= 0 and B,.=-1. =
1.0L L ! ! !
1.0 1.2 1.4 1.6 1.8

My, [TeV]

2.0



New physics in the meson mixing

Hg Heff \q + Heff ,q

HYY = Az ——Qi.q) for NP=20% SM, K — K : (&&)2 = Axp > 4-10* TeV,
;. LANP.B. NIEBY
1 for NP=20% SM, By — By : : 2 Axp > 1.5-10° TeV,
Quq = (bry"ar) (bry"qL), e NCNC
Q2.4 = (brqr)(brar), for NP=20% SM, B, — B, : (&Xt’sf = Axp 2 3-10? TeV.
—_ —_ 1 22
— (b B bﬂ «
Q3,q (_RqL)(_RQL) 1 Generic Flavor Structure [l NMFV
Q4,q = (quL)(quR), 107 Re(Ck) Re(Cp) CBd UTflt
Qs.q = (bRay) (BraR), e e e
® Generic: C(A) = a/A? 10°
® NMFV:  C(A) = a % |Feyl/A? N
2
2 10°
NP scale crucially depends on the assumed
flavour structure in the dimensionless 101
Wilson coefficient, Ci
-1
10 C1 Cz Cs C4 CS

A.J. Buras “Gauge Theory of Weak Decays: The Standard Model and the
Expedition to New Physics Summits”, Cambridge University Press

M. Bona @EPS 2023 A.J. Buras, “Climbing NLO and NNLO summits of weak decays: 1988-2023",
Physics Reports 1025 (2023) 0.



R" and scalar LQS

LI = V2G| chh,, (@7ua]) Fryvy) + cBR, (Thyual) Frr"v)
+ el (@ vuad) PRY VR efih (@rudh) Ly V)
+ 955 (@9%) (L) + hijh, (@0 a) (PLoR)
+ gise (Trar) (FrVE) + Wik, (TR0" 61 ) (P20 V)
+ 958, (@Lah) Frve) + 955, (ahal 7LvR)] -
Bause et al.,, 2309.00075, Allwicher et al, 2309.02246,
assumed that neutrinos are SM-like.
In this case the most suitable candidate is the
operator with the right-handed quarks.
Only RQ , (V5 ) can have such interactions at the tree level !

Note that these couplings would not generate any contributions to |

Allwicher et al, 2309.02246, one or two light lepton flavours,
T seems to workallowing Rp(.)/R*p. can be achieved if we
allow only the coupling to T and not to other species.
(supported by S. Decotes-Genon et al., 2005.03734)

Constraints also from B(B; — pu)ex®, Bs- Bg mixing,

LQ | dj — dvi decays u; — u;vp’ decays
LL _ _ 2 LL LLypry* LL _ 22 T,LL T, LLyry*
Sz | 7= (¥ ™ U) (s~ UG, c =2 (VZyz™U), (V7 yz ~ U5,
LQ LQ
RL _ Z RL RL\*
R c —_2,;2 (2" U) iy (w2 U7,
LQ
o RL __ v2 ~RL ~RLyry* LR 2 ~LR LRy*
Ry | ™% =— 5 (G2 " U) 0 (327 U)j, ¢ ST omZ Vgz )i (Vyza ™),
LQ LQ
2 S o
¢ _72miQ-’2iu'-ﬂJu
RR _ 4,3 RR _ v?2 ~RL ~LRx*
g = AR = — (T U) i U35,
LQ
LL _ 4pLL _ v2 ~LR (~RLyr\*
g7 =4h7" = — Gy (5 U,
V) Lo
LL _ LL LLypry*
S1 c —2,,1:2 (1 U)ju’(yl U)i,
LQ
P —
RR _ _ v RR , RRx
¢ - 2'miQ Y1 Y1iv
RR _ RR _ _ o2 LL RRx*
gt = —4hT = (W " U)juryi'en
LQ
LL _ LL _ _v2 _RR ( LLpry*
g~ " = —4h7T = ey (v U)G,
LQ
= 2
5, ¢RE — 2 g RR RR«
2 'Y1iv
2m.LQ 1jv
p) )
LL _ _ 2v LL LLpry* LL _ v LL LLjpr *
Us c =72 (237 U) s (23 U)ju c = T2 (Vag=U)r (Vg U)ju
2LQ LQ
RL _ RL RL 7\ *
Vo | ™" = (2 V) (3 U)5,
LQ
< RL _ _v2 (~RL ~RLyr*
Va c —mu2 (#3 U)ju’(mz U);,
LQ
LR _ 22 T~LR T ~LRy*
c = a2 (V7z; )ju’(V 575,
LQ
RL _ 202 T~LR ~RLyry*
g =g ~(V7237), (827U)5,
LQ
LR _ 2v2 (~RL T~LRy*
g7t =5 (237U) (V7 257)0,
LQ
LL _ 2 LL LLyry*
Uy " = - (VayU),, (Var "U)j,
LQ
RR v2 _RR , RRx*
(& = — x -
2 11 5v
mLQ 1iv J
LR _ _2v2 LL RRx*
c = 2 (Vay U)w'xlj»
LQ
RL _ 202 RR LLypy*
¢t = minlw,(le U);.
= V)
RR _ _ _w RR _RR
U | ™7 = miQxliu’xlju

mg, S 3.5 TeV

U, with left-handed couplings only cannot work




NPinb — s uu

Talk of Smolkovic¢ today

Universal contribution to Cq Operators mix under running
oL T, 7 b 2
L RGE ZL z — ACY = V- cM
— —
Y
Cr Uy St 1L l l-emz

