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50 years of Charm Discovery: Zoltan Ligeti's slides.

Flavor Physics
Testing the flavor structure of the SM: UT Fits.

Beauty Decays. Status of Anomalies

Motivated by neutrino masses and mixing: Charged Lepton Flavor vio-
lating Decays.

Motivated by neutrino masses and mixing: Signatures of sterile neutrino
in Effective Theory.

Dark Sector in rare decays to invisible states.

Conclusion



The J/W¥ discovery

Experimental Observation of a Heavy Particle.d | Discovery of a Narrow Resonance ine* e~ A

“November revolution”?
Why was it so surprising?

Usually learn things linearly
The real story is often
confusing and much more
complex
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The ¥’: two weeks later — the D: two years later

Discovery of a Second Narrow ine'e A

in e* e Annihilation of a Narrow State at 1865 MeV/c?
Decaying to K and Kmm

— e (Received 14 June 1975) — typo in PRL! preprint clearly June 1976

(Received 25 November 1974)

The state appears to be produced only in associa-
tion with systems of comparable or higher mass.

The D* discovered a month later

@
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H “ | Nearly a year after the 7 discovery [PRL 35 1489]
(ete” = uheF + Bpisy)

WEIGHTED COHENATIONS/40 et
& o 3

NB: J/4 has “charmness” = 0
Quantum numbers of J/1 are same as
3692 g vacuum, will play a role later in this talk
Egm (Gev)

g
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Several earlier hints of

Prog. Theor. Phys. Vol. 46 (1971), No. 5
A Possible Decay in Flight
of a New Type Particle
Kiyoshi N1u, Eiko MIKUMO
and Yasuko MAEDA*

*Yokohama National University
August 9, 1971
Among the secondary particles produced.
in a high energy jet shower and observed
by emulsion chambers exposed to cosmic,
rays, a possible decay in flight of a new,
| type pasticle was found.

One event reported as : X — 7 7x°
myx ~ 1.78 GeV, 7x ~ 2.2x10™ 145

“Lederman’s shoulder” N
8t bR _ —
[PRL 25 (1970) 1523] [There were other / earlier hints] ce & 77 7 thresholds close to each other

ZL-p4 %

ete” — X total cross section
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Take 1: what’s the big deal?

® GIM mechanism (1970)
PHYSICAL REVIEW D VOLUME 2, NUMBER 7 1 OCTOBER 1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. ILiorouLos, AND L. Marantf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

‘We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation {I;eory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.
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Take 1: what’s the big deal?

® GIM mechanism (1970)

® Kobayashi-Maskawa 3-generation proposal (1973)
Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA
Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation

are studied. It is concluded that no realistic models of CP-violation exist in the quartet

scheme without introducing any other new fields. Some possible models of CP-violation are
also discussed.
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Take 1: what’s the big deal?

® GIM mechanism (1970)
® Kobayashi-Maskawa 3-generation proposal (1973)

® Constraints / predictions for m,. from Amy and Ky — ptpu~

Gaillard & Lee, March 1974 Vainshtein & Khriplovich, July 1973
Amyg — “Equation (2.8) is compatible Kz — pfu~ — me<9GeV
... with ... m, < m. and m, ~ 1.5 GeV” Amyg — me—my ~ 1GeV  (Yess reliable’)

(NB: vacuum insertion approximation works better for Am g than one could have expected)

Reading these papers, one might wonder when they haven'’t received the Nobel Prize?

ZL-p.6 receiny] ﬂ



Some lessons

® Seeds of the idea that if a quark is heavy (compared to Aqcp), it does not matter how
heavy it is in the papers

® Maybe surprising that Heavy Quark Symmetry came 15 years later, NRQCD even after

® Since 1970s, flavor has mostly been an input to model building, since the strong con-
straints on TeV-scale NP have been known

All TeV-scale BSM models must contain some mechanism to avoid violating constraints

® For many models, Amg and ex can be the most constraining, since the SM suppres-
sions are the strongest for kaons




SM fits - UT triangles

Outline

Use exptal data + lattice WME to test KM picture of CPV

hitpyickfitterin2p3fr
see also hitp:/vww.utfitorg

Motivation: It is exceedingly important to
determine UTs as precisely as possible....

