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Flavor physics

e The Standard Model is an effective theory at low-energies of a more fundamental

(unknown) theory:

= Hierarchy and flavor problems unanswered — among many other problems.

= Quest for physics beyond the SM!

e fermions appear as three almost identical replicas:

= Flavor physics is the study of flavor-changing phenomena and CP violation.

Twofold role of flavor physics:

|. To identify new symmetries:

ur, CL, tr\ | Gauge
dr St br symmetry

< >

Flavor symmetry?

Il. Search of New Physics:
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*Through precision!




l. Origin of flavor?

e (Gauge sector of the SM entirely fixed by symmetry:

= Only a handful of parameters.

= Theory renormalizable and verified at the loop level.

e Flavor sector loose:

= 13 free parameters (masses and quark mixing) — fixed by data.
£Yuk — —Y;j @ide H — Y,;J @iuRj f[ — Yzj fieRj H + h.c.

= These (many) parameters exhibit a hierarchical structure which we do not understand.



l. Origin of flavor?

e Striking hierarchy of fermion masses [does not look accidental...]
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How to explain the observed patterns in terms of less and more fundamental parameters?



Il. Indirect searches of New Physics

I. Search deviations w.r.t. SM predictions:

Oexp = Osm (1 + Onp)

P

Both exp. and theory must be precise!

e.g.,

Look for observables:

e (Highly) sensitive to contributions from New Physics
e Mildly sensitive to hadronic uncertainties

e Accessible in current and/or (near) future experiments.

= Challenging task! B — Kvv decays are a good example.




Il. Indirect searches of New Physics

ii. Search processes forbidden (by accidental symmetries) in the SM

Global symmetry of the SM gauge sector:

U(3)°=UB)o xUB), xUB)y xUB)p x U3k

Broken by Yukawas to

Ul)gxU).xU(1), xU(1);

Examples:
e Proton decay (BNV): p — nle™
e Oupp (LNV): (A,Z2) - (A,Z+2)+ 2e”
e Lepton Flavor Violation (LFV): u — ey

Clean probes of New Physics!



What is experiment telling us?

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: March 2023 fL dt = (3.6 — 139) fb? \s=13TeV
Model t,y Jetst ET™ [Ldt[fb™] Limit Reference
T T T — T T T T T — T T T T T L

. ADD Gk + g/q Oeu,1,y 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
qE) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
IS ADD QBH - 2j - 139 M 94TeV n=6 1910.08447
® ® 3 ADD BH multijet - >3] - 3.6 M, 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586
© RS1 Gyk — vy 2y - - 139 Gkk mass 4.5 TeV k/Mp = 0.1 2102.13405
0 i re c ev | e n Ce 0 S BukRS Gk — WW/ZZ multi-channel 361 | Guk mass 2.3TeV KM =10 1808.02380
w Bulk RS gxx — tt 1eu >1b,>1J/2 Yes 36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP 1eu >2b, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD - ¢tt) = 1 1803.09678
L SSM Z’" — ¢t 2eu - - 139 Z' mass 5.1 TeV 1903.06248
N ew P h y Sl c S @ SSM Z’ — 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
T = Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
8 Leptophobic Z’ — tt Oe,p 21b,>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
8  SSMW -y Tepu - Yes 139 | W’ mass 6.0 TeV 1906.05609

[ SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 Tev ATLAS-CONF-2021-025

S  SSMW’' - tb - >1b,>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
© HVT W’/ — WZ model B 0-2eu 2j/1d Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
V) HVT W’ — WZ — v ¢’ model C 3 e,u 2j(VBF) Yes 139 | W’ mass 340 GeV gven=1,g =0 2207.03925
HVT Z - WW model B lepu 2j/1J Yes 139 Z' mass 3.9 TeV gv =3 2004.14636
LRSM Wg — uNg 2u 1J - 80 Wpg mass 5.0 TeV m(Ng) =05TeV, g, = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
— Cl ttqq 2eu - - 139 A 358TeV. ., 2006.12946
O Cl eebs 2e 1b - 139 A 1.8 TeV g =1 2105.13847
Cl ppbs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
Cl ¢ttt 2ley 21b21] Yes 361 |A 2.57 TeV |Carl = 4 1811.02305

Axial-vector med. (Dirac DM) - 2j - 139 Mped 3.8 TeV 84=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
S Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Mped 376 GeV 8q=1, g =1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 mz/ 3.0 TeV tanp=1, g7=0.8, m(y)=100 GeV 2108.13391

Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
7 Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV p=1 2006.05872
P rese n c e 0 a m a ss ga p Scalar LQ 2™ gen 2u >2j Yes 139 |LQmass 1.7 TeV B=1 2006.05872
L] Scalar LQ 3" gen 17 2b Yes 139 | LQj mass 1.49 TeV B(LQS — br) =1 2303.01294
_— QO scalarLQ 3 gen Oe,u  >2j,>2b Yes 139 | LQ; mass 1.24 TeV BLQ —»tv) =1 2004.14060
=l Scalar LQ 3 gen >2e,u, 217 >1j,>1b - 139 LQ» mass 1.43 TeV B(LQJ > tr) =1 2101.11582
Scalar LQ 3™ gen Oe,u, 217 0-2j,2b  Yes 139 LQJ mass 1.26 TeV B(LQY — bv) =1 2101.12527

Vector LQ mix gen multi-channel 21j, 21b  Yes 139 LQ} mass 2.0 TeV B(Uy — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 374 gen 2euT >1b Yes 139 LQ3 mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
@ VLQTT - Zt + X 2e/2p/>3eu 21b, 21 - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
X ‘é’ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
L O VLA Ts53Ts3lTs3 » Wt + X 2(SS)/23eu>1b>1] Yes 361 | Tszmass 1.64 TeV B(Tsj3 = We)=1, c(Ts ;s Wt)=1 1807.11883

S £ VLQT — Ht/Zt leu >1b,>3j Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
88 VQY-Wh teu >1b>1] Yes 361 |Ymass 1.85 TeV. B(Y — Wh)=1, cr(Wb)=1 1812.07343

> VLQ B - Hb Oeu =>2b,>1j,>1J - 139 B mass 2.0Tev SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Zt/Ht multi-channel ~ >1]j Yes 139 7/ mass 898 GeV SU(2) doublet 2303.05441
© . Excitedquark g* — qg - 2j - 139 q* mass 6.7 TeV only u” and d*, A = m(q”) 1910.08447
§ g Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
L) © Excited quark b* — bg - 1b,1j - 139 | b* mass 3.2 TeV 1910.08447
Excited lepton 7* 27 >2]j - 139 7" mass 4.6 TeV AN=4.6TeV 2303.09444
Type Ill Seesaw 2,34 e,u >2j Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, gL =gr 1809.11105
L4 ' S Higgs triplet H** —» W*W?* 2,34 e, i (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
I n l re ct Sea rc es £ Higgs triplet H** — ¢¢ 234eu(SS) - - 139 | H%* mass 1.08 TeV DY production 2211.07505

L] 5 Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles — — - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

‘/'=13Tev ‘/'=13Tev TR | L L M R SR | 1 1 MR | N 1 PR
A -1
partial data full data 10 1 10 Mass scale [TeV]



The EFT approach

The SM is an Effective Field Theory (EFT) at low energies of a more fundamental

theory which is still unknown:

553[ (renormalizable)

A (d)
- ~ Cn,
‘Ceff — Lgauge(Aa \Ij) + EHiggS(Aa \I’, H) —+ Z Ad—1 Ogd)(A, \If, H) )
d>5

Operators of dim > 5 made of SM fields

Assumption: [ < A

Most general description of new physics as long

as there is not enough energy to produce the new

degrees of freedom.

