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Standard Model of Particle Physics
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Physics beyond the Standard Model

Problems of the SM — Physics beyond the SM

» Dark Matter (269%) 180
» Dark Energy (699%) |
» Matter-antimatter asymmetry
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» Anomalies in experimental data

Neutrino masses
Strong CP problem
Vacuum metastability
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Experimental Searches

Direct Searches
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Flavour Physics
» Flavour universal

(] A/ﬂ Z \ }7
» couplings 51:]- in flavour space % q; %‘9 i N 4

» example: strong and electromagnetic interactions q/ | q% ) q/

» conseguence of gauge invariance

» Flavour
» couplings /liél-j (diagonal, but not necessarily universal) | CKM matrix
» example: Yukawa interactions » Cabibbo-Kobayashi-Maskawa matrix
» Flavour violation (changing) ' ez sieig  sige e
> couplings involve different quarks TS 012823813?;513 Czcas — s1zoms1ze”  smes
| S12823 — C12Cp3813€Y8 —CiaS23 — S12C23513€°13 cazc1z

»no flavour violation in lepton sector (m, = 0)
» 3 mixing angules and 1 CP phase

> example: W= interactions in quark section » CP violation in the Standard Model

» Flavour Changing Neutral Current (FCNC) ;
» absent at the tree-level not enough to explain the baryon asymmetry in our universe
» arise at the one-loop, but suppressed by GIM mechanism

new CP violation sources

» Why flavour physics
» New physics <= 0(10”) BB events at BaBar and Belle
» structure of CKM and mass
» CP violation
» strong interaction

penguin
diagram

experimental status

no evidence of NP Bkl
but, anomalies PESEY,; 5
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LFU test

» Z boson decay

F(u*p=)/T(eTer) M2/l
VALUE DOCUMENT ID TECN COMMENT

1.0001+0.0024 OUR AVERAGE

0.9974+0.0050 1 AABOUD 17Q ATLS EPP =7 Tev

1.0009+0.0028 2 LEP-SLC 06 EEE, = 88-94 GeV
I‘(1-+1-‘)/I'(e+ e‘) '3/l
VALUE DOCUMENT ID TECN COMMENT
1.0020+0.0032 OUR AVERAGE

1.02 +0.06 1 AAL 18AR LHCB EPP — 8 Tev
1.0019+0.0032 2 LEP-SLC 06 EEE, = 88-94 GeV
F(rtr)/T(utu) r3/l2
VALUE DOCUMENT ID TECN COMMENT
1.0010-:0.0026 OUR AVERAGE

1.01 +0.05 1 AAL 18AR LHCB EPP — 8 Tev
1.001040.0026 2 LEP-SLC 06 EEE, = 88-94 GeV

> W boson decay
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' ......................
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B(W —ev)
_v_Jg.h)DF( ) (1992) N d ﬁ d
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Phys. Rev. D 105 (2022) 7 .
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LFU test

A. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41

B. Bryman, Cirigliano, Crivellin, Inguglia, Annu. Rev. Nucl. Part. Sci. 2022. 72:69-91

> 7T decay
p = T ebely)] (ﬁ) — 1.0010 = 0.0009
Y TP — uvu(y)] A, RT,
» K decay
V&G + A
ge - DIE" =~ ev(y) (—“) — 0.9978 + 0.0018
kT KY = ptu(y)] A, RK
['[K = mev(y)] A A
Ry™ = == ' — — 1.0022 + 0.0024 il = 0.9995 + 0.0026
/1 'K —> muv(y)] (Ae )RziLﬂ | A, R +
e/ e/
> 7 decay
Rt — Br(r™ = pu"v,v:) (‘i) — 1.0029 + 0.0014 = 0o Belle Il, 2405.14625
Ye Br(uT — evw,) A4.). B s
BI‘(‘L'_ —> e_ﬁevt) At BaBar (2010)
RZ ). = —~ ) =1.0010+0.0014
T BI'(,LL_ — € ﬁevﬂ«) (Aﬂ)t TZIBAl\éEto(E)gﬂ)
BI‘(‘L'_ —> /,L_v_ v-c) A t dat Belle Il preliminary (2024)
Rt — a il = |. -+ U. $- recent upaates - 0.9974 + 0.0019
“e o Br(tT > vy (Ae )r HOUIB 0001 Y R v e e R Y.E
Br[t - 7n(K)v,] A A 194 / Gel<
R‘L’JI'(K) — _T — L _T — 4
/i Brl(K) — fuv,] (Au )n 0.9964 &+ 0.0038 (Au )K 0.9857 £ 0.0078
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R and Ry anomalies: exp

/ 68% CL contours
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» LFU Violation ratio:
B(B — D7)
B(B - D)

» LFUV: Tv.s. e, i

» QCD and EW contributions factorized
» hadronic and experimental uncertainties cancelled

R(D®)) = (€ = e, pn)

» tiny theoretical uncertainties

universal couplings for e, u, T
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R and K. anomalies

» Anomalies mainly from BaBar measurement

» LHCb 2022: muonic tau, 3 fb~!@Run |

» LHCb 2023: hadronic tau, 2 fb~'@Run II

> Outlook
> Analysis based on Run | + 11 (9 fb™1)

PRAC, RDS, RD
» Belle |l
current status
go-“ A ' | ' 68%CL bontours
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R(D)=0.342 0026,
R(D*) =0.287 =0.012
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https://arxiv.org/search/hep-ex?searchtype=author&query=Bernlochner,+F+U

R and K. anomalies:

theory

uncertainty: current theo ~ exp@2040

BaBar, had. tag
0.440 = 0.058 +£0.042

Belle®, had. tag
0.375 £0.064 = 0.026

Belle®, sl. tag
0.307 £ 0.037 £ 0.016

LHCb'
0.441 = 0.060 = 0.066

LHCb*

0.249 = 0.043 = 0.047

Average
0.342 = 0.026

SM average
0.298 = 0.004

PRD 94 (2016) 094008
0.299 = 0.003

PRD 95 (2017) 115008
0.299 = 0.003

JHEP 1712 (2017) 060
0.299 +0.004

EPJC 80 (2020) 2,74
0.297 = 0.003

PRD 105 (2022) 034503
0.296 = 0.008

FNAL/MILC (2015)
0.299 = 0.011

I I I

‘ Moriond 2024 \

I I I
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| Cui, Huang, Wang, Zhao, PRD 2023
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—~ LHCbH23
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Ax* = 1.0 contours
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0.20F

0.15

& MILC15,21&HPQCD15  This work :

| 3.20 — 2.50

R(D) = 0.3066 =+ 0.0081 ]

