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Motivation

> Standard Model cannot address Dark Matter, BAU, Neutrino masses, ...

= Need for New Physics: Direct searches at LHC - Indirect searches at low energy

>Indirect searches - Test SM (accidental) symmetries

&

Flavour physics: test lepton flavour universality W DECAY MODES Fraction (T;/T)
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Motivation

> Standard Model cannot address Dark Matter, BAU, Neutrino masses...

= Need for New Physics: Direct searches at LHC - Indirect searches at low energy v N
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Flavour physics: test lepton flavour universality W™ DECAY MODES Fraction (I'i/T)
AN [b] (10.86+ 0.09) %
eT v (10.71+ 0.16) %
utv (10.63+ 0.15) %
2>BUT: current measurements Ty (11.38+ 0.21) %
o o £ 0
of semi-leptonic B-meson hadrons (67.41= 0.27) %
decays appear to tell a Z DECAY MODES Fraction (I';/T)
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D-meson decays

Powerful probes of New Physics

>Theoretically clean - b-quark is heavy: HQET applies, precise predictions thanks to
non-perturbative QCD possible

>Experimentally accessible - at LHC mostly produced in forward region (design of
LHCb), also dedicated "B-factories" (Belle Il, BaBar)

»Charged current decays used to measure CKM parameters (| V., |, | V., |, Ocp, 7 )

>Long lifetime - measure B and B, oscilations, insight on CP violation in the SM

»Hundreds of decay channels to explore
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D-meson decays
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B-meson decays
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B-meson decays
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Observablesin b — cfv

I'(B — DWry)
I'(B — D®){v)

Rp = , L=e,

2 Test of lepton flavour universality

zTheoretically clean; hadronic uncertainties
cancel in the ratio

2SM predictions significantly smaller than
experiment, combined deviation: ~ 3.3 ¢

R(D¥*)

0.35

0.3

0.25

0.2

| |
\| Moriond 2024 |

LHCbH®
llell

Belle®

Belle’ ( \

| \ LHCH

6é% ICL l:oniour's

BaBar

\ Behe
~_

4 HFLAV SM Prediction

R(D)=0.298 +=0.004
R(D*) =0.254 +0.005

R(D)=0.342 =0.026,,,
R(D*)=0.287 £0.012_,, -
p=-0.39 -
P(x?) = 35% -

0.2

0.3 0.4

= Violation of LFU? New Physics coupled to b and 7?

0.5
R(D)
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Observables in b — s£¢

>(Another) test of lepton flavour
universality

1810.08132

~>Theoreti Cally very clean 1605.07633

»Combined deviation from the SM ~ 4 ¢,

until December 2022.

(now fully consistent with the SM)

, w2 () Q040094
Rg  low-¢~ = 0.9941 ¢
Ccentraloa? — () 04010048
Ry central-g© = 0.9497 ;-
, 2 0o7+0.099
Rg+  low-¢ = 0.9277; 103

Centraloa? — 1 (070077
R+ central-¢= = 1.0277 175

2212.00153
L4; LHCb
i 0fh!
1.2F
S 10 —4
m "
0.8}
)
0.6

. ;
t i .

Data 2 _ 16 5=0812 0= 0.2

SM

Ry low-¢° Rp central-g° Ry~ low-¢° Ry central-g°

SM prediction
SM uncertainty
QED uncertainty

0.9936
0.0003
0.01

1.0007 0.9832 0.9964
0.0003 0.0014 0.0006
0.01 0.01 0.01
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Possible explanations of R

Loery = —QﬁGFVcb[ (1 + gv,) (eLy"br) (TLyvuvrr) + gvi (ERY'OR) (TLYuVrL)
EFT study - Ayp = mpyp/Cyp ~ O(1 — 3)TeV

+ 9g, (CrbL) (TrV-L) + 97 (CROM L) (TROWV-L) ]

>Possible NP solutions: W', Charged Higgses, Exotic

neutrino Interactions, ... b T
- O d Le ptoq ua rks ) (SU(3),SU(2),U(1)) | Spin Symbol Type F \ LQ C

(3,3,1/3) 0 Ss LL (S —2 \
(3,2,7/6) 0 R, RL (SL,), LR(SE,) 0 \
(3,2,1/6) 0 R, RL (S,), LR(SL),) 0

(3,1,4/3) 0 S, RR (SF) —2

(3,1,1/3) 0 S LL(SY), RR(SE), RR(SE) —2
(3,1,-2/3) 0 S RR (S&) —2

(3,3,2/3) 1 Us LL (Vi) 0

(3,2,5/6) 1 Vs RL(VL,), LR(VE) —2
(3,2,-1/6) 1 RL(VE,), LR(V{},) -2

(3,1,5/3) 1 U, RR (V) 0

(3,1,2/3) 1 U,  LL(VY), RR(VE), RR(VE) 0
(3,1,-1/3) 1 U, RR (Vi) 0

(1603.04993)



