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Flavour puzzles

Leptoquarks

Testable
Predictions




What SM cannot explain? Unexplained features of the SM

Neutrino masses and mixings * The inability to describe physics at Plankian scale
The presence of non-baryonic, cold dark matter * The structure of fermion masses and mixing
Dark matter is neutral, colourless, non-baryonic, and « The smallness of measured electric dipole moments
massive. The only such particles in the SM are neutrinos,  The comparable size of 3 gauge couplings
(these are too light, warm dark matter) * The quantization of electric charge
The observed abundance of matter over anti-matter e« The number of fermion families

“I would rather have questions that Y Do we understand this

can't be answered than answers that
can't be questioned.”
— Richard Feynman
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de Gouvéa A. 2016.
Annu. Rev. Nucl. Part. Sci. 66:197-217



ATLAS, Nature, 607, 52-59 (2022)
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A great test of the SM

This linear dependence tells us that masses of SM fermions
(no neutrinos) originate from SM vev.

Evidence that the Higgs mechanism is responsible for the
masses of weak bosons and the third generation of fermions!

“The progress of science has been largely a matter of discovering what
questions should be asked.”
— Steven Weinberg, To Explain the World: The Discovery of Modern Science



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
9 _Gr_ ] ool ket
8mi, V2 202 P
Energy scale of SU(2), x U(1)y massless up-to v
v= 246 GeV,
Expectation: NP appears at high energy scale A; - ___umt ‘o[ o[ 0 0 H
. 4 —4— My "o ® b @®
No new degrees of freedom bellow this scale; SM —1-my Baae
e i T
: : - > E. =
New NP mediators create operators of dimension d= 5; | = B e

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

' Pamde:- ‘ ————

Dimension 4

Standard Model

Q SMEFT Falkow3Xi,
. \ N e > 4 Eur.Phys.J.C 83 (2023) 7,
. «m 656
(-Supersvnunemc L b -
‘shadow " particle L £ Integrate out
heavy field
There are many ways in which higher-dimensional operators can affect observables.
» 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 C(d)
appear in the SMEFT with a different number of derivatives, different contractions of Lorentz or Eeff = Lo + E
spinor indices, etc. =

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

Lpg = Lbosomc LYukawa ﬁcunent + EleOIC + £4 ferrmon

Gauge fields, Higgs
Warsaw basis, Grzadkowski et al, 1008.4884
SMEFT papers: Manohar et al., 1308.2627, 1309.0819, 1310,4838, 1312.2014



From SMEFT to low energies (LEFT)

How to connect this set-up to low energy observables?

LEFT +— SMEFT . vV,

|
|
m,, mb —

1. 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 :MSMEFT MSMEFT_l_MSMEFT

tree, ren. loop tree, ren. loop



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

1 5 X% 2z HE 3: H*D? 4 X%H? 5:9%2H3 +h.c. 6:v*XH + h.c.

Qe | fAPCGGPrGSH  Qu | (HTH)*  Quo (H'H)O(H'H) Que | HHHGL,GY  Q.n | (H'H)(pe,H) Qew | (o' e, )T HW],
= | FHCE aRreTe Qup | (H'D.H)" (H'D.H) Quz | H'HGLG*™  Quu | (H'H)(@u.H) Qe | (0" e, )HBy,
Qw | VKWW ewke Quw | HHHWLW  Quy | (HIH)(GydrH) Quc | (Go* T4u,)H G4,
Qw | VKWW ew ke Quw | HIHWL, W Quw | (@ ur)T! HW],

Qus | H'HB,,B" Que | (@0" u)H By,
Quz | H'HB,, B Qac | (Gpo**T4dy)H G,
Quws | HIT'THW], B Qaw | (Gpo™d,.)TTHW],
Quivs HTTIHWJVBW QdB (G,0"d)H By
7:92H?D 8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR) 8:(LR)(RL) + h.c.
i H D) Qu | Gud) @) Qe | @Eued)@nter) Qe | (Gl Erer) Queds | Ter) (dss;)
@ (H'i DLH)(, 11, W | (@)@ e) Quu (@pypuur) (Ts 1) Qru (Tl ) (@5 us)
QHe (H'i'D  H)(E,"e,) @ | @wr'a) @ m'a)  Qua (dpvudr)(ds*dy) Qua (Lpvulr) (s dy)
@s! (H'i'D L H)(@7"qr) Q| (G (@n"a) Qeu (@per) (s ur) Qqe (@pynar)(@s7*er) 8: (LR)(LR) +hec.
09 | @B grive) U | BT @TR) Qe | Een)(dsyid) @ @) @rru)  Quea | @uren(@d)
Qu (H'i' D H) (@ yhur) Q| (@pyuur)(diydy) S | @ruT 0@ TAu) Qg | @I ur)ein(@ETAd)
Qna (H'D ) (d,1"d,) QW | @y Tru)d TAL) QY | (@uar)(diyds) Ql(gq)m i (Bper)ejn(@yue)
Qmua + hc. | i(H' D, H)(u,y"d,) QY | (@TA4) o T4d)  Qiegu | Bower)en(@o™ u)




