s JL—N=7/)—DIRWREBT 77 b —DKK]1 , 2024%

1 0-7
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b—s anomalies

LHCb, 1512.04442

+ FCNC b—suu processes offer sensitive i e S
probes for NP due to suppression in SM. iE SM from DHMY
0+++ §
: * : =
+ In particular, B—=K(")uu have been + + 3
attracting a lot of attention because of S Y80
observed anomalies. : 5 U R lGevie
LHCb, 2212.09152; 2212.09153
+ Lepton-flavor-universality (LFU) ratios Laf LHCb ke et ooty
[ Ofpt! Ry central-g2 = 0.94970018
Rk, reported by LHC on Dec. 2022, are Lo e 00T
consistent with SM. 2 uof 1 Ar e
0.8
: t Data Y =1.6,p=0812 6 =02
o6f — M | |

Ry low-¢° Ry central-¢> Ry low-¢° Ry central-¢* 2 / 38



Outline

+ Theoretical framework
+ Non-local charm loop
+ Global fit and NP interpretation

+ Summary
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Theoretical framework
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Low-energy effective theory

+ Flavor observables are calculated with Energy
effective field theory (EFT). SM + NP
ANP +deeremcarnnnen
Leg = ZL: Ci (:u) O; (,u) M Ci (1)
IXW@ak
+ Dominant contributionsto B — K™y tpy=: e
- =g EFT
09 ~ (gfy,uPL b) (f’}/ﬂg) (97 ~ Ty, (EO'NVPRI?)FMV ] Oz(u)

O10 ~ (59" Prb) (€yu7ys¢) 1

7!

I

l/ a v CSM (my) ~ 4.1
CSNT

@ @ @ @ To (my) ~ —4.2
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B— K®puty~

+ Dominant coefficients in each
region are shown in plot.

- I I I I I I I I
- LHCb, 2312.09115

+ Gray regions are dominated by cc
resonant contributions.

dB(B" —» K*%u*u™)/dg?

Cg') — Cg) narrow ¢¢ broad c¢ and

O ilntelrfelrenlceg B 110 B Dll_)lltShrleshlol(?s B N J / w K(*) & B N ¢(2 S) K(*)
2 [GeV?/c*]
p q + How to calculate or estimate
0 magnitude and phase of resonant
' ?
c Oy ~ (E4"Pub) (57, PL0) amplitude?
@ @ =) | will explain recent studies later.

6 /38



Form factors

+ Theoretical calc’s of B—»K(*uu decay amplitudes also suffer from
uncertainties in B— K form factors (FFs).

+ FFs are calculated with non-perturbative methods.

+ Lattice QCD is applicable in high-g2 (low-recoil of K*), while light-
cone sum rules (LCSR) is in low-g2 (large recoil of K¥).

+ Recent developments:
» |attice result for B—=2K in full q2 range. Parott et al. [HPQCD], 2207.12468; 2207.13371

» Updates of LCSR calculations for B—+K* in low gZ.

Gubernari et al., 2011.09813; 2305.06301
7 /38



+ B(B—Kuu) : Reduction of uncertainty

without significant shifts in central

values. Tensions In low @< increases

up to 40 Ievel " Parrott et al. [HPQCD], 2207.12468; 2207.13371

0.5 | R O 5!
S —— B Belle 19
| ® LHCb '12B
= 0.47 = o pHCh 1A [ 04
O, ® LHCb '14C
~, 0.3 t— — o ruch2r 0.3
= .
T 024 T —$5r ¢ 0.2
% | | | TN | I
‘= 0.1- | ' —0.1
— J/QZJ \IJ(Z 9)

0.0 | | | | | ~0.0

0 5! 10 15 20

HPQCD 22
elle '19
Belle 09
BaBar 08
Belle '19
Belle '09
BaBar 08
Belle '19
LHCDb 16
LHCb "14A
LHCb "12B
CDF 11
Belle '09
BaBar 08

B> Kptu™

—£0.0

0.0+

0 5 10 15 20
¢*[GeV?]
———
Bt = K+t o T
¢ |
T— T —
BT — KfeTe™ | - :
| O A
O
- |
@
BT — K e
—&—
M .
I |’ I I I | |
3 4 _ 5< ) § 7
+
10°B 8 /38



+ B(B—K*uu) in low g2: Uncertainties are reduced by half with lower
central values, compatible with data.