Sm -FEQ‘JS' = ‘\.‘PM



What is the scale of New Physics?

Flavor physics tells us that New Physics is either heavy, or has a non-trivial flavor structure:

AF =2 AF =2 LFV EDMs
< C(6) 1
107_ ! uropean ltrate) S I = 5
X European Strategy : % = A2 A2
& o T
s g =
105} 1 < § g ~ T DN I
3
a - a1t Lo T
1000 _ ) CQ% E I - T
1 ~
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What is the scale of New Physics?

Flavor physics tells us that New Physics is either heavy, or has a non-trivial flavor structure:

AF =2 AF =2 LFV EDMs
~ C(6) 1

107 B European gtrateg» S — 1o

: o S S AT A2

S g SEER T
10°+ ] < = 1 Zi Ny I e.g., MFV l
3
E - T O? (hatched)
1000 I B
B o ViV

g1} ' vl

[D'Ambrosio et al. '02]

Non-trivial flavor structures are essential to reconcile TeV-scale solutions of the hierarchy

problem with flavor data — is there are joint solution of both problems?

Observables with 3rd-generation fermions are very compelling targets — accessible at
LHC(b) and Belle-11!



Flavorful EFTs at the LHC

[Angelescu, Faroughy, OS. '20], [Allwicher, Faroughy, Jaffredo, OS, Wilsch. '22], [Descotes-Genon, Faroughy, Plakias, OS, 23]

(Flavorful) New Physics?

\S 4

pp — Ll 1 Tev
q, N
C.
R &
M — gkgl
fk; — BZM -+ My
M — M’fkfl I

High-p searches (CMS and ATLAS) can probe the same four-fermion operators
constrained by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-l...).

Recent works on EFTs and DY: Cirigliano et al. '12, 18], [de Blas et al. "13], [Farina et al. '16], [Dawson et al. '18, '21],[Greljo et al. "18],[Shepherd et al. '18],
[Fuentes-Martin et al. '20], [Marzocca et al. '20], [Endo et al. '21], [Boughezal et al. '21], [Greljo et al. ‘22][Grunwald et al. '23], [Hiller et al. '24] ...

9



Combined effort!

CMS
ATLAS o
EXPERIMENT Determination
U
EWPT of UpMNS
\, ﬁ / VNS
/ LFU tests
Rare K
decays = Charm
physics
Prot
y roton V\ nggs
ecay
decays
bt AF =9
unitarity
tests Rare B CPVin D -

and B decays

decays

Flavor physics is a combined effort — complementary to Higgs/EW and direct searches!

Rich experimental landscape: large experiments (with extensive physics program) and

small experiments (with specific targets).

10



Outline

. Introduction

Il. Seeking New Physics with rare B-decays
I1l. LHC probes of flavor
V. Outlook



Seeking New Physics with rare B-decays

e Reminder: FCNCs in the SM
e B— Kuvv in the SM

o First lessons from Belle-1l data



Flavor Changing Neutral Currents (FCNCs)

e FCNCs are absent at tree-level in the SM — J.e., couplings of neutral SM bosons to

fermions are flavor diagonal.

e The only source of flavor violation in the SM is the CKM matrix:

Loc. D %(vcm)ij (agiv"dy,) W, +hec. ©
" Vekm = |

Vexm = Ul Uy, o @

11



Flavor Changing Neutral Currents (FCNCs)

FCNCs are absent at tree-level in the SM — J.e., couplings of neutral SM bosons to

fermions are flavor diagonal.

e The only source of flavor violation in the SM is the CKM matrix:

Loc. D %(VCKM%J. (agiv"dy,) W, +hec. ©
" Vekm = |

Vexm = Ul Uy, o @

e FCNC processes are loop- and CKM-suppressed:

-b v
Wb B — K"up
AF = 1: w,c,t e B — K™y
W I.o = Rare processes
¢

= Sensitive new physics probes!

b v\/ S
AmBS 7é 0
AF = 2: w,c,t u,c,t
S w b
e Reminder: GIM mechanism
mg mj
b — st/ ViV — ) =~ ViV > _ : |
M( stl) o k:;ct ks Vkb P <m%v) k;ﬂ ks Vb m2, Top-quark dominates!

—

p(z) = cte + = + O(z?) 11



/

[Intermezzo]: "The unbelievably heavy top quark...'

PLB 192 (1987)
OBSERVATION OF B°-B® MIXING

ARGUS Collaboration

In summary, the combined evidence of the inves-
tigation of B° meson pairs, lepton pairs and B°
meson-lepton events on the Y (4S) leads to the con-
clusion that B°-B° mixing has been observed and is

substantial.
Parameters Comments
r>0.09(90%CL) this experiment
x>0.44 this experiment
B'?fg=f, <160 MeV B meson ( ~pion) decay constant
m, <5 GeV/c’ b-quark mass
1<1.4x10 "% B meson lifetime
| Vigl <0.018 Kobayashi-Maskawa matrix element
Nocp<0.86 QCD correction factor *’
m,> 50 GeV/c? t quark mass

12



[Intermezzo]: "The unbelievably heavy top quark..."

PLB 192 (1987) CERN-EP-2000-016

OBSERVATION OF B°-B° MIXING 806 T ————T T —
1 —LEP1, SLD, VN Data

ARGUS Collaboration | - LEP2, pp Data
8054 68%CL

In summary, the combined evidence of the inves-

tigation of B® meson pairs, lepton pairs and B° ;‘
meson-lepton events on the Y (4S) leads to the con- )
clusion that B°-B° mixing has been observed and is Q)
substantial. — 80.4 -
Parameters Comments E
r>0.09(90%CL) this experiment 80 . 3 .
x>0.44 this experiment 1
B'?fg=f, <160 MeV B meson ( ~pion) decay constant |
m, <5 GeV/c? b-quark mass m Y [Ge
1<1.4x10 " B meson lifetime i . .
| Vial <0.018 Kobayashi-Maskawa matrix element 80 2 v 95 . ?00 ’ 1 OO,O S Prell.ml.na.ry
Nocp <0.86 QCD correction factor * )
m,> 50 GeV/c? t quark mass 1 30 1 50 1 70 1 90 21 0

m, [GeV]

Combined effort: flavor, electroweak and high-energy searches

12



Anomalies in B - K77 decays?

Ogp = (529701 (€,4)

e B — K®uu observables show a preference for 6Cy, <0 : g
O10¢ = (527"b1) (Lvu75¢)

1.00

1/ —— ABCDMN
1 AS/GSSS
0.754 —— CFFPSV (PMD)
1| —— HMMN
1| % SM

0.50-

New physics effects or underestimated

0.25 hadronic uncertainties?

NP
ClOu

0.00

C
b »
Ct,L

—0.25-

—0.501 ¥
| c 9

] b—s st 23 S
—0.754+———"——1——1
2175 —1.50 —125 —1.00 —0.75 —0.50 —0.25 0.00 0.25
CNP

see e.g. [Ciuchini et al'. '21, Gubernari et al. '22, Isidori et al. '24]...

