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Disclaimers

• I always give summer school lectures on the blackboard (except Summer 2020)

– More fun for you, and also for me

– Writing on a blackboard necessarily focuses on what matters most

– Updating many of the plots unlikely to be useful, but I tried

• Please interrupt any time with any questions or comments! I really mean it!

• Abbreviations:

Abbreviations:

SM = standard model
BSM = beyond SM
CPV = CP violation
FCNC = flavor-changing neutral current (will define)
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What is particle physics?

• Central question: What are the elementary degrees of freedom and interactions?

L = ?

• Most experimentally observed phenomena are consistent with the “standard model”
(Michelson 1894: “... it seems probable that most of the grand underlying principles have been firmly established ...”)

• Standard Model of
particle physics:

Standard Model of
cosmology:

• Inconsistent: Two very successful theories, but this cannot be the full story
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What is particle physics?

• Central question: What are the elementary degrees of freedom and interactions?

L = ?

• Most experimentally observed phenomena are consistent with the “standard model”
(Michelson 1894: “... it seems probable that most of the grand underlying principles have been firmly established ...”)

• Clearest empirical evidence that SM is incomplete:
– Dark matter
– Baryon asymmetry of the Universe
– Neutrino mass
– Inflation in the early universe [have a plausible theoretical picture]
– Dark energy [cosmological constant? need to know more?]
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What is flavor physics?

• Flavor ≡ what distinguishes generations? [break U(3)Q ×U(3)u ×U(3)d ×U(3)L ×U(3)e]
Flavor ≡ Experimentally, rich and sensitive ways to probe SM, and search for NP

• SM flavor: masses? mixing angles? 3 generations? — most of the SM param’s
SM flavor: Flavor in SM is simple: only from Higgs interactions, want to test as well as possible

• BSM flavor: TeV scale (hierarchy problem) ≪ “naive” flavor & CP viol. scale
BSM flavor: Any new particle that couples to quarks or leptons ⇒ new flavor parameters

• Baryon asymmetry requires CPV beyond the SM
(Not necessarily in flavor changing processes, nor necessarily in quark sector) [Possible caveat: 2408.12647]

• If NP is 10– 100TeV, flavor especially crucial (fewer direct constraints, high reach)
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https://arxiv.org/abs/2408.12647


The Universe: matter vs. antimatter

• Gravity, electromagnetism, strong interaction are same for matter and antimatter

• As the Universe cooled, quarks and antiquarks
annihilated t ∼ 10−6 s (T < 1013 K ∼ 1GeV)

N(baryon)
N(photon)

∼ 10
−9 ⇒ Nq −Nq

Nq +Nq

∼ 10
−9

• The SM prediction is ∼1010 times smaller
[Nonzero! Sakharov conditions: (i) baryon number violation;
(ii) charge (C) and charge-parity (CP ) violation; (iii) devia-
tion from thermal equilibrium]

• All present in the SM; but cannot explain observations
What is the microscopic theory of CP violation? How precisely can we probe it?
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Why is flavor physics interesting?

• Uncertainty principle ⇒ heavy particles, which cannot be produced, affect lower energy
processes, E2/M2 suppressed if interference ⇒ probe very high scales

• The SM flavor puzzle: why quark flavor parameters small and hierarchical?
The SM flavor puzzle: (why) is neutrino flavor structure different?

Many testable relations, sensitive to possible deviations from the standard model

• The BSM flavor puzzle: if new physics near the TeV scale, why FCNCs so small?
The BSM flavor puzzle: future data ⇒ clues about the structure of BSM

• Great increase of data in coming decade(s) — some tension at present with the SM

Most of SMEFT: e.g., 1053 semileptonic (ll̄qq̄) operators, i.e., 42% of the 2499 parameters of the dim-6 B & L conserving terms in the 3-generation

SMEFT (558 CP -even, 495 CP -odd). In the LEET, it’s 1944 semileptonic parameters (i.e., 54%) of the 3631 terms (1017 CP -even, 927 CP -odd).
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Similarities: flavor physics and Oppenheimer

“Nothing about Oppenheimer was uncomplicated”

“You cannot come up with a simple version of him”

A bit like flavor physics...

• The interesting messages are not simple, the simple messages are not interesting
(This is oversimplified, too!)
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https://www.businessinsider.com/oppenheimer-fact-vs-fiction-what-the-movie-got-right-wrong-2023-7


Outline

• Physics beyond the standard model must exist

• Giving 3 lectures, it’s tempting to think Past / Present / Future...

• How it all started ... Next month is the 50th anniversary of the “November revolution”
Intro; leptons & quarks; testing CKM; meson mixing & CP viol.; high scale sensitivity

• B decays & recent tensions with SM: hints of lepton universality violation
B → D(∗)ℓν̄ and R(D(∗)), B → K(∗)ℓ+ℓ− and RK(∗), B → Kνν̄

• Far future: FCC
... Higgs, precision electroweak, “traditional” flavor
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50th anniversary of J/ψ discovery

(Next few slides were prepared for ICHEP...)

Thanks to: Tom Appelquist, Howard Georgi, David Politzer, Helen Quinn, Mark Wise
for sharing their recollections and enlightening conversation



The J/Ψ discovery

November revolution?

Why was it so surprising?

Usually learn things linearly

The real story is often much
more confusing and complex
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tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3X C) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.

The magnets were measured with a three-di-
mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in

three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width

is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.

Typical data are shown in Fig. 2. There is a
clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and

the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.

To ensure that the observed peak is indeed a
real particle (7-e'e ) many experimental checks
were made. %e list seven examples:

(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).

(2) To check second-order effects on the target,
we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.

(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No

effect was observed on the yield of J;

80- I

242 Events~

70 S PE CTROME TER

- H At normal current

Q- I0% current

Io-

mewl 9
5-0 3.25 5.5

me+e- Qgv
'

Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.

(5) To check the read-out system of the cham-
bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.

(6) Runs with different beam intensity were
made and the yield did not change.

(7) To avoid systematic errors, half of the data
were taken at each spectrometer polarity.

These and many other checks convinced us that
we have observed a reaI massive particle J-ee.

U we assume a production mechanism for J to
be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
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proximately 1.0 ~ cm .
The most striking feature of J is the possibility

that it may be one of the theoretically suggested
charmed particles' or a' s' or Z, 's, ' etc. In or-
der to study the real nature of J,' measurements
are now underway on the various decay modes,
e.g. , an e~v mode would imply that J is weakly
interacting in nature.

It is also important to note the absence of an
e'e continuum, which contradicts the predic-
tions of parton models.

We wish to thank Dr. R. R. Rau and the alternat-
ing-gradient synchrotron staff who have done an
outstanding job in setting up and maintaining this
experiment. We thank especially Dr. F. Eppling,
B. M. Bailey, and the staff of the Laboratory for
Nuclear Science for their help and encourage-
ment. We thank also Ms. I. Schule, Ms. H. Feind,
N. Feind, D. Osborne, Q. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
also M. Deutsch, V. F. Weisskopf, T. T. Wu,
S. Drell, and S. Glashow for many interesting
conversations.

)Accepted without review under policy announced in
Editorial of 20 July 1964 I.Phys. Rev. Lett. 13, 79
(1964)].

'The first work onp+p p++p +x was done by L. M.
Lederman et al. , Phys. Rev. Lett. 25, 1523 (1970).

2S. L. Glashow, private communication.
3T. D. Lee, Phys. Rev. Lett. 26, 801 (1971).
4S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967), and

27, 1688 (1971), and Phys. Rev, D 5, 1412, 1962 (1972).
After completion of this paper, we learned of a sim-

ilar result from SPEAR. B.Richter and W, Panofsky,
private communication; J.-E. Augustin et gl. , following
Letter [Phys. Bev. Lett. 33, 1404 (1974)].

GS. D. Drell and T. M. Yan, Phys. Rev. Lett. 25, 316
(1970). An improved version of the theory is not in con-
tradiction with the data.

Discovery of a Narrow Resonance in e+ e Annihilation*

J.-E. Augustin, p A. M. Boyarski, M. Breidenbach, F. Bulos, J. T. Dakin, G. J. Feldman,
G. E. Fischer, D. Fryberger, G. Hanson, B. Jean-Marie, g R. R. Larsen, V. Liith,

H. L. Lynch, D. Lyon, C. C. Morehouse, J. M. Paterson, M. L. Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M. Tanenbaum,

and F. Vannuccif.
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

Q. S. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek,
J. A. Kadyk, B. Lulu, F. Pierre, 5 Q. H. Trilling, J. S. Whitaker,

J. Wiss, and J. E. Zipse
Lau'rence Berheley Laboratory and Department of physics, Uninersity of California, gerheley, California g4 ping

(Received 13 November 1974)

We have observed a very sharp peak in the cross section for e+e -hadrons, e+e, and
possibly p, p at a center-of-mass energy of 3.105+0.003 GeV. The upper limit to the
full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e'e - hadrons, e'e, and pos-
sibly p 'p. in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E = 3.105+0.003 GeV,

F&1.3 MeV

(full width at balf-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture g(3105).] Tbe cross section for hadron pro-
duction at the peak of the resonance is ~ 2300
nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.

Our attention was first drawn to the possibility
of structure in the e'e —hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 307o (6 nb) enhancement was
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.

Vfe have now repeated the measurements using
much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.

The data are shown in Fig. 1. All cross sec-
tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.

Our mass resolution is determined by the en-
ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.

Figure 1(b) shows the cross section for e'e
final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '

Figure 1(c) shows the cross section for the
production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K "K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '

Figure 1(c) shows the cross section for the
production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K "K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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We have observed a second sha, rp peak in the cross section for e+e hadrons at a
center-of-mass energy of 3.695+ 0.004 GeV. The upper limit of the full width at half-
maximum is 2.7 MeV.

The recent discovery of a very narrow reso-
nant state coupled to leptons and hadrons' ' has
raised the obvious question of the existence of
other narrow resonances also coupled to leptons
and hadrons. We therefore began a systematic
search of the mass region accessible with the
Stanford Linear Accelerator Center (SLAC) e'e
storage ring SPEAR and quickly found a second
narrow resonance decaying to hadrons. The pa-
rameters of the new state [which we suggest call-
ing $(3695)] are

~=3.695+0.004 GeV, r&2.7 MeV

[full width at half-maximum (FWHM)], where the
mass uncertainty reflects the uncertainty in the
absolute energy calibration of the storage ring.

The g(3695), like the l(1(3105), was found using
the SLAC-Lawrence Berkeley Laboratory mag-
netic detector at SPEAR. ' The luminosity moni-
toring, event acceptance criteria, and storage-
ring energy determination have been described
previously. '

The new feature of this run is the search proce-
dure used to hunt for narrow e 'e resonances.
In the search mode the storage-ring energy is in-
creased in about 1-MeV steps (E, = 2 && E„„).
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FIG. 1, Search-mode data (relative hadron yield) tak-
en (a) in a 1-h calibration run over the $(3105) (average
luminosity of 2x 102~ cm 2 sec ~), and (b) during the
run in which the $(3695) was found (average luminosity
of 5x10 ~ cm sec ').
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FIG. 2. Total cross section for e e —Iladrons cor-
rected for detection efficiency. The dashed curve is
the expected resolution folded with the radiative correc-
tions. The errors shown are statistical only.

every 3 min. The data taken during each step
are analyzed in real time and the relative cross
sections computed at the end of each step. Fig-
ure 1(a) shows the search-mode data taken dur-
ing a calibration scan over the previously dis-
covered ((3105). Figure 1(b) shows the data tak-
en during the first scan which began at a ring en-
ergy of 1.8 GeV. A clear indication of a narrow
resonance with a mass of about 3.70 GeV is seen.
It should be emphasized that we have not yet
scanned any mass region other than that between
3.6 and 3.71 GeV.

On finding evidence of a resonance in the e'e
-hadron cross section, we switched to the nor-
mal SPEAR operating mode of longer runs at
fixed energy. In this mode, smaller energy
changes are possible than in the search mode.
Figure 2 shows the cross section for e 'e -had-
rons, corrected for the detection efficiency of
about 55% over the energy region shown.