0.7 7

0.6 1

0.3 1

0.2

B—>K*utu~

This work

BSZ 2015

LCSR (GKvD 2018)

+ LQCD (HLMW 2015)
1
t
4
~15  —10 -5 0 5 10 15

20

dB(B—K*

) [GeV~?]

dq?

B(B—K*J/v)

Gubernari et al., 2206.03797

— == BSM best fit

BSM benchmark

SM prediction

FH LHCb 2016

FH  Belle 2019

HH CMsS 2013
CMS 2015
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Optimized observables

+ SM predictions for Br’s are affected by uncertainties from FFs, etc.

+ Optimized angular observables, such
as P’s, are constructed such that FFs
cancel in ratios at LO in 7/mp and as.

+ P’s5in low g2: Tensions decreases to 3
20 level, since central values shifts <
Sllghtly towards data. Guvermnarietal., 2206.03797 T

—
RO

+ Both Br’s and P’s suffer from -
hadronic uncertainties through
charm loop, which do not allow us
to draw definite conclusions.

0.25 A

0.00 -

—0.25 1

—0.50 A

—0.75 7

—1.00

=== BSM best fit
BSM benchmark |
\ SM prediction
* HH LHCb 2020
I \‘ I FH ATLAS 2018
\ | |
=\ | |
SN\
-\
\
\_
\
I_ —
\
| \\{
|
: - I \\\I I
S~ ‘—’/
2 4 6 8
2
¢’ [GeV7]
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Non-local charm loop
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Non-local matrix elements

+ Amplitudes are expressed with hadronic matrix elements:

— _ G OKVZV() N Ly : N —
AB = M) = 20t [(09 Liy + Cio Lly) F2M — Q—Z{szb(f? Fru " +16mH, M}]
Ly 4y = @)y (5)ve(a2)
» Local matrix elements:  FP7Y(k,q) = (M (k)|57,PLb|B(g + k)) .

Fr M (k, q)
» Non-local matrix elements:

(M(k)|50,,4" PRb|B(q + k)) ,

HE Mk, q) = 4 / d'z e (M ()| T{j™(x), (C1O1 + C20:)(0) }B(q + k))
It = 2., Qq Qg with ¢ = {u,d, s, c, b}

+ Non-local contributions affect determinations of C7 & Cg from data.
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Charm loop

+ Dominant non-local contribution comes from charm loop.

+ Charm loop is difficult to calculate reliably from
first principles.

+ Calculations & estimations of charm loop:
: " Khodjamiri l., 1006.4945;
» Light-cone sum rules (LCSR) for negative g2. e o osss

> g¢ dep. is parameterized by different ways: uncertainty?

» Zz-expansion with analyticity, Bsovethetar, 1707.07305

Khodjamirian et al., 1006.4945; 1211.0234;

» dispersion relations, Lyon &Zwicky, 1406.0566; Blake et al., 1709.03921;
Cornella et al., 2001.04470; Bordone et al., 2401.18007

» mMore phen()men()logical apprc)aches_ Ciuchini et al., 1512.07157: 2212.10516
13 /38



LCSR

+ Light-cone OPE is carried out for negative g2 to ensure rapid
convergence.

+ Leading-power operators coincide with ones in local OPE, i.e.,
their matrix elements can be expressed in terms of local FFs.

+ Next-to-leading power contributions involve operators with
insertion of a single soft-gluon field. Their matrix elements
are calculated with three-particle B-meson light-cone

distribution amplitudes (B-LCDAS). C
+ First calculation was done in 2010. Khodjamirian et al., 1006.4945 Ommw o

14 / 38




LCSR (cont’d)

+ Next-to-leading power contributions were recalculated in 2020.

Gubernari et al., 2011.09813

+ Previous calculation used an incomplete set of B-LCDAs.

+ New results are two order of magnitude smaller than previous
one due to cancellations arising from inclusion of full B-LCDAs.

+ LCSR results have to be extrapolated to higher values of g2, in a
model-dependent way.