* The best probes of the SMEFT operators are
rare/forbidden processes in the SM
107, o 3 § < 107
* LHC processes can be useful to probe these 106 S ¥z [ 10
. . ; E - !'E . X ] Y = E
types of scenarios (with lower values for A)! $10° | m § S L= . I 3 I < 510
10 =5 T 250
E 105 = = NN S &g
% 107 T T S > 10
2 < = N N 2R
10 L < 3 ? NS R:10
101: § % I - I * i101
s NS SIS = =
SMEFT CP-odd invariants 699 found in NI EISES SIS 10°
IR ENEN SNEN
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, ...



Lepton Flavour Universality (LFU)

the same coupling of lepton and its neutrino with
W for all three lepton generations!

(:fj (;‘ij (:ﬁ] D(r7 = p o) =017 = e Devy)

Basic property of the SM: universal g
Ly = fiDA"f Jo=Qr, L
. ]- - g . /1
D, =0, + tg,T W, +1g §YWBM

the same for all SM fermions

valid for quarks too!

Gr
Lopr =——=JTJH
rr \/5 L
g° Gr
%, = V2



Flavor changing charged... LFU

_.E’/ Ve o

T M n g, K W T -k
gu<Vp _W\Vl‘ JW\VH

g %<c ~. T~ From Tony Pich at CHARM 2023,Siegen
ge Ve

_i:\/b/bvr g v W

T e o T g1 T
0 T _ak N

Eu Vu . g,
ge \V Vll Vi
|g/1 /ge gz‘ /gy ‘
B,,,/B.. [1.001940.0014 8. /8.

B,,. 7,/7, | 1.0009+0.0014
Biyu/Bise |1.0010£0.0009 | | B, 7,/7, [1.00274£0.0014| | T, /T, | 0.9959+0.0038

Bisu/Bxse 0.9978£0.0018 | | B, /B, ., | 1.007+0.010 Fook/Tkou | 0.98620.008
By i /B sme [1.001040.0025 By . /By, 1.001+0.010

By, ,/By,. | 1.001£0.003

Experimental tests do not show violation of LFU



B-meson anomalies

[ftrnational BestsMar and
Winnar rflﬂu. G oncowrt Prize

Hervé Le Tellier

Ro+)

Puzzle in b —» s ypu transition

The Anomaly

“Buckle your seat belts, as Hervé Le Tellier takes you on an e dinary
ride. You won’t want to put this book down until the very ge!
—Leila Slimani, #1 New York Times bestselling author of The Perfect Nanny

K(*) _ —\SM
A new anomaly? R,, = B(B — K(*)V’/)/B(B = K(*)VV) After analysing one anomaly, a

new anomaly
appers....

12



BaBar, had. tag ([);%]332‘1?(})‘?54‘: 018 ‘ ‘ —_—
Rp() puzzle 1 b tos R
0375 = 0064 = 0026 | ——————— (})3 1718 g](‘)lgﬁr(lntlﬁ)%u) ——
E_ §§,‘$ : Blo%g: 0016 —-.—- (})3 %1;1% < 0'0211?{ 0014 —‘—
LHCb" ] ; L.!>lC %0018 +0.024 —
0.441 = 0.060 = 0.066 L (h adronic tz ill) B 3
LHCb® . 07»7 +o 0120018 —_————
0249 00430047 ——+————— Belle 11, had. n% ; :
Average : | %‘ * f) 040 +0.031 _‘_‘_‘_3 :
( % ) _ ) 04344'1 * 04.026 : + 0 081 = 0.085 : ' =
R () B(B — D TV 0298 =004 . ézss Foon P e
D(* ( *) _ PRD 94 (2016) 094008 SV average | | ‘
0.299 = 0.003 » =
B(B — D IV) 1€ {e,u} oRDY 95 017 115008 PRD 95 (2017) 115008 L
0299 =0.003 " JHEP 1712 (2017) 060
JHEP 1712 (2017) 060 0.257 = 0.005 'F"
0.299 +0.004 - 5152‘7:93 (%919) 386 .
Ooors0003 . PRL 123 0019) 9091801
PRD 105 (2022) 034503 - EPIC 80 (2020) 2,74 - ‘
ENALMILC (2015) 18 EPIC 82(2022) 12,1141 %
HFLAV
HFLAV
I I | I | . . ‘
0.2 04 3
e ‘ .| ‘ | | | | |
04
* Rp®Pand Rp«®P : dominated by BaBar! ~ 04 ——r T R(D¥)
*D A 68% CL tontours =
* InRy,®P and R 5 &P limited precision. T [ ]
035 LHCbH* —
B llell ]
. . = O =
-Solution for the puzzle - New Physics (?!) 03 Be“e< \ 3
-Precise knowledge of form factors needed! C S
B LHCb LHCb?
025 3
B World Average -
LHCb new results at 02  $HFLAV SM Prediction R(D)=0344 £0026,,  —
B R(D) =0.298 =0.004 R(D*) =0.285 0. Olzmm -
. - R(D¥) = 0254 =0.005 p=-0.39 -
M 2 24 I B P(y2) = 29% i
O rI O n . 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 1 1 1
02 0.3 04 0.5
R(D) 13



