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Flavor sector of the SM

The SM Lagrangian

Flavor universal

Gauge sector _
J Well tested experimentally

gﬁavor = U(3)5
UB)o@UB)LoU3),?U(3)g®U(3).

Yukawa sector:

‘CYukawa — _YdijQi(I)dj — YJ]Qz&)UJ — Yeij Z_—,i(I)ej — U(g)t')

- Contains most SM free parameters (fermion masses and mixings) extracted from data
- Lepton flavor universility (LFU) is broken in the SM by the fermion masses

- BSM could introduce new sources of LFU breaking

- Good test for BSM physics in flavor experiments!



The SM Flavor puzzle

Non-generic pattern for the SM fermion masses and mixings

CKM matrix PMNS matrix

A clear hierarchy suggesting an
underlying theory of Flavor!




Th SMEFT

- SM as a low energy effective theory:

it

Renormalizable (d=4) YVI|SOH coefficients: parametrizes our ignorance of the UV

: d)
c
LsmerT = Lsm + E ﬁ OZ:-
1,d>4
: Non-renormalizable operators
Large mass gap typically violate global symmetries!
A > vpw LFUV, LFV, CP, B, L

d=6 = Np =159, Nc=12599

Testing accidental SM symmetries is of fundamental importance!



A Decade of B-meson Anomalies

Artwork by Sandbox Studio, Chicago with Corinne Mucha

@ Evidence of LFU violation in semi-leptonic B-decays: different experiments / different observables

@ All B-anomalies seem compatible with each other!

No single measurment is statistically relevant to claim discovery... yet...

Anomalies come and go... Need more data

@ Completely unexpected from theory side...



B-meson Anomalies — Neutral currents

b — sl

- LFU ratio tau vs light leptons

Br(B — K™ )
Br(B — K®) ee)
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S
W
M, &
U}
LT .-
K

D
sy =

RSP, < RY.,  Deficitl

- Other anomalies (muon specific):
Bs = pp B — Kpp
B — oup PL

All consistent with each other!



Low energy effective theory - RK(*)

Effective Lagrangian:

0 X N
AGp _, . Og = —(527"br) ((y0)
Lyp_ssoz = ths‘/%b ZCz‘Oi + h.c. " LFU in SM
2 Ot = —(519"br) ((y"~°0)
- (pseudo) scalar operators very constrained

- Clean observables: Ry, Ri+, B(Bs — ptp™)

[Angelescu, Becirevic, DAF, Jaffredo, Sumensari 2103.12504]

- Completely consitent V-A solution:

Cl; — Cv{
9= 1o SCH = =601 = —0.41 +0.09
R:’\'
NP prefered over SM 4 .60
%o
G L CombBined
S 0.6 _ b o)
A ~ 30 TeV
0.2
3 > (L[
4/ 3 u
_02f

| " Lo o A1, | | T B |

-18 -14 -1. -06 -02 0.2 06 1. 1.4

sC§*"

Large NP scale! (At tree level)



B-meson Anomalies — Charged currents

b — clv

- LFU ratio tau vs light leptons

R(D¥*)

Rpe =

Br(B — D™ 71)
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Low energy effective theory - RD(*)

Lo-serv = —2V2GrVr | (14 9v,) Ov, + 91, Ovie + 95, Os,. + 95, O + 91 Or)

Ov, = (eLy"br) (Tey"vr) Os, = (¢grbr) (TrV7) Or = (éra"by) (Tro"" v,)

Ov, = (CrY"br) (TeY"vr) Os,, = (¢Lbr) (TrV,)

-Fitto Rp, Rp~, B(B. — 1)

1.3 . - V-A only single operator fiting the anomaly
e LXP.
I Y 4
( gy, € [0.05,0.09]
B \\\\
1.1+ :
E*Q I _ - 2 operators: Scalar + Tensor solutions are also fine
(05
= T~ _ -
£ 0.9+ g 0
Q A
S~ ' e b T
. = 9
0.7 _ - gs, = —4gr A ~ 2 TeV
I = gs, = t4gr c U
gs, = +dgr € iR Strong physics case
0.5 S U S R for High-pT LHC!
0.5 0.7 0.9 1.1 1.3
SM
Rp/Rp

[Angelescu, Becirevic, DAF, Jaffredo, Sumensari 2103.12504] -8-



- Flavor @ LHC -



Semileptonics: observable Landscape

. Where does
e | the LHC fit?
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Framework

