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LEPTON FLAVOUR UNIV

—RSALITY

B(B — D™ ry)
B(B — DM[v)
(n/e)

» Semi-T against semi-e, i (RELS

Rpcy =

consistent with |)

» Crucial input by lattice QCD

calculations

%/'\ 0 .4 B 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 |
R B Prelim. 2023 ]
035 BaBarl2 —_
L Bellel5 -
03 ' k —
B LHCb23 LHCB22
e ) < ) -
B ® R - =
025 bo- Bellel9 -
B Bellel7 PRD 94 (2016) 094008 _
B PRD 95 (2017) 115008 World Average 7
0.2 = $HFLAV SM Prediction  1HEP 1712 (2017) 060 R(D) =0.356 +0.029,,, =
B R(D) = 0.298 = 0.004 p gg}g; . R(D*) =0.284 = 0.013,, u
- R(D*)=0254 20005  Lpics0 020)2. 74 IF;(— 2-;) -_3;57 -
B PRD 105 (2022' 034503 X)= o =
[ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ [ [ [ [ I [ [ [ [ [ [ [ [ [ [ [ [ I [ [

» Partial cancellation of form-factor

uncertainties

02 025 03 035 04 045 05 055
R(D)

» R/ and Rp, do not change the
global picture

= Talk by Florian Reiss

~30 discrepancy between the SM
prediction and WA by BaBar, Belle

| - o and LHCb*
Gauge couplings universality, YGe = 9u = gr
HIggS COUp|IﬂgS bl”eak LFU Me K< My, K< My *Recent form factor calculation [Harrison, Davies 2304.03137]

indicates tension with experimental spectra in B — D*lv )

Nejc Kosnik (1JS,FMF) LHCP23, Belgrade, 25.5.



LEPTOQUARKS

/
Model Ry | Rp) | Ry & Rps) |
» Each LQ state generates particular
Ss (3,3,1/3)| V X X Lorentz structure of the amplitude
S1 (3,1,1/3)| X v X
R, (3,2,7/6)| X v X
Ur (3,1,2/3)| Vv v v » No tree-level meson mixing constraints
Us (3,3,2/3)] v X X
[Angelescu, BeCirevi¢, Faroughy, Jaffredo, Sumensari, 2103.12504]
b(, ZL/,{ bL VL B\ TQ
\ \K// / » Leptoquark charge Q = 2/3
or /3.
() |
! > » Q = /3 can also couple as
IS /\\ ]/\\ Siud and violate baryon
i “ . T /e and lepton number
v/ Vv, c_K
Q=72/3 Q=1/3 Q= 2/3

Nejc Konik (1)S,FMF)

LHCP23, Belgrade, 25.5.



-PTON FLAVOUR UNIV

B 4GF Vcb

Lo = 7 (L +gv )(€y"br)(lryuve) + gve (€RY"OR) (CLyuvL)
+9s, (€rbr)(lrvr) + gs,(cLbr)(LrvL) Weak effective theory
+97(CroOubL) Uro" V1))
[Angelescu, BeCirevic, Faroughy, Jaffredo, Sumensari, 2103.12504]
1.3+ Exp. , :
: + Effective couplings are naturally
1l implemented by tree-level
79 | S leptoquark exchanges
m ] —
~ | ) -
Q§ 0.9} -~
— - —_ v Ul (3’ ]_’ 2/3) vector LQ = Talk by Ben Stefanek
e = gs, = —4gr S (37 1,1 / 3) scalar  [Crivellin Muller, Otai, 1703.09226] + ...
i T gs, = Hgr _
— s, = +dgr € iR Ro (3, 2, 7/6) scalar  [Bedrevic et al 2206097177 ...
05 1 1 1 | L 1 1 | 1 ! 1 | 1 L 1 | 1
0.5 0.7 0.9 1.1 1.3
M . . L
Rp/R}, o Ui requires UV setting to provide its mass

Roe) may require a CPV phase of

*

new couplings

Nejc Kosnik (1J]S,FMF) LHCP23, Belgrade, 25.5.