R(D*)

I~ I T T T T T T T T T T T T I T L} T L} I
% 0.5 —— BaBar, PRL109,101802(2012) s .
R t ) - ——— Belle, PRD92,072014(2015) Ax”= 1.0 contours ]
x over he yea rs [ - LHCb, PRL115,111803(2015) i - .
D(*) 045 — Belle, PRD94,072007(2016) e=== Average of SM predictions ~ —
""" F  ——— Belle, PRL118,211801(2017) R(D) = 0.299 +0.003 .
- ——— LHCb, PRL120,171802(2018) R(D*) = 0.258 +0.005 -
0.4 [ Average ]
05 C T T T T T T T T T T T T T T T T T T N : :
|~ ——— BaBar, PRL109,101802(2012) - ] B -
- ——— Belle, PRD92,072014(2015) Ay”=1.0 contours . 035 4o 3
045 LHCb, PRL115,111803(2015) ——— SM Predictions — o .
_  ——— Belle, PRD94,072007(2016) R(D)-0.300(8) HPQCD (2015) 7 - ]
[ —— Belle, arXiv:1608.06391 R(D)=0.299(11) FNALMILC (2015) ] 03 40 —
0.4 — [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) —] — ]
r ] [~ ® ]
C ] 025 .
035 T~ ] - HFLAV M
- - ) . n ]
" . 02 PO =T74% —]
0_3 — — [~ l 1 1 1 1 I 1 1 L 1 I L L 1 1 1 L 1 L I
- . 0.2 0.3 0.4 0.5 0.6
025 - @ ] R(D)
= Summer 2016 =
C P =70%
0‘2 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ;\ ] | ! ! ! ! | ’ ' ’ ! ! i ! ! | ! ! ]
0.2 0.3 0.4 0.5 0.6 =) 8 HFLAV Ay®=1.0 contours |
R(D) & 04 2021 —
C LHCb15 -
N BaBarl2 -
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| |
B LHCb18 _
03 — =
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There are still some issues!
< DY (p', (€))[eI* b B(p)

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

2) B - D*: three (four) form-factors;
First lattice results at g2 7/G%.x | Tensions with B - D*IV exp.
data

REoP=0.844026), BT =0285(12)
RP =0.293(8)

7 HPQCD B — D't ——T——7 T T
} +  Belle B D*e'r, N — this work
0>0014i <+ Belle B® » D* pty, ';\ N + Belle
(]
0.0012; <
| < 10
«_ | it
»su.oow‘ =
£ X
[ — -
% 00008, ZiI:‘: <
% | —— ~
E0.0(IUG{ == [E'
o
| -
0.0004) =5
| '
| RN i
O'UUUZ; [HPQCD, '23] D | ~ [JLQCD, 23]
| IS N SRS RS U S NS SR B TS

T I 12 I3 2 T3 1.0 1.1 12 13 1.4 L5

InEw Ve F(w)|?

J
0.0014
Fermilab/MILC
Belle untagged
BLOhIE | Babar
' ¢ Fermilab/MILC
4 Belle untagged e~
4 Belle untagged -
0.0010 ¢ BaBar synthetic
0.0008
0.0006
0.0004
0.0002
1.0 1.1 1.2 1.3 1.4 1.5
w
2 2 2
mp+ mp. —¢q
w =

2mB mp=



> - ' ®V o 2‘/(q2)
(B (k)|C’}*p(l — v5)b|B(p)) = ¢ i Lol

< uvpo

2
— 1E

mp + mpx u(me + mps) A1(g°)

, " Ay (q?) , - 20 v s .
+Hi(p+ Bule” - Q=2 — +igule” - O — 5~ [As(e) — Aole)]

Lattice QCD computations of these form factors :
(FERMILAB MILC, 2105.14019, HPQCD , 2304.03137, JLQCD, Y. Aoki et al., 2306.05657)

consistent for the dominant form factor, A;(g2), but do not agree with the other form factors.