Our mass resolution is determined by the ener-
gy spread in the colliding beams, which depends
on the energy of the beams. The expected Gauss-
ian c.m. energy distribution (v=1.2 MeV) folded
with the radiative processes' is shown as the
dashed curve in Fig. 2. The width of the reso-
nance must be smaller than this spread; thus,

Mass
(GeV)

r (FwHM)
(MeV)

g(3105)
y(3695)

3.105+ 0.003
3.695+ 0.004

&1.9 (Ref. 6)
&2,7

We are continuing the search for others.
We thank the SPEAR operations staff for the

technological tour de force they accomplished
whereby we are able to scan the machine energy
in small, well-defined steps. We also acknowl-
edge the cooperation of the Stanford Center for
Information Processing in expediting the compu-
tation needs of this experiment.
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an upper limit to the FWHM is 2.7 MeV.
In summary, the colliding-beam data now show

two narrow resonances in the hadron production
cross section. Our determination of the parame-
ters of the resonance are as follows:
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We present evidence, from a study of multihadronic final states produced in e e annihi-
lation at center-of-mass energies between 3.90 and 4.60 GeV, for the production of a new
neutral state with mass 1865+ 15 MeV/c and decay width less than 40 MeV/ci that decays
to K ~~ and K ~~~'~~. The recoil-mass spectrum for this state suggests that it is pro-
duced only in association with systems of comparable or larger mass.

We have observed narrow peaks near 1.87 GeV/
c' in the invariant-mass spectra for neutral com-
binations of the charged particles K'ii' (Kw) and
K's'ii'ii' (Ksii) produced in e'e annihilation.
The agreement in mass, width, and recoil-mass
spectrum for these peaks strongly suggests they
represent different decay modes of the same ob-
ject. The ma. ss of this state is 1865+ 15 MeV/c'

and its decay width (full width at half-maximum)
is less than 40 MeV/c' (90%%ug confidence level).
The state appears to be produced only in associa-
tion with systems of comparable or higher mass.

Our results are based on studies of multihad-
ronic events recorded by the Stanford Linear Ac-
celerator Center-Lawrence Berkeley Laboratory
magnetic detector operating at the colliding-beam
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FIG. 2. Recoil-mass spectra for combinations in the
E~ and E3& peaks. Smooth curves are estimates of the
background obtained from combinations whose invariant
masses are on either side of the peak mass region.
(a) K'~~, peak mass region of 1.84 to 1.90 GeV/c2 and
background mass regions of 1.70 to 1.82 GeV/c snd
1.92 to 2.04 GeV/c2. (b) X"~~~ ~~, peak mass region
of 1.84 to 1.88 GeV/c2 and background mass regions of
1.74 to 1.82 GeV/c2 and 1.90 to 1.98 GeV/c .

From Fig. 2 we find no evidence for the produc-
tion of recoil systems having masses less than
or equal to 1.87 GeV/c' in either spectrum. The
KIT data of Fig. '2(a) show a large signal for re-
coil masses in the range 1.96 to 2.20 GeV/c' with
contributions up to 2.5 GeV/c'. The K3m recoil-
mass spectrum [Fig. 2(b)] has more background,
but appears to be consistent with the Km spec-
trum. These spectra suggest that the Km and K3n
systems are produced with thresholds occuring
above 3.7-GeV c.m. energy; more detailed in-
terpretations of Fig. 2 are made difficult by the
broad range of c.m. energies over which this da-
ta sample was collected.

As a further test of this apparent threshold be-
havior, we have examined 150000 multihadronic
events collected at the g mass (E, ~ = 3.1 GeV)
and 350000 events at the g' mass (E, ~ = 3.7
GeV) for Kw and K3m signals near 1.87 GeV/c'.
Because of the large cascade decay rate' of g' to

g and the large second-order electromagnetic de-

cay rate' of the (, the resonance events contain
72 000 examples of hadron production by a virtual
photon of c.m. energy 3.1 GeV. From fits to in-
variant-mass spectra (with the signal mass near
1.87 GeV/c') we find no KIT signal larger than 0.3
standard deviations and no %3m signal larger than
1.2 standard deviations in this large sample of
events. The upper limits (90% confidence level)
are 60 events for the Km signal and 200 events
for the %3m signal.

The threshold behavior noted above as well as
the narrow widths argue against the interpreta-
tion of the structure in Fig. 1 as being a conven-
tional E*, e.g. , the strange counterpart of the
g(1680).

Preliminary Monte Carlo calculations to esti-
mate detection efficiencies for two modes have
been performed; present systematic uncertain-
ties in these detection efficiencies could be as
large as + 50%%u~. Our estimate of the cross sec-
tion times branching ratio oB (errors quoted are
statistical) averaged over our 3.9-4.6-GeV c.m.
energy data is 0.20+ 0.05 nb for the Kz mode and
0.67+0.11 nb for the K3g mode. These are to be
compared with the average total hadronic cross
section v~ in this energy region' of 27+ 3 nb. We
have also searched for these signals in the events
at higher c.m. energies. In our previous search
for the production of narrow peaks4 at 4.8 GeV,
there was a small Kw signal at 1.87 GeV/c' cor-
responding to a cd of 0.10+ 0.07 nb. This signal
set the upper limit quoted in the paper (oB& 0.18
nb for the Km system of mass between 1.85 and
2.40 GeV/c ) but lacked the statistical signifi-
cance necessary to be considered a convincing
peak. The value of o.~ at 4.8 GeV is 18+2 nb. '
In the c.m. energy range 6.3 to 7.8 GeV the Km

crB is 0.04+ 0.03 nb and the average o~ is 10+ 2

nb.
In summary, we have observed significant

peaks in the invariant-mass spectra of K'7t' and
K'n'7t+m that we associate with the decay of a
state of mass 1865+ 15 MeV/c' and width less
than 40 MeV/c'. The recoil-mass spectra indi-
cate that this state is produced in association
with systems of comparable or larger mass.

We find it significant that the threshold energy
for pair-producing this state lies in the small in-
terval between the very narrow P' and the broad-
er structures present in e+e annihilation near
4 GeV. ' In addition, the narrow width of this
state, its production in association with systems
of even greater mass, and the fact that the de-
cays we observe involve kaons form a pattern of
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Lawrence Berkeley Laboratory and Department of Physics, University of California, Berkeley, California 947+0,
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We present evidence, from a study of multihadronic final states produced in e e annihi-
lation at center-of-mass energies between 3.90 and 4.60 GeV, for the production of a new
neutral state with mass 1865+ 15 MeV/c and decay width less than 40 MeV/ci that decays
to K ~~ and K ~~~'~~. The recoil-mass spectrum for this state suggests that it is pro-
duced only in association with systems of comparable or larger mass.

We have observed narrow peaks near 1.87 GeV/
c' in the invariant-mass spectra for neutral com-
binations of the charged particles K'ii' (Kw) and
K's'ii'ii' (Ksii) produced in e'e annihilation.
The agreement in mass, width, and recoil-mass
spectrum for these peaks strongly suggests they
represent different decay modes of the same ob-
ject. The ma. ss of this state is 1865+ 15 MeV/c'

and its decay width (full width at half-maximum)
is less than 40 MeV/c' (90%%ug confidence level).
The state appears to be produced only in associa-
tion with systems of comparable or higher mass.

Our results are based on studies of multihad-
ronic events recorded by the Stanford Linear Ac-
celerator Center-Lawrence Berkeley Laboratory
magnetic detector operating at the colliding-beam

The D± discovered a month later [PRL 37 569]

Nearly a year after the τ discovery [PRL 35 1489]

(e+e− → µ±e∓ + Emiss)

NB: J/ψ has “charmness” = 0

Quantum numbers of J/ψ are same as
vacuum, will play a role later

Z L – p. 1/9

https://inspirehep.net/literature/91611
https://inspirehep.net/literature/108881
https://inspirehep.net/literature/109209
https://inspirehep.net/literature/100634
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FIG. 2. (a) Observed events as a function of the effective mass of the muon pair. (b) Cross section as a function
of the effective mass of the muon pair (these data include the wide-angle counters). (c) Cross section as a func-
tion of the laboratory momentum of the muon pair,

eidenee between the left and right halves of the
first hodoscope. About 10' muons (from pion and
kaon decay) passed through this hodoscope per
AGS cycle, resulting in -2000 accidental eoin-
cldences pel pulse. To facllltate removal of
this large background, the following system was
devised: Two precisely adjusted coincidence
circuits (resolving times -2.7 nsec) triggered
the electronics, one sensitive to in-time or si-
multaneous pairs, the other to muons arriving
5 nsec apart in time. Between AGS pulses, co-
axial relays interchanged the roles of these two
circuits thereby canceling the error arising from
slight differences in their resolving times. A

third broad coincidence monitored the accidental
rate for each relay position and permitted cor-
rections due to fluctuations in beam intensity and
duty cycle. The system was adjusted and tested
by means of a set of radioactive sources distrib-
uted among the hodoscope counters to provide
realistic rates. The numbers of in-time and
delayed coincidences recorded in these tests
were always the same within 0.03%.

For each muon pair detected, the status of all
counters was ascertained and electronic logic
performed quality checks on the event, rejecting
those containing incomplete muon trajectories
or extraneous counter firings. In the coux'se of
the experiment, some 300 million events were
recorded, most being unwanted accidentals. The

Brookhaven PDP-6 computer received these
events on-line and reduced the large bulk of data
to a con1pact form in real time,

Subtraction of the delayed events from those
in-time revealed a definite residue of real muon
pairs comprising some 4% of the in-time data
sample. The effect varied with dimuon mass
from -2% at 1.5 GeV/c' to 40% at 5 GeV/c'. As
seen in Fig. 2(a), the events appear as a broad
eontlnuuDl ln dlDluon effective Dlass extencllng
over the entixe mass aperture of the experiment.

Since the signal-to noise ratio is very small,
exhaustive tests were performed to ensure that
the real mass spectrum was not distorted by the
background subtraction. One che.ck that probed
the electronics and computer system in depth
was made by inserting 5-nsec relative delays in
both coincidence circuits and accumulating data
in an otherwise normal fashion. The two mass
spectra should be identical within statistics and
should yield a null result on subtraction. The
result was indeed consistent with zero, yielding
a X' of 18 for 20 degrees of freedom. The total
numbers of events in the two categories were
the same to 0.3%, contributing an uncertainty in
the final absolute cross section of ~10%. Further
tests ruled out any mass bias induced by timing
correlations. Lack of systematic variation of
the 1 eal muon-pair cross section with proton
intensity further indicates that all accidentals

pU → µ+µ−X

“Lederman’s shoulder”
[PRL 25 (1970) 1523]

1644 Letters to the Editor 

Prog. Theor. Phys. Vol. 46 (1971), No. 5 

A Possible Decay in Flight 
of a New Type Particle 

Kiyoshi NIU, Eiko MIKUMO 

and Y asuko MAEDA* 

Institute for Nuclear Study 
University of Tokyo 

*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 particle was found. 
A new type of emulsion chamber!) with 

local producing layer of jet shower was 

designed in order to investigate super high 

energy jet showers in full detail by com

bining information about secondary charged 

particles at or near an origin of jet shower 

as well as r rays. Exposure of new type 

chambers for about 500 hours at about 260 

gr/cm2 was performed using a Jet Cargo 

Aeroplane of Japan Air Lines. 
One of the jet showers observed in this 

type of chamber, Event "6B-23 ", was for

tunately produced in the emulsion of lower 

surface of a plate in the middle of the pro

ducing layer which is a pile of 49 nuclear 

emulsion plates with a 50 p.m coating on 

both sides of metaacryl base with a thick

ness of 800 p.m. Therefore, this type of jet 

shower was observed as (19+70)n. Sche

matical view of this jet shower is shown 

in Fig. 1. 
In Fig. 2 is shown the relation of energy 

to lg. tg (} for r rays with log. tg (} distribu

tion of charged secondary particles. 
The most impressive feature of this jet 

shower is that 2r rays with energy by near

ly one order higher than others are emitted 

very closely in the center region of shower. 

The total sum of their energy is estimated 

as 3.2±0.4 TeV, and relative distance be

tween them is 3.4 p.m at the target plane 

5.14 em down from jet shower origin. Cou

pling them into a n° meson, the estimated 

production height is 3.8±0.5 em above the 

target plane, and it does not reach the jet 

shower origin. 
There emitted 4 charged particles very 

near to these r rays. We drew a precise 

target diagram of tracks of these 4 parti

cles A, B, C and D at each emulsion sur

face in the producing layer, and then re

constructed three-dimensional view of tracks 

of these particles and n° meson. X, Y and 

Z projections of these tracks are shown in 
Figs. 3(a), (b) and (c). We adopted the 

Z axis parallel to the emitted direction of 

track B. 
As you can see from X and Y projections, 

tracks B and C have knees at 1.38 em and 

4.88 em, respectively, from the origin of 

jet shower. Angles of direction change of 
tracks are 1.07X10- 3 radian and 1.50x1o-s 

radian, respectively. 
Looking at the Z projection, you can 

easily recognize that the two cascade cores 
from the n° meson appear just in the op-
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/ptp/article/46/5/1644/1863358 by U
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One event reported as : X → π+π0

mX ∼ 1.78GeV, τX ∼ 2.2×10−14 s

[There were other / earlier hints]

IV-40 B Richter 

the final analysis of the CEA point at S = 25 GeV 2 

is also available*'^ . The trigger for all these 

experiments requires ^2 charged particles in the 

final state. In deriving the multi-hadron cross 

section, if only two charged particles go into the 

apparatus these particles must be acoplanar by an 

angle ranging from 10° to 20° depending on the 

experiment. The apparatus for all three experiments 

covers polar angles from approximately 45° to 1 3 5 ° but 

the azimuthal angular coverage differs. The BCF 

group has an acceptance of a third in azimuthal 

angle, CEA two-thirds and SLAC-LBL one. The 

resulting total solid angles for these three 

experiments are 20%, 50% and 70% of 4TT respectively. 