+ New LCSR results support that charm loop is not the source of
anomalies Gubernari et al., 2206.03797
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Z-expansion with analyticity

outer function that ensures correct

+ Non-local amplitudes are parametrized with z: kinematic dependencies, e.g.,
. | L Hol(q® =0) =0,
— k2] — X2 (28) ~ _
Ha(2) = LN G), Fa(z) =63 (2) ) aaedt
ST RIY AT R(29) 2
Im %1/\ I;\\Z
q2 l—>z = - _q D + — o
— @+t — 1o (e -IN)” | 4y
e e kel” W ke Re2
ly = 4M12) T pD thcL\ cut Hes) | Mgy
M/+ m#(zf)
+ Branch cut in g2 plane is mapped onto |z|=1 circle.
+ This works for g2 below branch cut. Bobeth ot al. 1707 07305,

Gubernari et al., 2011.09813

truncation error?  model uncertainty? 16 /38



' b—scc
AP,

z-expansion with analyticity (LHCDb)
+ LHCDb determined both SD FFs and LD charm loop from fit to data.

2 2(4)
1 1—2z2z l—2z22
F(q?) = i 2Y _ o(0)]* _ J/Y $(25) -1 Z k
(q ) 1 — qg/m%,i i Q ,k;[Z(q ) Z( )] ; HA(Z) 2— 21y % — Zp(2s) qu (Z) i AN k<

+ Charm loop cannot fully explain SM discrepancies.

+ Tension in Cg is level of 1.90 (1 .80) for without (with) LCSR results.
5 L L B B B B B ~ : e N I
B LHCb4TR™ ] b LHCb47fb! ¢>0only  :
0-_ T — ZDinlvi(;Vzgzm i Qq.é 2.5 g " gi;Oconstr. g ACQ — _0931‘822 (_0681‘822)
e CHER] o) 1 Ao 048792 (02082
_1-_::::'::::':::::::::'::::_- _3.5;_ _; ACé B 0481_8§g ( 0261_83@)
PP 1 Lok | 1 ACl, = 0387028 ( 0.27752)
0.0__ ................................................................................................... il B 0 -
: ] —45F .
0SB - : : LHCb, 2312.09102; 2312.09115
0.0 2.5 5.0 7.5 10 0 12.5 NS TR T T S S S R T S S S
g% [GeV?/c* 2 3 4 5

Re(C9) 17 / 38



Lyon &Zwicky, 1406.0566
Dispersion relations Comela ot al, 2001 04470
Bordone et al., 2401.18007
+ LD contribution from charmonium resonances are taken into

account with a subtracted dispersion relation. .
spectral density for

cleA — ¢y + Yo (), / an intermediate
2 _ 2\ [oo hadronic state
Vinal®) = V() + L2 | paa(s) T,
NI e G- @)(s — @ — i) " K
»

+ Leading contribution is provided by single—particle states. -

4 (4 m? 167T A
A/ 2\ z5 res
Ya(aT) = 9 {gol(ﬂ) +C2(M)} {1 +In <M ﬂ E eV mZ A (a°)
TORV.YE . . . . res/ 2\ __ mVFV 4 7
Breit-Wigner distribution: A:%(¢?) = ERS: R model uncertainty:

+ {77{\/, 5@} are determined from dataon B — K(*)V(% P,
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Dispersion relations (cont’d)

Bordone et al., 2401.18007
+ Fit results exhibit no significant g2 and process dependences, /.e.,

O6Cy is consistent with a SD NP effect, though uncertainties are still
large. B— Kutu B — K*ut