We used another approach to consider form factors is heavy quark effective theory (Caprini, Lellouch, Neubert -CLN),
reducing the problem to four parameters and using all experimental information (HFLAV)

W=
b

TNk

C
cb
d

RN = 0.247(2)

30 smaller than the experimental avarege




b— s uu transition

Ry = B(B = K™ up) It is important that LFU (e,u) holds! — RK
K B(B — K()ee)

(*)

RSM ML) = 1.00(1) Bordoneetal., 1605.07633

C2M =0.29; C5§M = 4.1; ;M = —4.3;
AGp €2
SM F * bqll ~bqgll 1bqll ~1bqll
— S A — Vi Vi (C/TO: CO:; h.c..
Hor =M~ " e 30 D0 D0 VaValCl O o0l e
q=s,d {=e,;t 1=9,10,S,P
Buras et al.,hep-ph/9311345;

Altmannshofer et al., 0811.1214;

0N = (g, PLb) (E4™0) O = (g, Prb) (I4"0) Bobeth et al., hep-ph/9910220
O = (@ PLb) (17" y51) O™ = (g, Prb) (1" y51)
bqll _ batt _ 5
Og"™" = my(qPrb)(£0), Og"" = my(qPrb)(00) Angular observables, Ps’ still remains
O?qu = mb((jPRb)( 50) , O?‘W = mb(gPLb)(Z%g) ) (Descotes-Genon et al., 1207.2753, Matias et al.,
1202.4266).
Still an issue

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



NPinb— s puu?

Universal contribution to Cq Operators mix under running
2
bL 1L bL L -
SU22), RGE U U SM
ACY = U - CS
Cr 128 St (73 b\

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)

On theory side: CKM uncertainty, FF unknown at low g2. To early to make
a conclusion on the disagreement!



Looking for new physics through decays b > sv v

Olcyr Sumensari SM
Form factors — an issue again!

ooy - 4GF/\t aem CKM matrix element dependent

[ —— /i OurFit dof.~92/10 -
At = \7;,\}f‘j Buras et al.,1409.4557, ogl—— foOuwFi
Altmannshofer et al,, 0902.0160 - £, FLAG 21 Ls
SM Buras, 2209.03968 [ fo FLAG ‘21 _L/
C — _Xt/ Sin2 0W A 0.5F= f,0 HPQCD ‘22 /’)
632(7) E froMILC16 o
s B(BT — K*vv) = (4.44 4+ 0.30) x 107°, Cria
al [
B(BT - K& vv) = (9.8+1.4) x 107¢, | =
0.3+
(*) — — ":l T S SO SR RN SR SR ST NN |
R,{i — B(B — K(*)VV>/B(B — K(*)I/V>SM % 5 10 15 20
¢ [(;O\ﬂ]
K Belle 11 2023
R =544+1.5
v 2311.14647 BR(BT — K*vp) = (2.34+0.5703)

ZC SL’YubL Dy D)

A new anomaly?

2.7 o larger then SM prediction

19



u u

Possibility for new physics through decays b > sv v . Invisible sector? I\ N
157 ‘
— v (SM) /
= —_— X (Emiss)
S ¢>¢: gss B 9 KX E
i i i 1 = — ¥, fyv
Assummg SM neutrinos a large contrlbutlor: to o B >Kvvg
the rlght—hanc\jeclj quark operator necessary! wo | Ay B>K yx
OV'Vj 62 b n % 0.5 89K¢¢
¢ N — -1 7. _ . x V.
R (47)2 (SRYubR) iy (1 = 75)v5) =) Bolton, SF, Kamenik,
— Novoa-Brunet, 2403.13887
N "o 5 0 52 - two-body decay, best
q2 [GeVQ] y y;
o 200 — . fit point (2.8 0)
* + + = et my ~ 2 GeV
I§ I SMB* ->K*w
% 150 —— Gaussian resonance
i - Belle 11 o ¢ Data o
o € - for two inisible scalars
. = + or fermions my = 610 MeV
N S ’ Bolton et al. ’24
0 5 10 15 20 25 30 35 40
B (B — Kvw) x 10
Allwicher et al, 2309.02246 )

q? [GeV?]

L Searching for explanation in NP
(1 + 0 K(*)) »  Bause et al.,, 2309.00075, Allwicher et al, 2309.02246 Felkl et al., 2309.02940,

He et al., 2309.12741, Altmannshofer et al. 2311.1469, Alonso-Alvarez etzgl.
2310.13043, Bolton, SF, Kamenik, Novoa-Brunet 2403.13887,...