R(D*) = 0.2585 + 0.0054 |

p=0.31 ]

x*/dof = 30.76/76 -
1

0.2

0.3

0.5

BaBar, had. ta
0.332 £0.024 +0.018

Belle”, had. tag
0.293 £ 0.038 +0.015

Belleb, hadronic tau)
0.270 £0.035 £ 0.027

Belle®, sl.tag
0283 00183 0014

[LHCb®
0281 +0.018 +0.024

LHCbb, (hadronic¢ tau)
0.267 £0.012 +0.020

Belle II, had.ta

0.267 £ 0.040 = 0.031

LHCb®

0.40(5 + (0.081 £0.085
Average

0.287 £0.012

SM average
0.254 = 0.005

PRD 95 (2017) 115008
0.257 =0.003

JHEP 1712 (2017) 060
0.257 = 0.005

PLB 795 (2019) 386
0.254 = 0.007

PRL 123 (3019) 9,091801
0.253 £ 0.005

EPJC 80 (2020) 2, 74
0.247 = 0.006

EPJC 82(2022) 12,1141
0.265 +0.013
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Moriond 2024

0.2

Form factors could not be a problem for Ry in the future,
but still important for angular observables e.g., P,(D*) and F, (D*). form factor fully cancelled, for large data samples

0.4

R(D*)

['(B - DY)
['(B - D®¢v)

qglax dI'(B —- Dzv)

RD(*)

m? dg?

Ry = -
g2.. dI'(B = D¢v)
m2 dq?

form factor in q2 c (m?/%, mfz) not cancelled

g2, dU(B - Dw)

~ m2 dg?

Rp = -
gz.. dI'(B = D¢v)
m? dg?

form factors in the same region

dI'(B —- D1v)
d 2
2N q
rp(g”) = dT(B — D£v)
dq?



https://arxiv.org/search/hep-ph?searchtype=author&query=Cui,+B

b — s*¥ decays

»B, > 7" :

» B — Xsf_l_f_ B 7z, 1

-

»B —> K¢~ v

— e
~

» B > K*¥¢/T¢~
» B, — L7
> A\, — ANECTE™

» Flavour-Changing Neutral Current (FCNC)

> Tree-level: forbidden
» Loop-level: suppressed by GIM, & < 6(1079)

—> Sensitive to New Physics

» Many observables: branching ratio, angular distribution, LFV ratio

» NP effects can be sizable compared to the SM amplitude

» This transition is LFU in the SM
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b — s : theory

» Effective Hamiltonian

4GF 82 ! !
T == —=ViyVii—— ( Y CO+Cp0,,+Cy 08, Y ), (CIOf +Cf 0;”))
\/5 4 i=1,...,6 Z 1=9,10,P,S

> Effective operator

— - / mep LV /)¢ = 7 1)L = 7 ’ S 7
01 = (3v,PLT?c)(Cy"PLT?b) 0 = =2(30,,Pruyb) F**, 09 = (84, Purb)(?r"), 0% = (87,Purb)(Pr"vst) OO = 5Py b)(ZE)

0, = (5v,.P.c)(C~"P.b) oM ~ —60.3, coM ~ 4, it ~ —4. O = (3Pgyb)(CrsE)
b d r ¢ 2
\\/"/ \/

L
c \)\S T S b S

» Feynman Diagram
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- » Wilson Coefficient
b — Sf-l-f : theory -ple::)rrl:)ati\?ee o

. . . - short-distance physics
» Effective Hamiltonian Py

- q2 independent

4G 2
_ _ Py oy © < C,0; + C;,0;, + CSgOSgZ 2 (Cfo? + Cfo, f)) - NNLO QCD + NLO EW@SM
i=1,...,6

%eff — th 7 ts 1671'2
\/5 =1,..., £ i=9,10,P,S - parameterization of heavy NP

> Effective operator

o ~ / m LV / = 7MW / = 7MW ' = 7
01 = (87.PLTC)(CY"PLT?b) 07 = == (SouPruyb) ", 05" = (81:Pumb)(By"L), 01" = (57Pumb)(Pr*st) 057 = (5Preyp)(Z2)

0, = (5y.P.c)(Cy*P.b) c;M ~ —0.3, coM ~ 4, Ciot ~ —4. 0" = (5Pryb)(Zyst)

-C;=CM +

> AmplltUde: M(B — Méé) — <M€€‘Heff‘8> = N[ (A(; + /HM) L_lg’yMVg + AQ\/ L_Jg’yu’y5Vg + AsUpVy + Ap L_Jg’y5V4

=

Local: , 2 S o hV S
oca % ; Al = — ggb C7(M|s c*”q, Prb|B) + Co(M|S~" P, b|B) + (P. > Pg,C; — Cj)
Aly = Cio(M|S~" PLb|B) + (P > Pg,Ci = Cj)

A , : |
()%ﬁ ?ﬁ}”{) As,p = Csp(M|SPRD|B) + (PL <> Pg,Cj — Cj) » Matrix Element
- non-perturbative

Non-Local: ) - Iozng-dlstance physics
_16j72 - g~ dependent
> / i 9% (M| T {4, (3), 0:(0)}|B) 7
q . :
i=1,.. - theoretically challenging
(M E‘“"&V ;?WO Jem = Z Qq g7"q - main source of uncertainties

From talk by B. Capdevila, M. Fedele, S. Neshatpour P. Stangl
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b — s : theory

dI'/dg?

B->K*|| g2 dependence (sketch)

1 1 1 1 I 1 1 1 1 II I 1 1 1 I 1 1 1 1 photon pole
N
T (28) Broad charmonium BF [C'7/q%]™%
\ resonances (above the [C7 C'7/g?] narrow
open charm threshold) charm _
Photon pole ” resonances open charm region
&~ enhancement (from C) \J Cg, C1odominate

Sensitivity to

Cy and Cfyy long-distance

dominance resonaNit structure

interference of
2 = 2 | C C C hadronic
Q° = 4m ) ! ) ) 10 left-handed 2 = (Ma-my)?
Sensitive to C7—Cy phasespace b "7 +boxes

CKM suppressed /
¥’ light-quark resonances

interference SUPPTESSION BSM only: right—hanged
C7 Co Cho (hadronic) supprz-g:ea; in SM,
0 5 10 15 20 (may involve Z' etc) including long-
<= 1ncreasmg. hadrmrnc re.coﬂ q2 [G eV 2] distance
increasing dimuon mass =» “low q2 / |arge recoil” “hi gh q2 / low recoil”
will mostly talk about this
T.Blake, G.Lanfranchi, D.Straub, 1606.00916 From S.Jager’s talk
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b — s : observables