®* LFU observables are unaffected by these uncertainties, but (now) in agreement with the SM:

B — K™ uu) e
B( — ,u,u) _1910:|:01 — |Cm’ < (60 Tev)_2

R *x) —
K& ™ B(B — K®ee) A2~

[LHCb, '22,25], cf. backup

There is still room for exp. improvement before reaching the ©(1 %) th. precision of LFU tests!

[Bordone et al. "16], [Isidori et al. '20,22] 5



Why to study B-decays with neutrinos?

B — KW¢r e B— KVup :

_ Sensitive to BSM effects. Q - Sensitive to BSM physics effects. Q

- Experimentally clean (especially for ¢ = ). & - Exp. more challenging (missing energy).

- Many observables (angular distribution). V) - Fewer observables.

- Theoretically challenging (non-factorizable ~ X - Theoretically cleaner! 9
contributions...) - Sensitive to operators with 7-leptons. @

4B
4.%/\ 8Ky ;”1/\ B~ kw
do 0‘

~

14



B = Kvrv in the SM



B — Kvv in the SM

e Effective Hamiltonian within the SM:

see e.g. [Buras et al. '14]

4G At Olem _
LoV = F - ZC (SLvubr)(PrLiv*ve:) +h.c.,

At = Vithz
e Short-distance contributions known’/good precision:

SM . 9 Including NLO QCD and two-loop EW contributions:
C?V = =X, /sin” Oy

[Buchala et al. "93, '99], [Misiak et al. '99], [Brod et al. '10]

15



B — Kvv in the SM

e Effective Hamiltonian within the SM:

see e.g. [Buras et al. '14]

4G At Olem _
LoV = F - ZC (SLvubr)(PrLiv*ve:) +h.c.,

At = Vitht
e Short-distance contributions known’/good precision:

SM . 9 Including NLO QCD and two-loop EW contributions:
CL = _Xt/ S111 0W

[Buchala et al. "93, '99], [Misiak et al. '99], [Brod et al. '10]

Two main sources of uncertainties:

i) Hadronic matrix-element: ii) CKM matrix:
l

(KW[sy"bp|B) = > 1 Fulq”)
a T VisVis| = V| (1 +O(N?))

From CKM unitarity:

Form-factors (e.g., LQCD) Which value to take (incl. vs. excl.)?

15



Form-factors: B — Kui

e Lattice QCD data available at nonzero recoil (g # g2..) for all form-factors:

2 2 2

2
mz —m

_ ., my-—mEk o, o N
(K(R)Isy"8B(p) — |(p 1) = = q] Fol@) + "= 5 fold')
with f+(0) = fo(0) . Only form-factor needed for B — Kvo!
e [NEW] We update the FLAG average by combining results with
| —— f+ OurFit 2o Jdof. ~9.2/10 =
I fo Our Fit 1 —
0.6 p —
----- f+ FLAG 21 Ky
—————— fo FLAG ‘21 - 1?
£ 051= f, HPQCD 22 R
L[ foMnCs N
C\]% 0.4- Q
o 2
L 7
0.3- < v
4 r Oolg g—\\ §§§§§§ . O'dB/dB — Our Fit
Olg _____________________________ Flag ‘21
0.2l | L | | 0.0 —FF——+— ——— e ——
0 5 10 15 20 0 5) 10 15 20
Pole factor: q2 [Ge\/2] q2 [Ge\/Q]

Pi(¢*) =1—¢*/M? .
[Becirevic, Piazza, OS. 2301.06990]

16



. Form-factors:

B(B = Kvio)>™/|\|? = {

B —» Kuvr

*Annihilation contributions not
included below (see back-up)

[flavio]

|
FNAL’16, LCSR \\

° + [FLAG] |
FNAL’16, HPQCD °13 Form-factors based on Light-
Cone Sum Rules (LCSR) lead

to smaller branching fractions.

HPQCD '13

[1606.00916]
FNAL’16

2207.12468]
HPQCD’22

[2301.06990]

FNAL’16, HPQCD’22
I 1 1 1 I 1 1

2. 2.5 3.

3.5 4.

/‘ B(B* — KTvi)M /|\,[2

(1.33 £0.04) k-, x 1073
(2.87 £0.10) g+ x 1073

[ ~ 3 % uncertainty]

[Bharucha et al. '15, Gubernari et al.

18]

[Becirevic, Piazza, OS. 2301.06990]

17



[Intermezzo]: Cross-check of f£7%(4?%)

e SM predictions depend on the extrapolation of the LQCD form factors to low ¢? values —

parameterisation dependent?

= How can we test the shape of the extrapolated LQCD form-factors?

o i
We Propose to measure: [Becirevic, Piazza, OS. 2301.06990]

_ B(B = Kvi)igw—g2
Tlow/high = B(B — KvD)pigh— g2

= Independent of A, and the form-factor normalisation!

= New Physics effects would cancel out in this ratio as well — provided that NP is heavy.

: : _ See next slides!
e For instance, using the bins (0, ¢2../2) vs. (¢2../2, g¢>..) :

Tlow/high — 1.91 = 0.006 rlow/high = 2.15 £+ 0.26

Binned measurements at Belle-Il would be a useful cross-check of the consistency of

the g*-shape of SM predictions.

18



II. WhiCh CKM value? See talks by Bona and Dorigo

X
e Using available b — ¢V data:
(41.4 £0.8, (B — X.lv)
[A| x 10° = {39.3+£1.0, (B — DIv)
|37.8+£0.7, (B — D*Ilp)
... to be compared to CKM global fits: cf. also [Martinelli et al. "21]
Aelurae = (41.4+£0.5) x 1072 M\¢|crmaster = (40.5 +0.3) x 1072
e Alternative strategy: to use Amp, f_%SEBJ Ae|? [Buras, Venturini. '21, '22]
. [41.9410,  (Nj=2+1+41) fo.\/Bp, =256 £6MeV  (N;=2+1+1)
‘)\t‘ X ]_O —
39.2 4 1.1, Ni=2+1 :
Ny ) fB.\/Bp, =274+ 8 MeV (Ny=2+1)

There is not a clear answer to this ambiguity so far.

19



CKM and theory uncertainties

[Becirevic, Piazza, OS. '23]

5.5 - -

I [ see also [Buras et al. '21, '22]
Ne
O -
— 5
X L o
N
+A L

B — X v

= 4°5__ | | [Belle-1I projection (50 ab™!)] [Kou et al. '18]
]
+ i 1
Q - + B — Dli
= 4.-
Q I

- B — D*lv

3,5_—|....|....|....|....|....|....|....|
36 3r 38 39 40 41 42 43
* | 2
t

The ambiguity in determining V_, can be a bottleneck for SM predictions of clean FCNC
processes such as B — Kvi [Belle-1l] and B, — pu [LHCb, CMS, ATLAS] in the long term.

20



First lessons from Belle-1l data



INEW] Belle-Il results

SM Avcira,ge
0.