Briefly recall special role of lattice BK in
confirmation of KM theory of CPV

Progress in lattice eps’....implications for both
UTs though crucial for KUT

KUT
B UT: esp gamma
Summary




SM fits - UT triangles

Unitarity Triangle update

Lorg

M.Bona, M. Ciuchini, D. Derkach, F. Ferrari,
E. Franco, V. Lubicz, G. Martinelli, D. Morgante,
M. Pierini, L. Silvestrini, S. Simula, A. Stocchi,
C. Tarantino, V. Vagnoni, M. Valli and L. Vittorio

Plots and numbers updated for Summer 2024:
: Rendiconti Lincei. Scienze Fisiche e Naturali (2023) 34:37-57
https://doi.org/10.1007/s12210-023-01137-5

Unitarity Triangle update

.158 + 0.009
.352 + 0.010
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|
B anomalies: R(D) — R(D*) puzzle

157 21



|
Experiments: R(D) — R(D*) puzzle

1% a1



N
NC FCNC: b — su™p~ and b — svv - SM

157 21



FLAVOUR ANOMALIESIN b — s£+£~

OW THEORETICAL UNCERTAINTY

[ANGULAR DISTRIBUTIONS] [LFU: RATIO OF BFs]

CONSISTENT ANOMALOUS PATTERN

LHCh

+OTHER b — sty

Lepton Non-Universal NP - cannot be faked by QCD.

/41



FLAVOUR ANOMALIESIN b — s£+£~

LUV anomalies have reduced significance: Lepton Universal NP or
underestimated QCD effects.




b — st/ : Long distance QCD effects

Interpretation of the anomal,

Non-local contributions from the ¢ resonances impact the rare mode regions

Iy
SM QCD effects ' w(2S)

| 7 :1 i’

i A Determined
e el
@ negativ
C; vertex correction  Constant term  1-particle contributions
Polarisation dependent Negligible impact  #(770).  #(782), D,
Amplitude analysis lo parate local shiftto C; from light quarks  $(1020), iy, s Sensitive to G}
and non-local contributions - w2, - yGTI0,
WE040),  y(4160)
ICHEP 2024 I 024

,
2-particle contributions B’ = K"c*e”
b contribution

18 / 41



b— stt¢—: NP fits

Results - Wilson coefficients
C, 356+028+0.18
Cpy —4.02+0.18£0.16
0.28+0.41+0.12
o —0.09+0.21+0.06

G (10+26%10)
o ‘measurement of g

Global significance of 1.

Largest local deviation is in Cy at 2,10

Systematic uncertainty
dominated by B(B® — J/yK"%)

Non-local contributions are larger than
what has been assumed so far

Value of C, still shifted down from C3¥
More data needed

Previous measurements of B — K%ty

Long standing tensions with the Standard Model

Tension seen in the observable P§

All observables translated into
effective couplings (WC) |

Shift in vector coupling Cy
is favoured!

19 /41



operator & definition | chirality & flavour structure
Qé;) (Zivu2i) Gy qe) (LL)(LL) | 3323
Q5 (L' €)@y 7" o) 3323
Qua (T ) (7 dy) (LD)(RR) | 3323
Qge (Gi7.9;) (8" er) 2333
Qed (&ivuej)(diy"'de) (RR)(RR) | 3323

The list of semileptonic SMEFT operators that can potentially generate

an LFU Qg at scale my,.

| Gommrr (TeV?) ] Cy e e
(s —023+004 | ~120— 0022 —0.004 0 0
[C,f>]3323 —0.234+0.04 | —1.17—-i0.022 —0.021 0 0

| [Coelosss —0.22+£0.03 | —1.16 —i0.022 —0.005 0 0 |

Fit prefers (g’ = —1.18 +0.19

(UMiss)