Since none of these experiments cover the full 4TT 

solid angle a correction must be made to account 

for the uncovered parts of the apparatus. The 

smaller the trigger solid angle, the larger this 

correction will be. The BCF group uses an all pion 

isotropic phase space model fit to the observed 

charged particle multiplicities to obtain an 

efficiency (observed over expected events) which 

rises from approximately 1% at the low energy end of 

their experiment to about 2% at the high energy end. 

With a correction factor which ranges from 50-100 

between the observed cross section and the 

calculated total cross section, the absolute values 

of O " T Q T seem to me to be somewhat uncertain. While 

the relative cross sections between neighbouring 

energy points should be quite good there may be 

large systematic errors from one end of the energy 

region to the other. (Low efficiency is something 

of a problem with all previous Frascati total cross 

section measurements, and probably accounts for the 

different experiments obtaining cross sections which 

differ by amounts larger than the stated errors). 

The efficiency problem is much less severe for CEA 

and the SLAC-LBL group. CEA also uses an all pion 

isotropic phase space model to obtain an efficiency 

of 43% at S = 25. The SLAC-LBL magnetic detector 

group use 3 different models - the first being an 

all pion isotropic phase space model; the second 

being an isotropic phase space model which includes 

etas, K mesons nucléons and anti-nucleons; and the 

third being a pure jet model with the jet axis 

distributed as 1 + cos29 and a jet decay with bounded 

transverse momentum. These 3 very different 

models give efficiencies which vary by ±5% and this 

uncertainty is included in the total of ±10% 

systematic errors on data points. The efficiency 

for the SLAC-LBL experiment ranges from 45% at 

S = 7 to 65% at S = 24. 

The total cross section data is shown in figure 3. 

The measured total cross section falls rapidly as 

S increases from 1.5 to 8 or 9, and then appears to 

flatten out. The cross section ranges from about 

25 nb at S = 8 to about 20 nb at S = 25 and is not 

at all consistent with an S _ 1 energy dependence in 

this region. 

Fig. 3. The total cross-section vs the square of the 

centre of mass energy. Only data which became 

available in the last year is shown. The dashed 
curve is proportional to S 

[B. Richter @ ICHEP’74]

e+e− → X total cross section

cc̄ & τ+τ− thresholds close to each other

Z L – p. 1/10
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FIG. 2. (a) Observed events as a function of the effective mass of the muon pair. (b) Cross section as a function
of the effective mass of the muon pair (these data include the wide-angle counters). (c) Cross section as a func-
tion of the laboratory momentum of the muon pair,

eidenee between the left and right halves of the
first hodoscope. About 10' muons (from pion and
kaon decay) passed through this hodoscope per
AGS cycle, resulting in -2000 accidental eoin-
cldences pel pulse. To facllltate removal of
this large background, the following system was
devised: Two precisely adjusted coincidence
circuits (resolving times -2.7 nsec) triggered
the electronics, one sensitive to in-time or si-
multaneous pairs, the other to muons arriving
5 nsec apart in time. Between AGS pulses, co-
axial relays interchanged the roles of these two
circuits thereby canceling the error arising from
slight differences in their resolving times. A

third broad coincidence monitored the accidental
rate for each relay position and permitted cor-
rections due to fluctuations in beam intensity and
duty cycle. The system was adjusted and tested
by means of a set of radioactive sources distrib-
uted among the hodoscope counters to provide
realistic rates. The numbers of in-time and
delayed coincidences recorded in these tests
were always the same within 0.03%.

For each muon pair detected, the status of all
counters was ascertained and electronic logic
performed quality checks on the event, rejecting
those containing incomplete muon trajectories
or extraneous counter firings. In the coux'se of
the experiment, some 300 million events were
recorded, most being unwanted accidentals. The

Brookhaven PDP-6 computer received these
events on-line and reduced the large bulk of data
to a con1pact form in real time,

Subtraction of the delayed events from those
in-time revealed a definite residue of real muon
pairs comprising some 4% of the in-time data
sample. The effect varied with dimuon mass
from -2% at 1.5 GeV/c' to 40% at 5 GeV/c'. As
seen in Fig. 2(a), the events appear as a broad
eontlnuuDl ln dlDluon effective Dlass extencllng
over the entixe mass aperture of the experiment.

Since the signal-to noise ratio is very small,
exhaustive tests were performed to ensure that
the real mass spectrum was not distorted by the
background subtraction. One che.ck that probed
the electronics and computer system in depth
was made by inserting 5-nsec relative delays in
both coincidence circuits and accumulating data
in an otherwise normal fashion. The two mass
spectra should be identical within statistics and
should yield a null result on subtraction. The
result was indeed consistent with zero, yielding
a X' of 18 for 20 degrees of freedom. The total
numbers of events in the two categories were
the same to 0.3%, contributing an uncertainty in
the final absolute cross section of ~10%. Further
tests ruled out any mass bias induced by timing
correlations. Lack of systematic variation of
the 1 eal muon-pair cross section with proton
intensity further indicates that all accidentals

pU → µ+µ−X

“Lederman’s shoulder”
[PRL 25 (1970) 1523]
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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 particle was found. 
A new type of emulsion chamber!) with 

local producing layer of jet shower was 

designed in order to investigate super high 

energy jet showers in full detail by com

bining information about secondary charged 

particles at or near an origin of jet shower 

as well as r rays. Exposure of new type 

chambers for about 500 hours at about 260 

gr/cm2 was performed using a Jet Cargo 

Aeroplane of Japan Air Lines. 
One of the jet showers observed in this 

type of chamber, Event "6B-23 ", was for

tunately produced in the emulsion of lower 

surface of a plate in the middle of the pro

ducing layer which is a pile of 49 nuclear 

emulsion plates with a 50 p.m coating on 

both sides of metaacryl base with a thick

ness of 800 p.m. Therefore, this type of jet 

shower was observed as (19+70)n. Sche

matical view of this jet shower is shown 

in Fig. 1. 
In Fig. 2 is shown the relation of energy 

to lg. tg (} for r rays with log. tg (} distribu

tion of charged secondary particles. 
The most impressive feature of this jet 

shower is that 2r rays with energy by near

ly one order higher than others are emitted 

very closely in the center region of shower. 

The total sum of their energy is estimated 

as 3.2±0.4 TeV, and relative distance be

tween them is 3.4 p.m at the target plane 

5.14 em down from jet shower origin. Cou

pling them into a n° meson, the estimated 

production height is 3.8±0.5 em above the 

target plane, and it does not reach the jet 

shower origin. 
There emitted 4 charged particles very 

near to these r rays. We drew a precise 

target diagram of tracks of these 4 parti

cles A, B, C and D at each emulsion sur

face in the producing layer, and then re

constructed three-dimensional view of tracks 

of these particles and n° meson. X, Y and 

Z projections of these tracks are shown in 
Figs. 3(a), (b) and (c). We adopted the 

Z axis parallel to the emitted direction of 

track B. 
As you can see from X and Y projections, 

tracks B and C have knees at 1.38 em and 

4.88 em, respectively, from the origin of 

jet shower. Angles of direction change of 
tracks are 1.07X10- 3 radian and 1.50x1o-s 

radian, respectively. 
Looking at the Z projection, you can 

easily recognize that the two cascade cores 
from the n° meson appear just in the op-
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One event reported as : X → π+π0

mX ∼ 1.78GeV, τX ∼ 2.2×10−14 s
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e +e HADRONS IV-41 

Fig. 4 shows the ratio (R) of the total hadronic 

cross section to mu-pair production. The previously 

published points from the Frascati \ITT and yy groups 

and the Novosibirsk points are included. The 

large spread in the values of R at low energy 

reflects the detection efficiency problem mentioned 

earlier. In the region below S = 9, R seems to lie 

between 2 and 3 and rises smoothly to about 6 at 

S = 25. These results are in violent disagreement 

with the predictions of the simple quark model 

which gives values for R which depend on the model 

but range from 2/3 for the simple 3 quark model to 

4 for the Han-Nambu model. A large fraction of 

the theoretical contributions to the conference 

attempt to explain this peculiar variation of R. 

The approximate constancy of the total cross section 

with energy has generated sufficient surprise to 

prompt many people to ask whether or not these high 

energy events are indeed from one photon 

Fie. 4. All measurements of the ratio of a m_ m to o 6 TOT uu 
2 

vs S, for S * 1.5 (GeV) . 

annihilation. It is not possible to answer the 

question unambiguously but we can eliminate three 

possible explanations - background, photon-photon 

collisions, and heavy lepton production. The 

background in all these experiments was measured by 

separated beam runs and found to be small -

approximately 3% to 5% in the CEA and SLAC-LBL 

experiments and 10% to 15% in the BCF experiments. 

These backgrounds have been subtracted from the 

results. 

The photon-photon process is illustrated schematically 

in fig. 5. Both the incoming electron and positron 

radiate almost real photons which in turn react to 

produce the hadrons. These reactions are 

characterised by the presence of electrons and 

positrons at small angles to the beam direction in 

the final state as well as by the presence of 

hadrons. The cross section is roughly given by 

a 4 F 2 

a - ° L ( £ n (4) 

M2 

where is the mass of the hadron system produced. 

This cross section can become comparable with the 

one photon annihilation cross section in spite of the 

extra a 2, for the denominator contains M 2 instead 

of S and the numerator contains a log 2 — . The 

m 
e 

ratio of this cross section to the mu-pair production 

cross section is given by 

Œ a 2 ( t n i_) 2 S_ ( 5 ) 

0" m o and is expected to be small when the sum of the 

hadron energy is not small. For example,Brodsky 

has estimated the total cross section for this 

process will be less than one nanobarn when the 

total energy of the hadron system is greater than 

! G e / 1 2 > . 

Fig. 5, Schematic of the two photon process. 

[B. Richter @ ICHEP’74]

R = (e+e− → X)/(e+e− → µ+µ−)

See also Jon Rosner’s talk @ Mary K Fest
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Take 1: what’s the big deal?

• GIM mechanism (1970)

REGGE MODEL FOR I'1*(1385)—P RODUCTION REACTIONS

exchange reactions" (~+p +E-+2+', vr p-+E'4', etc.)
gives the intercepts n0, =0.35 and opo=0.24 (with
uncertain errors). The intercepts resulting from an
analysis of total cross-section data are also consistent
with the values of the present analysis provided we
postulate" that the Pomeranchuk trajectory has a
small I=O octet component in addition to the usual
SU(3) singlet component. Table I summarizes the
situation on the intercepts of the q and Q trajectories.

In conclusion, the following comments may be made:
Although the quality of the 6ts in the present case is
not comparable with those which can be made with the
6-production data, it nevertheless demonstrates that
5U(3) symmetry for Regge vertices and Regge behavior
are consistent with the data. Further, the same mecha-
nism seems to be operative in the production of these
members of the 2+ decuplet. The q and Q trajectories

"D. D. Reeder and K. V. L. Sarma, Phys. Rev. 1'72, 1566
(1968).' K. V. L. Sarma and G. H. Renninger, Phys. Rev. Letters 20,
399 (1969).

do not seem to be degenerate, '0 and the values deter-
mined from the analysis of the F'q*(1385)-production
reactions are consistent with earlier determinations
from other reactions.
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'0 K. W. Lai and J. Louie PNucl. Phys. 319, 205 (1970)j have
examined reactions (1) and (2) with a view to testing the exchange
degeneracy of the E* and E~* exchanges. They 6nd that ex-
change degeneracy is not indicated in these reactions. D. J.
Crennell et al. t Phys. Rev. Letters 23, 1347 (1969)) and P. R.
Auvil et aI. (Phys. Letters 31B, 303 (1970)j have found that the
data on meson-baryon hypercharge exchange reactions similarly
do not indicate exchange degeneracy for these exchanges.
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Weak Interactions with Lepton-Hadron Synnnetry*

S. L. GLAsHow, J. ILIQPQULos, AND L. MAIANIt

Lyman Laboratory of Physics, Harvard University, Cambridge, MassachlseNs OZ139

(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 theory,
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.