Possible explanations of R

Losery = —2\/§GFVC,,[ (1 + gv,) (eLy"br) (TLyvuvrr) + gvi (ERY'OR) (TLYuVrL)
EFT study - Ayp = mpyp/Cyp ~ O(1 — 3)TeV

+ 9g,'(CrbL) (TrV:-L) + 97 (CROM L) (TROWV-L) ]

ZPossible NP solutions: W', Charged Higgses, Exotic

neutrino interactinne h T
(SU(3),SU(2),U(1)) | Spin Symbol Type F
(3,3.1/3) 0 S- LL (S¥) —2 \/
(3,2,7/6) 0 R, RL (S%,), LR(SE, 0
»Or Leptoquarks (3,2,1/6) 0 Ry RL(S{,,), LR (S}, 0 \ LQ
3,1,4/3) o S RR(SH -2 b
(3,3,2/3) 1 Us LL (Vi) 0
(3,2,5/6) 1 Vs RL (V{5,), LR (V{3,) —2
(gv 2, _1/6) 1 ‘?2 RL (‘711]2)7 {’—R(Vll/zz) —2
(3,1,5/3) 1 U, RR (V5?) 0
(3,1,2/3) 1 Uy LL(VE), RR(V{), RR(VE) 0
(3,1,—1/3) 1 0, RR (VF) 0
(1603.04993)
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Possible explanations of R

Losery = —2\/§GFVcb[ (1 + gv,) (eLy"br) (Tryuvrr) + gvi (ERY*OR) (TLYuVrL)
EFT study - Ayp = mpyp/Cyp ~ O(1 — 3)TeV

+ 9g,'(CrbL) (TrV:-L) + 97 (CROM L) (TROWV-L) ]

ZPossible NP solutions: W', Charged Higgses, Exotic

neutrino interachinng h T
(SU(3),SU(2),U(1)) | Spin Symbol Type F
(3,3.1/3) 0 S LL(S%) —2
X (3,2,7/6) 0 R, RL (S1,), LR (51}, 0
2O0r Leptoquarks (3.2.1/6) 0 R RL(S%,), LR(SL, 0 \ LQ
(3,1,4/3 O S RR (Sf° 220N
((3,1 1/3) 0 5 LL S ) RR (5 ), RR S )
(3.1,-2/3) 0 S RR (SE) —2
(3,3,2/3) 1 Us LL (Vi) 0
(_3,2,5/6) 1 V2 RL (VlL/z) LR (V}},) —2
(3,2,—-1/6) 1 % RL (VlL/z) LR( 172 —2
0 1 2/3) | 1 U, LL(Vy), RR (V D, RR (Vah) 0} '70007%
; OSSP 2 o e 1712.01368
(3 1 _1/3) ]. U]_ RR (VO ) 0 2405.06062
(1603.04993)
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Possible explanations of R

Lbsery = —2\/§GFVcb[ (1 + gv,) (coy"br) (Tryuvrr) + 9vi, (CrY'bR) (TLYWVrL)

EFT StUdy = AN ~ mNP/CNP ~/ @(1 — 3)T€V + 9gs, (ERbL) ('T-RVTL) + gr (ERO'“VbL) ('T-RO'MVVTL) ]
ZPossible NP solutions: W/, Charged Higgses, Exotic
neutrino interactinne h T
(SU(3),SU(2),U(1)) | Spin Symbol Type F
(3,3.1/3) 0 S LL(St) —2
(3,2,7/6) 0 Ro RL (SE,), LR(SE, 0
2O0r Leptoquarks (3.2.1/6) 0 R RL(S%,), LR(SL, 0 \ LQ .
(3,1,4/3 08§ RR(SF) -2 AN
(Bi1/3) [0S  LL(Sp),RR(SE, RR(SH —2)
(3.1,-2/3) RR(SEY iy
(1603.04993)
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Constraints on LQ models - collider bounds

.2.2208.07826
&6 23 / 138 fb~' (13 TeV)
I I I I 1 I I I IE

o) SRERERE L I B L
20; min 2101.11582 = 102 CMS D osened
?Direct searches = ML 0 ~1TeV —1.5TeV 2401 11228 } ATLAS %  E ScalarLQ:h=1,p=1 T Modin sxpected S
. B I 68% expected _;
2308.07826 — CMS 10 95% expected =
1 B LQ ptrottedlctlon h