V= J/v, 9(28), ¥(3770), 1(4040), ¢(4160), 1)(4415) V= J/y, (2S5)
5
6,
4r 5t )
3l { i SM 4+ )i + g
) ® 9
QC)D 2‘ ---------------- i ------- ? ------- { -------------- % t t D 3 """"""""" T """""" | _"__'I """""" 1‘;"" — Sl\[
| ® best-fit 2 T T - tant
i 11
Of OF 1 1 1 1
11,21 12,31 B4 45 15,61 167 17,8 [1.1,2.5] [2.5,4] (4, 6] [6.8]
bin ¢* (GeV?) bin ¢* (GeV?)
5t 6
4} I SM St T . gﬂ
- 3o ﬁ ______ ﬁ _____________ | R N =T T"" constant . ] I S —— l_i_l _____________ -F_I_l _____ ° CZJ
SR il = *T S e bestfit OMS <3 } i { I i f I — SM
“ IT t * best-fit LHCh 21 — constant
1,
1 1
Ot ot
[15.16] [16.17] [17.18] [I8.19] [19.20] [20.21] [2L.22] [11,12.5] [15,17] [17,19]

bin ¢* (GeV?) bin ¢* (GeV?) 19 / 38



Dispersion relations (LHCDb)

LHCb, 2405.17347

+ Recently, LHCb has performed a comprehensive study including
g< regions around charmonium resonances.

+ In addition to one-particle states, two-particle states are taken
Into account.

Paa (@) = Paga(@®) + peza(a?). j = {p(770),w(782), (1020), J/b, 1(2S5), ¥ (3770), 1 (4040), 1) (4160) }
M2 m2, ,m2)] ® 5. D'D. DD
ng((f):Z[ (g m,;mk)] k ={DD,D*D, D" D"} ) ) |
- q L =0for D*D, and L =1 for DD and D*D* (lowest partial waves)

two-body phase-space function

K+ KT
B+ BT
V M M
/- [~ Cornella et al., 2001.04470
Bordone et al., 2401.18007
I+ [+
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Dispersion relations (LHCDb)

LHCb, 2405.17347

+ Non-local amplitudes are determined from data.

O B I L B W I BN BN
LHCb 8.4fb"!
104 \ -
e Data ~ ‘
~ — Total ¢ —_ .
208 T G “ | : one-particle
R - —— Background - .
L 200 Local amplitudes r nonlocal amplitudes
8 R 1 particle nonlocal 3| '
— 150 -—f amplitudes ' :
- E _____ 2 particle nonlocal E
S 100F | Intorforence : two-patrticle
q.) B = [}
5 ofF :/ nonlocal amplitudes
3 -
g ¢
@) 0 S —————
i Y Q | P o P T PO

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
g% [GeV?/c?]
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Dispersion relations (LHCDb)

LHCb, 2405.17347

4+ Fit result for Cg exhibits 2.10 deviation from SM.

Wilson Coeflicient results

Co 3.56 & 0.28 +0.18 > ACYY = —-0.71+0.33

Cio —4.02+£0.18+0.16

/

Cy 0.28 £0.41 £0.12 1Cor| < 500 @ 90% CL

Cio —0-0940.21 £ 0.06 / similar to Belle limit on B(B” — K*07+7")

Cor (—1.0+2.6+1.0) x 10

+ Data prefers larger nonlocal
contributions than LCSR estimate.

+ Although nonlocal contributions play
a clear role in Ps’, tension in Cg persists.

| LHCbSAf! EEE Total

Local only

0 2 4 6 8 10 12 14 16 18
¢° [GeV?/c']
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LHCDb results

+ Two LHCDb results obtained with different models are compatible
with each other.

Z-expansion with dispersion relations discrepancy in imaginary
analyticity 10, 30; stat. only and stat.+syst. part of LD contribution
/a B L L '| L BN T T T e LI B B B B B S S N N §A= 6_ Lo T '_1 AL L :.I | _
g 25 E_ LHCb 4.7 fb™! | | 612 > 0 only _E - 1 : de 4:_ — iggﬁ jéffgl z—exp.:':w. theo. _:
&) U | % gi; O constr. - LHCb 8.41b | % B LHCb 4.7fb’! z—exp.: o theo. ]
-3.0F 3 = ]
-35F ] Ao »
—4.0F 1 ] - 2
—45F | . 3
L P l I L | - | 1|5 |
2 3 4 5
Re(Cy) ’ 669 ¢ [GeV7ct

model dependence?
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Charm rescattering

+ Charm rescattering has been estimated

» an effective description in terms of hadro

usin g Isidori et al., 2405.17551

nic degrees of freedom,

» a vector-meson-dominance ansatz for EM form factor, and

» heavy-hadron chiral perturbation theory. - KO

+ LD amplitude does not exceed a few ’ * ’
percent relative to SD one. o .
+ At most 10% shift in Cao. e |
= |
5CEP| < N16CED .| < 0.33 ST
i T
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Global fit and NP interpretation
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SM predictions

+ LD contributions in low g2 are
evaluated using LCSR result.