R BB — Ku*u~)
»B. — £~ g <7 BB > Kever)
¢ »Branching Ratio SM
VB—>XSf+f_ § o | ’RK ~ 1
B s Kkptre 2 Angular Distribution » Hadronic uncertainties cancel
> — o -2 -
LB s Kkpt g > Lepton Flavour Universality (LFU) ratio > 6(107) QED correction
£l deviation from unity
_|_ — .
» B, — ¢ function of (C7,, Cy, C) *
_ Physics beyond the SM
>\, > AT y y
o
Angular distribution of [ermcyr= i dgdgp = 2-[2(1 — FL)sin® O + F cos® Oy
B — K*( N Kﬂ)lft u- —L%(l — F})sin? 0 cos 20, — F; cos® O cos 20,
+ 53 sin? 0, sin® 0, cos 2¢ + Su sin 260, sin 20, cos ¢
+ 55 sin 20 sin 0y cos ¢ + %AFB sin? 0 cos 6, 255
+ 57 sin 20 sin By sin ¢ + Sg sin 20y sin 20, sin ¢ Py = 1 - Fy
- So sin? @) sin® 6, sin 24, 2 Ars
P, = =
31-F
_ %
B3 = 1°w
angular observables Py = 5j=4,578

Fr, Ars, Si = (G, Gy, Gy ), VFL(1 - Fp)
combinations of K*° decay amplitudes
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b — s¢ anomalies@mid.2022: branching ratio

EN[.CSR Lattice - Data
ewn e L B R R R T T TS
+ +o4 - T
> b"=K'uu :
< LHCb =
) i
X _]
0 _
= + E
— U -8- -
~ " N
S 1 [ —
o - ]
q f :
O I T BT T T ! R SR TR TR B ]
© 0 5 10 15 20
JHEP 1406 (2014) 133 qz [Gevz/ C4]
x 1078
—~ L I T
2 uf " Loy = LG 9%
| = 0 +
> 12 U Bs = oup SM (LCSR+Lattice)
<) ok ' SM (LCSR)
™ [ = = = = - N SM (Lattice) |
g 8 + I =
S ) O l JIy Y(2S) -
S g L . B
an ) 2 -— e = = — =
o~ | P T
% 00 5 10 15
Phys. Rev. Lett. 127 (2021) 15 612 [G@Vz / C4]

|

dB/dg? [¢*/GeV?

oy
o
\J
>
S
=
+
=

+

T

0.05

OO-I 1 1 ||

15
g* [GeV?/c]

JHEP 04 (2017) 142

-9
x10
! | | ! | ! | ! | ! |

3. - contours correspond to 68%, 95%, 99% CL regions

44 fb
—9 fb™'

L L L L
lllllllllllll

x10™

» EXP below SM
» Low q2

» Theoretical Uncertainties: @



b — sC¢ anomalies@mid.2022: angular distribution

Phys. Rev. Lett. 125 (2020) 1

g2 [GeV*/ 4]

Phys. Rev. Lett. 126 2021461802 ¢° [ GeV?/c]

B — K*0ﬂ+ﬂ— BT — K*+ﬂ+ﬂ—
as =T T | ST . B '
= 0.5 —
< Y HCb Run 1 + 2016
" 7] SM from ASZB 3 W .
i | e M EN .- i o o ]
C———= - Lol = - —3—___~ » Similar deviations in the 2 modes
I @—q— : : Y - L
OH— ‘ b Al 0 1;; T T l—I—l - i . - g
= | - ] | . 1 » Theoretical Uncertainties:
| | | - 05 F == “EEE LHCb . . . S
L | ] : 4 Data 9fb-! 1 =branching ratio: g
i d SM from DHMV . i . -
pal - 77 SM from ASZB = angular distribution: &
] ' 1 I e M .
0 S 10 15 3) 10 15
Phys. Rev. Lett. 125 (2020) 1 g ([GeV?/ 4] ¢% [ GeV?/ ]
i g l B x I " ' T " ol ' T B '
: LHCb Run 1 +2016 : LHCb
; SM from DHMV . . Bl Do
05 N SM from DHMV
L -
i ) JEEED 7 SM from ASZB
_ )
_ - L] i
0- =~ i 7//% T F : ) i
- ’%‘ [ i = >—i—< :
- I il [ | F :
I B 2722277227
-0.5F / - =
BB ol A fEE .
i | | i *amun?
-1 .\ Sin_iitn_ ._j . . o L B N
0 % 10 15 B 10 15



b — sff anomalies@mid.2022: lepton flavour universality ratio

| 1 I ' ' ! I L] I L] | I L] .2“ T T T T T T T T T | T T T T T T T T T
: o : BBT - KTu"u~)
- : BaBar CE: - ] RK+ —
: 0.1<¢?<8.12GeV/c* 151 i }B(B+ — K+€+€_)
E : | :
. Belle 1) ) E— . ———s N S i
=A 1.0 < ¢?><6.0GeV/c* F | - PRIS{M ~ 1
- | | -
: 05 + ; | o |1 - » Hadronic uncertainties cancel
: i D[ LHCh ~
: R,. LHCbO b’ - . : _ _
3.1c o < <60Gevie ~ LHCh 3fb~! 2.2-2.50 : ij"‘l'l‘*”' 1 »010 2) QED correction
. | . . \ . | . . . . | . . ()() '- [ TN SRR SR SN TN SR l' RN TN TR S SN TR SN N |
05 1 15 () H 10 15 2()
LHCb/2103.11769 R ¢’ [GeV?/c']  » Theoretical Uncertainties:
| | | | | | | | | | | | |
RK,;<+ Belle -l | | 1 l | | 1 1 I I 1 | | l | 1 1 1 l 1 1 | | I 1 1 | | I- _ ] i} _ g >
x 1.1 < ¢ < 60 GVt : N : branching ratio: @
. . P PP PP PR o, ot e TP PP P PP PR PETPEPRTEREY -
R Belle S hivees : -angular distribution: &
* 0.045 < g2 < 1.1 GeV?/ ¢ 0.8 E _ LEV rati @)
i - ratuo. =
N R (o Belle 0.6 Jr_ 1 I '
1.0 < g2 < 6.0 GeV?/c* "": ® LHChH ]
i BIP ]
. R...LHCb 9 fb 0.4 Y CDHMV - .- i
0.045 < g < 6.0 GeV?/c# - B EOS - deviation from unity
1'4-1'56 0.2 ® flav.io
o Ry LHCb 9 fb" . LHCDb e IC ]
| | | | | | . , | 1.1|< q2 I< 6.OIG€V?/C4 | ()()(; L1 i L1l 11 ‘l) L1 11 l; L1 11 _ll L1 11 rl’ L1 11 (l‘- Physics beyond the SM
0 1 2 3 - | SO
2 [ 72 /4
LHCb/2110.09501 Ko LHCb/1705.05802 7" [GeV7/c]
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b — s¥ anomalies@mid.2022: lepton flavour universality ratio