INTRODUCTION

EAR-INTERACTION phenomena are well de-
scribed by a simple phenomenological model

involving a single charged vector boson coupled to an
appropriate current. Serious difficulties occur only when

this model is considered as a quantum Geld theory,
and is examined in other than lowest-order perturbation
theory. ' These troubles are of two kinds. First, the
theory is too singular to be conventionally renormal-
ized. Although our attention is not directed at this
problem, the model of weak. interactions we propose

*Work supported in part by the Office of Naval Research, under
Contract No. N00014-67-A-0028, and the U. S. Air Force under
Contract No, AF49 (638)-1380.

f On leave of absence from the Laboratori di Fisica, Istituto
Superiore di Santa, Roma, Italy.

' 3. L. IoBe and E. P. Shabalin, Yadern. Fiz. 6, 828 (1967)
/Soviet J. Nucl. Phys. 6, 603 (1968)$; Z. Eksperim. i Teor. Fiz.
Pis'ma v Redaktsiyu 6, 978 (1967) /Soviet Phys. JETP Letters
6, 390 (1967)j; R. N. Mohapatra, J. Subba Rao, and R. E. Mar-
shak, Phys. Rev. Letters 20, 1081 (1968); Phys. Rev. 1'71, 1502
(1968);F. E. Low, Comments Nucl. Particle Phys. 2, 33 (1968);
R. N. Mohapatra and P. Olesen, Phys. Rev. 1'79, 1917 (1969).

may readily be extended to a massive Yang-Mills
model, which may be amenable to renormalization with
modern techniques. The second problem concerns the
selection rules and the relationships among coupling
constants which are carefully and deliberately incorpo-
rated into the original phenomenological Lagrangian.
Our principal concern is the fact that these properties
are not necessarily maintained by higher-order weak
interactions.

Weak-interaction processes, and their higher-order
weak corrections, may be classified' according to their
dependence upon a suitably introduced cutoff momen-

tum A. Contributions to the 5 matrix of the form

(where G is the usual Fermi coupling constant and A„
are dimensionless parameters) are called zeroth-order

' T. D. Lee, Nuovo Cimento 59A, 579 (1969).
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Take 1: what’s the big deal?

• GIM mechanism (1970)

• Kobayashi-Maskawa 3-generation proposal (1973)652 

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973 

CP. Violation in the Renormalizahle 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. 

When we apply the renormalizable theory of weak interaction1l to the hadron 
system, we have some limitations on the hadron model. It is well known that 
there exists, in the case of the triplet model, a difficulty of the strangeness chang
ing neutral current and that the quartet model is free from this difficulty. Fur
thermore, Maki and one of the present authors (T.M.) have shown2l that, in the 
latter case, the strong interaction must be chiral SU ( 4) X SU ( 4) invariant as 
precisely as the conservation of the third component of the iso-spin 13• In addi
tion to these arguments, for the theory to be realistic, CP-violating interactions 
should be incorporated in a gauge invariant way. This requirement will impose 
further limitations on the hadron model and the CP-violating interaction itself. 
The purpose of the present paper is to investigate this problem. In the following, 
it will be shown that in the case of the above-mentioned quartet model, we cannot 
make a CP-violating interaction without introducing any other new fields when 
we require the following conditions: a) The mass of the fourth member of the 
quartet, which we will call (, is sufficiently large, b) the model should be con
sistent with our well-established knowledge of the semi-leptonic processes. After 
that some possible ways of bringing CP-violation into the theory will be discussed. 

We consider the quartet model with a charge assignment of Q, Q -1, Q -1 
and Q for p, n, A. and (, respectively, and we take the same underlying gauge 
group SUweak (2) X SU(1) and the scalar doublet field cp as those of Weinberg's 
original model.1l Then, hadronic parts of the Lagrangian can be devided in the 
following way: 

where ..[kin is the gauge-invariant kinetic part of the quartet field, q, so that it 
contains interactions with the gauge fields. ...L'mass is a generalized mass term of 
q, which includes Yukawa couplings to cp since they contribute to the mass of q 

through the spontaneous breaking of gauge symmetry. ...L'strong is a strong-inter-

D
ow

nloaded from
 https://academ

ic.oup.com
/ptp/article/49/2/652/1858101 by guest on 08 July 2024
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Take 1: what’s the big deal?

• GIM mechanism (1970)

• Kobayashi-Maskawa 3-generation proposal (1973)

• Constraints / predictions for mc from ∆mK and KL → µ+µ−

Gaillard & Lee, March 1974
∆mK → “Equation (2.8) is compatible
... with ... mu ≪ mc and mc ≃ 1.5GeV”

Vainshtein & Khriplovich, July 1973
KL → µ+µ− → mc < 9GeV

∆mK → mc −mu ∼ 1GeV (“less reliable”)

(NB: vacuum insertion approximation works better for ∆mK than one could have expected)

Reading these papers, one might wonder why they haven’t received the Nobel Prize?
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Take 2: It’s a big deal!

• Eight theory papers in PRL, Jan 6, 1975 (More details: Georgi’s talk at Alvaro@80)

– Are the New Particles Baryon-Antibaryon Nuclei? A.S. Goldhaber & M. Goldhaber

– Interpretation of a Narrow Resonance in e+e− Annihilation; Schwinger
A previously published unified theory of electromagnetic and weak interactions proposed a mixing between two types of unit-spin mesons, one of
which would have precisely the characteristics of the newly discovered neutral resonance at 3.1 GeV. ... a substantial fraction of the small hadronic
decay rate can be accounted for. It is also remarked that other long-lived particles should exist in order to complete the analogy with ρ0, ω, and ϕ.

– Possible Explanation of the New Resonance in e+e− Annihilation; Borchardt, Mathur, Okubo

– Model with Three Charmed Quarks; Barnett

– Heavy Quarks and e+e− Annihilation; Appelquist & Politzer

– Is Bound Charm Found? De Rújula & Glashow

– Possible Interactions of the J Particle; Nieh, Wu, Yang

– Remarks on the New Resonances at 3.1 and 3.7GeV; Callan, Kingsley, Treiman, Wilczek, Zee
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https://journals.aps.org/prl/issues/34/1
https://indico.cern.ch/event/1381080/contributions/5944745/attachments/2873869/5032423/Georgi.pdf


Appelquist & Politzer: charmonium

[D. Politzer, Nobel Lecture, 2004]

Appelquist & Politzer, “Orthocharmonium and e+e− Annihilation”
[PRL 34 (1975) 43, received Nov.19] [S. Drell, Scientific American, 1975]

(Started at the Aspen Center for Physics at a Summer 1974 workshop)
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https://www.nobelprize.org/uploads/2018/06/politzer-lecture.pdf
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https://inspirehep.net/literature/100654


How could it be so confusing...?

• Quarks as real physical degrees of freedom were not broadly accepted

• The notion of asymptotic freedom was new and not broadly accepted

• Qualitative difference between e+e− → light vs. heavy quarks, and the hadronic states

• See, e.g., Drell, previous page (June 1975)
“In spite of this weakness the charm hypothesis has attractive elements”

• The D mesons (states with |c| = 1) only discovered in 1976

• 3-jet events discovered @ PETRA (DESY), 1979
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Some lessons

• Seeds of the idea that if a quark is heavy (compared to ΛQCD), 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, ∆mK and ϵK can be the most constraining, since the SM suppres-
sions are the strongest for kaons
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Back to flavor



The standard model + neutrino mass

• Gauge symmetry: SU(3)c × SU(2)L × U(1)Y parameters
Gauge symmetry: 8 gluons W±, Z0, γ 3 (+θQCD)

• Particle content: 3 generations of quarks and leptons
Particle content: QL(3, 2)1/6, uR(3, 1)2/3, dR(3, 1)−1/3 10

Particle content: LL(1, 2)−1/2, ℓR(1, 1)−1 12 or 10 ∗

Particle content: quarks:
(
u c t

d s b

)
leptons:

(
ν1 ν2 ν3
e µ τ

)
• Symmetry breaking: SU(2)L × U(1)Y → U(1)EM

symmetry breaking: ϕ(1, 2)1/2 Higgs, with vev: ⟨ϕ⟩ =

(
0

v/
√
2

)
2

• We don’t know the Lagrangian that
describes the observed particles!

L = −Y ije LI
Li
ϕ e

I
Rj−

{
Y
ij
ν
Λ LILiL

I
Lj ϕϕ violates lepton number

Y ijν LI
Li
ϕ̃ νIRj requires νR fields
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Flavor changing processes

• Flavor change: Initial flavor number ̸= final flavor number (Only due to W± in SM)

(Flavor number)i = (# particlesi) − (# antiparticlesi)

• Flavor changing neutral currents (FCNC): flavor change involving up or down quarks,
but not both, and/or ℓ or ν, but not both (E.g.: K0 –K0 mixing, µ → eγ, B → Kµ+µ−)

• FCNC only at loop level in SM, suppressed by (m2
i −m2

j)/m
2
W [GIM mechanism]

• FCNCs are highly suppressed in the SM, probe differences between generations
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Neutral meson mixing (a special FCNC)

• Why ∆mK/mK ∼ 7× 10−15 ? In the SM: ∆mK

mK

∼ α
2
w |VcsVcd|2

m2
c

m4
W

f
2
K
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• If exchange of a heavy particle X contributed at the SM level to ∆mK:
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∆m

(X)
K

∆mK
∼

g2 Λ3
QCD

M2
X

∆mK
⇒ MX > g × 103 TeV

TeV-scale particles with one-loop cou-
plings can still be seen [g ∼ O(10−3)]

• Four neutral mesons: K0 (s̄d), B0
d (b̄d), B

0
s (b̄s), D0 (cū) [top decays before forming hadrons]

Quantum mechanical two-level systems

Oscillation between a particle and its antiparticle

E.g., B0
s – B̄0

s oscillation measured by LHCb =⇒
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Spectacular track record

• Uncertainty principle ⇒ heavy particles, which cannot be produced, affect lower energy
processes, E2/M2 suppressed if interference ⇒ probe very high scales

• High mass-scale sensitivity due to suppressed SM predictions
– Absence of KL → µµ⇒ charm quark (Glashow, Iliopoulos, Maiani, 1970)

– ϵK ⇒ 3rd generation (t, b quarks) (Kobayashi & Maskawa, 1973)

(n.b.: 2 generations + superweak is “more minimal” to accommodate CPV, than 3 generations)

– ∆mK ⇒ mc ∼ 1.5GeV (Gaillard & Lee; Vainshtein & Khriplovich, 1974)

– ∆mB ⇒ mt >∼ 100GeV (bound in 1987: 23GeV) ⇒ large CP violation & FCNC

• Critical in developing SM — it is only unambiguous since 1998 that mν ̸= 0

What can future data tell us about BSM physics?
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Lepton flavor



Quark vs. lepton mixing

• Fermions with same quantum numbers mix, Yukawas define mass eigenstates:

M =

Ma1Ma2Ma3

Mb1 Mb2 Mb3

Mc1 Mc2 Mc3

=

1

c23 s23
−s23 c23

 c13 s13e
−iδ

1

−s13eiδ c13

 c12 s12
−s12 c12

1


• If neutrinos are Majorana, multiply by: diag (eiη1, eiη2, 1)

The additional phases η1,2 don’t affect oscillation experiments, only lepton # violation

Always think about mass eigenstates: if neutrino masses were larger, we would have
gotten used to thinking of π → µν2 and π → µν3, instead of π → µνµ

• Leptons (PMNS): θ12 ≈ 33◦ (solar), θ23 ≈ 49◦ (atm), θ13 ≈ 9◦, δ unknown

• Quarks (CKM): θ12 ≈ 13◦, θ23 ≈ 2◦, θ13 ≈ 0.2◦, δ ≈ 68◦
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Neutrino oscillation measurements

• Three mixing angles have been measured

• Oscillation between two flavors (δm2 = m2
1 −m2

2)

Posc = sin
2
(2θ) sin

2
(
1.27

δm2

eV2

L

km

GeV

E

)
• Atmospheric neutrinos:

1 ∼ (10−3)×(101...4) / (100±1)

half of up-going νµ get lost

• Solar neutrinos: δm2L/E ≫ 1

• Two mass-squared differences are measured,
but not the absolute mass scale
(Short baseline anomalies not easy to fit, even with 4 flavors)

⃝ ⃝
⃝
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Neutrinos — a history of surprises

• Most theorists’ expectations around early 1990’s:
– Solar neutrino problem will go away, we do not understand the Sun Wrong

– If it does not, solution must be small angle MSW, since it’s cute Wrong

– Expect ∆m2
23 ∼ 10 − 100eV2, since it’s cosmologically interesting (DM) Wrong

– Expect θ23 ∼ Vcb ≃ 0.04, motivated by simple GUT models Wrong

– Atmospheric neutrino anomaly will go away, because it requires large Wrong
mixing angle — the first that became compelling (⇒ Nobel, 2002)

– Later: tribimaximal mixing ansatz, predicted θ13 near zero Wrong
θ13 ∼ 9◦, not too small — helps CP violation searches

[inspired by H. Murayama]

• Experiments crucial, independent of prevailing theoretical “guidance”

• Keep open mind about lepton partner (slepton) properties — may be unexpected!
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Lepton vs. quark mixing

• Are the origin of quark and lepton masses & mixings related?