Bobeth, Haisch, arXiv:1109.1826; Crivellin et al., arXiv:1807.02068, Alguerd et al., 1695189

Universality in u e is well established ( at ~ 5% level)

However, there are still unsettled issues as presnted in talk by Dan Moise:
Parrott et al. 2207.13371
On theory side: CKM uncetainty, FF unknown at low g2. To early to make a conclusion

on the disagreement!



Lepton flavor violating processes

B-> K tu,7 - uy,R"B - K11,7 - uuu

. 1077 10°° 107°
T T T T T T T T
4 B Model §;+851 s Model S +85& 10-5L 1 i
rm ffffffffffffffffffffffffffffffffffff ,:"1 - = = = Excluded at 95% CL Excluded at 95% CL |
600+ & 600F 1077 3 1077 : E
3| X X H
% i i 10°%
+ + e =|
% <1 =1 = < Belle 11 (50 ab™")
g & 400 & 400 g § [ Belleli( s0ab7) BN R
= = -oL : J
i - v T ok i i T 10 :
g " t = g = :
= 5} ] Q S Q 10-10L ! ]
i 1 200 T 200f = —
+ + O o
3 2 =H —11 o
& & e T ey nE g 3
9 1077 " Belle 11 (50 ab™") E 2
o L L I (U L L L h| : 10712 = -
2 02 04 05 08 15 20 25 0 10 20 30 40 | : . 0 . | = | 0
. v - -
Ry Br(r — u7) x 10 Br(B - K 7 4) x 10° Br(B - K 7 ) x 10 10°° 107 107 107 1077 10° 1070 107t 107
B(Bs — 7 p") B(Bs — 77 p")

Gherardi et al. 2008.09546

Becirevic et al., 2206.09717 Cornella et al., 2103.16558

Predictions B — Kzt

T T T 1072 T T T
e % O
1072 Excluded at 95% CL B Bttt G G
107°k E
i 07 Cl O o
~ Y A LHCb (300 ") T i
[S =
T = Belle 11 (50 ab™")
| 1 4 b s -
o5 0 Tl ] Cornellaetal.,, 2103.16558
& S
107°1 = 10-5L _
1076 1 1 1 1077 1 1 1
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

0Rp- 0Rp-



LHC and serches for NP in flavour physics

<« EFT valid Approach: Recast di-lepton searches and

19.7 b” ee and pu (8 TeV
P/ e anc e TeV)

= 10k . PRI : 2 look for NP effects in the tails of the
0] o . . .. . .
8 ‘X . invariant-mass distributions (where is large).
= \ 4
£ q L )
S _
- £ ¢ EFT must be valid. Otherwise, use explicit
_ / model (e.g., leptoquark or Z’). E K A
10'55- —* data i 9 £
10°F  [JJFewz. nnLo cT10 -
107 ; S Allwicher et al. 2207.10714
E s (T St G| . L MRS | . E .
20 50 100 200 500 10rcr)10[Ge2\/0]00 E“' —=¢ 9:_\

Sumensari@Beauty 2023

Uy ~ (3,1,2/3) Ry ~ (3,2,7/6)

3_ / g, =2 TV ]
: 1 Bounds on the leptoquark
: 2:_ ‘ ~— ‘ 1 couplings from low-energy
; 1t 1 (blue), electroweak pole
: :gT E 1 1 (gray) and high-p; LHC (red)
: = of . | observables. The combined
; = d ] fitis shown in green
C = 1L
_af ] '

LHC 77 + v
Flavor

[21]%



Unifying models

Pati Salam model reappearance SU(4)esx SU(2).x SU(2)x

PS - 4321 Di Luzio et al., 1708.08450, Callibi et al, 1709.00692
Gauge group G =SU(4) x SU(3) x SU(2).x U(1)"
QCD is SU(3).=SU(3), x SU(3)’

U(1)y = (U(2)sx U(1) ) giag

Pati & Salam, PRD 10, 275 (1974)

Field| SU(4)[SUB) [SU2) . [U() [TU (1) & [U(1) -
qr 1 3 2 1/6 || 1/3 0
up | 1 3 1 2/3 || 1/3 0
dp 1 3 1 |-1/3| 1/3 0
£ 1 1 2 |-1/2| o0 1
ek 1 1 1 -1 0 1
vy 4 1 2 0 1/4 | 1/4
Tr | 4 1 2 0 1/4 | 1/4
H 1 1 2 1/2 0 0
Qs 4 3 1 1/6 || 1/12 | —1/4
0, 1 1 1 |-1/2| —1/4 | 3/4

0:=(8,1,0) D (1,1,0) & (3,1,2/3) and
0.=(3,1,-2/3) P (1, 1, 0).