- BB - K utu)

Re=—— — P2
B(B+ — Ktete™)

RM~ 1

' Hadroni rtainti |
d|sappear after LHCb’s new measurements adronic uncertainties cance

(2212.09152, 2212.09153)

0O (10~2%) QED correction

Theoretical Uncertainties:

- branching ratio: @
= angular distribution: &
- LFV ratio: <

deviation from unity

V¥

Physics beyond the SM




b — sf anomalies@2023

» New CMS measurements on B, — p™ i1~ (axxiv: 2212.10311)

0_6><1o-9 CMS | 14_0fb'1(13TeV)

055_56 S N N B(BS — 'U,+u_ )ATLAS — (281_82) X 10_9’
o4l 4G _______________________ B (B s — LL+ w )LHCb = (3. 09f8f§i’8 i? ) x 1077 :

I I N +,,— _ +0.3840.19+0.14 -9
1 0. :_ ................... ........ . .......... ' ,,,,,,,,, ....................... B ( BS — llc /,lz ) CMS — (3 . 83 —0.36—0.16—0.13 ) X ]. 0 .

™ - H ! IRV

<Y

B(Bs = pt 7 )ave = (3.521738) x 1077

_ _ ,,,,,,,,,,,,,,,,,, - ,,,,,, I+SM ,,,,,,,,, \ ,,,,,,,, .............. B( B s —7 W ,U:_)SM — (366 + 014) X 10—9 P—;
S 0" B(Bs — pt i )avg = (2.93+0.35) x 107°.

[2.5,4] —

B(B] - u'w)

» New LHCb measurements on RK and RK* (axXiv: 2212.09152, 2212.09153)

Pl [4,6] -

: B(B™ — K utpu™) [1.1,6] te—
4L LHCb Ri  lowq’ = 0904700 11,6
I g fb'l Ry central-¢> = 0.949700%%

Ry~ low-¢> = 0.9271000

1.2 i Ry~ central-¢° = 1.0271)07F

B(B+ — [\’+(‘t+(‘;_) [1.1.(5] - ——

_ I B(B) — ¢ptp) [1.1,6] o

1

R g
—
-
|
¢
o
@

- - - ) 4+ —y
all consistent with SM B(By = u'n) o

0.8 Ry and Ry anomaly
- disappear B(B" — ptp) - .

I Data > =16,p=0.812, 0 =0.2
— SM

I | | | | I
2 2 9 -5 -4 -3 -2 -1 0 1
Ry central-¢° Ry« low-¢© Ry~ central-g - o Pull in o
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b — sf anomalies@mid.2024

» Angular analysis of B’ - K %¢*e™ at LHCb

Observable value
S S =
o n o

I
-
W

I
—
-

Observable value
S o O
o RO ~

|
-
S

I
—
~

[LHCb preliminary] ABCDMN
T ofb! BN GRvDV
B i i ¥ Data
1.90
P s
- 55
SS 7

Fi. S35 S4 S5 Arg S7 Sg 9

LHCb
9fb!
1.96 1
B [LHCD preliminary]

ABCDMN
% Data T

Or, 01 Qs Qs O» Qs Os O

LHCb-Paper-2024-022
R.S.Coutinho’s talk@ICHEP

T
-

E’ [LHCb preliminary] ABCDMN
N 2z 1 EEE GRvDV
E O 5 —i — % Data
=
% v
A ////////
%,
0.5 - O
1 —
FL. P, P, P, P, P, P; P;
S T | ' :
1 ABCDMN *LHCb -
: Belle -
0.5 =
of % :
~05F =
1 :_[LHCb preliminary _:
B T S S — : N TR B
0 5 10 15
g2 [GeV?/c4]

S —_
» Search for B - K%tz at Belle I (Meihong Liu’s talk@ICHEP)
Beoxp < 1.8 x 1077 is still far from the SM prediction 1.0 X 10~

» Based on full Run | + Il data
» Performed in [1.1, 6.0 (7.0)] GeV? region
» Q= Pi(ﬂ) _ Pi(e)

» All consistent with SM

5.‘ lnl 5 - r - - 1 - r 11 ]

- [LHCb preliminary] ABCDMN ¢ LHCb -

l _ GRvDV Belle _

0.5F -

OF { -

05F —

F -

_ - , N T I .
1'50 5 10 15

g% [GeV?/c]

» Ry at CMS

Rep. Prog. Phys. 87 (2024) 077802

|
0.747°% ! BaBar
-0.32 ® ! q2 €[0.1, 8.12] GeV?
|
|
1 _03+o.28 | Belle
-0.24 | q2 €[1.0, 6.0] GeV?
|
|
0.7450997 | LHCb 3 fb’!
-0.082 ! g2 €[1.0, 6.0] GeV?
|
|
08460062 : LHCb 5 fb’!
-0.056 ! g2 €[1.1, 6.0] GeV?
|
|
0.949*0-047 | LHCb 9 fb”’
-0.046 -0-: g2 e[1.1,6.0] GeV?
|
0.78+046 CMS (this work)
-0.23 ® q2 €[1.1,6.0] GeV?
! T T R T A S S T O S S S S R SR S S S
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Flavour anomalies: New Physics interpretation

» b — s anomalies

- branching ratio: (B, — ¢pu*u"), ...

- angular distribution: P in B - K*u*u—, ...

» b — ctr anomalies

-LFUV ratios (7 vs. 4,¢)inB — D(*)TV,

INP

HEW

SMEFT: SM Effective Field Theory
Lsmerr = Lsu+C 0N

[ ’ SU3)-® SU22); ® U
OL%) = (L,y,L)(Q"0Q) 3¢ (2)r (Dy

Oe(cli) — (épyﬂer)(czsy’udt)

LEFT: Low Energy Effective Field Theory
o = (CM+COMLCYON SUB)e @ U1y

Oy = (EV”PLS)(LZ}’MK) O = (BV”PLS)(LZ?’M%K)
Oyy, = (€y*P b)Ty"Piv) Os, = (CLbr)(lrV<L)
OVRL — (E}/ﬂPRb)(%}/ﬂPLU) OS/_ — (aRbL)(ZRVT[_)

O7 = (CRO*b.)(LrOu V1L )
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Flavour anomalies: New Physics interpretation v caoen s

»b — s~ anomalies finp

X.Q.Li, Y.D.Yang, XBY, et al, 2112.14215, 2205.02205, 2307.05290

Q L ©w M
T 2 3
+ t
b W s 4 S

SMEFT: SM Effective Field Theory
Lsmerr = Lsu+C 0N

o SUB). ® SUR), ® U(l)y
0"V =(Ly,L)Oy"0,)
HEwW o e

(1) _
0" = (@,7,e)(dy"d)