—RSALITY

Scalar LQ models are renormalizable, can

be embedded in GUT models


https://arxiv.org/abs/1703.09226
https://arxiv.org/abs/2206.09717

LEPTON FLAVOUR UNIVERSALITY

AG V., _ _ B _
Fet = = \I/E 2[(1 + gvi ) (@27"br) (Crvavr) + gvi (ErY™bR) (CLyuvr)

+gs, (€rbr)(lrvr) + gs.(cLbr)(Lrvr) Weak effective theory

— 0 1%
+97(CroOubL) Uro" V1))
[Angelescu, BeCirevic, Faroughy, Jaffredo, Sumensari, 2103.12504]

1.3+ Exp. , :
: + Effective couplings are naturally
1l implemented by tree-level
79 | S leptoquark exchanges
= | ~
| SN -
A 09F -
o _ -
_ - — Ul (3’ ]_’ 2/3) vector LQ wTalk by Ben Stefanek
0.7F T s = o S (3, 1,1/3) scalar  (ivelin Muller Otai 1703.09226] + ..
- — gs, = t4gr —
— s, = +dgr € iR (RQ (3,2,7/6) scalar  [Becrevic eta 2206097177 . )
05 ) | . | ! | ! | ) ! | | ) ! ! | )
0.5 0.7 0.9 1.1 1.3 THIS TALK
SM . . L
Rp/Rp o U requires UV setting to provide rits mass

Ro) may require a CPV phase of o Scalar LQ models are renormalizable, can

N liN :
CW couplings be embedded in GUT models
Nejc Kosnik (1J]S,FMF) LHCP23, Belgrade, 25.5. 4



https://arxiv.org/abs/1703.09226
https://arxiv.org/abs/2206.09717

[ [BeCirevic, Dorsner, Fajfer, Faroughy, NK O. Sumensari, 1806.05689]
2 [Becirevic, Dorsner, Fajfer, Faroughy, Jaffredo, NK, Sumensari, 2206.09717 ]

L . 1) _
£ D) Y]Z%JQIL'KRJ'RQ + YI?:J/ELRiRQTZ.TQLj —+ (YIESS)) wag(msg)];j

00 0 0 0 0 mg, — MGUT
Yr=10 0 O Yr=10 0 wf

0 0 oY 0 0 O

d aligned e aligned

s 3 parameters (mass and 2 Yukawa couplings)

o Small impact on Ist and 2nd generation flavour physics

Ry = RS/?) %5 _ _/%" /V‘: YL small up-quark FCNC
R§/3 ez = - (since Yr is down-aligned)

b Ce
Yy < Ry

Nejc Kosnik (1JS,FMF) LHCP23, Belgrade, 25.5. 5


https://arxiv.org/abs/1806.05689
https://arxiv.org/abs/2206.09717

MODELWITH Ry FOR Rpe

1.3 Exp.
Y cT
L 4 11} )
5T v 725 | T
/ = -
R ~ - SA -
ol o 09F AT
ys ybr = IS
95, (A) = 4gr(A) = |
- ( ) ( ) 4\/§GFVC(, m2R2 07l — gs, = —4gr
i = gs, = +gr
QCD running ; — g5, =g iR
05 L L L | L L L | L L L | L ! L | L
R = 0.5 0.7 0.9 1.1 1.3
G(pp) = U, mp,)g(A)
Rp /R
R
gs, (1) = 8.1g7 (1) > RTIK“ ~ 1+ 1.1]gs, | +0.83|gr|* + 1.5R(gs, ) + 1.1R(g7)
) D
Rp-
R% ~ 14 0.047|gg, | + 17|gr|? — 0.14R(gs, ) — 5.1R(gr)
D*

[Feruglio, Paradisi, Sumensari, 1806.10155]

» gs; () is the only relevant parameter for Rpe. It must be complex since the

interference terms with the SM contribution have opposite signs for Rp+ and Rp

» Need large imaginary part of gg (¢)

Nejc Kosnik (1J]S,FMF) LHCP23, Belgrade, 25.5. 6



MODEL WITH R, FOR Rp+

brx,,cT,,2

Yr Y v
4m§%2VCb

gs, (tp) = 8.1g7(1s) = 1.6|ra X

0.5

» Can we probe this Iin high pT processes
or In precision observables!

[gSL]

o7,
» Useful phenomenological parameters

— b
Yeft = \/YR YT » MR,

2
yeff

2
mR2

-0.5"

~ 0.87/TeV?