B(B — K®uw) = B(B — K(*)VV)|SM



New physics in the meson mixing

HZ 7-teff ,q + Heff ,q

NP _ for NP=20% SM, K —K: (V; Vig)? = Axp>4-10*TeV,
eff A2 Z,q, ~
5 “NP.B. NS
T for NP=20% SM, By — By : Vii Vig)? Axp > 1.5-10° TeV,
Q1,q = (bzy*qr) (b qr), TR e (\13”«3?) TR ’
Q2,4 = (brqr)(braL), for NP=20% SM, By~ Bo: (Vi Vo) = Awp23-10°TeV.
— — 1 A2
— (B B bﬂ o
Q3’q (_RqL)(_RqL) [ Generic Flavor Structure [l NMFV
Qa,q = (brqL)(bLgR), 107 Re(Ci) Re(Co) Co,  [UTit
Qs = (b%47) (B1a5), m(G m(co) o
® Generic: C(A) = a/A? 10°
© NMFV:  C(A) = o X |Feyl/A _
>
z 10°
NP scale crucially depends on the assumed
flavour structure in the dimensionless 101
Wilson coefficient, Ci
-1
10 Ci Co Cs Ca Cs

M. Bona @EPS 2023

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

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



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), Rx(3,2,7,6) for Rp*))
They can hopefully 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 Rp+) 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



New Physics in RD(*)
Lvsery = —2\/§GFVcb[ (1+ gv;,) (€Ly*br) (ToyuVrL) + gvg (CrY"bR) (TLYWVrL)

05 (ERbL) (7—-RV7-L) + gr (ERO"LWI)L) (7_'30'/“/1/7-[,) o

+ Jsp(CLbr)(TLNE) + §T(éLaWbR)(fLaWNR)] = fita

(%) (%) i~
=1+ gv,|* + a8 (l9s.]” + [9sal?) + a2 (lgz|° + |57/°)

* (%) *
+ asv 'Re [(1 + QVL)QSL] +apy Re[(1+gv,)gr]

ae = 1.08(1), ar =0830), ao=1542), ary=1093

aZ” =0.037(4), oP" =8.56(35), alk = —0.107(11), a2 = —2.91(11)



Constraints from flavor observables Constraints from LFV

(9 — 2)u
B. — tv B — 1V
If NP couples to b constraints are T — WY
coming from SU(2), singlets B — K®yp
H— ey
= ) - BO o BO
* 1 S S K
3 ibUL T — K(m)u(e)
qr, ~~ DO _ DY
br K — ue
) ) B — Duv,
K — v, B — Kpue
Dgs— 7, uv T — L
K — muv
o T — p
Loop-induced constraints: VW TV, T = tov -
Z - ll,vvandt — lvv t— et~

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,



Constraints at high energies

the high dilepton mass tails of pp — tv, T T processes (we use HighPT package, 2207.10756)

Both ATLAS (2002.12223) and CMS (2208.02717) have presented results of their studies of
such Drell-Yan processes at high dilepton masses

High-pT searches (CMS and ATLAS) can probe the same four-fermion operators
constrained by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-Il...).

<«— EFT valid

19.7 tb” ee and uu (8 TeV.

< T
8 Y*Z —e'e’, ui ‘1 A
g
E [ L S
2 %
S 107k .
102} ' L
10° 0'
10
105 —* data 9 XL
6 -
107 ¢ FEWZ, NNLO CT10 -
107k
E_ L U o | L L MR R |
20 50 100 200 500 1000 2000 | —
m [GeV] € ‘
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Parton luminosities Partonic cross-section 1

iy

, dr s ;
o(pp — ') = E /75%% (7) 6(qi@; = £0)s=sr |
]

qiq;

Q
1072¢
=818
A 2 -3
S = mgg/ 1077 ¢
1074 : L - . 2
0.2 03 04 05 1 2 3 4
V3 [TeV]
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Four-fermion interactions

_ Vector

scalar

tensor

Leptonic dipoles: Y2XH

d=6 V2XH + h.c.
Oew (lac*ep) T[HWL,

OeB (Zaa“”eg) HB,,

d=6 Y2 H2D
Ol (ay'lp)(H'i D H)
O (ay"rlig)(HY D LH)
OHe (eafy“eg)(HTz D ,H)

One can use a flavour symmetry (e.g., MFV, ...) or a specific model.

d==6 Pt
Oz(;) (lav*16)(@ivud;)
(91(;9’) (lav*7"16) (@iyur" ¢5)
O, ( 7“lﬂ)(uz’7uuj)
Ou (1 a’Y“lﬁ)( diYud; )
Oeq (Ea"es)(TiVuas)
Oeu (ear"ep) (Tivuuy)
Oed (ea"e)(divud;)
Oledq Shte: (_laeﬂ)(din)
o) +he. (Tnes)e(@iu;)
Ol(jqu + h.c. (lao*ep)e(qiouu;)
pp — > T
pPp — €€, Up
pp —
pp — €V, pv

pp — eu, €T, uT

HighPT: A Tool for high- Drell-Yan Tails Beyond the SM
Allwisher, Faroughy, Jaffredo, Sumensari, Wilsch (2207.10756,2
207.10714)
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&
—0.5 B —0.5
I 3 I
[ s K71 & [
S ——————— -15F L
-1.5 —=1. —-05 0. 0.5 1. 1.5 =LORN={1=()
(143) 9 _9 (1=3)
[Ciy 13323/ A" [TeV™7] [

Flavour and collider constraints are competitive!