0.497 +0.037

2
s

[Belle-11, 2311.14647]

Belle II (362 fb™!, combined)

2.34+0.7 This analysis, preliminary

Belle II (362 fbl, hadronic)

1.1+ 1.1 This analysis, preliminary

Belle II (362 fb!, inclusive)

2.7+ 0.7 This analysis, preliminary
Belle II (63 fb!, inclusive)
1.94+1.5 PRL127, 181802

Belle (711 fb'!, semileptonic)

1.04+0.6 PRDY6, 091101

Belle (711 fb!, hadronic)

29+1.6 PRDS87, 111103

BaBar (418 fb'!, semileptonic)

0.2+0.8 PRD82, 112002

BaBar (429 fb'!, hadronic)

1.5+ 1.3 PRDS87, 112005
1 ] 1 1 1 ]

New Belle-1l results

First Belle-Il result

Theory uncertainty sub-dominant ~ ; J:'
(thus far!) T~ |
: i
| ——
: I
B L~ AN K
: |
4 | T
e e 210
: :O
@ . i Ll |
!// lsﬁ\oo 0 2 4
'«\,\\—“

6 8

10° x Br(BT—K " vp)

10

B(BT — Ktvi)®P = [2.4 4 0.5(stat) ) (syst)] x 107°

~ 30 above the SM prediction

e Only the incl. method shows an excess above background (and w.r.t. the SM predictions).

e The had. method is compatible with the SM (and with no observed signal).

Several observables to be further explored: % (B’ — Kawv), BB — K*vv) and F; (B —- K*vv)

21



EFT for b — suvi

e Low-energy EFT:

AG A &
b—svy _ F At Qtem
Lo 2 2T Z {

see e.g. [Buras et al. '14]
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EFT for b — suvi

® Low—energy EFT: see e.g. [Buras et al. '14]

4G )\ Oéem yzy — viVs; s — —
Loy = Z [ " (507ubr)(vLiv*vry) + Cg™ (SR%[?R)(VLz"Y“VLj)} +h.c.,

V2 27 =

e Complementarity of B - Kvv and B — K*ub :

BB~ K“vp) Z 2Re[C5M (8Cy™ + 8CH™)

B(B — K®yp)SM 3|C5M|2
Z |50”’”J + 607572
- 3|CSM|2
Re[dCR" (C3M6;; + 6C7)]
_/n' 2 3ICT] ’
Nk =0
i~ = 3.5(1)

10 15 20 25 30
B(B — Kuv) x 10°

[Becirevic, Piazza, OS. '22]

Forbidden region in the EFT approach

Allwicher et al (OS). '23
[Bause et al. 23] [Allwicher et al (OS) |
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PrEdlCtlons [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23]

e Another observable to measure is the K* longitudinal-polarisation asymmetry:

I't(B — K*vp) _ Iy
F = Fr.(B — K*vi)™ = 0.49(7 Rr = —sm
I'(B — K*uvp) o ) (7) Fy
4 1.4
1.2-_ D
. 30 .
S 1.0 1 0
X 25
R 085
*k 20 é
0 0.6 -
a 15 5
Q 0.4 -
10 0
54 &9 0.2 [6CL]
T [6CK]
0 ,/'////' 0.0 : : . Pk . .
0 5 10 15 20 25 30 35 40 0 5 15 20 25 30 35 40
B(B — Kvw) x 10° B(B — Kuw) x 106

Depletion of SM prediction!

The measurements of B(B — K*vv) and F;(B — K*vv) would be model-independent tests!

O. Sumensari ’3



SMEFT for b — svv (and b — s£¢)

e SMEFT is formulated for A > v_, with SU(3),. X SU(2); X U(1)y invariant operators.

e Gauge invariance correlates b — svi with b — s£¢ since L, = (v;,, £;)" .

e Two types of d = 6 contributions at tree-level: [Buchmuller & Wyler. '85, Gradkowski et al. '10]
i) w*H’D : i) y*
N b v
v S 3

[Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23] 24



SMEFT for b — svv (and b — sC7)

e SMEFT is formulated for A > v_, with SU(3),. X SU(2); X U(1)y invariant operators.

e Gauge invariance correlates b — svi with b — s£¢ since L, = (v;,, £;)" .

e Two types of d = 6 contributions at tree-level:

i) W H*D :

[Buchmuller & Wyler. '85, Gradkowski et al. "10]

i) w*
b v
S v

= Only viable option!

Cbsw/
A2

~ (5 TeV) 2

v

[Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23] 24



SMEFT for b — svv (and b — s£¢)

o ™ operators invariant under SU(2); X U(1)y: b — sll b — sub
(1) — (LAL) (O
(03] = (L"L;) (@ Q) 060 = (1) @) _
[ . L ! ) ( ) - (ELWMELJ) (de“d“) + (7Li’7”VLj) (de%dLl> +
o 1 ijkl Liy*m7 L) (QT %Ql

01,] i = (LT L) (Quvu' Q1)
= (Lo ;) (dokvudie) — (Prinves) (doyudi) +

ente; )(Qk%@l)
€Y 63) (dkf}/’udl)

135kl B -
J [Oldijl = (L L) (divudh )

= (ZLZ'"Y’“ELJ’ ) (ERk'Vude) + <7LNMVLJ') (ERk/YMde)

= (Liy
= (
O] ;g = (Liv"'L;) (dryudi)
= (e
G

dijkl
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SMEFT for b — svv (and b — s£¢)

o ™ operators invariant under SU(2); X U(1)y: b —s off b s sui
O] = (Ty*L;) (@1, Qi
[Ol(ql)_ ljkl )(Qk’YMQl) [ q ]z]kl ( 8l )(Q 7, Q)

= (ZLi/yMEL]) (3Lk%sz) + (vLi’Y“VLj) (ELIC%,sz) +

(00 ) s = (L7 Ly) (Qur' Q)
= (ELi7 ij) (de%dLl) — (VLi’Y“VLj) (auc%du) -+

13 'k:l _ —
! [Oldijl = (Ly"L;) (dryuds)

= (ZL{Y“KL;') (ER/C%CZRZ) + (VLW’“LVLJ') (ERIC%de)

lijkl —

Wthh ﬂaVOr? [Bause et al. 23] [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23]

i. Couplings to muons are tightly constrained by %B(B; = puu) and Ry. x

ii. The only viable option is coupling to 7's (due to weak exp. limits on b — st7). V

= Predictions: B(Bs —77) = B(B—= K™r7) ~ 10
B(Bs — 77)M — B(B — K®)r7)SM —

However, experimentally challenging... see e.g. Capdevilla et al. ‘17
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[Intermezzo]: B, — 77 and B — K11

e Motivated by New Physics scenarios with hierarchical flavor structure; potential explanation

of the discrepancies in b — suu data.

e But... extremely difficult measurement!

Exp. (90%CL.): pgp, - rr) <68 x 1072

B(BT — K™r7) < 0.56 x 107*
B(B° — K*r7) <25 x 107"

Effectively, "null tests" for NP effects given
the current exp. sensitivity!

Opportunity for LHC searches with 7-leptons!

see e.g. [Faroughy et al. '16], [Allwicher et al. (OS), 22]

[Crivellin et al. '18, Cornella et al. '20]

[LHCb. '17] VS. SM predictions:
[Belle-11. "26] : . Bant ~ 10~7
[LHCb. '25]

see e.g. [Capdevilla et al. '17]

Current reach:

|Cbs7'7' ‘

2 < (1.8 TeV)~?
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Summary |

e B — KWyu: rather theoretically clean and very sensitive to NP effects — in particular,

to operators with 3rd generation leptons!

e Hadronic uncertainties: nonperturbative QCD effects remain the main obstacle to
using low-energy observables to probe new physics — caution is (always) advised!

e Differential distributions: the precise measurement of d%/dg? could provide a helpful

cross-check of the relevant form-factors, and a potential probe of EFT scenarios with
light NP.

o V

. theory and exp. progress is needed to solve this issue — needed to fix the

parametric uncertainties of rare decays in the SM... Belle-Il data and new LQCD results
will be essential.

e Belle-1l: More data and further cross-checks are needed to understand the first Belle-lI|
results — e.g., BY — Kawv, B — K*vv and F;(B — K*up).