05 00 05

Nejc Kosnik (1J]S,FMF) LHCP23, Belgrade, 25.5. /
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3.5¢

|yeff|

1.0+

Nejc Konik (1)S,FMF)

3.0
25"
2.0

1.5

Bl

mpg,|TeV]
gA
24 —1.0019 +0.015
84
gy
— =0.959 +0.029
gy

[LEP EWWG, hep-ex/0509008]

L WITH R, FOR Rpgy

LEP constraints on Z — 11

)
/

/\/\/\/\/\< c[( (él_\)
A N ‘Z’L (rzn->

[Arnan, Becirevic,

Mescia, Sumensari 1901.06315]

Z — 7t and Rp scale differently
with Yukawa couplings and with mass.

Perfect opportunity for high-pT searches
» mass bounded from above, my < 4TeV
» large coupling, perturbativity breaking is

prevented by Z — 77
¢ CP violation

LHCP23, Belgrade, 25.5.




MO

|yeff|

Nejc Konik (1)S,FMF)

3.5»* '
3.0}
2.5;
20
1.5;

1.0

Z =S rrlasel

D(*
e
mR2 [TGV]
gA
22 = 1.0019 +0.015
84
gy
— =0.959 +0.029
gy

[LEP EWWG, hep-ex/0509008]

DEL WITH Ry FOR Rpg#y

LEP constraints on Z — 11

/ T, <tfl>
/
/\/\/\/\/\( C’(( (tl_)
h N T’L (fzn-)

[Arnan, Becirevic,

Mescia, Sumensari 1901.06315]

Z — 7t and Rp scale differently
with Yukawa couplings and with mass.

Perfect opportunity for high-pT searches
» mass bounded from above, my < 4TeV

» large coupling, perturbativity breaking is

prevented by Z — 77
¢ CP violation

LHCP23, Belgrade, 25.5.




MODEL WITH R, FOR Rp+

LEP constraints on Z — 17

/ ‘ZL <ZQ>
AIAAAAL g C’K (éL\)
A N T’L (’Zn_>

[Arnan, Becirevic,
Mescia, Sumensari 1901.06315]

|yeff|

Z — 7t and Rp scale differently
with Yukawa couplings and with mass.

MRp, [TGV] . .
Perfect opportunity for high-pT searches
. » mass bounded from above, m, < 4TeV

8A 2
24— 1.0019 +0.015 . . o
g » large coupling, perturbativity breaking is
g—f = 0.959 + 0.029 prevented by Z — 77
8V ¢ CP violation
[LEP EWWG, hep-ex/0509008] 9

Nejc Kosnik (1J]S,FMF) LHCP23, Belgrade, 25.5.



HIGH-PT SEARCHES FOR LQS

» Different mass vs. Yukawa sensitivities:
o LQ pair production (2 2| final state)

o single LQ production (21| final state, also s-channel)

o Drell-Yann dilepton and mono-tau (2I)

g LO q LQ g~ . Lo
30— . 4 ¢
= ;S ~LO
3(5)- DY production ="/ ; LQ ¥ FE: S Lo
1 55_ (LQ+EFT) ///DY prodiiction \/ """
Mgl - / ] ¢
L _ - — _ | q .

1.0F

,/’/ Single Production |

S
O

< 05 .
' ’/' 8 [Dorsner, Greljo, 1801.07641]
=T ge
b =~ (D)
=
S
D:. Too soft to be detected
Sy
5 Seu T
A
0.1 1 I 1 1 1 1 | 1 1 L1 | L1 11 | L1 11 | e 2
1000 1500 2000 3000
mg. [GeV] b or light jet

== Talks by Halil Saka,
[Schmaltz, Zhong, 1810.10017.]

Giovanni Padovano

Nejc Kosnik (1JS,FMF) LHCP23, Belgrade, 25.5. 9



HIGH-PT SEARCHES FOR R3

» Pair production

B(LQ —> br)

Nejc Konik (1)S,FMF)

o LQ pair production (2j 2l final state)

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

v A /Vb
R

ATLAS
Vs=13TeV, 139 fb™
Scalar LQ

95% C.L.

—— Obs. limit
------- Exp. limit
----------- Obs. = 1o

theory
B EXp. = 10,
Exp. = 20

exp

» doublet nature of Ry implies
B(RQ — CT) = B(RQ — Cl/) |yCT 2
B(Ry — br) = B(Ry — t7) o |y |2

» distinct feature from other LQ
representations

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

[ATLAS,2303.01294] LQ; [GeV]

» N our case we have to consider
mp > 1.3'TeV to be safe from pair

production constraints

» most important constraints are from
Drell-Yann dileptons: 7z and zv final
states

LHCP23, Belgrade, 25.5.