- Semi-leptonics at the LHC: Drell-Yan process

Eff. coeff. Operator SMEFT
qi yxe

GG — 1E0% o Yy (@ein1) (Prartus) oy, 01
B I C%‘}Raf (QR17MQRJ) (EROXYMKR[&’) Oed; Ocu

i qj — ga V/B 4 Vo C\ZkyLaRB (QLZ/VMQLJ) (ERO/YMKRB> Oqe
o C%}?Raf (qRﬂung_‘) (LLay*lLp) O, Oa

CZMB (Triar;) (Cralrg) + h.c. Oledgq

Lo Y cyPe” 0iiaB CWB (@Li9r;j) (Cralrs) +hec. Ol(eléu

I ij,a8 ! Cégaﬁ (GLZ'O-MVQRJ) (KLO‘O-WJKRB) + h.c. Ol(;%c;u

- Two sources of flavor in high-energy proton-proton collisions:

N 2
o(pp — (40°) = L@H@B—Z/—cw( ) 649°P (1) =5 et
S S
Parton-parton Luminosities Hard process
non-perturbative
( P ) GFiioB = O'(qij Ny gﬁ Zowaﬁcwaﬁ M;;

Lg,q;(T) = 7'/ de [fq (z, ur) fg; (/2 1up) + (q; < ‘fj)] IJ
'PDFs' G =G,®G



p
- Luminosity functions: source of flavor hierearchies ‘ —

d
Log (1) =7 / O funa p) oy (/) + (@ 0 @) ==

10 10
Vs =13 TeV

0.1 0.1
K)S '\IS
1072¢ 1072
Uu
— dd
10_3- —_— 8§ 10—3
— cC
bb
100203 0405 1 2 3 4 100503 0405 i >3 4
Vi [TeV] Vs [Tev]
1JUT |2
- example: LFV o(pp — p1) = 1447w4 Z ICy P Ky (V-A)
u c d s
Tmax 1 050 1 0.6 0.3
.= _ K
K’Lj _/ dr EQin (7—) j K, = « | 0.030.010 5 Ky = ) 0.1 0.07 0.03
Tmin
myr € [1TeV, 5 TeV] 0 00 0.04 0.02 0.01
“PDF” tensor containing the
proton flavor hierarchies Very hierarchicall
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‘High-pT" Tails

10

107"

4q; l,
— +
q;4; — Ea EZBF
— +
q:4; — éa Vg
qj g, vp
:=.—|
E —e—
£ S EFT
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E SM background T
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>

Wide tails in the invariant
mass spectrum!
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Di-tau tails - RD(¥)

- SM EFT (d=6): ijaB ;A aMiv(T o a
(4=0) Lesr D O 77 Q1,0 Q) (Lo 0 LP) D™
+ Cilay (@QN)(Loe) 5 ;
+ Ol (Quu)io? (L) b v
+ O (QUou) (L0,e”) T
- (Minimal) Flavor structure assumptions:
1. Alignment with down quarks & charged leptons: Qi = Vil di) L= (U, yavh 60)7
2. Dominant effects in 3" generation fermions:  C7*? ~ C §;30;3034035
b T t T b Vr b T
Vs o(1) O(1) O(1)
C U, b Vr b U, b T

VC_,D1 enhancement with respect to b —p c transitions

- Enhanced ditau production bb — 77 compared to mono-tau b¢é — TV

- We can probe generic NP solution to RD(*) in Di-Tau production at the LHC! pp — Tt + X



Di-tau tails - RD(¥)

Existing 77 resonance searches @ LHC

_ 8 TeV 19.5fb"
Z’ Sequential SM 13TeV 3.2 fb-

MSSM Higgs 13TeV 36.1 fb!
13 TeV 139 fb!

T T T T
e Data
CJMultijet
aZ/y*—>tr
wW-rv
(JTop
[JOthers
== A/H (300) 5
== A/H (500) -
== A/H (800) -
7z Uncertainty |

. ATLAS (s=13 TeV, 36.1 b
102 = T0qThag P-VELO

Events / GeV

10

JBE

e -

600 900
m®t [GeV]

Significance
N

Recast Z’ di-Tau searches:

- Inclusive category pp — 7777 + X

- Hadronic mode Thad Thad

mipt = \fmB (11, m2) + m (B, 1) + mi (EF, 7)

- High-mass tail cut mtTOt > 800 GeV

- Results for EFT limits @ 13 TeV, 3.2 fb":

Lo D CF) T (Qlry,0°Q7) (L4 0 LP)

lg
b T
2.6
0(3) bbrT <
iy | (1 TeV)?
DAF, Grelio, Kamenik '16 b T

- LHC is becoming sensitive to the B-anomaly mass scale!
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Events

Data / Bkg

Di-muons tails - RK(*)
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f er -
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LFV tails!