[ Gomerr | AM, (x10™) ] Ke | €'/e (x10%) | Sy |
[ ]11s | (115£0.06) (v) | —0.012 (v) | 384 () | 0.0369 % 0.0019
[CNopos | (2724£0.10) (x) | 011 (v) | 158 (v) | 0.02650.0008
(€105 | (116 £0.06) (v/) | —0.005 () | 231 (y/) | 0.0369 4 0.0019
[CNazos | (0594£0.05) (x) | —0.04 (v) | 17.8 () | 0.0544 +0.0043
[CWanr | (1.16+0.07) (v) | =075 (x) | 139 (v) | 0.0369 +0.0019

)

)

)

)

[C‘Z})]2322 (155 4+0.07) (x 075 (x) | 13.9 () | 0.0321-0.0014
[CW]5333 | (0.76 £0.06) (x 00 (v) 13.9 (y/) | 0.0471 +0.0033
(€11 | (1.16£0.06) (v) | —150 (x) | 128 (y) | 0.0368+0.0018
[C¥s | (1.1840.05) (v) | 143 (x) | 128 (v) | 0.0128+0.0002
(€333 | (10.6+05) (x) | —0.001 (v) | 128 (y/) | —0.00610.0003
[C8 a1y | (1.15£0.06) (+/ 00 (V) 13.9 (y/) | 0.0369+0.0018
[ | (116 £0.06) (/ 0.0 (v) 139 (v) | 0.03690.0019
(€9 | (1154£0.06) (v/) | 0.0002 (v) | 13.9 (/) | 0.0369 +0.0019
(€050 | (1.15£0.06) (v/) | —0.0003 (v/) | 13.9 (v) | 0.0369 % 0.0020

(
(
(
(
(
(
(
(
(
(
(
(

NN NN

2
%

QQQQ operators can via gluonic RGE produce effects comparable to the
SM in non leptonic decays and potentially resolve some of the hadronic

puzzles : eg. B — K Puzzle.
(UMiss)



vl Standard Model Effective Field Theory

) e * 888 CLFV operators at d=6:
Neutrino Oscillation = LFV
Cijnm VINT Cijnm

A2 i “j¥ntm A2

[Weinberg ‘79; Buchmiiller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
O 2 e fi G sie * Model-dependent coefficients; can get testable rates.

G G
A—;efaa,,ejHF“ﬂ , A—;effyazj HTD.H,

£059m
May observe CLFV

Field theory description. -7 e T oo W T oy
7 pe wmjp—>ecee W CR(u—e) mlpu—ey
BT pe BETo e BETS ey

Various operator structures
lead to different processes.

There can be cancellation
between operators.

A model will have more
than one operator

[Calibbi, Marcano, Roy, 2107.10273]

BEACH 24 Julian Heeck - LFV




Standard Model Effective Field Theory
* 888 CLFV operators at d=6:

Gy a8 Cige a Cijom ‘ Cijom
Agéfa(,,;szF b A;Zf'y GHIDH, /,\2 (G /1\2 (605 am
[Weinberg ‘79; Buchmilller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
Model-dependent coefficients; can get testable rates.

WZore mETo e METo o
.7 pe s cce wm CR (4 ¢) ey e

, Marcano, Roy, 2107.10273]

BEACH 24 Julian Heeck - LFV

Standard Model Effective Field Theory

888 CLFV operators at d

C Gy

;g (£005HF . c}’\;"‘ G, "“'" 05

[Weinberg ‘79; Buchmdiller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca‘ 17
Model-dependent coefficients; can get testable rates.

HID,H

= b= bbby L eeR, T — ec, epid, uyiE, ...

- jtp€€ : AL = 2 = Muonium-antimuonium conversion
[Conlin & Petrov, 2005.10276; Fukuyama, Mimura, Uesaka, 2108.10736; ...]

[(r = pwv)
(7 — ew)

- TTjifi, ... :AL =2, partly constrained by LFUV
but right-handed ones are tough:
BR(Z — 7R7RIIRHR) = 4 x 107 (100 GeV/A)*
[IH & Sokhashvili, 2401.09580]

BEACH 24 Julian Heeck - LFV



Standard Model Effective Field Theory
* 888 CLFV operators at d=6:

C « C| « C| CI m

A2 lioaptiHF? S5y G HIDGH , SGR 665 b , <3 £ am
[Weinberg ‘79; Buchmiiller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]

* Model-dependent coefficients; can get testable rates.