• Some lepton processes are especially clean; quark sector observables more rich

• Cannot directly measure neutrino mass eigenstates (possible for e, µ, τ and quarks)

• Neutrino FCNCs seem impossible to search for; e.g., νi → νj γ, X → νiν̄j(Y )

• Magnitudes of mixing matrix elements, assuming 3-generation unitarity:

UPMNS : sin θ12 = 0.550 ± 0.011 sin θ13 = 0.148 ± 0.002

sin θ23 = 0.756 ± 0.025 δ = (197+42
−25)

◦
[νfit 2022, converted]

VCKM : sin θ12 = 0.2250 ± 0.0007 sin θ13 = 0.0037 ± 0.0001

sin θ23 = 0.0418 ± 0.0008 δ = (65.7 ± 1.5)◦ [PDG 2024]

• SM flavor puzzle extended: why lepton & quark masses and mixings so different?
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Neutrinos — many unknowns

• Are neutrinos = their own antiparticles?
(Different than all other known particles? Theoretically favored, most leptogenesis models)

• What is the absolute mass scale?
We know two mass-squared differences
At least one state has mνi

>∼ 50meV

Cosmology:
∑
mi<0.072 eV [DESI 2024] (CL peaks < 0)

• Value of CP violating phase δ ?
• Is the mass hierarchy “normal” or “inverted”?

If inverted hierarchy: planned 0νββ experiments will be
If inverted hierarchy: able to determine if ν = ν or ν ̸= ν
Normal hierarchy: may or may not see 0νββ, even in Majorana case
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Do ν mass terms violate or conserve lepton # ?

• Key question: what is the Lagrangian? Majorana or Dirac mass?

Neutrinoless double beta decay (0νββ) measures: mee =
∣∣∑3

i=1miU
2
ei

∣∣
Can vanish for NH, even if neutrinos are Majorana

Mu2e and COMET: improve µ− → e+ conversion ∼ mµe =
∣∣∑3

i=1miUµiUei
∣∣

• In principle, LNV is detectable with
increased mµe sensitivity, even in case
of normal ordering

• Tantalizing PMNS values: mee + mµe

cannot vanish (barely, at the 2σ level)
��-� ��-� ����� ����� �����
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[Dery, Gori, Grossman, ZL, 2406.18647]
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Charged lepton flavor violation (CLFV)

• SM w/ mν = 0 ⇒ lepton flavor conservation
Given mν ̸= 0, no reason to impose it as a symmetry

• If new TeV-scale particles carry lepton number (e.g., sleptons),
their own mixing matrices ⇒ charged lepton flavor violation

• Many interesting processes:
Historically best: µ→ eγ, µ→ eee

Mu2e, COMET: µ→ e conversion, µ+N → e+N

τ decays to: µγ, eγ, µµµ, µµe, µee, µπ, etc.

B(µ → eγ) ∼ α
m4
ν

m4
W

∼ 10
−52

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
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1

• Next 10– 20 years: 102–104 improvement; any signal would trigger broad program
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Testing quark flavor

(Expect big increases in relevant data sets)



LHCb — at CERN

• Major LHCb upgrade in LS2 (raise instantaneous luminosity to 2× 1033/cm2/s)
Major ATLAS and CMS upgrades in LS3, for HL-LHC

• LHCb, 2017, Expression of Interest for an upgrade in LS4 to 2× 1034/cm2/s

An integral part of the full exploitation of the LHC
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The LHCb detector at CERN



Belle II — SuperKEKB in Japan

• First collisions 2018 (unfinished detector), with full detector starting spring 2019
Goal: 50× the Belle and nearly 100× the BABAR data set

• Discussions started about physics case and feasibility of a factor ∼ 5 upgrade, similar
to LHCb Phase-II upgrade aiming 50/fb → 300/fb, after LHC LS4
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New accelerator, novel concepts & techniques to achieve 1036 luminosity
(2/13/2017)



Testing quark flavor — Take I

• (u, c, t)W± (d, s, b): 9 complex couplings ⇒ many relations Are they consistent?

VCKM =

Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb


︸ ︷︷ ︸

CKM matrix

=

 1 − 1
2λ

2 λ Aλ3(ρ− iη)

−λ 1 − 1
2λ

2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1

 + . . .

Only 4 parameters: λ (“Cabibbo angle”, from K → πℓν), A (from b→ cℓν)
Only 4 parameters: used to be less precise: ρ̄ and η̄ (only source of CP violation)

CKM measurements: magnitudes∼decay rates; phases∼CP viol. (only 1 parameter!)

• Many observables are f(ρ, η) — need to compare:
– b→ uℓν̄ ⇒ |Vub/Vcb|2 ∝ ρ2 + η2

– ∆mBd/∆mBs ⇒ |Vtd/Vts|2 ∝ (1− ρ)2 + η2

– CP violation in K, B, Bs decay
“unitarity triangle”
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Precision SM tests with kaons

• CPV in K system is at the right level (ϵK accommodated with O(1) KM phase)

• Hadronic uncertainties precluded precision tests (ϵ′K notoriously hard to calculate)
Cannot rule out substantial BSM contribution to the measured value of ϵ′K
(N.B.: bad luck in part — heavy mt enhanced hadronic uncertainties, but helps for B physics)

• K → πνν : precise theory, but tiny rates ∼ 10−10 (K±), 10−11 (KL)

A ∝


(λ5m2

t) + i(λ5m2
t) t : CKM suppressed

(λm2
c) + i(λ5m2

c) c : GIM suppressed
(λΛ2

QCD) u : GIM suppressed

� �� �

�����	��

����	���

� �

� � � �
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• Experimental uncertainty O(30%) in K+ → π+νν̄, much larger in KL → π0νν̄
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The quest for K+ → π+νν̄

• Searched for since the 1960s (longer than
for Higgs), sensitive to O(100TeV) scale

• Last week: first time that the background-
only hypothesis can be rejected with > 5σ

NA62: B(K+ → π+νν̄) = (13.0+3.3
−2.9)×10−11

Consistent with SM (≈ 8× 10−11), at 1.7σ

• KOTO: B(KL → π0νν̄) < 2× 10−9
[NA62, 9/24/24]
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B mesons: what’s special about them?

• Many interesting processes with clean theoretical interpretations:
– Top quark loops not too strongly suppressed

– Large CP violating effects possible, some with clean interpretation

– Some of the hadronic physics understood model independently (mb ≫ ΛQCD)

• Experimentally feasible to study:
– Υ(4S) resonance is clean source of B mesons

– Long B meson lifetime
(If |Vcb| were as large as |Vus|, no B factories built, these lectures would not take place, etc.)

– Timescale of oscillation and decay comparable: ∆m/Γ ≃ 0.77 (and ∆Γ ≪ Γ)
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B meson mixing

• Quantum mechanical two-level system; flavor eigenstates: |B0⟩= |bd⟩, |B0⟩= |bd⟩

• Time evolution: i d

dt

(|B0(t)⟩
|B0(t)⟩

)
=

(
M − i

2
Γ
)(|B0(t)⟩

|B0(t)⟩

)
Mass eigenstates: |BH,L⟩ = p|B0⟩ ∓ q|B0⟩

b

d

d

b

t

t

W W

b

d

d

b

W

W

t t

M, Γ: 2× 2 Hermitian matrices (CPT implies M11 = M22 and Γ11 = Γ22)

• Off-diagonal elements dominated by box diagrams with top ⇒ short distance

In the SM: M12 = (VtbV
∗
td)

2 G
2
F

8π2

m2
W

mB

S

(
m2
t

m2
W

)
ηB bB(µ) ⟨B0|(bLγνdL)2|B0⟩

CKM calculable perturbatively nonperturbative

• Time dependence involves mixing & decay: |BH,L(t)⟩ = e−(iMH,L+ΓH,L/2)t|BH,L⟩

• Hadronic uncertainties in ∆m (LQCD helps) and especially ∆Γ, but not in arg(q/p)
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CPV in interference between decay and mixing

• Can get theoretically clean information in some
cases when B0 and B0 decay to same final state
Mass eigenstates: |BH,L⟩ = p|B0⟩ ∓ q|B0⟩

0B

0B

CPf

q/p

A

A

• Time-dependent CP asymmetry:

afCP =
Γ[B

0
(t) → fCP ] − Γ[B

0
(t) → fCP ]

Γ[B
0
(t) → fCP ] + Γ[B

0
(t) → fCP ]

• If amplitudes with one weak phase dominate, hadronic physics drops out:
afCP = (±1) sin(phase difference between decay paths) sin(∆mt)

arg[(q/p)(A/A)]

• Measure phases in the Lagrangian with small theoretical uncertainties
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Quantum entanglement — use EPR

• B0B0 pair created in a p-wave (L = 1) evolve coherently and undergo oscillations

Two identical bosons must be in a symmetric state — if one decays as a B0 (B0), then
at the same time the other B must be B0 (B0)

• EPR effect used for precision physics:

Measure B decays and ∆z

• First decay ends quantum correlation and determines flavor of other B at t = t1
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B → ψKS event (BABAR)

(KS → π+π−, ψ → µ+µ−)



CP violation in B → ψKS by the naked eye

• CP violation is an O(1) effect, world average: sin 2β = 0.709± 0.011

[BaBar, hep-ex/0703021]
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a(t)=
Γ[B

0
(t) → ψK] − Γ[B

0
(t) → ψK]

Γ[B
0
(t) → ψK] + Γ[B

0
(t) → ψK]

= sin 2β sin(∆mt)

• CP violation in K decays is small because of small CKM elements, not because CP
violation is generically small — it is O(1) in some B decays
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pp → bb̄ or Z → bb̄: no quantum correlation

• B0
s with sufficient boost to study CPV at the LHC (and earlier at the Tevatron)

• gg, qq̄ → bb̄: measure flavor of
a b hadron, and flavor of B0

s as
a function of time

Need excellent time resolution,
and fully reconstructed B0

s to
know its boost
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The B-factories money plot

• Spectacular progress in last 20 years

• The CKM mechanism dominates CP violation
and flavor changing processes

• The implications of this consistency are often
overstated; larger allowed region if there is NP
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The B-factories money plot

• Spectacular progress in last 20 years

• The CKM mechanism dominates CP violation
and flavor changing processes

• The implications of this consistency are often
overstated; larger allowed region if there is NP

• Compare tree-level (lower plot) and loop-
dominated measurements

• LHCb: Bs constraints caught up with Bd

• O(20%) NP contributions to most loop-level
processes (FCNC) are still allowed
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Testing quark flavor — Take II

• The agreement of measurements is often interpreted as strong constraints on NP

• Assume: tree-level decays dominated by SM, BSM only significant in FCNCs (loops)

• Consider tree-level + meson mixing:
General parametrization of many models by two
real BSM parameters; redo CKM fit:

h e2iσ=A(B0→B0)/ASM(B0→B0) − 1 SM:
CSM

m2
W

NP:
CNP

Λ2

• Is η = 0 allowed? If not, the CKM mechanism plays a role in CP violation
(Recall: if η = 0, then the CKM matrix would be real, no contribution to CP violation)

• Is h >∼ 1 allowed? If not, the CKM mechanism is dominant

(Importance of these constraints known since the 70s, conservative picture of future progress)
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Is η = 0 allowed?

• CKM fit with h and σ parameters added:
h e2iσ = A(B0→B0)/ASM(B0→B0) − 1

• Weak interaction plays a role in flavor and
CP violation, even if NP is present
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Is h > 1 allowed?