Many opportunities to explore physics (B)SM with Belle-II!



LHC probes of flavor



Non-resonant searches at the LHC

19.7 fb” ee and uu (8 TeV)
T T T T T L I
Y'Z—e'e, ury : 1 .

do/dm [pb/GeV]
o

—*— data

B FEwz, NNLO CT10

1OJE‘
1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 I

20 50 100 200 500 1000 2000
m [GeV]

llllm‘ llllﬂl‘ lllll'l'l" ||||m1 llllnq llllﬂ‘ Illlﬂ‘ ||||I1‘ TTI

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-

mass distributions (where S/B is large).

Goal: Probe transitions that are poorly unconstrained at low energies — including flavor!
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Non-resonant searches at the LHC
<+ EFT vald

19.7 fb”' ee and uu (8 TeV)
] 1 1 1 ] 1 1 I

CMS v*Z — e'e’, utu 3 q x

10°
10°
10

IIH T

do/dm [pb/GeV]

10
1072
10’3

—*— data

B FEwz, NNLO CT10

[ 5
10
107

'rrrrmq IIII|T|1 llllm‘ llulTT‘ |||1ITT1 ||an1‘ ||||IT|‘ lml'l'q TT1T

1 1 1 1 1 1 11 l 1 1 1 1 1 1 - l
20 50 100 200 500 1000 2000
m [GeV]

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-

mass distributions (where S/B is large).

Goal: Probe transitions that are poorly unconstrained at low energies — including flavor!

Caveat: Check that the EFT is indeed valid (E < A) — or, use instead a concrete model.

O. Sumensari 29



LHC as a flavor experiment oA e

10¢ ‘ ‘
i) LHC collides quarks with five flavors ' V5 =13 Tev

Parton luminosities Partonic cross-section o1l

N

/ / — uu
pp — gﬁ E / qij (QzQJ — M s ST — dd|
107°F | — s5|
— cC
T=25/s b |
104 o ' ' :
5 m?g/ 02 03 04 05 1 2 3 4



LHC as a flavor experiment oA e

10,

Vs =13 TeV

i) LHC collides quarks with five flavors

Parton luminosities Partonic cross-section |

g |
10‘2;

o(pp — ') = Z / Lo T @@y = U pmer

ul
dd
8§ |-
cc

1073

T=3§/s b |
s =m2, 100203 0405 I >3 4
V5 =13 TeV Vs [TeV]
“) Energy helps precision cf. e.g. [Farina et al. '16]
£(6) (Vs < A) . ) )
Eeff D FO(G) + . > 0 = OsM + Oint + ONP2
! s
S A2 A4

Energy-growth can partially overcome heavy-flavor PDF suppression.
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SMEFT operators

e Warsaw basisd =6 (2499 operators...) [Buchmuller, Wyler. '85], [Grzadkowski et al. '10]

e Operator classes contributing to pp — £¢’ at tree-level: w* " XH, w’D*H

Dimension d=26 d=38
Operator classes P v2H?’D ?’XH | ¢*D? Vv*H? ?H*D ?H?D?
Amplitude scaling | E?/A%?2 v2/A%2  vE/A%? | E*/A* 02E%/A*  ov'/AY v2E? /A%
# Re | 456 45 48 168 171 44 52
Parameters
# [lm | 399 25 48 54 63 12 12

[Allwicher, Faroughy, Jaffredo, OS, Wilsch. '22]

*only d = 8 terms interfering with the SM

Too many operators...



SMEFT operators

e Warsaw basisd =6 (2499 operators...) [Buchmuller, Wyler. '85], [Grzadkowski et al. '10]

e Operator classes contributing to pp — £¢’ at tree-level: w* " XH, w’D*H

Dimension d=26 d=38
Operator classes P v2H?’D ?’XH | ¢*D? Vv*H? ?H*D ?H?D?
Amplitude scaling | E?/A? v2/A? wE/A? | E*/A* 02E%?/A*  oi/AY 02E?/A4
# Re | 456 45 48 168 171 44 52
Parameters
# [lm | 399 25 48 54 63 12 12

[Allwicher, Faroughy, Jaffredo, OS, Wilsch. '22]
*only d = 8 terms interfering with the SM

Usual strategies:

Too many operators... i) To invoke a flavor symmetry (e.g., MFV, U(2)°...) or a

specific model. | |
see e.g. [Grunwald et al. '23, Greljo et al. '23]

i) To focus on a specific transition and/or subset of operators.

Our approach: to automatize!




HighPT: A Tool for high-p, Drell-Yan Tails Beyond the SM

Ini5):= << HighPT"®

HighPT

Reinterpretation of latest LHC Drell-Yan

--------------- searches for New Physics scenarios with

Authors: Lukas Allwicher, Darius A.
Faroughy, Florentin Jaffredo, Olcyr Sumensari, and Felix Wilsch

general flavor structure.

References: arXiv:2207.10756, arXiv:2207.10714

Website: https://highpt.github.io
HighPT is free software released under the terms of the MIT License.

MadGraph 5 + Pythia + Delphes

Version: 1.0.2

Searches available (140 fb™!): Main functionalities:
| — e Consider SMEFT (d < 8) and specific
pp — TT [arXiv:2002.12223] %§ mediators (LQs, Z, ..
pp — €€, [ CMS-PAS-EXO-19-019 '
@ e (Computes cross-sections, event yields
oy = T ATLAS-CONF-2021-025 i and likelihoods as a function of NP
pp — ev, v [arXiv:1906.05609] couplings.
PP el el i [arXiv:2205.06709) e SMEFT likelihoods can be exported in
the WCxf format.
*more to be included (see GitHub page) [Aebischer et al. '17]
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Example I: b —> STT [Allwicher, Cornella, Martines, OS, Wilsch. In preparation]

[Ol(ql)hjkz = (liv"4) (@ vna) [OledQL‘jkl - (l_iej)e(dk%) +h.c.
[Ol(s)}z’jkl = (l"7'0) (@' )
0.8
0.6;
b [ N [
. 4
‘B L
s é 02+
S b ~ i
< 0.F
\ i
% :
- 02
b 5 §
B ﬁ —0.4:—
—0.6 |
K“\ ? I
S _08—1 PR I TR T S N S ST S B [ | [ R B S

—0.]8I—O.61—0.41—0.2I IO. | 02 | 10i4 0.6 0.
Tl Ry

LHC provides competitive constraints — to be improved at HL-LHC!
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Example Il: charm semileptonic decays

[Becirevic, Martines, Rosauro-Alcaraz, OS. 2605 XXXXX]

Differential distributions of D — Kuv decays show mild discrepancies wrt the SM:

(a) [BESIII 2601.21185]
0.10f

0.05}
Os = (¢s)(irVL)

Im(ct)
O
(e
=

—0.05}

% SM
| 68% region
—0.101 o 95% region
99% region

-0.06 -0.03 0.00 0.03 0.06
Re(cy)

C — SUV




Example Il: charm semileptonic decays

[Becirevic, Martines, Rosauro-Alcaraz, 0S. 2603.XXXXX]

Differential distributions of D — Kuv decays show mild discrepancies wrt the SM:

[BESII 2601.21185] AT p=2GeV
ol @ |5
. | LHC
6 = A + App
0.05F — '
N I
& = |
< 0.00f = 0
g X .
| o
o L
—0.05 — -
* SM -6
| N 68% region .
—0.10 I 95% region -
99% region |k SM
| | | | | _12 - - - | X N X . . \ X . ,
-0.06 -0.03 0.00 0.03 0.06 19 6 0 6 192

Re(cy)

C — SUV

Another example of the impact of LHC searches on flavor studies

34



Example lll: right-handed currents w 7R

S W
Charged-current RH operators are necessarily of type w>DH?: >W.<
%

d

Onud);; = (H'DLH) (07" d;) + hie. —>  Lroer D g7, (Frivudr;) (f27"v1) + hee.