B — K*rr
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Scalar and Vector Leptoquarks as NP meditaors

(SU(3),SU(2),U(1)) | Spin Symbol Type e
(3,3,1/3) 0 S3 L (e D
(3,2,7/6) 0 R, RE (5%, LIR(ST.) 0
(37271/6) 0 RQ RL (S{J/Q)?L_(Sfﬂ) 0
(3,1,4/3) 0 S RR (S} —2
(3.1.1/8) 0 S1 EB(Sy ) BRIS): BR(S ) —2

(3/1,-9/3) 0 S, RR(SE) -
(3,3,2/3) 1 U LL (VD) 0
(3,2,5/6) 1 Vy RL (VL,), LR (VE,) D

(3,2,-1/6) 1 Vo RL (V{3,), LR (Vi —9
(3,1,5/3) 1 Uy RR (V) 0
(3,1,2/3) 1 U,  LL(VE), RR(VE), RR(VE) 0

(8.1,-1/8) 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



Scalar or vector leptoquarks?

* Scalar leptoquarks have Yukawa -like couplings ZP &
(they can contribute to fermion masses if they have v.e.v( L,R q

Prr=1/2(1=%"s5)

* Vector leptoquarks should be gauge bosons

(however, usually gauge bosons as in GUTs have the mass at

GUT scale) 0 0
If they are not gauge bosons we cannot handle loop ZWU PL,R q 4
corrections.



Scalar Leptoquarks in Ry

Goal of our study is to establish whether or not any of the scalar leptoquarks, with a
minimalistic set of Yukawa couplings, fits the current experimental world average of Ry and Rp«

Scenarios in which the scalar leptoquark couples to T and either to c or to b quark.
These couplings are of Yukawa couplings

Electric charge €
LQ —(SU(3),, SU(2),, U(1)y) Q=I5 +Y ° br, 2
-~
R, =(3,2,7/6) "
Vr

R, = (3,2,1/6)
S.=(3,1,1/3)

Damir Becirevic¢, Svjetlana Fajfer, Nejc Kosnik, Lovre Pavici¢, 2404.16772



Ro(+explanation — three years ago

Loe = —2V2GpVy, [(1 + gv;. ) (CLvubr) oy ve) + gvy (CrRYuR) ULy L)
+ gs,, (€Lbr)(Urvr) + gs, (Erbr)(LrvL) + gr (ERO'MV[)L)(ZRO"[WVL)} + h.c.

Angelescu et al., 2103.12504. Three years ago

Eff. coeff. lo range | xZ;./dof =
gv, (ms) 0.07+0.02 | 0.02/1
gsy (ms) —0.31+0.05| 5.3/1 19 i Exp
9s;, (ms) 0.12 +0.06 8.8/1 -
gr(ms)  |—0.03+001| 3.1/1 .- =5
gs, = +4gr € R |—0.03£0.07| 12.5/1 sl Gt
gs, = —4gr €R | 0.16 £0.05 | 2.0/1 D?
gs, = +4gr € iR| 0.48+£0.08 | 2.4/1 0.8 - .
: 9s, = —4gr
" — gs, = +4gr
Ul — (37 17 2/3) - gv 0’6__ — g5, = +4gr € iR
Ry = (37277/6) :9s, = 4gr > .

S1=(3,1,1/3) : gs, = —4gr,9v Rp/Rp'



R,=(3,2,7/6)

In SU(2), Ryisin a represention of dimension 2 (weak isospin 1/2). (Q=l, +Y)
There are two states R,53 and R,2/3
The minimal model: couplings to the third generations of leptons (v;and 7 only)
Notation: Q, L quark (lepton) weak doublets, g (I) weak singlets 00 0 00 0
yr= (00 0 |, wyr=1[00ys
00 yT 00 0

i A . i~ pTaabrb , 1
Lr, =yp Qfe; Ry + yj up;Ry“€”L; + h.c.

Lr, =Yg ﬁ)(ﬂjPRT)RS/B + oy (EPRT)R?:3 —yr (EPLT)RS/B + sz(EPLz/T)Rg/B + h.c.

gs, (mpr,) = 4g7(mg,)

e couplings are generated at the mass scale of R,

* running to the mass scale my, gs, (my) = 8.8 x gr(my)

| _
gs, (mp) = 0.60 x 5 |y%y5f|ew .