LHC and flavor limits (@95% CL)

W LHC (£L=36.1 b ")
pp — pUT W HL-LHC (£=3 ab™")
1 (x10) -
{ (x10)
, [
|
: Quarkonium decays
] - - FCNC meson decays
: i — e conv. (x10%)
_H 7 decays
0 5 10 15 20 25 30 35 40 45
T 3
C(Mj x 10

Angelescu, DAF, Sumensari '20

[1807.06573]

ATLAS ¢ Data
N 4 [ Multijet & W+ijets
ls=13Tev,36.1 16" B Too Quarks
o P2
pt channel [ Diboson
—— LFVZ' 1.5 TeV

—- RPV ¥, 1.5 TeV
---- QBHRS 1.5 TeV
Uncertainty

200 300 400 1000 2000
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S
g
=
9
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]
4
!

*
+
g
-
.

Anp(valence) > 8TeV

- Recast results:
Anp(sea) > 1.5TeV

- Similar for results for pp — eu, et

qq — {2} tails perform better than Flavor experiments.

97 — EEF tails worst than FCNC meson and tau decays.

Remarkable LHC / flavor complementarity!
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Semileptonics: observables Landscape
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B-anomalies:
- Leptoquark solutions -



Flavor

LHC phenomenology

Simplified models - RD(*)

X = X >

Necessary for reliable high-pT collider studies
Less parameters...
Paves the way towards UV complete models

Spin 0 2HDM Scalar Leptoquark
Spin 1 Vector Triplet W’ Vector Leptoquark
T
.4 vy (V) v(T)
e Y
b . c Y A c
b T b T
bb— 771~ > .......... <
b - b T
Signature di-Tau Resonance Non-resonant excess in di-Tau tails
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Simplified models - RD(*)

X = X ><

Necessary for reliable high-pT collider studies
Less parameters...
Paves the way towards UV complete models

mediators:
Spin 0 6@ Scalar Leptoquark
Spin 1 (‘\‘Péﬁ)’r\ Triplet W’ Vector Leptoquark
v’
S (v) v(r)
>
= | e Y
7 Y AR c
>
(@]
L)
2 b T
c _
GEJ bb— 77~
2
g b T
o
2
— Signature di-Tau Resonance Non-resonant excess in di-Tau tails

Color singlet solutions ruled out by ditau searches! [DAF, Greljo, Kamenik 1609.07138]
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Leptoquarks

- Quintesential 'semi-leptonic’ state! l
Hypothetical Scalar / Vector boson LQ) senssnsacs
: 1 2 4 5
Color triplet, Q... = {ig, ig,ig,ig} q

- Some general features:

@® Non-resonant Drell-Yan production
@® No 4-quark / 4-lepton effective interactions at tree level
Induces semi-leptonic tree level LFV K; —eu

® Some leptoquarks can mediate proton decay...

Leptoquark Bestiary

(SU(3),SU(2),U(1)) | Spin Symbol
) 0 Ss
(3,2,7/6) 0 Ry
(3,2,1/6) 0 Ry
(3,1,4/3) 0 Si
(3,1,1/3) 0 S
(3,1,—2/3) 0 S
(3,3,2/3) 1 Us
(3,2,5/6) 1 Va
(3,2,—1/6) 1 Va
(3,1,5/3) 1 g
(3,1,2/3) 1 Uy
(3,1,-1/3) 1 U