• CKM fit with h and σ parameters added: h e2iσ = ANP(B
0→B0)/ASM(B0→B0)

dh
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• Last decade: BSM contributions to Bs mixing more constrained than those in Bd

• Weak interaction dominates CP violation: BSM / SM <∼ 25%
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NP in B mixing: improvements this decade

• At 95% CL: NP <∼ (0.25 × SM) ⇒ NP <∼ (0.08 × SM)

• Scale: h ≃ |Cij|2
|V ∗
tiVtj|2

(
4.5TeV

Λ

)2

⇒ Λ ∼
{

2.3 × 103 TeV
20TeV (tree + CKM)
2TeV (loop + CKM)

• Complementary to high-pT searches
(E.g., similar to LHC mg̃ reach)

Now LHCb 50/fb + Belle II 50/ab
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[2006.04824]

[color: 2σ, dotted: 3σ] M
(q)
12 = MSM

12 (1+hqe
2iσq)

• BSM sensitivity would continue to increase until much larger data sets
(LHCb will collect 300/fb after second upgrade in LS4, initial plans for a possible Belle II upgrade)
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Summary (1)

• Flavor physics probes scales ≫1TeV; sensitivity limited by statistics, not theory
⇒ New physics could show up any time measurements improve

• KM phase is the dominant contribution to the observed CP violation so far

• In most FCNC processes NP/SM ∼ 20% still allowed (discovery ⇒ upper bound on NP scale)

• CP violation is O(1), just screened by small mixing angles in K and D decays

• Data sets and sensitivities will improve by a lot

• Interesting theory and experimental challenges

• Near future: “anomalies”, both in quark & lepton sector, might first be established
Long term: large increase in discovery potential in many modes
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Recent hints of deviations from the SM

• Intriguing tensions with the SM ⇒ experimental scrutiny, new theory ideas

• Some would be unambiguous NP signals
(Note that vertical axis is an unspecified function)

Except for theoretically cleanest modes, cross-checks
needed to build robust case
– measurements of related observables
– independent theory / lattice QCD calc.

• (Was?) most significant: g − 2
Hadronic contributions argued
among lattice QCD groups
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Recent hints of deviations from the SM

• Intriguing tensions with the SM ⇒ experimental scrutiny, new theory ideas

• Some would be unambiguous NP signals
(Note that vertical axis is an unspecified function)

Except for theoretically cleanest modes, cross-checks
needed to build robust case
– measurements of related observables
– independent theory / lattice QCD calc.

• (Was?) most significant: g − 2
Hadronic contributions argued
among lattice QCD groups
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• Each could be a whole talk — I can only cover some of it
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B “anomalies” — major focus in the past 10 years

• Lepton non-universality would be clear evidence for NP

1) RK and RK∗ (B → Xµ+µ−)/(B → Xe+e−) ∼ 20% correction to SM loop �

� �

�
�

� �

��
� � � �
�
	��
  � 	��

2) R(D) and R(D∗) (B → Xτν̄)/(B → X(e, µ)ν̄) ∼ 20% correction to SM tree ν

�����

Scales: RK(∗) <∼ few× 101TeV, R(D(∗)) <∼ few× 100TeV Would bound NP scale!

• Theor. less clean: 3) P ′
5 angular distribution (B → K∗µ+µ−)

Theor. less clean: 4) Bs → ϕµ+µ− and related rates

Could fit 1), 3), 4) with one operator: C(NP)
9,µ /C

(SM)
9,µ ∼ −0.2 , O9,µ = (s̄γαPLb)(µ̄γ

αµ)

• Viable BSM models... leptoquarks? No clear connection to DM & hierarchy puzzle

• What are smallest deviations from SM, which can be unambiguously established?
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To avoid...

I’ll try to separate what’s “proven” and what’s “hoped”



B → D(∗)ℓν̄



The B → D(∗)τ ν̄ decay rates

• BABAR, Belle, LHCb: R(X)=
Γ(B → Xτν̄)

Γ(B → X(e/µ)ν̄)

3.3σ from SM predictions — theory robust due to
heavy quark symmetry + lattice QCD

• Imply NP at a fairly low scale
Mediators constrained or visible at ATLAS & CMS
Many models Fierz (mostly) to V −A ⇒ SM distributions 0.2 0.3 0.4 0.5

R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

total 0.026±R(D) = 0.342 
total 0.012±R(D*) = 0.287 

 = -0.39ρ
) = 35%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

• Tree level: three ways to insert mediator: (bν)(cτ), (bτ)(cν), (bc)(τν)
Tree level: overlap with ATLAS & CMS searches for b̃, leptoquark, H±

• Models built to fit these anomalies have impacted many ATLAS & CMS searches
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Exciting future prospects
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[2101.08326]

• Measurements will improve a lot, and reach few % in several decay modes

• Even if deviations from SM decrease, may establish NP

• Competition, complementarity, cross-checks between LHCb and Belle II
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Unfolded distributions: not done before 2017

• Belle published unfolded B → D∗lν̄
(l = e, µ) distributions [1702.01521]

• Fitted shapes: BGL: Boyd, Grinstein, Lebed, ’95–97
Fitted shapes: CLN: Caprini, Lellouch, Neubert, ’97
1997–2017: all measurements used CLN

• Enabled performing many different fits to data
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[Grinstein & Kobach, 1703.08170]
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Analyticity → BGL and z-expansion

• Kinematics: w = v · v′ =
m2
B +m2

D(∗) − q2

2mBmD(∗)
, v =

pB

mB

, v
′
=
p
D(∗)

m
D(∗)

z(w) =

√
w + 1 −

√
2

√
w + 1 +

√
2

or z∗(w) =

√
w + 1 −

√
2 a

√
w + 1 +

√
2 a

, a =

(
1 + rD

2
√
rD

)1/2

• Blaschke factors: P ∼
∏
k

z − zk

1 − z̄kz
removes poles at zi, and unimodular on unit circle

[Boyd, Grinstein, Lebed, hep-ph/9508211, etc.]

• BGL expansion of each Fi form factor:
Fi(z)Pi(z)ϕi(z) =

∑
anz

n
∞∑
n=0

|an|2 ≤ 1

(Illustration is for b → s transition; analytic structures very similar:

replace K → D, resonances are Bc states)
[image credit]
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Motivated pushing HQET further

• Much of this could have been worked out in the 1990s... (no one would have cared)

‘When you think you can finally forget a topic, it’s just about to become important’ [Polchinski]

• Lorentz invariance: 6 functions of q2, only 4 measurable with e, µ final states

⟨D| c̄γµb |B⟩ = f+(q
2
)(pB + pD)

µ
+

[
f0(q

2
) − f+(q

2
)
]m2

B −m2
D

q2
q
µ

⟨D∗| c̄γµb |B⟩ = −ig(q2) ϵµνρσ ε∗ν (pB + pD∗)ρ qσ

⟨D∗| c̄γµγ5b |B⟩ = ε
∗µ
f(q

2
) + a+(q

2
) (ε

∗ · pB) (pB + pD∗)µ + a−(q
2
) (ε

∗ · pB) q
µ

For ml = 0, the a− and f0 − f+ form factors do not contribute (∝ qµ = pµB − pµ
D(∗))

• HQET: One Isgur-Wise function (heavy quark limit) + 3 at O(ΛQCD/mc,b) + . . .

• “Idea”: fit 4 functions of w with 4 observables (1 in B → D lν̄ and 3 in B → D∗lν̄)

• Uncertainties are O(Λ2
QCD/m

2
c,b , α

2
s) [Bernlochner, ZL, Papucci, Robinson, 1703.05330]
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Making the most of HQET in B → D(∗)ℓν̄

• Determine all 6 form factors from 4 distributions in e, µ modes [1703.05330]

Measured: B → Dlν̄ : dΓ/dw B → D∗lν̄ : dΓ/dw and R1,2(w) form factor ratios

• HQET: One Isgur-Wise function in heavy quark limit +3 more at O(ΛQCD/mc,b)

• Data for B → D(∗) lν̄ determine all form factors up to O(Λ2
QCD/m

2
c,b , α

2
s)

• O(1/m2
c,b): number of “universal” functions proliferate

Studied truncations of O(1/m2) terms: vanishing chro-
momagnetic (VC) limit or residual chiral (RC) expansion
(Other approach is to include 1/m2

c uses LCSR) [2206.11281]

HQET Isgur-Wise functions
order All RC Expansion VC Limit
1 1 1 1

1/mc,b 3 3 2

1/m2
c 20 1 2

1/m2
c,b 32 3 3

• Many open questions: RCE from first principles? Order of BGL truncation? Constraints
from unitarity / LQCD / models? Tensions of FNAL/MILC and exp. data?
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Recent progress for inclusive semileptonic decays

• Γ(B → Xsγ) motivated multi-loop developments since ‘90s; important to constrain SM
[2007.04320, 2309.14707, etc., waiting for improved measurements]

• Γ(B → Xcℓν̄)/|Vcb|2 has been calculated in the OPE with ∼ 2% uncertainty

Impressive recent 3-loop results (rate, mkin
b ) [2011.13654, 2011.11655, 2107.00604, 2205.03410, etc.]

Also αs corrections to O(1/m3) [2112.03875]

My tentative conclusion: may be hitting a wall around 1% (may be too strong?)
(Not accounting for any experimental cuts on phase space)

• Uncertainty of |Vcb| may limit improving BSM sensitivity in Bd and Bs mixing

• If Γ(B → Xuℓν̄) could be measured without cuts on phase space (to remove Xc back-
ground based on kinematics), uncertainty of |Vub| would be similar to |Vcb|
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B → K(∗)ℓ+ℓ−



RK and RK∗ before 2022: theoretically cleanest

• LHCb: R
K(∗) =

B → K(∗)µ+µ−

B → K(∗)e+e−
< 1 both ratios ∼2.5σ from lepton universality

2.6σ
2.2σ

2.5σ

• Theorists’ fits quoted 3– 5σ (sometimes including P ′
5 and/or Bs → ϕµ+µ−)

• Modifying one Wilson coefficient in Heff (due to NP?) gives good fit: δ C9,µ ∼ −1
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RK and RK∗ now: SM-like, but rates too small?

[LHCb, 2212.09153]

0.1 < q2 < 1.1GeV2 (low-q2), 1.1 < q2 < 6.0GeV2 (central)
[Smith, LHCP 2024]
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The P ′
5 anomaly in B → K∗µ+µ−

• “Optimized observables” [1202.4266 + long history]

(some assumptions about what’s optimal)

Global fits: best solution: NP reduces C9
[Altmannshofer, Straub; Descotes-Genon, Matias, Virto; Jager, Martin Camalich;
Bobet, Hiller, van Dyk; many more]

Difficult for lattice QCD, large recoil
What is the calculation which detremines how far below the
J/ψ this comparison can be trusted?

• Tests: other observables, q2 dep., Bs and Λb decays

−
→

BSM, fluctuation, SM theory?

• Impacts many questions: Is the cc̄ loop tractable? Affects many decays, CP viol., etc.
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Some concerns... maybe?

• Key players:
O7 =mb s̄σµνeF

µν
PRb

O9 = e
2
(s̄γµPLb)(ℓ̄γ

µ
ℓ)

O10 = e
2
(s̄γµPLb)(ℓ̄γ

µ
γ5ℓ)

Best fit: modify C9,µ

b → cc̄s(cc̄ → ℓ+ℓ−) contributes 0 5 10 15 20
0

1

2

3

4

• Question: validity of perturbative methods for cc̄ contribution
B(B → ψXs → ℓ+ℓ−Xs) ∼ (4 × 10−3) × (6 × 10−2) ∼ 2 × 10−4

Much larger than the short distance contribution

• Not well understood why so different than e+e− → hadrons (no effect on lepton universality)
[Long history: hep-ph/9512225, hep-ph/0401188, 0902.4446, 1707.07305, 2206.03797, 2212.10516, 2406.14608, etc.]
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B → Kνν̄

• Similar short-distance contributions, with straightforward long-distance effects

• Also relevant for dark sector searches (B → K+invis.)
(Is the excess in one bin of q2?) [2309.00075, 2311.14629], etc.