10_1§

102 L

107

zHigh-prtails in pp — 77, pp — U

— | | |
eg. 4 T 1900 800

= Mathematica package High-pT \\r// Leptoquark mass [GeV]

| | | | I | I
1000

| | | | | I | l
1200 1400

4_| | 1 | | L1 1
1600 1800 2000

220710756 |
220710714  LQ

2112.14604
.
1801.07041 q//l\
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Constraints on LQ models - electroweak and flavour

>Electroweak precision observables: Z — 17, Z — vv, 7 — LU 100106315
T 7 /-
z 7 5, Mo
| /
LY WWK 4 g
| \
qd \! . T LO <
— T U

> B-physics observables: B, — B, mixing, B — Kvv, B. — v, B, — 77,
B — Krtt, angular observables

2 Correlations between flavour observables are highly model dependent

= i.e. dependent on the quantum numbers and “texture” of couplings

17



2>Consider minimal coupling texture

00 O 00 O

yvr=100 0|, ww=]|00ys

00 ybT 00 0

Lr, —yR Q“eJR“ + vy

1] —
7, UR;

R,"

C"bLb + h.c.
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»Consider minimal coupling texture LRr, = yg Q;
00 O 00 O 0.40f
yr=100 0 |, yr = | 00 y7" |
00 3% 00 0 T
0.30}
R 5
— - =1+ 11.1Re(gs) + 65.4/gs]? <
}}?%D 0.25¢
D _
SN 1 — 25.5Re(gs) + 663|gs|°
—— 0.20L
£ 0s = —0.59 yR yL After mat.chmg | |
2 and running... Oboe o W :
ST 0.20 0.25 0.30 0.35 0.40 0.45 0.50

- g



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

zConsider minimal coupling texture Lr, = yj}{ Q?ejRS + y}f ﬂRiRg’aeabL? +h.c.
Mpr, = 1.5TeV
00 O 00 O 040 T\ T :
Yr = O O O ? Yyr, = 0 0 yiT _
00 y(};{ 00 O 0.35:—
030/
Rp 2 >
—ai = 1+ 11.1Re(gs) + 65.4[gs] <
%D 0.25+
D* '
RN 1 — 25.5Re(gg) + 663|gs|*
0.20]
zFails to accommodate for the anomaly ... |
Unless? 0I5t




»Consider minimal coupling texture

00 O 00 O

yr= 100 0 |, wyr=]00ys

00 yb7 00 0
"o 4911w ~P) 1+ 65.4|gg e 1P|
@— + 11. | e(gs e ") + 65.4|gs e *¥|
"o ) os5sR ~1) 4+ 663|gg e |2
R%l\f — - < e(gse )—l_ ‘gSe ‘

2 Fails to accommodate for the anomaly...

Unless? = We allow couplings to have
imaginary part!

1309.0301  2002.07272
1806.05689 2206,09717

Lrg,

1J

Rp-

0.40]
0.35:_
0.30:-
0.25:_
0.20:_

0.15L
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zConsider minimal coupling texture

00 0 00 0
yr=[00 0 |, wyr=|00ys
00 ybT 00 0

2Ry can be accommodated :)

‘CRz — f‘/g

1.0

0.5

Im[gSL]

-0.5

-1.0

0.0

_ e abrb
Qie; Ry + yp upiRy"e¢”L; + h.c.

mMpr, = 1.5 TeV

] 1 I I I ] I 1 1 1 I I 1 1 I | I 1 I I I

I3

(*)

e . e wwen wwem e wwew wwem e wwew wwew www v wwew S mwew mwn www mwew wwew s wwww s wwn wwwn ww— w— ———

-1.0 -0.5 0.0 0.5 1.0

*20 allowed
regions
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zConsider minimal coupling texture Lr, =y2 Q%;RS + y” ﬂRz-Rg’ae“bLg- + h.c.
mpr, = 1.5 TeV
00 0 00 0 - - *20 allowed
yr=100 O : Yy, = | 00 yff "l regions
— 1.5}
.‘ QN '
2Ry can be accommodated :) = |
1.0
0.5}
0.0k o oo v
00 05 10 15 20 25
b
YR
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»Consider minimal coupling texture Lr, =y3Q%;Ry + y? ﬂRiRg’“e”’bL? +h.c.
mpr, = 1.5 TeV
00 O 00 O *20 allowed
2.5} '
yr= 00 0 |, yr = | 00 y5 | regions
00 y% 00 O 2.0}
— 15[
ST
>Ry can be accommodated :) =
1.0}

2But: high-p, - data and constraints

from Z — 77 decay exclude the viable 0.5
parameter space :( |

>

OO __1[2140416171721]1 P R
0.0 0.5 1.0 .
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>The "opposite" of R, [ = _g}’gaiﬁge“bl;j’b +72Q " R3Ng + h.c.