4+ Tensions In several observables.

Alguero et al., 2304.07330

10" x B(B* — KT puu) [LHCb] SM Experiment [3]  Pull
[0.1,0.98] 0.32 £ 0.03 0.29 £+ 0.02 +0.9

1.1,2] 0334003  021+002 440

2.,3] 0.37+£0.03  0.28+£0.02 425

3.,4] 0.37+£0.03  025+0.02  +3.4

4.,5.] 0.37+£0.03  022+£0.02  +4.4

5.,6.] 0.37+0.03  023+002 440

6.,7.] 0.37+0.03  025+002 433

[7.,8.] 0.38 £0.04 0.23 £0.02 +3.1

15.,22] 1154016  0.85+0.05  +1.8

10" x B(BY — K%uu) [LHCBH] SM Experiment [3]  Pull
0.1,2] 0.65+0.05  023+£011  +3.4

[2.,4] 0.60+0.05  0.37£011 425

[4.,6.] 0.69 &= 0.05 0.35+=0.11 +2.8

6.,8.] 0.60+0.07 0544012  +1.1

15.,22] 1.07 £ 0.15 0.67+0.12 421

10" x B(B" — K*Ouu) [LHCb] SM Experiment [4]  Pull
[0.1,0.98] 0.76 £ 0.45 0.89 £ 0.09 —-0.3

[1.1,2.5] 0.50+£0.25  0.46+0.06  +0.2

2.5,4.] 0.53 =0.26 0.50 = 0.06 +0.1

[4.,6.] 0.81 + 0.44 0.71+£0.07  +0.2

6.,8.] 0.97+0.62  0.86+0.08  +0.2

[15.,19.] 2.54 +£0.23 1.74 +£0.14 +3.0

10" x B(BT — K**puu) [LHCb] SM Experiment [3]  Pull
0.1,2.] 1.19 + 0.67 1124027  +0.1

2.,4] 0.76 + 0.37 1124032 0.7

[4.,6.] 0.88 £0.48 0.50 = 0.20 +0.7

6.,8.] 1.06+£0.67  0.66+022  +0.6

15.,19.] 2.74 + 0.25 1.60+£0.32  +2.8

10" x B(Bs — ¢up) [LHCDH] SM Experiment [5]  Pull
[0.1,0.98] 1.10 £ 0.56 0.68 = 0.06 +0.7

1.1,2.5] 0.7140.32  044+0.05  +0.9

2.5, 4. 0.74£0.37  035£0.04  +10

4.,6] 111+£0.70  0.62+0.06  +0.7

6.,8.] 1.324£1.09  0.63+£0.06  +0.6

[15.,19.] 2.34+£0.15 1.81 £0.12 +2.7

P{(BY — K*%uu) [LHCb] SM Experiment [6]  Pull
0.1,0.98] 0.68 + 0.14 052+£0.10  +0.9

[1.1,2.5] 0.20 £0.13 0.37 £ 0.12 —0.9

2.5, 4] —043+£0.12  —0.15+0.15 —15

4.,6.] —0.72£0.08 —044+0.12 —1.9

6., 8.] —0.81 £0.08 —0.58 £0.09 —-1.9

15.,19] _0.574£0.05 —0.67+0.06 +1.2
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Global fit
+ 2D fit of Cg, and C1o, prefers a negative shift of O(20%) in Cagy.