= Suppressed contributions to pp — v at high-p; due to W-boson propagator.
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Example |ll: right-handed currents O

Charged-current RH operators are necessarily of type w>DH?:

[OHud] = (HTDMH) (ﬂi’y'udj) + h.c. —» LLEFT D) gi“/jR (ﬂRz’V,ude) (ZL’}/MVL) + h.c.

]

= Suppressed contributions to pp — v at high-p; due to W-boson propagator.

= But... energy-enhanced contributions to pp — Wh | [Eboli, Leal, Martines, OS. '25]
Combined 95% C.L.
11F ' == — 1[-0.11, 0.11
CHud/A2 | Wh [ ]
ij : W2

12 — 1[:0.17, 0.17)
13 —_ 11024, 024
> 21F - {[-0.28, 0.28]
2t 110.67, 0.67]
23 | 4[-0.31, 0.31]

—250 —1.25  0.00 1.25 2.50

Already useful limits (competitive with flavor/EW data) — to be improved at HL-LHC!
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[Becirevic, Martines, Rosauro-Alcaraz, OS

O. Sumensari

D — Kuv HPQCD
B(Ds — pv)

LHC

LHC + Flavor
HL-LHC

. 2603.XXXXX]
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Summary ||

e Drell-Yan: complementary to low-energy flavor observables and particularly useful

if New Physics couples to 7-leptons.

e pp — Vh: current precision already allows us to test operators with 2nd and 3rd

generation quarks — complementary to flavor and electroweak observables.

e HL-LHC: marginal increase in energy, but X 20 more luminosity — helpful for
probing EFTs at the tails of the distributions!

LHC HL-LHC

EYETS 13.6 TeV LS3 13.6 - 14 TeV
13 TeV energy
Diodes Consolldation
splice consolidation cryolimit LIU Installation B
7 TeV 8 TeV button collimators inferaction inner triplet . HL LH?
—_— R2E project regions Clvll Eng. P1-P5 pilot beam radiation limit installation
# 207 | 2098 | 2029 | 2030 ||||||IE»
ATLAS - CMS
experiment Upgrace phase 1 ATLAS - CMS X nomlnglting?l
beam plpes HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi |
75% nominal Lumi / upgrads
luminosity JEGIILE{ R

Many opportunities to improve the current limits and to explore new observables!
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O. Sumensari

Outlook



Experimental landscape

Large Hadron Collider (LHC)

High Luminosity LHC (HL-LHC)

LHCb
ATLAS/CMS

pN->eN
(7 x10™)

p>e'e'e

(1x10™)

u'>ely
(4.2 x10™)

7 TeV—8 TeV—

2206.11331

m-s--m-—_—-z-

13 TeV ——— 13.6 TeV —j—r 14 TeV ——

9 fp-! ——i
190 fb-! ——y

Upgrade |

Belle Il 400 fb-! =i

35 fb-t ——i] Upgrade Ib Upgrade I 300 fb-!
450 fb-1 —— 3000 fb-!

LHCb/CMS/ATLAS

7 ab-! =—oi 50 ab-! =——p

_Iﬁ-_mt

3fb-' @ Vs = 3.773 GeV
BESIII 3fb' @ s = 4.178 GeV —|
3fb-' @ s = 4.64 GeV

: SuperKEKB

20 fb-' @ ¥'s = 3.773 GeV
6fb-! @ Vs = 4.178 GeV —P
5fb' @ ¥s = 4.64 GeV

1 ab-' @¥s=3.773 GeV

BEPC.II

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

—

COMET Phase-l

Sensitivity:

2e-11 with PIP-II
JMET Phase-II

Sensitivity:

Mu3e Phase-|

107 10" or smaller

Sensitivity:

Pursue options for a follow-up experiment

107 or smaller

202°

1910.11775

Data Taking

(/-ipproved Experiments)

201° 20%°

- Proposed Future Running

MMMMMMM@MMMMHM@MNW |

Belle-11

BES-III

Kaon physics
EDMs

Many v exps.

Many opportunities to explore physics (B)SM in current/future experiments!
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Don’t forget...

/ 1958\

- *
Long-lived Neutral K Mesons
M. Barpon, K. LanDE, aNp L. M. LEDERMAN

Columbia Unwversity, New York, New York, and Brookhaven
National Laboratories, Uplon, New York

AND

WiLLiaM CHINOWSKY

Brookhaven National Laboratories, Upton, New York

\BR(KL—m* 7)< 0.6 % /

Ve

VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*

J. H. Christenson, J. W. Cronin,} V. L. Fitch,} and R. Turlay$®
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

BR(K.—»r* )= (2 +0.4) 103

\ ESPPLI?2026 - Onen Symnasium (Venic,

Zlune 2025) - Marie-Helene Schune - Flavour WG report

VoLume 6, Numser 10 PHYSICAL REVIEW LETTERS 1961

DECAY PROPERTIES OF K,° MESONs®

D. Neagu, E. O. Okonov, N. I. Petrov, A. M. Rosanova, and V. A. Rusakov

Joint Institute of Nuclear Research, Moscow, U.S.S8.R.
(Received April 20, 1961)

BR(K,.—»n* ) < 0.3 %

« At that stage the search was terminated by
administration of the Lab.”

\[Okun, hep-ph/0112031] /

[MH. Schune at ESPPU26 Open Symposium]
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Don’t forget...

1958
Long-lived Neutral K Mesons™

VoLume 6, NUMBER 10 PHYSICAL REVIEW LETTERS 1961

DECAY PROPERTIES OF K,° MESONs®

:\I BARDON, I{_ LANDE, AND L_ I\I. LEI)ERMAN D. Neagu, E. O. Okonov, N. L. Petrov, A. M. Rosanova, and V. A. Rusakov
Joint Institute of Nuclear Research, Moscow, U.S.S.R.
(Received April 20, 1961)

Columbia Unwversity, New York, New York, and Brookhaven
National Laboratories, Upton, New York

AND
WiLLiam CHINOWSKY /____.
Brookhaven National Laboratories, Upton, New we' \

‘-ﬁgre,’( na
BR(K,—»rt ) < 0.6 % \;JeﬂK \n’(e,rOC.hO"\S

Ve

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTH

EVIDENCE FOR THE 27 DECAY OF THE K,

J. H. Christenson, J. W, Cronin.1 V. L. Fitch,t
Princeton University, Princeton, New Je|
(Received 10 July 1964)

\ BR(K,—»n* ) = (2 0. 4Zq;|p(

Q%ﬂe'

Cartoon shown by N. Cabibbo in 1966...




Thank you!



Back-up



INEW] Warning!