• Input: precise form factor calcuation [HPQCD, 2207.12468]

• If this tension becomes more significant, stopping
NA62 after LHC Run 3 will look even more mistaken

[Belle II, 2311.14647]

Belle II result is 2.7σ from the SM
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E.g., leptoquark flavor structures

• Leptoquarks were some of the most often discussed models for RK(∗) and R(D(∗))
(A-priori no reason for the leptoquark couplings to be approximately flavor conserving)

Need this to explain b → sℓ+ℓ− data Need to worry about all b → qℓ+1 ℓ
−
2 couplings

λ =

λde λdµ λdτλse λsµ λsτ
λbe λbµ λbτ


• RK∗ implied a range for Re(λseλ∗be − λsµλ

∗
bµ)/M

2

• Motivates LFV searches: B → K(∗)µ±e∓, B → K(∗)µ±τ∓, etc., (similarly inD &K decays)

• Leptoquarks — almost by definition — connect quark and lepton flavor
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Some key measurements, improving precision
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Measurements of γ crucial,
LHCb is now most precise

• Uncertainty of predictions ≪ current experimental errors (⇒ seek lot more data)

• Breadth crucial, often have to combine many measurements and theory
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B → µ+µ−: interesting well beyond HL-LHC

• Bd → µ+µ− in SM, 10−10 : LHCb expects 10% (300/fb), CMS expects 15% (3/ab)

SM uncertainty ≃ (2%) ⊕ f2Bq ⊕ CKM, and
may be further reduced

• A theoretically very clean |Vub|, using only
isospin: B(Bu → ℓν̄)/B(Bd → µ+µ−)

• A decay with mass-scale sensitivity (dim.-6
operator) that competes w/ K → πνν̄ 0 1 2 3 4 5 6

9−10×

)−µ+µ→s
0B(B

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
9−10×)− µ+ µ

→0
B(

B

SM

LHCb
1−4.4 fb

1−9 fb

contours correspond to 68%, 95%, 99% CL regions

[LHCb, 2108.09284]

PDG average: [LHCb, CMS, ATLAS]

B(Bs → µ+µ−) = (3.34± 0.27)× 10−9
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CP violation in D decays and mixing

• CP violation in D decays:
LHCb, Nov. 2011: ∆ACP ≡ AK+K− −Aπ+π− = −(8.2± 2.4)× 10−3 (I think a stretch in the SM)

LHCb, Mar. 2019: ∆ACP = −(1.82± 0.33)× 10−3
[1903.08726]

• What is the maximal CPV that could be due to SM?
CKM factors: |VcbVub/(VcdVud)| ≃ 7× 10−4

Before measurements, most theory papers stated (assumed)
that strong interaction suppresses CPV further

• Can we establish if CP violation in decay or mixing
(more “inclusive”) could still probe BSM?
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Beauty and Charm
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CP violation in D –D mixing

• Mixing generated by down quarks

• SUSY: up-type squarks in box dia-
grams, interplay of D &K bounds
⇒ alignment, universality, heavy squarks?

• Connections to FCNC top decays

• Only learned recently: x/y = O(1)
(Only in 2021 was ∆m ̸= 0 established at >3σ) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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•SM?

• Very high scales probed, further improvements expected
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Electric dipole moments

• SM + mν: CPV can occur in: (i) quark mixing; (ii) lepton mixing; and (iii) θQCD

Only observed δKM ̸= 0, baryogenesis implies there must be more

• Neutron EDM bound: “the strong CP problem”, θQCD < 10−10 — axion?
θQCD is negligible for CPV in flavor-changing processes

• EDMs from CKM: vanish at one- and two-loop
EDMs from CKM: large suppression at three-loop level

• Many BSM scenarios: quark and lepton EDMs can be generated at one-loop
Generic prediction (TeV-scale, no small param’s) above current
bounds; if mSUSY ∼ O(10TeV), may still discover EDMs

• Expected 102–103 improvements: complementary to LHC
Discovery would give (rough) upper bound on NP scale
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The LHC is a top factory: top flavor physics

• FCNC top decays not yet strongly constrained
t→ cZ, cγ, cH, uZ, uγ, uH

SM predictions: < 10−12

Best current bound: <∼ few × 10−4
[ATLAS, CMS]

• Sensitivity will improve 1– 2 orders of magnitude

l

ν

t
W

Z

u, c

t

l

l

b

• Indirect constraints: tL ↔ bL ⇒ tight bounds from B decays
– Strong bounds on operators with left-handed fields
– Right-handed operators could give rise to LHC signals

• If top FCNC is seen, LHC & B factories will both probe the NP responsible for it
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The LHC is a Higgs factory

• Rich physics: many production and decay channels (fermion couplings crucial)

• Higgs flavor param’s: 3rd gen: κt, κb, κτ ; 2nd gen: κc, κµ; do κt,c, κτµ vanish?
• Thoroughly test Higgs paradigm ⇒ seek much higher precision
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Very broad program

• Recall, most cited Belle paper is discovery of X(3872), for BaBar the D∗
s0(2317)

• γ from CP asymmetries in tree-level decays

• CP asymmetries, e.g., SB→ψKS, SBs→ψϕ, SB→KSπ
0γ

• Differences of CP asymmetries, e.g., SψKS − SϕKS, SBs→ψϕ − SBs→ϕϕ

• Bs → µ+µ−, search for Bd → µ+µ−, other rare / forbidden decays

• Rare decays, e.g., B → K(∗)ℓ+ℓ−, Bs → ϕγ, B → K(∗)νν̄

• Search for charged lepton flavor violation, e.g., τ → µγ, τ → 3µ

• Search for CP violation in D0 −D0 mixing, semileptonic decays, etc.

• Improvements in many measurements
• Any of these measurements could establish new physics
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Many “exotic” searches

• Better tests of (exact or approximate) conservation laws

• Exhaustive list of dark / hidden sector searches

• LFV meson decays, e.g., M0 → µ−e+, B+ → h+µ−e+, etc.

• Invisible modes, “mesogenesis”, B → N + invis. [+mesons] [1708.01259, 1810.00880, 2101.02706]

• Hidden valley inspired scenarios, e.g., multiple displaced vertices, even with ℓ+ℓ−

• Exotic Higgs decays, e.g., high multiplicity, displaced vertices (H → XX → abab)

• Search for “quirks” (non-straight “tracks”); e.g., at LHCb using many velo layers

• I do not know how many CP violating quantities have been measured...
neither how many “new” hadronic states discovered by BABAR, Belle, LHCb ...
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Anticipated increases in sensitivity

• Scales of dim-6 operators probed =⇒
Various mechanisms devised so
that NP obeys these bounds
(Patterns matter more than precise values;
Note special role of meson mixing)

• If NP is within any collider’s reach,
must have nontrivial flavor structure

The idea of (dominantly) 3rd generation NP
goes back (at least) to the ’90s [hep-ph/9607394]

mesons leptons EDM Higgs top

[hatched: MFV]

[European Strategy Update 2020, arXiv:1910.11775]

• Lack of NP in flavor tells us something! Motivates tera-Z, part of comprehensive search
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Summary (2)

• Precision tests of SM will improve in the next decade by 10–104

• Few tensions with SM; some of these (or others) could soon become unambiguous
Any of the current anomalies becoming decisive would imply NP at a fairly low scale

• Discovering lepton universality violation would focus even more attention on LFV

• Many interesting theoretical questions relevant for optimal experimental sensitivity

• Large increases in data always triggered unforeseen developments — make most of it

• Complementarity between flavor & high-pT probes of BSM (and understanding it)
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Theory challenges / opportunities

• New methods & ideas: recall that the best α and γ measurements are in modes pro-
posed in light of Belle & BABAR data (i.e., not in the BABAR Physics Book)
– Better SM upper bounds on Sη′KS − SψKS, SϕKS − SψKS, and Sπ0KS − SψKS
– And similarly in Bs decays, and for sin 2β(s) itself
– How big can CP violation be in D0 –D0 mixing (and in D decays) in the SM?
– Many lattice QCD calculations (operators within and beyond SM)
– Better understanding of inclusive & exclusive semileptonic decays
– Factorization at subleading order (different approaches), charm loops
– Can direct CP asymmetries in nonleptonic modes be understood enough to
– make them “discovery modes”? [SU(3), the heavy quark limit, etc.]

• We know how to make progress on some + discover new frameworks / methods?
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Lepton non-universality → lepton flavor violation

quark sector
New charged current interactions
generically introduce new FCNCs

Hope: new physics at LHC, couples to
quarks somehow (production, decays)

However, no NP effect seen yet in FCNCs

Puzzle: How does NP know about the
quarks’ mass and weak eigenstates

Solution: Some symmetry of NP, minimal
flavor violation, natural in GMSB

lepton sector
New lepton-nonuniversal interactions
generically introduce LFV

Hope: some of the hints for lepton non-
univerality survive

However, no LFV seen unambiguously

Puzzle: Same for leptons question for
whatever mediates the BSM interaction

Solution: Same, maybe... Want data on
many processes to give clues
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New particles, e.g., supersymmetry

• Any new particle that couples to quarks or leptons ⇒ new flavor parameters
The LHC will measure: masses, production rates, decay modes (some), etc.
Details of interactions of new particles with quarks and leptons will be important

• New physics flavor structure can be: new physics mass scale:
– Minimally flavor violating (mimic the SM)
– Related but not identical to the SM
– Unrelated to the SM, or even completely anarchic

↑↓ can be “light”

must be heavy
Some aspects will be understood from ATLAS & CMS data (masses, decays, etc.)

• New sources of CP violation: squark & slepton couplings, flavor diagonal processes
(e, n EDM), neutral currents; may enhance FCNCs (B(s) → ℓ+ℓ−, µ→ eγ)
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Example: SUSY in K0 –K0 mixing

• (∆mK)
SUSY

(∆mK)exp
∼ 10

4

(
1TeV

m̃

)2 (
∆m̃2

12

m̃2

)2

Re
[
(K

d
L)12(K

d
R)12

]
(oversimplified)

Kd
L(R): mixing in gluino couplings to left-(right-)handed down quarks and squarks

• Constraint from ϵK: replace 104Re
[
(Kd

L)12(K
d
R)12

]
with ∼ 106 Im

[
(Kd

L)12(K
d
R)12

]

(44 CPV phases: CKM + 3 flavor diagonal + 40 in mixing of fermion-sfermion-gaugino couplings)

• Classes of models to suppress each terms (structures imposed to satisfy bounds)
(i) Heavy squarks: m̃≫ 1TeV (e.g., split SUSY)
(ii) Universality: ∆m2

Q̃,D̃
≪ m̃2 (e.g., gauge mediation)

(iii) Alignment: |(Kd
L,R)12| ≪ 1 (e.g., horizontal symmetry)

• All models incorporate some of the above — known since the ’70s
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The MSSM parameters and flavor

• Superpotential: W =
∑

i,j

(
Y u
ijHuQLiŪLj + Y d

ijHdQLiD̄Lj + Y ℓ
ijHdLLiĒLj

)
+ µHuHd
[Haber, hep-ph/9709450]• Soft SUSY breaking terms: (S = Q̃L,

˜̄DL,
˜̄UL, L̃L,

˜̄EL)

Lsoft =−
(
A
u
ijHuQ̃Li

˜̄ULj + A
d
ijHdQ̃Li

˜̄DLj + A
ℓ
ijHdL̃Li

˜̄ELj + BHuHd

)
−

∑
scalars

(m
2
S)ij SiS̄j −

1

2

(
M1B̃B̃ +M2W̃W̃ +M3g̃g̃

)
3 Y f Yukawa & 3 Af matrices — 6×(9 real + 9 imaginary) parameters
5 m2

S hermitian sfermion mass-squared matrices — 5×(6 real + 3 imag.) param’s
Gauge and Higgs sectors: g1,2,3, θQCD,M1,2,3,m

2
hu,d

, µ, B — 11 real + 5 imag.
Parameters: (95 + 74) − (15 + 30) from U(3)5 × U(1)PQ × U(1)R → U(1)B × U(1)L

• 44 CPV phases: CKM + 3 in M1,M2, µ (set µB∗,M3 real) + 40 in mixing matrices
44 CPV phases: of fermion-sfermion-gaugino couplings (+80 real param’s)
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History of surprises: CP violation

⇒ Cronin & Fitch, Nobel Prize, 1980
⇒ 3 generations, Kobayashi & Maskawa, Nobel Prize, 2008



3



Flavor and future colliders

• LHCb upgrade in LS2 (inst. lumi.: 2 × 1033)

• LHCb Upgrade II in LS4 (inst. lumi.: 1.5×1034)

ATLAS & CMS competitive in some modes
Extensive sensitivity projections: 1808.08865, 1812.07638

• Goal: over 50× the Belle data set

• Discussions about physics case and
feasibility of an upgrade, aiming 50/ab
→ 250/ab (parallel LHCb Upgrade II)
Extensive sensitivity projections: 1808.10567

• Only Tera-Z would go well beyond current program — clear case if BSM seen in flavor

Z L – p. 3/1

https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1812.07638
https://arxiv.org/abs/1808.10567


Physics in 20 years may be very different

• Will LHC see NP beyond the Higgs? (new particle ⇒ new flavor sector, recall Hτµ anomaly)

• Will NP be seen in the quark sector? (Current data: hints of possible deviations from SM)

• Will NP be seen in charged lepton sector? µN → eN , µ→ eγ, τ → µγ, τ → 3µ?