PS3 Bordone et al, 1805.09328, 1712.01368
B anomalies + the Standard Model flavour hierarchies
PS; = SU(4); x [SU(2).]; x [SU(2)r];

U

Colorons, and Z’ close in masses of U,




SU(5), SO(10)

Not popular- in the minimal set up (non-SUSY) without higher dimensional representations unification is not working

60 f

LEPTOQUARK SU(5) ;
S3 = (3,3, 1/3) 45.70 s0f
Rs =(3,2,7/6) 45.50 i Running of gauge couplings with the SM
]:’2 = (3,2,1/6) 10.15. 40 40} particle content (solid lines) and with
5,1 — (5’ 1,4/3) 45 s goi additional fields (das-hed I|ne?) c.orimprlsmg
S E (_ 1 1/3) = 45 50.70 . one scalar transforming as (1; 2; 1=2) and
- 1_— s et bt Pt i _ two scalars transforming as (3; 2; 1=6).
S1=(3,1,-2/3) 10,40 20¢ Vertical line denotes the mass scale of
Us = (3,3,2/3) 35,40 : | additional fields
S 10~ ‘ ‘ ‘ ‘ ]
~V2 = (_ ) 2'-' 5/6) 2_4* E 100 103 108 1011 10 10V
2 =(3,2,-1/6) 10,40 1(GeV)
U, =(3,1,5/3) I Dorsner et al., 1603.04993
_U1 = (3,1,2/3) 10,40
Uy =(3,1,-1/3) | 5,45,50,70 We have learned that with two scalar leptoquarks (relatively light —TeV masses)
unification within SU(5) is possible (Dorsner et al., hep-ph/0912.0972, 1701.08322)
>:( ><\\ /)<
: H H \\ // S . . .
TR G RSN g In this scenario even Majorana
SN VAN neutrino masses can be approached.
VLo Rk d fryst PL s O N



Do we understand fermion mass hierarchy? Uv

A
- - VLF —+ L
Flavor Hierarchies from a Gauged SU(2) Symmetry SU(2) s :
g+2 :
Instead of U(1) Froggatt-Nielsen models Nucl. Phys. B 147 (1979) 277, <(I)> EE e ELQ
SU(2)4+ flavour (horizontal) symmetry group,
under which light generations of left-handed quarks and :
leptons transform as doublets. - Y
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the second SM family the first SM family
MRd = 5TeV
Field SU(3)[SU(2)L|U(1)y [SU(2)qse e
B 2 | 7/6 1
B 3 5. 1B 1
S 3 1 2/3 2 (28+0.8)|

Im(rg" k)

Scalar leptoquark fields contribute to radiative mass generation
in the first family, resulting in rank-3 Yukawa matrices.

Embedding in the Pati—Salam gauge group

Re(rg )

Rich pheonmenology!
Explains the CKM structure
Can explain neutrino masses (type | see-saw)

SU(4)x SU(2) x SU(2)g x SU(2)q4

m = mQ



Summary & outlook

We need more precision measurements at low and high energies.
LHCb, Bele I, CMS & ATLAS

On theory side: lattice QCD + other approaches (dispersive approaches, light-cone sum rules,...)
improvement on the possible precision a,, B — D * form factors, and all the inputs.

b — s py, still a lot of studies on theory and experiment sides.

B —»K*)invisibles offers many more phenomenological studies.

Improvements of LHC bounds (ATLAS, CMS) on NP couplings.

Understanding of fermion mass pattern within new theories.



Thanks!

Bing is writing
Here is a poem | wrote on B meson puzzles:

B mesons are made of beauty and light

They decay in different ways that we can measure and write
But some of their ratios do not match the theory

They show deviations that make us weary

Is it a sign of new physics beyond the standard model?

Or just a statistical fluctuation or a subtle fiddle?

We need more data and more precision

To confirm or reject this tantalizing vision

Some leptoquarks may be the solution

They can explain both puzzles with minimal intrusion

But they also predict other effects that we should see

In muon g-2 or tau lepton decays, for example

So we keep searching for the answers with our tools and brains
We hope to find the clues in the LHC or Belle Il domains p
B mesons are our guides to the unknown frontier " Bing: B meson puzzles, syleof Condinsky
They may reveal the secrets of the universe,

or so we cheer




Constrains scalar leptoquarks couplings using the leptonic W and Z couplings

Arnan et al.,
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LHC and serches for NP in flavour physics
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Advantage: some processes are poorly constrained at low L
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How about the first two generations?

Correlating New Physics Effects in Semileptonic AC =1 and AS = 1 Processes
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