One of the Yukawa couplings should be complex

Damir Becirevi¢, Svjetlana Fajfer, Nejc Kosnik, Lovre Pavici¢, 2404.16772



mg, = 1.0 TeV

.0 0.5

R’e[gSL]

-0.5

1.0

0.5+

-0.5}

~1.0},

.0

1

0

-1.0

|y |

R, is out of game!



R,=(3,2,1/6)

* R, triplet of colour group, doublet of weak with hypercgarge 1/6 [ — _%jgiﬁgeabyﬁ o %Nai,aﬁaNR .
two states states R,23 and R,1/3 ' 2 ! 92iVR

* Due to its quantum numbers in can couple to non-SM right-handed neutrino Ng

minimal set of couplings

L=—POPrR + (PR P+ 00 0 0
gL =100 0O : gR — i]fi,N

+ JN (sPeNg)R; " + 33V V,,(w; PrNR)RY” + h.c.
00 gy 0
In the branching ratio Ng 2
cannot interfere with SM neutrino, therefore However, there is the tree diagram for b — svNg

the NP effect is the N
s y
¢ Yr Ves Ng s g5 - Ng

2
B |Asm + X[ + |ARE X X b v




R" and scalar LQS

L7 =\2G [CiLj;wa (@ 7vuah) Ty vy) + B (@ vudh) PRV VR)
+ Cile;?/u/((ﬁ:’YMQ%)(DR’YHV;z) + Cﬁ;l,'/y/ (qiR’qu%) (Try*vh)
+ 957, (@LaR) (FLvR) + R, (300" a5) (710, 1 R)
+ 95;}3,/ (QEQi)(DRV'L) + hf?ﬁ,y, ((ﬁ%a‘“’q% (VROMWVL)

+ 95 @ak) Frv) + 98k (Thal) (1) |.

Bause et al.,, 2309.00075, Allwicher et al, 2309.02246,

assumeﬁ%hat neutrinos are SM-like.

In this case the most suitable candidate is the

operator with the right-handed quarks.

Only , (V5 ) can have such interactions at the tree level !

Note that these couplings would not generate any contributions to Ry,

LQ| d; — d;vv" decays u; — u;vp’ decays
LL _ _ 22 LL LLyry* LL _ 22 T, LL T, LLyry*
Ss | 7" = 2mZ (y37U);, (y37 V)5, ¢ —_m%Q (Viyz ™ U);, (V7yzmU);,
V)
Ry cBL = —27:%62 (nyU)iu/(yé{LU);u
i RL _ v2  (~RL ~RLyr\* "R _ 02 ~LR Ry *
o | = T om2 (727 U) i (8277U)5, e = T o2 (VI2 )i (Vyz ™),
LQ LQ
LR _ : SN
¢ = _21;%(2 Y2'Y2 50
RR _ 43 RR _ 2 (~RL ~TRx
g =4h —_2,:2 (¥ U)iu’y2ju
LQ
LL _ gpLL _ _ _v2 ~LR (~RLyp\*
9 = 4h - Zm%Q y? ‘iu’(yz U)JV
LL _ 2 LL LLyry*
S1 c _2":2Q(y1 U)jv’(yl U)i,
L
A —
RR _ _w RR , RRx
¢ = 2mi g Y1 Y140
RR _ RR _ 2 LL RRx*
g = —AhT = e (yr M U) i
LQ
LL _ LL _ _ 22 RR LLyry*
g"" = —4h7" = amZ,) 'Ulj,,/(lh U)iv
g RR _ _v2 -RR -RRx
S1 c = Zm%lejul liv
LL _ 2v2 , LL LLyp* LL _ v2 LL LLyr*
Us | c T T w2 z3 " U)s (237 U)j ¢ __miQ (Vaz ™= U); (Vag~U)j,
RL _ _22 RL RLr\*
Va | ¢ _miQ(m2 U)jur (237 U);5,
— z ~
Vs cBL = - (méu’U)jV/(xéu’U):y
LR _ 22 T-LR T ~LRy*
c = —miQ (V©z; )ju’(v 2375
RL _ 202 T~LR ~RLyr\x
g = mZ (V7237) 0 (@77U);5,
LR _ 2v2 (~RL T ~LRy*
g = mZ o (@37U);, (V7 2375,
LL _ v? LL LLyry*
Ui ¢ =2 (Vay~U);, (Vay " U)j,
L2Q o
RR _ _ _w RR , RRx
¢ = minlw’ 1jv
LR _ 202 LL RRx
c - m%Q (le U)iu'mlju
D —
R = "212 zfﬁl(Va:fLU);u
) LO
7 RR __ v RR RRx
Up | ™7 = _m2Qzliu’m1ju
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pp — TT, TV

If you want to explain RD(*) and

Belle Il result forB—> K v v
this cannot be achieved with this LQ!