*wrt. to quantum numbers

00 O 0
yr =100 0 |, yr = | U5

00 0



2>The "opposite" of R,

*wrt. to quantum numbers

00 O 0 [2404. 16772] *2 o allowed
~ ~ ~ regions
yr =100 O 9 YrR = yf{v 2.5 pp — TT, TV 5
0 0 "’b'r 0
2.0
: Z e | s
>Again, Ry~ can be accommodated :) S
* if a right-handed neutrino is added!
[.0
»But B — Kuv is too severely affected 0ol
e [ ° ° ° - + ’+
>Modified High-p, with right-handed Qelle-ll BT = K vy
. 0.0
neutrinos 0.0 05 ) 1.5 20 25 30

Yr, 26



Sl —_ (3, 1,1/3)

< — 47 Q fj “€?LLS, + v

zWe will focus on three cases:

e ——

gj%V@NRSl 4+ h.c.
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Sl —_ (3, 1,1/3)

Lg, = yL Ca“ abLbSl —I—yRu 6351 + iNENRSl + h.c.

2\We will focus on three cases:

1. Only left-handed interactions

28



Sl —_ (3, 1,1/3)

,Csl — y?@?’aéab[z?sl -+ yg@ejSl -+ gENENRSl + h.c.

>We will focus on three cases:
1. Only left-handed interactions

2. Left- and right-handed interactions
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Sl —_ (3, 1,1/3)

ﬁsl — ysziC’aEabLgsl -+ y%@ejSl -+ yTEN@NRSl + h.c.

>We will focus on three cases:
1. Only left-handed interactions
2. Left- and right-handed interactions

3. Only right-handed interactions
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Sl —_ (3, 1,1/3)

,Csl — y?@f’ae“bL?Sl -+ y%@ejSl + gj}{NfNRSl + h.c.

>We will focus on three cases:
1. Only left-handed interactions
2. Left- and right-handed interactions

3. Only right-handed interactions

= each of them will have specific
correlations between flavour observables
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"Left-handed" S; = (3,1,1/3)

Ls, =y7 QY e L5 S +yPule; Si + hec.

()

00 0 1.0 7T
[2404.1677
yr = | 00 y7" |, yr = 0 |
00y 0.5)
=~
»0Once again, Ry can be S 00
accommodated
-0.5
ZBut this time the effect in B, — B, and
T — L is slightly too large S10b .

*20 allowed
regions
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"Left- and right-handed" §, = (3,1,1/3)

00 O 00 O
y=100 0 |, Yyr= | 00 yx
00 g% 00 O

zNeed right-handed interactions

=>evade B, — B, mixing constraint

2 Successfully accommodate R+ and
consistent with other observables :)

2008.00548

Ls, =y7 QT e® L8 S, + y3ue; Si + hec.

mgs, = 1.5 TeV

*20 allowed
regions
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Predictions with “left- and right-handed” §,

>Explored 3 different minimal TeV-scale LQ models

=O0Only $; with left and right-handed interactions phenomenologically viable

>Can be tested in B — D) rv angular observables

2104.02004
2004.06726

1309.0301 L HCh
1602.03030

Belle I1

S

o EE prpe AR /ARy M
- 5 ?
P — s
i E D §
: : —0— ,
@' o '
: : ® ,
5 5 D* |
06 08 10 12 14 00 05 10 15 07 08 09 10 1.1

d2T(D*)

(>E gFl{)* X I

—(Gg ) cos® Op + bg,, sin® Op

dg?d cos 0p

D) o

T

(%) 1
A}QB — T

F+(D(*)) _ F—(D(*))
T ID(DH) +T—(DH)

' > 7 helicity
1 0
/dq2 (/ —/ )cos@TdF(D(*))
0 ~1
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Predictions with “left- and right-handed” §,

B(B, — Tv)>!