) o< [Veo|* | F (w)]?

w =

see [Bordone et al. 24|

2 2 2

QmBmD*

0.0014 0.0016
Lattice QCDX"/:/,l —— HPQCD B — D*liy
Belle untagged +  Belle B - D*"e'v,
0.0012 N BaBar 0.0014 +  Belle B D* iy,
¢ Lattice QCD
4 Belle untagged e~ 0.0012
~ 0.0010 4 Belle untagged pu~
) ¢ BaBar synthetic “—30'0010
& 3
E 0-0005 "% 0.0008
s s
= 0.0006 £ 0.0006
0.0004
0.0004
. HPQCD, 23
[FNAL/MILC, '21] [HPQCD, "23]
0.0002
1.0 1.1 1.2 1.3 1.4 1.5 000 10 L1 1.2 L3 14 15

w

= Needs clarification to reliably extract |V | from B — D*/v...

NB. JLQCD agrees well with exp. data, albeit with larger uncertainties — cf. back-up!

Way out: independent LQCD results + Belle-Il data!




Remarks on B - KVww/ B - KW uu

e B— K%y and B - KWuu have a similar decay spectrum away from the narrow ¢ resonances:

0.07 -
0.06 ¢

A 3

0:05.:
0.04:
0.03°
0.02:
0.01:
0.0 v

—

(dB/dq?)/B [GeV 2

[Becirevic, Piazza, OS. 2301.06990]

[Bartsch et al. '09]

— B — Kvv

0.04°

0.07 -
0.06 -
0.05¢

/7 ¢
§.03%
0.02E
0.01 -

(S

- N

"—R—> K*vp

q* [GeV?]

e We can defined the CKM-free ratio:

¢* [GeV?]

*using 2-loop results for cc loops from [Asatryan et al. '09]

Ratio of partial branching fractions

*) 1,75 ,
R(V/l)[ 2 2] — B(B — K VV) ) integrated in the same g*-bin.
K 0> 9= T B R G :
(45,43 > P
Cl,'L
C ¥
= Form-factor uncertainties cancel out to a good extent for g% > m? . , ¢ 3

= Neglecting NP contributions, this ratio can be used to directly probe Cé‘” — independently

of form-factors!

O. Sumensari



FL (B — K*VV) [Altmannshofer et al. ‘09, Buras et al. '14] AP

e The B - K*( - Kr)vv distribution reads

d?T 3dI'; 5 3dl'r .
= ——— v ——— sin“f#
dg?dcosOr 2 dg? cos™ Uk + 4 dg? S PR
= Longitudinal (I';) and polarization fractions can be extracted from data.
e Two independent observables:

dr  drp dryp ~drp /dr

5 — 5 -+ PN FL — 5 5
dg dg dg dq dg

= The longitudinal polarization fraction (F;) is a ratio, thus independent of the CKM

matrix (4,) and less sensitive to form-factors uncertainties.

B(B? — K*%vp)"™ = (9.1 £ 1.3 £0.6) x 107° Fr.(B? — K*vp)™™ = 0.49 £ 0.04
FF CKM FF
= Clean probe of New Physics effects! [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23]

O. Sumensari



Fr.(B — K*vv)

[ B K*vi L+T
76
% L
dI’ dI’ = :
=St/ T 4r
dg® / dg? = 0
5o
S
\Q)
) i
dr O~ v v
d—qj x |Cr = Cgl? A12(¢?)? 0 5 10
¢ [GeV?]
dFT 2 2\ 2 2 2\ 2
d—QmeCL—CR\ A+ #|Cr + Cr*V (¢?)

Contributions from LH operators (6C; # 0) cancel out in F;.

This observable is sensitive to right-handed currents (6Cy # 0)!

O. Sumensari



Weak-annihilation contributions

e To keep in mind: decay modes with charged mesons are affected by tree-level weak

annihilation contributions.

e Using narrow-width approximation:

Y
X v
\
b @jh B(BY - KWtup)
n J
2

~ B(B" — 7 0) B(rT — KWty)
W
n

e Non-negligible contributions:
'g K(*H-

B(B+ — K+Vp)tree B(B+ — K*+Vp)tree
~ 14 %

~ 11
BB = K7 07))oop BBT = K 0m )iy~ L

Mg+ <M < Mp

= They cannot be removed by a simple kinematical cut...

Belle-1l: These contributions are treated as a background.
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See talk by van Dyk

|l. Form-factors: B —- K*vp

e B — K*vv decays are more challenging for several reasons:

2V (q?)

— . B B — _ XV 01,0
(K™ (k)[37.(1 — 75)b| B(p)) = €pvpoc™ P’k mpg + My

—ig,(mp + mg~)A; (¢°)

Az(q?)

BTG s

Figu(e* - q)%;# [4s(a?) — Ao(¢?)] ,

e We use LCSR (-l—LQCD) results from [Bharucha et al. '15, Horgan et al. "13]:

See also [Gubernari et al. 23]

(5.9 4 0.8) g+ x 1072

B(B = K*vo)>™M /| \|? =
( e {(6.4:&0.9)K*+ x 1073

[ ~ 15 % uncertainty]

= Relatively small uncertainties, but are they accurate?

¢ [GeV?]
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SM predictions

. . - x107°
Decay Branching ratio — ]
Q |
Bt > KTvi [(4.44+£0.14+£0.27) x 10~° qE) 4- T
: -
B° — Ksvi |(2.05+0.07+0.12) x 10~° L
q) -
Bt — K*Tvi|(9.79 +1.30 & 0.60) x 10~° £ 31
o
B® — K™% [(9.05 £ 1.25 + 0.55) x 10~° m
S 9]
g T
)
§ T (I
S 1 i (I
N—"
+ —
= ——
— 0

Bt - Ktvi B> Kevv BT - K*tvi B - K*%up

Take-home:

e To remain cautious about hadronic uncertainties associated with the form-factors and the

CKM values extracted from data — non-negligible given the projected Belle-1I sensitivity.

o Binned measurements at Belle-11 would be valuable for testing the B — K form factors.

See next slides!
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EFT convergence — resonant mediator

e EFT cross-section computed with different orders in A=! and normalized to the full model.

m2Z/

° . 7/ _ 1., I pv A 113/44 (q) ~ () 7
Example: Z' ~ (1,1, 0) Lz =—72,,2'" + =L 2,2'" + J'Z, Jp = 8.7 @vuds + 9o lavuls
1% gen. quarks 214 gen. quarks 3" gen. quarks
1.2 1.2 1.2
Amplitude truncation = @.szf T my = 2TeV gV g\ =1 T my = 2TeV g gl — 1 T my = 2TeV g gl — 1
. 1. e —
SIGE ().8. NS ().8;
Cross-section truncation = 0 <l 35 |
e\w 0.6 &\N 0.6-
) :Lbj'g 0.47 .:8@% 0.4;
----- OG(A ) 0.2- 0.2_-
-2 | S | . | . | . I .
OA(A ) 0'0. 02 04 06 08 0'0 0.2 0.4 0.6 0.8
_4 mg, /my, mg,/m%,
""" O(,(A )
O (A7)
A As  Asxe + As _6 ?
o X .ASM—FF-F A4 —|-(9A(A )
2 2 2
sl + 2Re (AsmAs) | [Asl” | 2Re (AgyAsxs + AsyAs) | 2Re (AGAoxe + AgAs) | [Asxe|” +[As|”
= | AsM A2 Ad Ad AG A8 e
O4(A-2)
OAZX_4)
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[Allwicher, Faroughy, Martines, OS, Wilsch. '24]