1.0

See also Rosauro-Alcaraz and Santos Leal

Belle-II BT — Ktvy 2401.17440
0.0! | | | | ‘
00 0.5 1.0 1.5 2.0 2.5 3.0
~b
yr

Damir Becirevié, Svjetlana Fajfer, Nejc Kosnik, Lovre Pavici¢, 2404.16772 RQ is out of game!



S1=(3,1,1/3)

Being a weak singlet S; has only one stae with the electric charge 1/3.

It allows the the interactions with quark, lepton both being weak doublets, or weak singlets

00 O 00 O
Minimal setting y=100 0 |, yr= 100 yg
00 yo" 00 0

Ls, = ’lj?j *(uC Py 7) S, —yr (bCPLv,)S1 +vyS (cCPr7) S + hec.
It generates

Loery = —2\/§GFVcb[ (1 Hogv,) (Coy*br) (TrYuv-L) + 9vg (CrY bR) (TLYuVrL)
+\9s;. (ERbL) (7__RV7-L) 4 gr ‘iEROMVbL) (’T_RO-[U/VTL) +

+ G5, (CLbr)(TL NR) + ﬁT(éngbR)(T‘LUWNR)] + h.c.

Damir Becirevi¢, SF, Nejc Kosnik, Lovre Pavici¢, 2404.16772

Survival of the
fittest!

()
v2 Vi |yt |2

gvy = ‘
P4V, mg

CT *

()
Lk y_l;j YR
e .
4Vep  mg,

gsy (Ms,) =

gs; (mp) = —8.8 x gr(my)



Consequences

B(B. — 1v)"

1
) B(B. — Tv)*M

e [1.13,1.48]

.
?

= L b :
B(B. — 1v)>™ = (2.24 £ 0.07)9 :
(B, — V) (2.24 + 0.07)% x (0.0417)

2) through the box or penguin diagrams involving one S; and one W-boson, a contributionto b = sttorb — sv. v,

Vi Visyf”

TL

B(B, — 77)% B(B — Kr7)51

0.73,0.98] 0.73,0.98
B(B, — rry < (073098 g ey € [0.73,0.98]

mg, = 1.5 TeV

0.2

;5,} 0.5

s 0.1

T ; |
0.0r-mmmmmmccecceeeeae- N - oo eeeeeal S 0.0 :

\J':S -

I :

; -0.1 :

= 0.5 :
-0.2 5
-0.3 —140\ : '

-03 =02 -041 0.0 0.1 0.2 0.3

g VL



sz(O)* v : : :
3) b ﬁ SV'E V'L' SC - - Vr ,S'p > Vr

> b
ug : Vivy ™™

X

S1

R

OS5t = (—9.3 + 0.44) x 1072 [y |?

(imaginary part comes from the fermions being on the mass shell in the loops)

V4

B(B — K®yy)% G _
( d L | er.001,1.02] (@20)

B(B —» K®yy)SM 3CM
4) Valyy|* canaffectthe b — urv decay ( B(B~ — 7v), B(B — 77v). However, it gives 3 % enhancement of
the SM predictions

-1+

5) We determine for B -»D(*)tv the fraction of the decay rate to a longitudinally polarized Dx,
the t -lepton polarization asymmetry, and the forward-backward asymmetries

D" DSy pD* /ppsh AR /D05
T T T T . T . : : . :
LHCb —
Belle 11 5 B :
D
51 . 1S —o—
! -

06 08 10 12 14 00 05 1.0 15 0.7 0.8 0.9 1.0 1.1



S; with V-A couplings or mg, =
1

1.5'_' """
2 [
v ‘/;3 Co '
S 1.0}
gvy = Yr Yr |
FomE Ve '
05F 8%y
[ ./
- 3_/%
00 O co;qb 0.0
Yr = OOyf ; yRZO OSl\
br ~1 ]
. | 3 |
-1.0F .
; T |
[ S 7
No right-handed fermions T = () ~ 1.5k sesa pe Ty - ! 6% &3
& (yR ) -3 -2 -1 0 1 2 3
br
Yr

S; (V-A) cannot
survive!



Conclusions

SMEFT a usefull tool for

Flavour puzzles persist
P P NP

LFU tests Leptoquarks

S, leptoquark and with Yukawa couplings to both
left- and right-handed quark/lepton doublets is

the only one viable candidate to explain the Rp

LFU tests at puzzle!
LHC expected!



Thanks!

Surogat is a 1961 animated comedy short film by
Croatian director Dusan Vukoti¢, produced by Zagreb Film.
(Der Ersatz)

https://www.youtube.com/watch?v=zb0OPA-TaS4g
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