Levaly, Q27 Qs/A? Luvals Qo™ Qs/A?

[Ali++, 2312.05071]




Sterile neutrinos might have new interactions via the exchange of light
or heavy mediators( Higgs, Vector Bosons, Leptoquarks). Heavy me-
diators can be integrated out to get an effective theory: SMNEFT (
vSMEFT).

To lowest order in SMNEFT, the dimension-six B and L conserving
SMNEFT Lagrangian is

LsmnerT D Lsm + Adn + Zcioi .

1

where C; are the WCs with the scale of new physics absorbed in them,
The 16 baryon and lepton number conserving (AB = AL =0 ) opera-
tors involving the field n in SMNEFT are shown in next slide.



Effective Operators

SMNEFT = SMEFT + N

16 new SMNEFT operators at dimension-six AB = AL = (

(RR)(RR)

(LL)(RR)

(LR)(RL) and (LR)(LR)

(e ) (dsy*de)
(Rpyume) (Ts " ur)
(Apyunr) (s er)
(Ap Y ) (s ne)

(Rpyuer) (dsy*ur)

(2 Vugr) (Rsyr)

(Gryulr) (s ne)

Otnee
1

Ol
3

Ol

Otnug

(Binr)esn(Erer)
(Binr)eji(ahdy)
(Bouwne)en(ghor dy)

(G (@)

v’

V*¢*D

VX

(#'6)(Gned)

(81 D) (i)
(6 Dyg) (Rpy¥er)

(chr“'/nr)’rr aWA{,,
(&0"n+) By




CC Hadronic Decays Effective Operators

N production operator
- We assume N can talk to B quark and is at sub GeV scale

+ N can be produced via B meson decay

4G RV,
Log = 2GFYeb b

L+ Z Cas 023)

. Onedu — O,
— E”r'upab)([f’)’ﬂle/) . edu RR

D) (/TPBII) R
OF5 = 6ap(e0"” Pob) ({0, Pav) .

S
Oﬂnuq - OLR

1) S
O/and - ORR

(3) T
Opnga = ORr




CC B decays with Effective Operators

N production from B meson decay B — D™*)¢X

¢*= (P +Px

v
“L=L (¢*,me,mn, 0, 0)




Signature of N in B decays at Belle 2




Same processes in Collider Experiments

| Dirac vs Majorana in SMNEFT |

RHN Production RHN decay
M~ ¢+ N
M= Pt 4+ /7 + N N =D
S PH* + ¢~ + N

Oryup = (LN)(@Q) Opnie = WN)ey(Lre)
Oneau = (Ny,e)(dy*u) O, = (Ny,N)(@r'e)
0% g0 = Lo, N)e(Q o d) Oy = Ny, N)ILy'L)

FASER

FASER : 480m

B —e + N FASER2 (FPF - Cavern) : 615m

B"=D* 4+ e + N
) U
- DY + e + N Long lived RHN




Same processes in Collider Experiments

Dirac vs Majorana:
Opening angle distribution

SIMULATION:
RHN production & decay: Modified FORESEE
FASER Magnetic field simulation: HepJo

Onug

DETECTOR CONFIGURATION:
FASER 2 (FPF)

Cross section = 3x1 m Rectangle

Decay volume length =10m

B=1T

Tracking station 3: z = 20m

Total events = 1e4 (Dirac & Majorana)

NDirac - NMajorana




Dark sector in hadronic decays to invisible
states: Eg. BT — K™ +inv, K — wiv

, combined)

BV
BV 2
FNAL/MILC 17
BGNS 14

1, hadronic)

Belle (711 by, semileptonic)

WS 12 1006 PRDI,

Belle (711 b, h
pryen

PRDST, 111103

BABAR (4

4
6, -+ D 02208 PR
10 B(B - K l/l/) BABAR (429 fb!, hadronic)
L5413 PRDST 112005

2 4 6
10° x Br(BT—K ")

ABSW "09




For d; — dj+inv — d; NN - one can study in an effective field theory-
vSMEFT or SMNEFT:

Vector 3(Np’YuNr)(C75’Y”dt)a (C_Ip’Yuqr)(l\_/ﬂ“Nt)-
Scalar-Tensor: (ZJ,;UMVN,)Ejk(E]é‘U“”dt), (Z{,Nr)ej-k(c'yé‘dt).