Relevant LQs for B-anoamlies

Z)‘D—-b
P._b

b= —b
B° .: 4
T —— —S

t-channel

-20-



Leptoquarks @ LHC

LQ pair production
pp — LQ*LQ — llqq

o~ gl
%
% 411
0
% <$

Single LQ production

pp — LQ £ — Vg

o~ g

gr-—'l

Non-resonant Drell-Yan

pp — B, TT

o~ g

1

“+0)
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Leptoquarks @ LHC

LQ pair production

pp — LQ*LQ — llqq —
o~ g°
L
% 411

NG

Single LQ production
pp — LQ £ — Vg

o~ g

Run 2 pair production limits

Ty

Decays|Scalar LQ limits | Vector LQ limits| Lint / Ref.
JjTT = = =
bbr7 | 1.0 (0.8) TeV | 1.5(1.3) TeV |36 fb~' [39]
ttr7 | 1.4 (1.2) TeV | 2.0 (1.8) TeV |140 fb~! [40] @
jipa | 1.7(1.4) TeV | 2.3 (2.1) TeV (140 fb~! [41] L
bbup | 1.7 (1.5) TeV | 2.3 (2.1) TeV [140 fb~! [41] CM;
ttpip | 1.5 (1.3) TeV | 2.0 (1.8) TeV |140 fb~! [42] Z
jjve | 1.0 (0.6) TeV | 1.8 (1.5) TeV |36 fb~! [43]
bbviv | 1.1 (0.8) TeV | 1.8 (1.5) TeV | 36 fb~' [43]
ttv | 1.2 (0.9) TeV | 1.8 (1.6) TeV |140 fb~! [44]
BR = 1(0.5)
-
Non-resonant Drell-Yan 3 v 4=
pp — pp, TT
o ~ gf i Q:

i/———l
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Leptoquarks @ LHC

LQ pair production

pp — LQ*LQ — llqq

o~ g°

L =

Single LQ production

pp — LQ £ — Vg

o~ g

F === ¥ (cG,uil,ué,cit)
I Vi© (e, uii,uc,cit)

R G2

yi© ()

S1~(3,1)2/3 1

\/.\_'= 13 TeV, L=140fb~!, ATLAS & CMS

15 IZTOI B !QjSI B 3I0 B I3I.5I Y
ms, [TCV]

[--= & ¥
L — i b

— i (c©

=

S o)

R/ )
Y& (s9)
--
,—":,’:
,,,,,,
,,,,,
,,,,,,
,,,,,,,

¢¢¢¢

_____
-
,,,,,,
— =
-
—=

-
P
===

V5 =13TeV, £=1401b"", ATLAS & CMS |

15 20 25 30 35 40
mg, [TeV]

—
i (bb)
_\‘f’ (bJ_J)

/s =13 TeV, £=140fb', ATLAS & CMS )

15 20 25 30 35 40

ms, [TeV]

——
XM (bb)
xJ7 (bb)
X (s5)

X (5)

\/?: 13 TeV, £=140fb~!, ATLAS & CMS |

15 20 25 30 35 40

Non-resonant Drell-Yan

4 pp — B, TT

3-/‘-—_'“?' O-Ngf

my, [TeV]

[[[[[[[[[[

Run-2 Drell-Yan Recast limits

Include previously ignored
interference effects
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U1 Vector LQ
Uf ~ (3’ 1)2/3

b — sujl

- This solution can accomodate both anomalies!

rr =
TR =0
rr =
CCR:O

0 0 iy
U g O “ _Clo__‘/%bvt*a
0 % 0
SM
}%I(GQ < }%I((*)
0 0 0 v? |28 |?
Vi, — — " 5.2
0 0 z7

Ly = Ul“ [1132] (aLi’Yung) =F (V .CL‘L)ij (ﬂLz”YMVLj) — 563_% (aRi’yuij)} + h.c.

SH( bﬂ)*

SM
RD(*) > RD(*)

Butazzo, Greljo, Isidori, Marzocca [1706.07808]

- This solution has no (tree-level) contributionto b — svv

2

_22-



Leptoquark ‘catalog’ (spring 2021 edition)

Model Ri«) | Rps) Rix) & Rp(x)
S51= (3! 1)—1/3 X v X
V-A structure

R2 o (3, 2)7/6 X v X

= 0 0 0
R2 = (3,2)1/6 X X X 57 (o xg“ xf’f)
S3=(3,3)_13 | V X X 0 x* X7
U = (3, 1)2/3 v v v Only state that can solve both B-anomalies!
Us =(3,3)2/3 v X X Butazzo et al [1706.07808]

Angelescu, Becirevic, DAF, Sumensari [1808.08179]

- UV completion necessary: e.g. ‘4321’ models

Gz = SU(4) x SU3)e x SU(2)r x U(l)y: — Ggpy Dituzioetal[1708.08450]

Bordone, Cornella, Fuentes-Martin, Isidori ‘18

No single scalar LQ solves both B-anomalies.

Two (or more) scalar LQ needed:

R, &S, (Scalar + Tensor & V-A) e.g. GUT inspired model Becirevic et al [1808.08179]

S, &S, (V-A) e.g. Strongly coupled model Marzocca [1803.10972]
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Cornering U,

Can we fully test the U, model using tree-level observables?

Complementarity between LFV low-energy and LFC high-pT observables

pp—TTTT+X B — Kur T =

0 0 0 0 0 0 0 0 0
0 4x£” x;T 0 xé” x;" 0 xé“ x;"
0 x,_” xf_’T 0 XL“ xfT 0 xL” xt”"

Fixed mass fit with tree-level observables

1.5 TeV

M,

my,=1.5 TeV 2:

g
% == 200 M7l 27
-~ "

361!