» Preferred values for Cg, are consistent throughout different

Observables. 3 Alguero et al., 2304.07330
+ Consistent with other groups. ,
S BT Alguero et al., 2304.07330
N | s, Greljo et al. [flavio], 2212.10497 g
|l e Ciuchini et al. [HEPfit], 2212.10516 T - e
0.501 ' Hurth et al.[Superiso], 2310.05585 (/I,(x/"fjj‘:‘,s; Y Samas -,
| = = ,,'—’ ’_ % * Z’IZI% i+ B — X 00 Fit
. O.25j /////////// b /;Ej// By — ¢up Fit
=S i | Sl gl B — K/ Fit
D) | /7@ C i A p— B — K*00 Fit
0.00: : ——— Ry & Qus Fit
~0.25- @ ) e
—0.50—: \ ABCDMN23
] 2 2 N B S —————
|Capdevila et al., 2309.01317 no g >6 GeV® data I R R T
) QM

.5““““\\\\\\\\\\\\\\\\\\\\\\\\
175 —150 —1.25 —1.00 —0.75 —0.50 —025 0.00 0.25

er 27 /38



Data-driven fit

+ Current data are consistent with SM in a data-driven approach.

Ciuchini et al., 2212.10516

- 2
Tb TL_(qz)h(_O) VL ( )h(l) 2 Data driven _
8Temp 167 mB Model dependent
+h(_2)q4 + O(q%), 1 - :
my TL ( )h(_O) VL+( 2) h(_1>q2 :
R 1672 AN e
+h(0) —|—h(1)q2 _I_hf)qél —|—(9(q6), Q SM
my (0) ‘N/Lo( ) (1) 2
T h’/ — h' 1.
 Sm2mp LO( h= 16m2m% I
+h6"V/@® + i (@) + O((")F) . (11) :
—9 : : :
—2 —1 0 1 2
NP
C9,M
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LFU or LFUV
+ Since Rk data strongly constrain LFUV NP, dominant NP

| | 3
contributions need to be LFU. o
------- s >+ D — Xy 1t
By — oup Fit
U U V - B — KUl Fit
------- B — K*(l Fit
11 —— Global F
4+ Preferred scenarios: Algueroetal., 2304.07330 s
|
I
Scenario Best-fit point lo Pullgy; | p-value s
Chy =Cou =Cy ~1.17 —1.33,-1.00] | 5.8 | 39.9% L
Co), —0.21 —0.39, —0.02]
) : . 40.
Cy —0.97 121,072 | 0 |7 & 5
Co\, = —Cou —0.08 —0.14, —0.02] i
) : . 41.1
Cg —1.10 —1.27,—-0.91 >0 & \BCDMN23
—3 —2 —1 0 1 2 3
cy

+ Qs=P’5,-P’s5c should be measured close to zero.

+ 3rd scenario has a model-independent connection to R(D().
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Test for charm loop

. . . Al tal., 2304.07330
+ No significant evidence for non-constant ,, e |

|For different bins of g2

g2 and process dependencies. -
05

2 [T T ] 2o : ]
: ' . B — K/L+/JJ_ : _1.0; : } : Global Fité
1- BB Kutu i ~1.5 ‘ { } *
I : Lo | ]
f ® B, — oup | _20L ABCDMN23
ol

SM L T Y S

1.0F

S -1 ' * ' ;r i eI Wi .5 |For different modes
i ; s @ ;
-k i L N L SM

0.0F

~0.5-

—@

L 1 . 7 |
L i s : -
i - -1.0} I {
B 3 j F . 1 . i | * Global Fit

] ~150
[ . . . . 3 . . . | . . . . | . . AE$QD$1N123. : —2-05* !
0 5 10 15 20 §
5 ~25¢ | | ABCDMN23
q B— Ktte B — K*0t(~ B, — ot~
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SMEFT at tree

+ SMEFT operators: 0, = (@Qi"Q)(LiwLi), 05 = (Qiv"o"Q;) (Lo L)

05:132;3(9%3,] + Césf)bg@%g 205?523- [Vcs(ELV“bL)(ELWu ;) + ‘Q?(ELV“??L)(ELWMM)} b — cTv

b — sun
b — sTT

+ (Caaly — Ciayy) | BLy"bu) Privuves) + ViVes (@™ 1) Civulis)| b — suis

+ (C%)Lg + ngg) (B br)(Crivuley) + Vi Ves(€oy tr) (Trivu vLj))

+ C%zj = Cég,),;j for B(B — K™vp) 0

+ (O > 1050 ~ 105y for B anomalies

ot (@)} ~J 0] Ne)

10*x B

4+ Br's for b — s77 are about two orders of
magnitude larger than SM values.