LEFT: Low Energy Effective Field Theory
T or = (CM+CNHOM+CTTON SUB) @ U(L) o

= (EV”PLS)(LZ}’MK) O = (BV”PLS)(ZVMVSK)
Hp Oyyr, = (Cr*PD)Ty"Prv) Os, = (CLbr)((RV1L)
OVRL — (E}/'MPRb)(%}/'MPLU) OS/_ — (aRbL)(ZRVT[_)

OT — (ERGuva)(ERGquTL)
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b — s?f global fit@mid.2023

Recent Global Fit

Ciuchini et al 2212.10516
Alguero et al 2304.07330

All Qiaoyi Wen, Fanrong Xu 2305.19038
1D Hyp. Best fit lo/2 Pull -val — —
yp es o/20 ullsy; | p-value 00 = (by"P, $)(Z7 )
0 ? L H
G -0.67 | . ’ s | 900 . ~
9“ —0.98, —0.37] O,y = (by*Ps)(€7,y5¢)
B0l k)
Gy =G 0 s e SRl DO B(B; — p™u~) consistent with SM
RS SR (C,o can’t be too large)
All
2D Hyp. Best fit Pullgys | p-value
(Coy »Clo,) || (—0.82,—-0.17) | 4.4 | 21.9%
(Coy »Cr) || (—0.68,40.01) | 4.2 19.4%
(Cop »Corp) || (—0.78,40.21) | 4.3 20.7%
(C »Ciory) || (—0.76,—0.12) | 4.3 20.5%
@ ey TR S 40.3%
Scenario Best-fit point lo Pullgy; | p-value
Skl 1) - (GNE - ERIE (@] —1.17 —1.33,—-1.00] | 5.8 |39.9% No Ry, Rg+ anomalies now !
Cy,, —1.02 —1.43, —0.61]
Scenario 5 Clou —0.35 —0.75,—0.00] | 4.1 21.0 % C. =CU
cv —cY 1019 | [-0.16,40.58 de T 9
- - Cy, = CJ+CJ
, €y~ Co —0.27 —0.34, —0.20] 9u — “9 9
Scenario 6 e s . . 4.0 18.0%
Sl A Fitgood fit BREEACIO
, ! . —0.39, —0.02 7" .
Stesinds / c§ —0.97 L2l 0% 56 | 0Eik;, TEAC10ELkE T Fnon-local matrix s
. = e —0.08 (—0.14, —0.02]
Scenario 8 H cv i A _1.27,—0.91 5.6 41 1%
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=
- 2 —
,,,,, =
TR e e =T

SM

B; = pu+ B = X ¢ Fit
Bs; — oup Fit

B — KU Fit

B — K™l Fit

——— Ry & Q4 Fit

——— b — spp Fit

—— Global Fit

ABCDMN23

]
1

SM

B; = pp+ B — X 00 Fit
B; — oup Fit

B — K/l Fit

B — K*¢ Fit

RK(*) & Q4,5 Fit

b — spp Fit

Global Fit

ABCDMN‘23
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Charm-loop contribution

» Global fit prefer to Cge — Cgﬂ # CgSM & B(B; = p™ 17 )eyp is consistent with SM

vector current
LFU

1 I 1 1 1 1 I 1 |
IS [acba7m-! S22 ¢ >0only ]
R =" ¢*> <Oconstr. -
i || fix FFs i
10 - O SM —
0.5+ y. —
i / :
. b :
0.0 | B 1
1 | 1 1 1 1 1 L]

-2 —1 0
Re(CgSM)

» Charm-loop could mimic Cy, = Cy,

C9e — C9,u — C9SM + A C9U’ charm loop +A C9U’ NP

0y = (by"P,3)(Zr,0)
0,y = (by*Ps5)(£Y,y56)

» Charm-loop contribution is expected to be ACg (qz), but not ACg

2,

® B Ku'p~
_ BB Kutu ]
® B, — outp” ]
SM -
- ‘ i - Global Fit ]
n ] = . : ™
@
i ! ]
: | .. AHRCDMN23 |
0 5 10 15 20

LHCb, PRL132(2024)131801
LHCb, PRD109(2024)052009
LHCDb, 2405.17347 (charmonium region is open)

< 1.0
R

0.5

~0.5¢

-1.0F

1.57

1.0

LHCDH 8.4fb_1 = Total
Total, SM WCs

SM from GRvDV

10 12

14 16 18
¢* [GeV?/c?

0.0}

LLHCb 4.7 fb~!

[ 1 DHMV

0 g% < 0 constr.
LHCb PRL 125
(2020) 011802

+

GRvDV
g* > 0 only




Introduction
Lepton Flavour Universality Test

7, K, 7 system, W, Z boson, Ry and Ry

Implications for New Physics

(g — 2)M anomaly
Connections to other anomalies § Bt — K*ui excess at Belle ||
Cabibbo angle anomaly

Origin of LFU violation

Summary
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( D 2)” a,=(g—2)2

g=2 QED Electro-Weak hadronic vacuum polarisation Hadronic light-by-light scattering
. . H, W, Z > > > >
l, \\
4 \
’ \ S
] \ T oo
v S
2 82 2 LO NLO NNLO N
Bohr magneton a%P = 116584718.931 + 0.104 aPV =153.6+£1.0 Tt alaao o N
11 Iattice0eDl | e sy Phenomenology 902+19 2%1
unit: 10 Lattice QCD 79 £ 35

M =116591810 + 43

D

3 £ Q@ P8 FB FQ of= 116140973321 (23) «

3 < = - . +  413217.626 (7) a

(T ot 381.004 (17) a

‘ , ﬁ’—ge" ﬂﬁ“@/@\/@\ﬁ% + 5.078 (6) oGy

—_— () () (o) T(d) Ti(e)

= 116584 718.931 (104
2m TR D A R A e

1I(f) I1I(a) III(b) I(c) IV

12000+ Feynman diagrams
% 9 @ 9 B I%] Analytical calculation @ a?, o’
Vv Vi(a) VI(b) VIO~ VI[@~~"_ VI(e . 4

Partly analytical @

ﬁ% @ @ @ q Numerical @

VI VI~ VI VIG) Vi) VIK)