0.
ST
XL

X

X

- LHC di-lep allowed regions at 36/fb (blue) & 300/fb (red)
1)2

Ve = "o,

- U.- strange - tau coupling must be non-zero! 5
U

|

y
7+ o )
C

Angelescu, Becirevic, DAF, Sumensari [1808.08179]

Observable

b— sup
b— ety
B(r — po)
B(B — 1v)
B(Ds — uv)
B(Ds, — Tv)
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Cornering U,

Can we fully test the U, model using tree-level observables?

Complementarity between LFV low-energy and LFC high-pT observables

pp =TT+ X B — Kur

0 0 0 0 0 0 0
0 4x§” X 0 xé” x;" ‘ 0
0 .x‘,_'u xfT 0 xL“ xfT 0

T — uo
0 0
%, 4
2] AL

- Predictions for LFV low-energy observables for U1

1074 f_////////////
LHCb, BaBar
& 107°F
g :
T 1076 3
F 4
R 0T 3ab™t | f
q : 140 b~ : #
- 4
10H8 - | V
E my, = 1.8 TeV Belle — 1T Bellel,
10_9 [ LU LIl L IlIIIlI L LLliiin IIIIIJ L L L L IIIHI[ L1 IIIII\III L1 Illlu/ L Ll Ll
107t T 1= 1= 1078 107°
B(r — o)

Angelescu, Becirevic, DAF, Jaffredo, Sumensari, [2021]

LHC Di-Taus tails push lower
bounds on both LFV observables!

Model Potentially within
reach at LHCb & Belle 2!
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- a UV model -



'4321" model

Pati-Salam Leptoquark U} ~ (3,1), /3 Coloron (vector octet)

Uy
| |
SU() x SUG) x SUR), X U(l)y ————— SU3), x SUQ), X U(1), SU4) ~
| | (Q:) 'l = o
(+u.z:6))
SUG), Z.

[ Flavor non-universal |

Field | SU(4) | SUB)' | SU(2)L | U(1)x

q 1 3 2 1/6

uly 1 3 1 2/3

SMfields | dy 1 3 1 -1/3

0 1 1 2 ~1/2

o\ | ¢k 1 1 1 ~1/2
- (%)

H 1 1 2 1/2

4321 SSB
scalars




Coloron search

pp — G — tt,bb

q t,b

i<
S

- 4321 models have broad resonances

- Recast of ditop/dijet searches

High mass normalized
invariant mass distrubtiuon

Best limits on the 4321 model!

Cornella, DAF, Fuentes-Martin, Isidori, Neubert [2103.16558 ]

._ 2' . ;

M el [TGV]

5.0
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Conclusions

* B-anomalies are alive and kicking: LHCb recently anounced evidence of LFUV in Ry
* Combined anomalies in neutral currents are approaching the 5 sigma level.

* B-anomalies opened the doors to explore flavorp physics at high-energy pp-colliders.

qiq; — 62563 03 — lyvp

* We described a remarkable complementarity between high-pT and low energy LFV flavor
observables for effective operators.

* High-pT observables are a crucial input for model building efforts —> |eptoquarks

* Leptoquark solutions exhibit specif c complementary beteen ditaus and LFV searches:

pp—= T+ X B — Kur T — uo

ATLAS/CMS LHCb Belle 2

* UV and simplified models can be efficiently tested at colliders!



- extra slides -



I'7/Mz [ %]

Di-tau tails & colorless mediators

Vector triplet model:

2
£W — __W/a W/auy MW’ W/GMWZLG

W/a Ja,u/
4 Z’ 2 + pEw

Jirr = gp Q37,7*Q3 + gr L3y, 7Ly

Igbgrl x v’ M3,

50: ATLAS 13 TeV 32fb L ]
40}
30
3 0-06
20¢ | ,
'/, ~ :
102~/ 0.04 i
FZ <FZ —»bb +FZ —»rr

0608 L0 12 1.4 1.6 1.8 2.0
M, (TeV)

pp — T+ X

Recast Di-tau search for Z’ with arbitrary width
JHEP 1801 055 (2018)

EXPERIMENT

High-pT di-tau searches excludes colorless
solution to B-anomalies!