27T cb
Cé\{f — C1107‘ ~ o %b * (\/RD( >/RD( *) )

o — [\] w H~

R TR
Capdevila et al., 1712.01919; Capdevila, PoS FPCP2023 31/38



SMEFT at one loop

+ 052 explains R(D™), and generates Cy through
one-loop mixing.

)(1 I log(AQ{S5TeV2))>

» Cy arises from tau loop.

- Cy , =0y, arises at tree level. "

+ R(DM) imply ¢V ~ —0.6 for A=2TeV.

+ Cy ~ —1.1 corresponds to higher NP
scale, A= O(100TeV), which is

incompatible with R(D(). Algusm et o, 1903.09578;

—1.5-

—2.0-

1.0-

0.5-

~1.0-




NP models

+ b—s anomalies favor LFU NP in Cy with a size of 20% w.r.t. SM.

+ Z’ can have LFU couplings, but they receive severe constraints
from Bs mixing, LHC limits, and eTe™ — ¢7¢~ at LEP-Il. crloetal, 2212.10497

+ Leptoquark (LQ) with tree-level contributions require fine tuning.
Moreover, to avoid LFV (u—ey), for instance, multiple LQ
generations are introduced. crivelin et al., 2203.10111

+ One-loop contributions with tau or charm can generate Cy'.

Ui, S1+S3 R2 (S2) H+
Crivellin et al., 1807.02068 Iguro & Omura, 1802.01732
Crivellin et al., 1912.04224 Kumar, 2212.07233
Crivellin et al., 2203.10111 Iguro, 2302.08935
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LQ models

LQ Model Wilson Coeft. b—c b— b—c+b—s
St C,isul\g, C,isﬂl\g, Cy,,Cs, = —4Cr v v v
R Clisﬂl\g, Cg, =4Cr v v (V')
S Clisul\f, Cvy, X v X
Uy C,isul\g, Cy, v v (V')
v, CBM, Cs, oo (V)
Us Cyolt, Cy, X v X

Table 5: Summary of leptoquark models and the relevant BSM Wilson coeflicients they predict

at the effective level.

Checkmarks denote models successtully explaining clean observables

for a particular flavor transition, while crosses signity otherwise. The final column indicates
whether the model can explain both sectors simultaneously. Models marked with (v') reproduce
experimental data with small muonic coeflicients.

D’ Alise et al., 2403.17674
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+ LFUNP Cy = Cy . ~ Cy,, would generate deviations from SM in

b—see

b—see observables.

+ New LHCDb results at ICHEP2024 are consistent with SM and with

LFU hypothesis.

A

Coutinho [LHCBb], ICHEP2024
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Inclusive measurement

4+ Inclusive measurement consistent with SM would exclude
Cy'F ~ —1 at high confidence.

Huber et al., 2404.03517

current prOJectlon centered on SM
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0.005

0.000

-0.010

-0.015

Future colliders

Azatov et al., 2205.13552

Collider C.o.m. Energy | Luminosity | Label
LHC Run-2 13 TeV 140 fb~1 LHC
HL-LHC 14 TeV 6 ab™1 HL-LHC
FCC-hh 100 TeV 30 ab™? FCC-hh
Muon Collider 3 TeV 1 ab~t MuC3
Muon Collider 10 TeV 10 ab™?
Muon Collider 14 TeV 20 ab~! MuC14
[Cl(;)]mj = l(;)% and [Cl(;)]ZZij = l((;)))(sz'j

LHC,,, 140fb™" (obs.)
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Altmannshofer et al., 2306.15017

10 TeV muon collider (1 ab-1)
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Summary

+ Significant progress have been made in understanding charm
loop both experimentally and theoretically.

» Two LHCD results obtained with different models are
compatible with each other.

» Further improvements in theoretical calc’s are challenging.

+ LFU NP is favored by data, in contrast to LFUV NP, which had
been studied to explain previous data of Rk.

+ Further experimental tests for anomalies are anticipated from
Belle Il, LHCb and other on-going experiments as well as future

colliders. 5 /a8