EFT convergence — resonant mediator

e EFT cross-section computed with different orders in A~

1 m2
e Example: 2/~ (1,1,0 __tgt g MG i g (a) ()
P ( > ) Lz = 4ZMVZ T 2 Z Zr+J Z J — gzg QZ"YMQJ la%ulﬂ
1% gen. quarks 214 gen. quarks 3" gen. quarks
1.2 1.2 1.2
Amplitude truncation = 0, - my = 2TeV aVg =1 my = 2TV a9 —1 my = 2TeV gVl — 1
i 1. s
N las Slas 08F
Cross-section truncation = 0, <|£ <|E
At oS
5% 512 ol
—2
----- 0:(47)
_2 ~“~~_ - L 1 | |
OA(A ) 02 04 06 08 0'0, 0.2 0.4 0.6 0.8 L.
O (A i, i,
""" 0( )
1.2 1.2 1.2
—4 " my = 2TeV Jél)Jn = (0. 3) Ty = 2TeV (]E()JZQ = (O 3)2 Ty = 2TeV JEZ)J(ﬁ = (0. 3)
O A(AH) e . .
Ny 08F NS 081 e 0.8
S|5 S5 | S|E
™~ 06k ™~~~ 06k T~ 06k
Ewgs Emas E:g
~E i ~K ~RK
<1 o4l S| o4l ST o4l
0.2F 0.2F 0.2F
*Neg/ecting the width 0’0. 012 oi4 ().lG ()f8 1 0‘0. | 012 | ()f4 | ()!6 | ()f8 0’(). ()fz | 014 056 ()is Y
(o] A
1 xﬁl 1 xn _ A) O
A > = 2 X = > [Allwicher, Faroughy, Martines, OS, Wilsch. '24]
S — mZ/ ms, 0 mZ,
n=
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and normalized to the full model.




EFT convergence — non-resonant mediator

e EFT cross-section computed with different orders in A=! and normalized to the full model.

e Example: U, ~ (3,1, 2/3)

1°* gen. quarks

i
dogpr

2.
. . 1.8 my, = 2TeV ¥ =1
Amplitude truncation = 0, ol '
o 1.4+
Cross-section truncation = 0 ~—~
-EE o8l
'—g FO 0.6 -
-2 L
..... OO<A ) 0.4
0.2+
— 0.
O4(A7?) 0
4 1.2
OG <A ) _ my, = 2TeV @ —=0.3
O4(A™) Lip
SER
< |5 -
B ) ST
E as r -
0.9+
0_8_ L 1 L | L | L
) ) 0. 0.2 0.4 0.6 0.8
*Neglecting the width ey
1 | - f
y<I n\n [
2 5 - - > Z(_l)y yE——2>O
mUl mUl n=0 ,/}/lU1
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dO'Ul
2
dmj,

/

2
dmyj,

1.3

1 v
Ly, D —§U1TWU{" +m UL TUL, + (JIUE + He)

274 gen. quarks

: my, = 2TeV

sl
xy, =1 )

Il L I L L " L

0.2

0.4 0.6
2 2
mig/mi,
1.02
oy = 2TV ;L'Zﬁ =0.3
1.01}
| TR
0.99 |
0.08. L |
0. 02 04 06 08 1
2 2
mff/mul

0.8 1.

J); = ' Tl

3" gen. quarks

1.2F
I . bt
- my, = 2TeV x; =1
1.1+
5 S
g8 )
\ 1 _ =
_E N§ ~~~~~~~~~~~~~~
= A
0.9+
0.8- n 1 n 1 n 1 1
0. 0.2 0.4 0.6 0.8 1
2 2
mee/mw
1.002
- omy, = 2TeV :I’Izi =0.3
1.001
5‘ Y
=
<l L et
\ N P ET L Lk
Clas
a8l g
S|°
0999 T
e Y S ——
0. 0.2 0.4 0.6 0.8 1
2 2
mZZ/mUl

[Allwicher, Faroughy, Martines, OS, Wilsch. '24]




pp - VH

+ —_—
Channel Distribution | Collaboration | Ny, | Luminosity W W + Zh WZ + Wh
(1) 3) | o
dde% ATLAS 14 | 36.1 fb~' [33] Chg» CHd, Chu| Crg | CHud
pp > WW :;
= CMS 11 | 35.9 fb~! [34]
dme, MadGraph@NLO
d
- ATLAS 6 |36.1fb" [35] l
dm
pp > WZ | 2
-2 CMS 5 | 137 b [36] Pythia8
o dmwz
i ATLAS 5 | 140 fb~! [37] l
pp = Zh dp? CMS 3 | 138 fb! [38] Delphes
do ATLAS 5 140 fb~* [37]
pp— Wh dpr’ CMS 3 | 138 b 39 (Vi)
qi —
dr;
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LFU in b — cfv

£ 0.4 m T T T T T T kg CL Fontours | -

Cf. a/so RJ/W and R/\(. EZ : Spring 2025 BaBar i

0.35 — ]

B(B — D®ry) i N

RD(*) — 03 — Belle 7

B(B — D™ puv) L :

: Belle 11 :

025 =

b 1 i ]

= A/|F| Sfew TeV ' ]

0.2  +$HFLAV SM Prediction R(D) =0.347 + 0.025, —

B R(D) = 0.296 = 0,004 R(D*)=0.288 0013, -

= R(D*) = 0.254 = 0.005 IQ(‘ 2')0 ;3?1 % -

0 v . . ; B 1 I 1 1 I 1 1 L L I L IX L 1 1 ]
[Di Luzio et al. '17] 02 0.3 0.4 0.5

e SM predictions are under reasonable control, cf. back-up.

o Experimental situation remains unclear — more data needed!

R(D)

LQCD: [FNAL/MILC, HPQCD]

see also [Bordone et al. '24]

e New physics models explaining these excesses lead to signals in z-related observables:

2
T — U h— 1t h ¢ Uk/-v/
NEEAN
M

[Feruglio et al. '16]

[Feruglio, Paradisi, OS. '18]
[Crivellin et al. "20]

pp — 1T PO\L /‘Q/
pp — v VO/A,'/ T\
[Faroughy et al. '16]
[Allwicher et al. (OS), 21]



Example l: Ul ~ (3, 1, 2/3) [L. Allwicher, D. Faroughy, F. Jaffredo, OS, F. Wilsch. '22]

£U1 D, [xf]ia Ul’u qq;’)/,ula + h.c.

First considered by [Eboli, ‘88]
cf. also [Faroughy et al. "15]

LHC 77 + v

i Flavor i
(4 —3L . ]
I ighPT -
L Q 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
—1.5 —1. —0.5 0. 0.5 1. 1.5
1123
7]

Complementarity between LHC data, flavor and EWPT




Charged-current transition:

LiprT = —2V2GFV;; [(1 + gyf) (Grivudr;) (b ve) + Q%f (@rivudry) (Loy"ve)

+ g?f (”L_LRidLj) (gRVL) + ggj]f (’L_LLide) (ZRVL) + g?e(ﬂmowdu) (ERO"U“VVL)] + h.c.

Matching to SMEFT ©d = 6: ‘t; X

g LY eLY]
9y, X A2 C¢4 + A2 CWDH?

2
il v i3
9vr A2 “Y2DH?

2
ije U sijee
gSL X A_2 ¢4

I
(¥} Y