See DAF, Greljo, Kamenik Phys .Lett. B 764(2017)126-134



Di-lepton tails - RK(¥)

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN) dimuon + b-jet

y - b . £ B P e—
ATLAS 2 g a M%\
EXPERIMENT y/Z* r_,.f,;x Al 3 - £t

=
Submitted to: Phys. Rev. Lett. CERN-hEA:;zauﬁggf H w{ FP{JF\L E {:l ] ! i—ir/J 4 {r %Ef";r{q‘"“ i
1 R ;!r B+l£ i ﬂ :]r q ¢ g T ——_ o
Search for new phenomena in final states with two (®) ®) © @
leptons and one or no b-tagged Jets at VE =13 TeV Figure 1: Representative Feynman diagrams for the decay of a B* meson to a K+ meson in association with two
llSillg the ATLAS detector leptons (a) in the SM and (b) in the EFT approach, and for production of two leptons via a bsff contact interaction in

pp collisions (¢} without and (d) with a b-jet in the final state.

= 10" . >
@ ATLAS —e— Data @ ATLAS —e— Data
= Vs= 13 TeV, 139 b 4 2 " ’
g 5-_ ev, - Zly +ets g fs=13 TeV, 139 fb - Z/y +ets
= gl-l +?l‘;caf.egory, CR-only fit - Others = w*uw+1b category, CR-only fit - Top
ignal Regions - i i
_g g g — Top g Signal Regions [ Others
5 %/ Bkg. Unc. 3 %44 Bkg. Unc.
signal, Afg, =1 TeV signal, Alg, = 1 TeV
g : - 9 s !
E 1 g--.------o-----o---g.--...-o---.»-r-l-l--t-lr»-"r';*vTvTTT-»Tumnw/wf‘a: S 1 i_-.-..-...........-,-....-.-...--,...-,',Wﬁ?g,.?yrt /IV//{’?'WWWWA
& 10k ] s ok , 3
3 5x10° 10° 2x10°  3x10° 3 5x102 10° 210°  3x10°
m,, [GeV] m,, [GeV]

- First limits on contact interaction bs 14/t A/g* > 2 TeV




Di-lepton SMEFT

Greljo, Marzocca '17

Uu Du

ct AN
L S T ] ) (B )+~ (0 ud]) (B )

V2 V2

Minimal Flavor Violation (MFV) for R y-(«)

|Cbsu‘ ~ |Vszz>§)’r2 CDu|
>
K= >< *
8g
[
v2 M3,

Scenario excluded by dileptons!

1.4

95% CL limits on MFV Z' frompp = p* yu~

cPH

ij

Cau 0 0
= 0 Csﬂ CZS/J

[ ATLAS|13 TeV, 36.1 fb~!

2000

4000 6000 8000 10000
My [GeV]
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Di-lepton tails - LFV

Four relevant LFV low energy experiments:

1) u — e conversion rate in Nuclei

2) Quarkonia LFV decays:

V = £ols

3) FCNC Pseudo-scalar meson decays:

P —)fafg
P — Mgafﬁ

P = KL,57D07B8

qi

BV = 65) =

4) LFV tau decays:

T — Pl,,

T — Ve,

K gl(pl)
£5(ps)

[Only relevant for valence quarks...]

3 r2 2 2
% mva My, 2 2
11— — C +|C 14
247t ( m?2 ) x {{ vil FlCval ](

1%
T m R
+ 6f—V Tte Re(CrCyp+CrCyy)
fv my

f\; 2 2 - 2} 2m§ﬁ)
+2<f_v> [|CT| +‘CT‘ (1+ m%/

2
my, )
2

2my,

[Helicity suppression]



uu

dd

SS

CcC

b

uc

ds

db

sb

LHC and flavor limits (@95% CL)

LHC vs Flavor eu

Decay mode Exp. limit
Kr — uFe™* 6.1 x 10712
Kt —watute | 1.7x107H
¢ — pret 2.6 x 1076
D — ptreT 1.6 x 108
J/p — pFeT 2.1 x 1077
By — pFe® 1.3 x 1079
Bt —w ntpFet | 22x1077
By, — pTet 6.3 x 1079
Bt - Ktute” | 88x107°
B — K*uFet | 23x1077

Selected LHC limits (left-handed scenario)

Decay mode

- LHC (£=36.1fb"")
pp — G[L W HL-LHC (L=3ab™ ")
e (X10) -2 b

b (5010) s b s e s
—td
——

.H B ocoonslicnosna S s wren sl s Seaes whaton 2 Yhes e
..I_' G Gl i SegwR v WO guibuen S KEEeS SRS
: Quarkonium decays

L ______ ______ FCNC meson decays
[ — € conv. (><103)
7 decays
—|—| ,,,,,,
0O 5 10 15 20 25 30 35 40 45