Aoyama, Hayakawa, Kinoshita, Nio (2012-2019)
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(g T 2)” a,=(g—2)/2

g=2 QED Electro-Weak hadronic vacuum polarisation Hadronic light-by-light scattering
u > b ity U 2 > > > >
4 ,l \\
’ 1 S
1 \ TP oo
> s 4 D —p > > > R
y S 3
QED _ EW __ a;"x10" | LO NLO NNLO HLBL |, 4 1t [ NL
Bohr magneton a, " = 116584718.931 £ 0.104 a,” =153.6=x1.0 o s P a,"" x10 O O
| 11 Lattice CD S Phenomenology 02 +19 2+1
unit: 10 Lattice QCD 79 £ 35
aM =116591810£43 a7 =116592061 £41  ——p  Ag, =a® —aM =251 £ 59
4.2 sigma difference !!!
Beam day/ay Required th. terms
BNL g-2 , o— 1 Columbia-Nevis (57) U g=2.00+0.10 g=2
Columbia-Nevis (59) W | 0.001 13(+16)(—12) 12.4% alm
AL o | CERN 1 (61) " | 0.001 145(22) 1.9% alm 60 years
g-< A ® ' CERN 1 (62) ut | 0.001162(5) 043% | (a/n)? of g-2
CERN 2 (68) ut | 0.001166 16(31) 265 ppm | (a/m)3 measurements

< 4 20 > CERN 3 (75) = | 0.001 165 895(27) 23ppm | (a/m)® + had

CERN 3 (79) U 0.001 165 911(11) 7.3 ppm (a/m)? + had

BNL E821 (00) ut | 0.001165919 1(59) 5 ppm (a/7)? + had

¢ ' ® ' BNL E821 (01) ut | 0.001 165 920 2(16) 1.3ppm | (a/m)* + had + weak
Rl R Gl Eﬁeggggm BNL E821 (02) ut | 0.001165 920 3(8) 0.7ppm | (a/m)* + had + weak +?
. . . . . . . . . BNL E821 (04) u~ | 0.0011659214(8)3) | 0.7ppm | (a/m)*+ had + weak + ?
175 180 185 190 195 200 205 210 215 — FNAL Runl (21) | 0.00116592040(54) | 0.46 ppm (a/n)4+had+weak+?(

a,x10° - 1165900 &



béfore CliVID2
CMD2
SND
KjLOE cofmb

BABARé
BES

CLEO
~ SND2k
 — = CMD3
| | |

Data-driven

T
360

365 370 375 380 385 390
a™™ (0.6 <(s<0.88GeV), 10"

Dispersion relation +

low energy ete- -> hadrons

Y
ete” to hadrons
had,LO my [ 1.
grad,LO — _£ ds —K(s)o S
. 2 f, ¥ (8)ohad(s)

» CMD-3 different from CDM-2 and others
» New results from BES-III, Belle Il, STCF expected !!!

» More time needed to resolve these puzzles

Tension between data-driven and lattice

» Uncertainty in BMW20 much smaller than others (huge computing power)
» Central value closer to experimental measurement

» Discrepancy between BMW20 and Data-driven

» Require more checks among the several Lattice groups

» Recent progress

M. Ce et al, 2206.06582
ETMC, 2206.15084

Fermilab Lattice, HPQCD, and MILC, 2301.08274 33
RBC and UKQCD, 2301.08696

BNL g-2 @
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< 4.20 >
L @
Standard Model Experiment
Average
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Data-driven
= S ~ before CMD2 Dispersion relation +
e L B o2 low energy e+e- -> hadrons BNL g2 | o .
= —= . sND
= .. KioEcomb Y
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(g — 2)” and b — s anomaly

Recent Global Fit

Ciuchini et al 2212.10516
Alguero et al 2304.07330

All Qiaoyi Wen, Fanrong Xu 2305.19038
1D Hyp. Best fit lo/20 Pullgys | p-value = —
B 0y = (by"P,s)(Z1,£)
i —0.82, —0.52 H
o 0l | g - .
BN 010 = (by"Pys)(r,750)
Gl = Gl [ OIONEE [SI00%E  4——  B(B, — u*u") consistent with SM
. (C,o can’t be too large)
2D Hyp. Best fit Pullgys | p-value { urrent giobal 1i ;?p IeS ',
(CYP,CXTY |1 (~0.82,—0.17) | 4.4 | 21.9% ' non-zero (g
(CYF,Cr) || (—0.68,40.01) | 42 | 19.4% e
(Cop »Corp) || (—0.78,40.21) | 4.3 20.7% $
(C »Ciory) || (—0.76,—0.12) | 4.3 20.5% “
@ Ciy | O 037 (T Y
| Z'¢TC" interaction should |
Scenario Best-fit point lo Pullgy; | p-value ,~ be almOSt VeCtor-type f
Scenario 0 Cy,” = Cy,” =Cy —1.17 —1.33,—-1.00] | 5.8 |39.9% OO ——_
ey —1.02 EEpERE Ty & *
Scenario 5 Clou —0.35 —0.75,—0.00] | 4.1 | 21.0%
€ () +0.19 —0.16, +0.58]
. €y~ Co —0.27 —0.34, —0.20] X
Scenario 6 C“g _cy £ o 0,53, -0.20 4.0 18.0%
. ey —0.21 —0.39, —0.02]
Scenario 7 C§ e 121 —0.72 5.6 40.3 % ;
. g —0.08 BTy N
Scenario 8 H cv i A _1.27,—0.91 5.6 411 %

35
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b — svv: exp & theory
» 2021 Apr

Belle 1, 2104.12624 (PRL)

5 L A I S S I —
L Belle II (63 b, Inclusive)
: 1.9M1%  This work
|
I —1
* RE%.166P(R7D3-6,105301 , SL)
|
| . Belle (711 b, Had)
: 3.0+1.6 PRD87,111103
|
| Babar (429 fb~!, Had+SL)
|70 0807 PRDS7,112005 ~

4 6

8

10° x Br(BT—K T vi
» 2023 Aug

10

(),45,&%}}347 E%;{ﬁfage Ganiev@EPS-HEP, 23 Aug 2023/Belle I, 2311.14647
|

—

Q

Belle IT (63 fb!

Q

Belle (711 fbl,

1.0£0.6 PRDY6, 091101

PY Belle (711 fbt,

29+£1.6 PRDS87, 111103

0.2+0.8 PRDS82, 112002

1.5+£1.3 PRDS87, 112005

Belle II (362 fb'!, combined)

2.34+0.7 This analysis, preliminary

Belle IT (362 fb'!, hadronic)

1.1+£1.1 This analysis, preliminary

Belle IT (362 fb!, inclusive)

2.74£0.7 This analysis, preliminary

, inclusive)

1.94+1.5 PRL127, 181802

semileptonic)

hadronic)

BaBar (418 fb'l, semileptonic)

BaBar (429 fb'!, hadronic)

-

2 4 6
10° x Br(BT™—K " vp)

8
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Impact of B->Kvv™ measurements on beyond the Standard Model theories

Thomas E. Browder (Hawaii U.), Nilendra G. Deshpande (Oregon U.), Rusa Mandal (Siegen U.), Rahul Sinha (IMSc, Chennai and
Bhubaneswar, Inst. Phys.) (Jul 2, 2021)

Published in: Phys.Rev.D 104 (2021) 5, 053007 - e-Print: 2107.01080 [hep-ph]

pdf @ DOI [= cite Fd reference search %) 34 citations

30+ theory papers !