HIGH-PT SEARCHES FOR R3

» Di-7 constraints (pp — t177)

T [
bt.\ I/ ~ CQ\I /
| % | 5/3

L—/\\":m zp_/\t

L

|yeff|

05
15 20 25 30 35 40 45 50

Nejc Konik (1)S,FMF)

[Faroughy, Kamenik, Greljo, 1 609.07138]

[BeCirevic, Dorsner, Fajfer; Faroughy, NK, O. Sumensari, 1806.05689]

, 2
» from low energies Yeft .8 /Tey?

mR2

» at least one of the diagrams will have
coupling O(l)

» no sensitivity to CPV phase - tiny
interference effects

» Recast of 77 resonance search

LHCP23, Belgrade, 25.5.



https://arxiv.org/abs/1609.07138
https://arxiv.org/abs/1806.05689

HIGH-PT SEARCHES FOR R3

» Mono-t constraints (pp — 710)

Crossing symmetry L
. b, @ N
L T ‘ Teee
I b X — R
f C Z / Mg,
\l\ Vt

[Greljo,Camalich,Ruiz-Alvarez, 181 1.07920]

s DI
1927?77121;{2

4.5
[ x + 2 _210g(1—|—x)]
T ?

4.0 152 .

3.5 1

» the EFT description is not valid at the
LHC for masses of few TeV
» full model (dynamic LQ) results in

weaker bounds

L, R
yCT be

—— projected EFT limit |gSL |EFT < 0.91

---- projected Rs limit
3500 4000 ‘gSL ’full < 0.88

1000 1500 2000 2500 3000

mpg, |GeV]

[F. Jaffredo,2 | 12.14604]

based on [ATLAS-CONF-2021-025]
LHCP23, Belgrade, 25.5.

Nejc Konik (1)S,FMF)



HIGH-PT S

0.5

Nejc Konik (1)S,FMF)

based on [ATLAS-CONF-2021-025]

LHCP23, Belgrade, 25.5.

"ARCHES FOR R

» Mono-1 constraints and di-T

constraints effectively probe R,
leptoquark

» What about large CPV?

arg y. ~ /4




CPV OBSERVABLES

» How to test large CPV phase !

x* Charm quark electric dipole moment induces neutron EDM  [Dekens de Vies Jung Vos

1809.09114]

o 1 I * br* _cT
) - de = 0.1 X Qceme —5— Im [V 487 * 5]

¢ TR

— ]
. )
o e b Ce de -

/- Vcb /e — »Cdipole - = CO-MU’75CFMV

2

(neutron charm tensor charge)
-~ UV — C = v
—> (Nl|eo""v5¢|N) = g5 uno* ysun
[C. Alexandrou, et al, 1909.00485]

l—» dp, = g7 d.

dy, <1.8x107%eecm = [S(gs,)| < 0.76 [PS1,2001.11966]

Improving precision of the lattice result could probe relevant range [S(gs;. )| =~ 0.5

* Angular spectra of Ay = A.(— Am)Tv

Ab%ACﬂ?T
B SM+ R, + S5
B SM

» That is in contrast to
U, LQ, where these
features are absent.

2 2 [Becirevic et al, 2206.09717]
Nejc Kognik (IJS,FMF) " [GeV7] 14


https://arxiv.org/abs/2206.09717

SUMMARY

% Leptoquarks are most suitable candidates to address
the LFU anomalies observed in b — ¢£v transitions

* Among S, Uy, R, states R, leptoquark stands out since it lives in the
non—mterﬁermg CPV region of parameters

* [ arge couplinlgs are sitting in bt, tt and ct flavours and do not show in
down-quark FCNCs

*LQ pair production constraints sets the lower bound my > 1.3 TeV
whereas LEPZ — £ studies require mp < 4 TeV

% Mono-t and di-t measurements in the future (HL)LHC will efficiently
probe the relevant parameter space. Future high-p T searches have

discriminating power between LQ states.

% CPV effects are dominated by neutron electric dipole moment.

Thanks for your attention!

Nejc Kosnik (1J]S,FMF) LHCP23, Belgrade, 25.5.