Cve,u,

qiq;

x 10°

¢ — pFeF
DY =
I/ — pFeT
By — pTet
Bt » xtuFet
B, — uFet
BT - KtuTet
BY — K*pFet

Y(35) — pteT

Current (36 fb~') Future (3 ab™!)
6.2 x 10718 1.4 x 10718
2.8 x107° 5.0 x 10710
7.1 x 10712 1.6 x 10712
7.8 x 1078 1.4 x107°
3.5 x 107° 6.4 x 107°
6.4 x 1077 1.4 %1077
2.8x 1074 6.2 x 107°
5.8 x 107* 1.3x107*
5.6 x 107° 1.3x107°




uu

dd

SS

CC

b

LHC vs Flavor

LHC and flavor limits (@95% CL) et
p p — €T : ;E(L](ic( (5;—1 ;sﬂ;b-)l)
| s § Decay mode Exp. limit
E Al s T > ep 23x10 °
i T — eK* 4.2 x 1078
— i (x10) T — ed 4.0 x 1078
§ | J/p — TEeT 1.1 x 1079
e | § By — 1tFeT 3.6 x 1075
; g BT — atrEet | 0.7x 1075
. : | Bt — Ktr%eT | 3.9x107°
p— ; T(35) — 7%eT | 54 x 1076
- e
: | Selected LHC limits (left-handed scenario)
—I—! o """"""""""""""""" Decay mode  |Current (36 fb~') Future (3 ab™?)
Quarkonium decays D — rEeF 5.1x 1078 6.8 x 107°
_I_I . """"" FCNC meson decays J/p — tre 2.6 x 1071 4.9 x 10712
p— e conv. (x10?) Bg — 7teT 1.2x107* 1.9 x107°
.y RS 7 decays Bt > rtrEe® | 16x107% 2.5 x 1075
B, — 7Te* 1.1x1073 2.0x107*
} i o e coms g anats oo BT - Ktr%eT| 14x1073 2.5 x107*
B » K*r¥eT | 24x1073 4.2 x 107*
05 10 15 20 25 30 35 40 45 RSN SRS WO

C  x 10°

qiq;



S; Scalar Triplet

S3~ (3,8)13  Ls,=—ydds S5V V2yd g ;85
+\/_(V yL) u¢ T VL Sé 2/3)—(V*yL) uLZK 5(1/3)+hc.

Minimal texture 2

" - 0 0 0 ViV m?g
b yr=1[ 0 y;* 0

YL
0 3% 0

RK( ) < RK(*)

explains anomaly



S; Scalar Triplet

S3~(3,8)1/3  Ls,=—yi diwr; S$P - V2yd di by S5
+v2 (V™ yL)ij uLiVLj S;-(;_z/S) —(V* yL) ungL 'S§1/3) + h.c.

Minimal texture 2

9 — p—
J g i 0 0 0 tz%b m?S’
¢ yr=1[ 0 y;* 0

YL
0 3% 0

RK( ) < RK(*)

explains anomaly

0 0 0 2 b’T(V 2 V
yL = OOyST = — yL) :_U bT2 cs bt sTyx|
T L (0 0 y§> v 4V 2, 4m53[|y + 3, YL yL)]
b J\ “““““ .
5;5,1/3) \
c V-A structure but gv;, < 0 Rpe) < RD(*)

wrong direction



B-anomalies: R, scalar leptoquark

Ry ~ (37 2)7/6

tree-level solution

b — suji

Lr,

= yij (ﬂLz‘gRj)Rw/S) +
R

=+ y£ (URZVLJ)

v (drilrj) RS

yL (u A )R(5/3)

2

TV y;“ (yRM)*

T 2VpVia

mR

SM
RK(*) > RK(*)

wrong
direction




R, Scalar LQ

% e (5/3) ij (2/3)
Ry ~ (3,2)7/6 Lr, =yp@rilrj) Ry + yp (drilrs) Ry
ij (2/3) (5/3)
+ yr (Wrive; )Ry '™ — yL (u 1) Ry
b — suji  loop-level solution
0O 0 O
Yy, = 0 LU%M O 3
t 3B “1 :
0 zx 0 [ mp, = 1.7 TeV ; 0.5
I — - e
IR L v WA i =
S [~ === 0.95
b RK(*) < RK( *) i /____RK() ;//
;_/_,—’—’—’f
1E /| P
/ [/
[Becirevic, Sumensari 2016] - / /
B “;"‘g 0 2 pp —> Jft 2
C K i L /
R§5/3) —18 j ’/(______”_95__,
Unfavoured by ¢ pt R Z - [ 0.90--
-2 S AT T -
Drell-Yan + Z-pole 77724~ Tk &rr
L - - b
—3 s R,
-3 —2 —1 0 2 3




R, Scalar LQ

Ry ~ (3,2)7/6 Lr, = ya@Lilr))RY"> +yd (drilr;) RS

iy @rive; )RS — v (upilr; ) RS

b— cTv 2 b
7 =0 0y b Mp
b ‘sn\ ““““““““““ i 0 0 O
S
R52/3) \C 0O 0 0 RD(*) > RD(*)
yr=10 0 0
0 0 yf

yi7 R yp €C

Scalar + Tensor solution!