Phenomenological study of a gauged L, - L. model with a scalar leptoquark

Chuan-Hung Chen (Taiwan, Natl. Cheng Kung U. and NCTS, Taipei), Cheng-Wei Chiang (Taiwan, Natl. Taiwan U. and NCTS, Taipei), Chun-
Wei Su (Taiwan, Natl. Taiwan U.) (May 16, 2023)

Published in: Phys.Rev.D 109 (2024) 5, 5 - e-Print: 2305.09256 [hep-ph]

pdf @ DOI [= cite [@ reference search %) 3 citations

Higgs portal interpretation of the Belle Il BY - K"vv measurement
David McKeen (TRIUMF), John N. Ng (TRIUMF), Douglas Tuckler (TRIUMF and Simon Fraser U.) (Dec 1, 2023)
Published in: Phys.Rev.D 109 (2024) 7, 075006 - e-Print: 2312.00982 [hep-ph]

pdf @ DOI [= cite Fd reference search %) 10 citations

Light new physics in B - K("v?

Wolfgang Altmannshofer (UC, Santa Cruz, Inst. Part. Phys.), Andreas Crivellin (Zurich U.), Huw Haigh (Vienna, OAW), Gianluca
Inguglia (Vienna, OAW), Jorge Martin Camalich (IAC, La Laguna) (Nov 24, 2023)
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b — svv: exp & theory
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» Expvs SM [1079]
BBT - KTvb)g = 4.16 £0.57
N L P 2.70 difference
BBT - K vv)exp =23x7 NP/SM > 2
BBT = K vo)... > 10 (20 lower bound)

exp ~

» Theoretical prediction
a R

Factorlzatlon_ theoretically, simple and clean
o x Cp-(K|5y*b|B) - Dy v one of the cleanest channels in
o Wilson coef quark current  neutrino current  flavour physics y

(6, = (57,PLb)(@Y"Pyv) inthe SN 0, = GP,b)P,) X
Op = (EyﬂPRb)(Dy”PLy) possible inBSM (0, = (5P,b)(DP 1) X

simple interaction but complicated flavour O T = (Eﬁﬂyb)(ljﬁ"wy) x
operator structure highly

o constrained by LH neutrino @TS — (EGMU}/Sb)(DG'WU) xJ
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b — svv: exp & theory

Observable SM Exp Unit
B(B* — Ktvp) | 416+057 | 234575 106
B(B° — K%®w) | 3.85+0.52 < 26 106
" B(Bt — K*tvw) | 9.70 +0.94 < 61 o=
_)
S B(B® — K*vi) | 9.00 4+ 0.87 < 18 106
B(B, — ¢vi) | 9.93+0.72 < 5400 106
B(B, — vD) ~ 0 <5.9 10—*
B(BT — wtvp) | 1.40 £0.18 < 140 10~7
B(B — nvw) | 6.52+0.85 < 900 10°8
b—d B(Bt — ptvw) | 4.06 +£0.79 < 300 107
B(B° — pv) | 1.89 +0.36 < 400 10~7
B(B° — vp) ~ 0 <14 10—
¢« > d B(KT — ntvp) | 8.4240.61 | 10.67324+0.9 | 1071
B(Ky, — m°vp) | 3.41+0.45 < 300 1011
a2 )

BSM effects.
\_

B" — K™ %w can put strong constraints on related

» Expvs SM [1079]

BB+ = K*ub)gy, = 4.16 + 0.57}
BBt - KTwo).,, =23+7
BBt - KTvb)

2. 70 difference
NP/SM > 2

2> 10 (20 lower bound)

exp ~

exp

» Theoretical prediction

. Factorizati :
actoriza 'On_ theoretically, simple and clean
o x Cp-(K|5y*b|B) - Dy v one of the cleanest channels in

L Wilson coef quark current  neutrino current  flavour physics D

(6, = (57,PLb)(@Y"Pyv) inthe SN 0, = GP,b)P,) X
Op = (EyﬂPRb)(Dy”PLy) possible inBSM (0, = (5P,b)(DP 1) X
Or = (50,,b)(0c"v) X

simple interaction but complicated flavour

operator structure highly

_J

Ors = (50,,y5b)(0c""v) X g

L constrained by LH neutrino
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b — svv: SMEFT

B.F.Hou, X.Q.Li, M.Shen, Y.D.Yang, XBY, 2402.19208

» Prediction
B(BtT — KTvp)
B(BY — K*0up)

» prediction
BB - K i) = (9.00 +0.87) x 107°

BBY - K WD)y ppr = (SOf}g) x 1076 ‘:> |
. conflict
BB > K %), < 18%x107°

exp

Bt s K+ui
_B(B™ = K™vl)sm _ 46+ 0.07
B(BY - K*0vp)gum

» Only @g’) is relevant with R

» O, can explain the B* — Kvv data

jiand Oy ;

» They can’t improve the b — s fit
» 0y, and Oy, worsen the fit.
» 0y ;: and Oy,
.0,

» O, also induce O,

weird

4 With 7 = j = 7 has no effect.

and Oy ;; with i # j (i.e. LFV) has no effect.

4

)

SMEFT

Hp

induce §bZ interaction,
Thus, universally affect

b—sete ,utu,t%c”

one LEFT operator!
just the SM operator

0y ; = (by"Prs)(Z 7, )
Oi0.;i = br'Pes)(Z 15t
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Cabibbo Angle Anomaly

» unitarity of CKM: VV' = V'V =1
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| Via Ve Vin Z ViVie = oy
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» unitarity triangle
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All measurements agree with the CKM picture in the SM Il However, ...
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Cabibbo Angle Anomaly

Belfatto, Beradze, Berezhiani 1906.02714

0.228

» From unitarity for the first row of CKM (| Vv, |* ~ 107

0.226:
|Vv'u,cl|2 = |Vus|2 " b |Vvub|2 =1

0.224
Crivellin, Kirk, Kitahara, Mescia, 2212.06862

hyperon

Kp?./ﬂﬂz —
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4
L 1
A}
~
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[ decays