With the BT — K™ + inv measurement and other B — K* + inv
bounds scalar operators are preferred (arXiv: 2309.02940).Unique sig-
natures in the distributions.

Within SMEFT for Bt — KT + inv see talk by O. Summensari.
Generally, if one explains b — s/t ¢~ by running of four Fermi operators
BT — KT +inv is difficult to explain.



Dark sector in decays to invisible states: Eg.
General light states

Theoretical Framework: Invisible Extended SMEFT

—o

« Consider additional invisible final states (3 X)
~ One or two particle final states (avoid phase space suppression)

o X €{¢, 1), Vu, ¥, } massive particles of spin J = {0,1/2,1,3/2}

B{POs) SX (Bu)

X (Buiw)

S X € {6,V 66,0, VV, 0T}
o Singlet under the SM gauge group SU(3). x SU(2)r x U(1)y (can be charged under dark gauge or global
symmetry)
~ Leads to only interactions involving gauge-invariant combinations of SM fields

 Interactions through renormalizable dim-4 operators (portals) or higher-dimensional effective operators
(mediated by heavy NP)
L= Lsmix + Z co
—— ~ ——

dim=4 b dim>a




arXiv: 2310.15136
Motivated by the recent excess observed by Belle 2 in B — K + inv.

A dark Higgs, S , mixes with a general extended unspecified Higgs sector (
see: arXiv:1606.04943, 1908.08625, 2001.06522) and couples to a sterile
neutrino state.

myg -
Ls D (a S)? —fmSS N Y —-ffs
f=d,l
- 1
Y nf%ffs — e0STpvD — 3KSFuF™, (1)
f=u,c,t

The sterile neutrino vp and the light neutrino mix and are taken to be

Dirac fermion.
ZU(LR) R ) (a:e,,u,T,D), (2)

(Ut = UR = U). Here, we assume Ueq = Uyq ~ 0



B— KS and K — «©§




Neutrino NSI - MiniBooNE Electron like events




MiniBooNE - S model




The proton and neutron couplings are related to the quark-scalar couplings
by

m mp n n n
Cp=—"~ (ncfc”+nrﬂ”+2ndﬂf) » Co=—7 (ncfc + et +anfd)
d d

n: and 7. constrained from B — K + inv and K — 7 + inv decays.

74 determines coupling of S to electron pairs and so controls B —
Kete™ and K — meTe™.

So all terms in the coherent neutrino scattering are constrained from
rare B and K decays.



BP | B(S = v7) | B(S —vp) | B(S — ete™) | B(KL — n%0) | B(Bs — vp) | B(B — KMvy)
1 0.093 0.907 4.26 x 107> 1.71 x 1079 | 513 x 10~ 1.3x10°°
2 0.717 0.282 7.06 x 10~* 3.61 x 107 | 3.54 x 1077 3.7x10°°
3 0.496 0.504 5.93 x 107> 9.02 x 10710 | 4.14 x 1077 1.7 x 107>
4 0.165 0.835 1.10 x 1074 1.73x 1079 | 1.43x 107 2.65 x 107°
5 0.829 0.170 9.72 x 10~* 2.04 x 10710 | 1.72 x 1077 6.8 x 107°
6 | 4.58 x 10°° 0.999 7.10 x 1074 1.89 x 1079 | 1.01 x 10°° 6.5 x 1011
7 |3.95x107* 0.997 2.14 x 1073 2.84x107° | 4.86 x 1077 7.6 x107°

K; — 7° + inv can be close to the KOTO bound.

Resonance in B — K®*)~~ is the main prediction.

The branching ratio of S to electron-positron pair is tiny and so b —
stt0=(B — K"t 1~) decays mostly SM.



The SM continues to be tested in Flavor experiments with global fits.

There are interesting anomalies: More data and theoretical improve-
ment needed.

Sensitivity to dark sectors like sterile neutrino, dark Higgs in Flavor
observables.

Future is exciting as increased statistics will improve sensitivity to BSM
physics.
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