Becirevic, Dorsner, Fajfer, DAF,
Kosnik, Sumensari [1808.08179]

Non-V-A solution to anomaly!



B(B — Kur)

- Predictions for LFV low-energy observables for U,

107°
10745_//////////// 4
" LHCh, BaBar 10
-5 —~
10 ti 103
1076 |- =
o0
L v
107 F 3 Gk | / S‘j 07
: 140 fb | ; Q
10_8 = | 4
E g, = 1.8 TeV Belle —II!  Belle[l 107
S R R R R T I S
1076 107 1072 1070 107 10-° 107
B(t — ug)

T IIIIII‘ T IIIIII1 T IIIlII1 T IIIIIII T IIIIII| T IIHI‘

Tty =8 Ley

b

140 b

M I PRI R | | I N | | | M|

1. 1.1 1.2 1.3 1.4
SM SM
RD(*)/RD(*) - RAc/RAC = ...

Angelescu, Becirevic, DAF, Jaffredo, Sumensari, [2021]

LHC Di-Taus tails push lower bounds on both LFV observables!
Model Potentially within reach at LHCb & Belle 2!
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L | ~ o ]
- | | .
[ 2 = D 1
. 5 oS 5
30 B 21 & . 30 2 3 E
- = = = ﬁ 1
- S ] Z ﬁ o0
i Sy o ) @ = )
[, - _ H- T * 8 =
2.5 : 5 2 2.5 - :i (@1 %)
[ T £ 2 — ) \;\2’
[ = = ] 2 ok = i )[fY" '
gu 20F ; 40 ) g gu =F é & P "
i \%@2\1 ] i :
1.518 | )ﬂ‘k ] 1.5 -
: 1 1)? 7 L i
» | . [ ,]_}
1.0F | - 10} - 3 e 7
L . [ : i
050 ! w/o RH current ] 0.5F with RH current
- ! 1 L bt _ __
. X [ﬁR = 0] : : | | | | | "’ |_ ll:I §
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[pp — 77 for U, originally proposed in

[Cornella et al., 2103.16558] . :
29 Faroughy, Greljo, Kamenik, 1609.07138]




GUT-inspired leptoquarks

" GUT Leptoquarks: R,~(3,2),, and S,~(3,3),,
Becirevic, Dorsner, Fajfer, i i
DAF, Kosnik, Sumensari
1808.08179
[ ] for Ry, for Ry,
" LQs decaying into tauonic channels
g - 1Q ’
7 R; — 7b, ve
N 5
¥ R; — T1t,TcC
9 S~ LQ : :

| LQ pair production & DY di-Tau searches

Model can be put to test at the LHC!

Complementarity:
Flavor obs. & high-p, di-Taus

Good Benchmark:

R, with ~O(1) Yukawa couplings
Couples to both charm and bottom

m,~ 800 GeV

Becirevic, Dorsner, Fajfer, DAF, Kosnik, Sumensari [1808.08179]

—r T [ T T T [ T T T [ T T T | T T T [ T T T [ T T T ]
LHC 13 TeV, 100 fb"

L I

Elavor fit




Mono-Tau searches

pp — TV + X

Greljo,Camalich, Ruiz-Alvarez ‘18

mpr = 800 GeV

0.5

Im[gg, |
o

={.5

0.2

0.4



LFV low-energy observables for other LQ models:

7 — u LFV in PS® model

Bordone, Cornella,
Fuentes-Martin, Isidori, '18

B(B-Ku*t*)x107

0.00 0.02 0.04 0.06 0.08 0.10 0.12
B(t-3u) x 108

10f]
'Becirevic, Dorsner, Faroughy,
:Fajfer, Kosnik, OS, '18

rrrrr

8—

6

4

2} i
| Belle excl. |

] o e e I T T | [ B
1.0 1.5 2.0 25 3.0 3.5 4.0

R;)=B(B->K"y)/B(B-Kyv)™M
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