2 2 2 E |
Vaalg + [Vaslk,, + Vasl® — 1 = —0.00176(54 |
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0.218} Tx
2 2 2 . | ;
V’LLd Ku,Z/ﬂ-u,27Ke3 —|_ |V’U,8‘K£3 —I_ V'U/b‘ e 1 e O°0163(62) ) 2“66 . . ! .
0.968 0.970
pionl,B decay (m,3) | | hyperon .
K3
neutron decay (PDGQG) I 3
[ (not included in the average) ¢ /7. + B decays
neutron decay (best) _ *
° _ Ky /m.3 + B decays
superallowed B decay (0" — 0")
L 00— T I K,u2/7T,u2 + ﬁ decays ———
superallowed S decay (reduced unc.)
[ (not included in the average) T
world average global fit
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0.972 0.974 0.976
|Vud|
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Belfatto, Beradze, Berezhiani 1906.02714

Cabibbo Angle Anomaly

» From unitarity for the first row of CKM (| Vv, |* ~ 107 |
0.2267

|Vv'u,cl|2 B E |Vus|2 T |Vub|2 =1 Kp?./ﬂ-#z =

5 "--
¢
L4
= ]
A
<

0.224
» From data Crivellin, Kirk, Kitahara, Mescia, 2212.06862 B 2
2 2 2 3 -
2 v e e 0001515 280 = 0.299| -
» Connection to LFUV Crivellin, Hoferichter, 2002.07184 |
0.220r N

|Vud|global — 0973 79(25)

> Viuslglobal = 0.224 05(35 |
; from [ decay: ” { - > g7 Vaslgova o 0.218F

; 0.968 0.970 0.972 0.974 0.976
17(' y

g 1)

Vv

u

Gp-(l+e) V), =Gp-(1—-¢)-V), —— [Vfd=V3d-(l—€M)]
!

Gr=Gy(1+e¢,+ €,)

Vfd can receive the contribution from €, but no €,

Observable Measurement
BOTUY ~ ]+ epp — Eee 1.0010(25) [77]
GF from 7} decay: i{{—:% ~ 1+ Eup — €ee 09978(].8) [3, 78, 79]
T8~ 1+ epp — €ee 1.0010(9) [3, 80-82]
%’;’j’; ~ 1+ euy — €ee 1.0018(14) [3, 32]
%‘%)z 14+ €eup — €ee 0.9960(100) [83, 84]
BoD i ] 4 ey —€ee 0.9890(120) [85]

R(Vus) = 1 — (324) e, 0.9891(33) [11]
42 0.9927(39) [14]
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Origin of LFU

» LFU in SM

P2 YC « |ep fip T

—1
0

T mass eigenbasis

hypercharge of U(1)y
YeR:YﬂR:YTR:_l

» LFUV in BSM

CRM LY o (8 fip T
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hypercharge of U(1)’
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_ 0

S O Q

o S O

0
—1
0

o O O

0 -
0
— 1
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- |

iInteraction eigenbasis

ér Mg Tg|
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0
0

0
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0
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— 1

Ug

Up: complex 3 x 3 unitary matrix

S O Q
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— 1

flavour universal

flavour non-universality is generated,
but flavour violation usually can’t be avoided.

-

» We learn that

\_

b — suulb — see # SM =

b — seu,b — set,b — sur ) )
b — duul/b — dee, s — duuls — dee, bb — uu/bb — ee, ...

b — ctvlb - cuv # SM = b — urtv/b — uuv, c — stvlc — suv, ...

~

J

What’s the magnitude of NP effects in these related channels? Can they satisfy the current exp bound?

Flavour structure !




Origin of LFU: connection to flavour structure

» Minimal Flavour Violation

» Flavour deconstruction

A A BSM Isidori’s talk@APEC Pheno seminar, 2021
dynamics
N Sp—— » Non-trivial | V. 133 mvolving A
F flavor dynamics sm 13731 y, , ~ massless
A. T - » V| mass " o\n
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&
. Y2 hE Barbieri et
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__— Prediction maximum > Flavour non-universal interactions already at the TeV scale.
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Introduction
Lepton Flavour Universality Test

7, K, 7 system, W, Z boson, R+ and Ry

Implications for New Physics

(g — 2), anomaly
Connections to other anomalies § B* — K*ui excess at Belle I
Cabibbo angle anomaly

Origin of LFU violation

Summary
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exp measurement more precise data needed ! NP model

7 7 68% CL tontours

Moriond 2024

LHCb®

Belle® (

llell

big question

R
/\,uu

21—  $HFLAV SM Prediction R(D)=0.342 =0.026,,,
R(D) =0.298 =0.004 R(D*) =0.287 +0.012,

R(D*) =0.254 =0.005 p=-0.39
P(x?) =35% |
L L L

0.5

flavour structure in the SM

SMEFT —————

inverse problem
(e.g., Fermi theory to SM)

z |
9 IIIIIII

EW hierarchy problem

—3— LHCb 9fb™"
* LHCb 3fb™!
SM (LCSR+Lattice)

. SM (LCSR)
SM (Lattice)
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- (well understood !)
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Grand Unified Theory

Dark matter
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Strong CP
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—_—  LEFT/WET
LHCb Run 1 + 2016 -

R Y QCD corrections
form factor
non-local matrix element

Neutrino mass
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Non-local matrix element

AR g { [<c9 £C)F (Co czo>] Fagt k)

Definition of Pull n 2mpyMp
q2

(€2 CYFI(R) — 165 P 1) |

my

To quantify the level of agreement between a given hypothesis and the data, we compute the

corresponding p-value of goodness-of-fit:

p= [, a0t ®

where ngof = Nops — n. Finally, to compare the descriptions offered by two different nested
hypotheses Hy and H; (with ny,, ng, the respective number of degrees of freedom and ny, < ng, ),

we compute their relative Pull, measured in units of Gaussian standard deviations (o):
Pullprorr, = V2Etf ™ [F(AXY, g3 naom)] (9)

. 2 . 2 2 . 2 . . . . .
with AX% g, = XHy.min — XH, min» "HoH; = MH, — NH,, I’ the x* cumulative distribution function
and Erf~! the inverse error function. Most of the time, we compare a given NP scenario with

the SM case, denoting the result as Pullgy unless there is a risk of ambiguity. Our statistical



A. (9—2), and (9—-2).

According to the window observable theory [53, 54] and the SM prediction [55], the

current disagreement concerning the Aa, designations has emerged as follows [55-58]:

Aa"m% = (1.81 4 0.47) x 1079, (17)

L

On the other hand, the electron magnetic dipole moment [59] with its experiment measure-
ment through Rb in 2020 [60, 61], the discrepancy with SM prediction can be expressed as

follows:
Aa* = 34(16) x 10714, (18)
whereas the Cs atoms measurement method search has obtained a lower bound [62],

Aal® = —102(26) x 107, (19)

Me/m_mu=0.5MeV/105.6MeV=5"10/-3