2Tree level effectinb — ctv =

B(B. — tv)°M

>Loop effectsin b — sCC

S% ‘/’L:’ ‘[iby?j TT,
>
Usr, l
l
|
%4 | S1
|
|
Vr I
- o—hb—
TT, N C
Yy L
B(B, — S1 B(B — Kr7)°!
Ba =71 10.73,0.98), B )

B(Bs; — 717)M

B(B — Kr7)M -

0.73, 0.98]

e [1.13,1.48]

>
&-i:l»
S° Vr

uC

1

B(B — K® )5

i : ‘/z'byL

B(B - K®ypy)SM

b1 *

e [1.001, 1.02]
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B™ - K v decay

2> Relatively clean theoretical prediction  1409.4557, 2301.06990

= No large uncertainties beyond the form factors

>New Belle Il measurement shows ~ 2.7¢
deviation from the SM prediction

N B(BT — KTvv)°™ = 4.4(3) x 107°
{B(ZTL — KTuv)®P = 2.35(67) x 107°

>The new neutral lepton of mass ~ 0.6 GeV fits

the binned data best

2403.13887
2312.12507

2403.13887
— SM
® , SM re-scaled
4‘T‘ - "pf‘;) fVV
— y 1OV
®
—d |

— {ﬁﬁ b

36
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Inert §, (“right-handed”)

2> Right-handed interactions
=>no CKM mixing

= evading a lot of constraints from flavour observables

>Model with only right-handed interactions?

‘C _yzguz 6]‘91 g’]z’N@NR Sl
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Inert §, (“right-handed”)

zRight-handed couplings
=>no CKM mixing

= evading a lot of constraints from flavour observables

»Model with only right-handed interactions?

,Csl — y(‘Z_C—CTSl ?ijb—CNR Sl ?]SNS—CNR Sl

~ |\
Create desired effect in Ry Also allows an enhancing effect in
B — K% 'inv
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Inert §, (“right-handed”)

>R+ can be accommodated :) L S S | *26 allowed
regions
= up to masses of RHN up to ~1 GeV |
3.0
| =
‘ T
>0nly RH interactions - .
_ wZ
= Evaded B, — B, mixing, also > 5
2.0} =
Z— 1t and T = v | S
]
15‘ mNR:OGG\/
mpy, = 1 GeV V
I Vv
1 R
0.0 0.5 1.0 1.5 20 25
R
Yer
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Inert §, (“right-handed”)

B, : ). ,
accommodated :) no other constraining observable
Rpe, mg, = B — K")’inv’, mg, =2 TeV

3.5 s
_ mpy, = 0 GeV
_ _ ~ *0 allowed
30! § '_ my,=1GeV | regions
2.5 =i 51 Exclude v b— ctNi (my, =1 GeV)
> | J\E“ ' | \
@Q vV - I
= _ Vg -
20! Vs 0l | -
i Vo I \ ]
| g | \ i
I 4 - A :
1.5-_ mNR:OGe\/ _— 1.5_ ? /S S S /7 ///////\/\>>(/// /S |
ﬁ my, = 1 GeV b j Xd”de%TNR mﬁR\\?&N\)
I V | _ e ]
o, .0 . o, 0 NN 7 s —
0.0 0.5 1.0 1.5 2.0 2.5 0.00 0.05 0.10 0.15 0.20
R R
yCT ySN
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Inert $; (“right-handed”) - predictions

>For example: B, — 7'inv', B, — D;'inv', B, — Jlyz'inv' (Ry;,)

2 Particularly interesting:
= D — 'inv' (branching fraction scales with the m]%,R )

= Angular observables in B — DOy decays, example:

Quantity SM my,=0GeV 0.6 GeV 1 GeV Deviate from SMin the
* presence of RHN
pP —0.51(2) —0.39(4) —0.41(3)  —0.43(3)
P 0.46(1) 0.46(1) 0.46(1)  0.45(1) Left almost

unchanged



Inert $; (“right-handed”) - predictions

By . 1 I 1 ! e I
>For example: B. — t'inv', B. — D 'inv , /r (J/

zParticularly interesting:

= Dy — "inv' (branching fraction scales with the m;

2 )

= Angular observables in B — DOy decays, example:

Quantity SM my,= 0 GeV 0.6 GeV 1 GeV
—0.51(2) —0.39(4) —0.41(3) —0.43(3)
0.46(1) 0.46(1) 0.46(1) 0.45(1)

= Only some observables experimentally measured, poor accuracy

= Improvements in Belle II?
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Summary and conclusions

>Hint for the New Physics in b — ¢Zv transitions

>Explored 4 different minimal TeV-scale LQ models

=0Only two are viable:

%9, with left and right-handed interactions
=Plenty of observables affected; R+, Z — 77,0V, T — £, High-py,
FB asymmetry,...
%3, with only right-handed interactions, with the introduction of
right-handed neutrino(s), enhances also B — KO

—Few observables affected, but has a specific signature in
angular observables in B — DOy

=More specifically, the presence of RHN can be inferred from P,

43



Thank you for your attention!