• Will DM be discovered? Axions? EDMs? Something else?

• Neutrinos: Does 3 flavor paradigm hold? What is the nature of ν mass?

• No one knows — an exploratory era! Any BSM discovery would be a game changer

• While Higgs is an obvious place to look for BSM, want broad searches on all fronts

Z L – p. 3/2



What is the scale of new physics?

• Flavor,K,B,D: (b̄Γd)2

Λ2
⇒ Λ >∼ 102 –105 TeV

(Note special sensitivity of meson mixings)

• Electroweak: (H†DµH)2

Λ2
⇒ Λ >∼ 10TeV

• Actual scales may be much less; e.g., in SM:
∆mK

mK

∼ g42
16π2

|VcsVcd|2
m2
c

m4
W

f
2
K ∼ 7 × 10

−15

(hatched: MFV)

mesons leptons EDM Higgs top

[1910.11775]

• Lack of NP in flavor tells us something; motivates tera-Z part of comprehensive search

• If NP is within any collider’s reach, it must possess nontrivial structures (e.g., MFV-like)
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Higgs and superconductivity

• Gauge symmetry forbids γ,W,Z masses, Coulomb’s law, infinite range

Meissner effect: photon acquires a mass, B field falls off exponentially

Higgs mechanism: nonabelian analog to give masses to W±, Z0

(spontaneously breaking of gauge symmetry)

The vacuum in our Universe is in a superconducting state below 1015 K

• Superconductivity: microscopic theory, Cooper pairs (“new physics”)

• Higgs mechanism: Is it totally different?
As for superconductivity, microscopic explanations have phenomena at nearby scales
(supersymmetry, little higgs, technicolor, extra dimensions, strongly interacting sectors, etc.)

• It would be unprecedented to have no “new physics” at nearby scales (nearby=?)
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How much improvement needed? E.g.: CP violation

O

O

O

O

“At that stage the search was terminated by administration of the Lab.”
[Okun, hep-ph/0112031]

O

◦
Unexpected discovery from minor improvements. Not what the goal was. Are we looking at all places?

https://arxiv.org/abs/hep-ph/0112031


Higgs and flavor



LHC: impressive map of H couplings

• No constraint yet on origin of 1st generation fermion masses, mainly µ from 2nd gen.

• FCC-ee can establish role of Higgs in yc, get close to ys and ye
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Decays HL-LHC can probe fairly well

• Big improvements for many couplings

• Order of magnitude or more for
κZ, κc, invisible, and “exotic” channels

• κZ especially significant
in many models its modification is corre-
lated with those of self coupling

• Model independent measurement of the
Higgs total width is only possible in e+e−

(∗ : no direct access to H width) [Midterm Report]
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Higgs self coupling: the holy grail?

• Measure κλ: O(5) now ⇒ O(1) at HL-LHC ⇒ O(.25) at FCC-ee⇒ O(0.03) at FCC-hh

• Ultimate FCC-hh sensitivity requires: destructive interference ↘
– mt from FCC-ee
– tt̄ threshold scan needs αs at max precision from Z (WW?)

• Data at multiple CM energies important for the FCC-ee reach ↘
(Also to constrain different SMEFT operators, resolve degeneracies)

• Precisely mapping out Higgs self-interaction is a well defined
target, a “no-lose theorem” for FCC

• In many models, correlated modifications of λ andHZZ, which
FCC-ee will probe to 0.14%
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Approaching electron Yukawa?

• Probing ye at
√
s = 125GeV would be unique to FCC-ee

[2203.06520]

• Can additional measurement make this a compelling part of the run plan?
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Precision electroweak observables

• 105 improvement over LEP is qualitatively new
Both a huge leap forward and the right target
(mass scale) ∝ (uncertainty)−1/2 ∝ (statistics)−1/4

• A lot of the precision electroweak physics also con-
cerns flavor (τ lifetime & mass, Rℓ for each ℓ flavor, etc.)

• Sensitive to order of magnitude heavier NP in loops
Many interesting observables, complementary sensitivities

• Interesting experimental & theoretical challenges to
reduce systematic uncertainties to statistical limits

E.g., AbFB, largest remaining tension from LEP/SLD
Must improve: fragmentation, MC, higher orders, jet tagging

Alain Blondel
1
, Patrick Janot

2
: FCC-ee overview: new opportunities create new challenges 7

Table 3. Measurement of selected precision measurements at FCC-ee, compared with present precision. The systematic uncer-
tainties are initial estimates, aim is to improve down to statistical errors. This set of measurements, together with those of the
Higgs properties, achieves indirect sensitivity to new physics up to a scale Λ of 70 TeV in a description with dim 6 operators,
and possibly much higher in specific new physics (non-decoupling) models.

Observable present FCC-ee FCC-ee Comment and
value ± error Stat. Syst. leading exp. error

mZ (keV) 91186700 ± 2200 4 100 From Z line shape scan
Beam energy calibration

ΓZ (keV) 2495200 ± 2300 4 25 From Z line shape scan
Beam energy calibration

sin
2
θ

eff
W (×10

6
) 231480 ± 160 2 2.4 from A

µµ
FB at Z peak

Beam energy calibration

1/αQED(m
2
Z)(×10

3
) 128952 ± 14 3 small from A

µµ
FB off peak

QED&EW errors dominate

R
Z
` (×10

3
) 20767 ± 25 0.06 0.2-1 ratio of hadrons to leptons

acceptance for leptons

αs(m
2
Z) (×10

4
) 1196 ± 30 0.1 0.4-1.6 from R

Z
` above

σ
0
had (×10

3
) (nb) 41541 ± 37 0.1 4 peak hadronic cross section

luminosity measurement

Nν(×10
3
) 2996 ± 7 0.005 1 Z peak cross sections

Luminosity measurement

Rb (×10
6
) 216290 ± 660 0.3 < 60 ratio of bb̄ to hadrons

stat. extrapol. from SLD

A
b
FB, 0 (×10

4
) 992 ± 16 0.02 1-3 b-quark asymmetry at Z pole

from jet charge

A
pol,τ
FB (×10

4
) 1498 ± 49 0.15 <2 τ polarization asymmetry

τ decay physics
τ lifetime (fs) 290.3 ± 0.5 0.001 0.04 radial alignment
τ mass (MeV) 1776.86 ± 0.12 0.004 0.04 momentum scale
τ leptonic (µνµντ ) B.R. (%) 17.38 ± 0.04 0.0001 0.003 e/µ/hadron separation
mW (MeV) 80350 ± 15 0.25 0.3 From WW threshold scan

Beam energy calibration
ΓW (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan

Beam energy calibration

αs(m
2
W)(×10

4
) 1170 ± 420 3 small from R

W
`

Nν(×10
3
) 2920 ± 50 0.8 small ratio of invis. to leptonic

in radiative Z returns

mtop (MeV/c
2
) 172740 ± 500 17 small From tt̄ threshold scan

QCD errors dominate

Γtop (MeV/c
2
) 1410 ± 190 45 small From tt̄ threshold scan

QCD errors dominate

λtop/λ
SM
top 1.2 ± 0.3 0.10 small From tt̄ threshold scan

QCD errors dominate
ttZ couplings ± 30% 0.5 – 1.5 % small From

√
s = 365 GeV run

predictions. The effects of a heavy Z′ gauge boson provide an illustrative example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensitive
to such a new object by Z/Z

′
mixing or interference, while measurements at higher energies would display increasing

deviation from the SM in the dilepton, diquark or diboson channels. The combination of these two effects would
provide a tell-tale signature and allow constraints on mass and couplings of this possible new object to be determined.

5 Opportunities: Flavours

A total of 7 × 1011 bb̄ pairs, available with a sample of 5 × 1012 Z decays promised by FCC-ee, provides many
opportunities in flavour physics. The precisions of CKM matrix element measurements expected from LHCb and
Belle2 will be challenged, and the search for unobserved phenomena will be pushed forward, such as CP-symmetry
breaking in the mixing of beautiful neutral mesons [14].
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Can one appreciate / anticipate a 105 improvement?

• What might 105× LEP mean? Can we predict it...? (Recall : Belle II / ARGUS ∼105 !)

Theory and experimental techniques both changed a lot! (e.g., full hadronic reconstruction)

Asymmetric B factories at Υ(4S) great for CP violation, less ideal for (semi)leptonic decays

• What was not even tried at LEP? (due to lack of statistics or lack of physics interest)

Interesting but probably not the best example: ττ spin correlations with 3-prong decays? (0.03 × 0.12)

Some rare decay sensitivity can improve linear with stat, e.g., Z → µτ, µe, etc.
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Very rare Z and h decays

• Intrinsic motivation: is it possible to probe Yukawa couplings in exclusive final states?

E.g., Z → J/ψ γ, expect B ∼ 10−7 — calibration for H → J/ψ γ (B ∼ 3× 10−6)

Focus of a number of papers, recently h, Z,W, t few-body decays [Study ∼200 channels, 2312.11211]

• FCNC Z and h decays in SM probably beyond reach, jet tagging, small rates

B(Z → bs̄) ∼ 4× 10−8 in SM, exp bound 3× 10−3
[Tammaro, FCC workshop]

B(h→ bs̄) ∼ 9× 10−8 in SM, exp bound 0.16 (indirect bounds much better for now)
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A particular sensitivity to SUSY: Z → ℓ+ℓ−

• Precisely measure: Rℓ =
Γℓ+ℓ−

Γhadrons

• Consider a SUSY simplified model, with q̃, g̃ heavy,
only electroweakinos & sleptons light

• Ultimate sensitivity depends on αs, sin2 θw, etc.
Several measurements combined for best physics reach

Even better sensitivity to flavor violating effects (e, µ, τ) 0 1000 2000 3000 4000 5000 6000
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[Knapen, Langhoff, ZL, [2407.13815]

• Complementary to SMEFT based studies, any model may have important correlations
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Some simple takeaways

• Need progress both on experimental and theoretical systematics

Including: αs, sin2 θw, luminosity measurements, detector acceptance

• Many theory calculations needed, improvements in Monte Carlo (e.g., for AbFB)

• Not only the “most precise” extraction of parameters matter, but also the “second best”
(First fixes SM expectations, second to constrain BSM)

• Can probe regions that fall outside (or between) HL-LHC exclusion regions
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Flavor @ FCC



Flavor physics at FCC-ee

• Only tera-Z would go well beyond current program — clear case if BSM seen in flavor

Particle production (109) B0 + B0 B± B0
s + B0

s Λb + Λ̄b B±
c cc̄ τ+τ−

Belle II (50 ab−1) 27 27 tbd — — 65 45
tera-Z (6×1012 Z) 600 600 150 130 3 600 170

[2106.01259](often the sole focus of talks on flavor @ FCC)

Comparison with LHCb more complex: roles of trigger, LHCb has advantage if final
state is fully reconstructed, if there are neutrals, tera-Z may win

• WW threshold: W → bc̄ can give a qualitatively new determination of |Vcb|
Estimate 0.2% uncertainty, using 108 WW , independent of B measurements
[Monteil @ 7th FCC Physics Workshop, Jan 2024]; also, [2405.08880]

Important, as |Vcb| may limit improving BSM sensitivity in Bd,s mixing [2006.04824]
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https://arxiv.org/abs/2106.01259
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Tera-Z: an amazing flavor experiment

• Almost everything about flavor can be done better at tera-Z, focus on few unique points

• 10× Belle II statistics, extra advantage from clean environment and boost of the b
An exciting program, whether BSM is discovered before or not
Flavor probes BSM broadly, relates to most of the parameters of the SM, SMEFT, MSSM, etc.

• Long term: large increase in discovery potential in many modes

• Hot topics in 2040s are unlikely to be what they are now, or what we can guess now

• For many key measurements we know they won’t be systematics limited
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Sensitivity to new physics in B mixing

• In many BSM scenarios, dominant deviations from SM may be in neutral meson mixing

Assume: (i) 3× 3 CKM matrix is unitary; (ii) tree-level decays dominated by SM

General parametrization: h e2iσ=ANP(B
0→B0)/ASM(B0→B0) (hd,s, σd,s: NP param’s)

• CKM fit with 4 BSM param’s added;
combines many measurements and
theory inputs [Charles et al., 2006.04824]

(⇒ conservative view of future progress)

• Sensitive to TeV scale, even if NP is MFV-like

• |Vcb| becomes a bottleneck; Tera-Z sensi-
tivity will be better (no LQCD extrapolations)
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The b → cτ ν̄ anomalies could make compelling case

• Over 3σ tension forR(D(∗)), if it prevails, requires O(10%)
correction to a tree-level SM process

• If NP is charged under SU(2), unavoidable connection to
b→ sτ+τ− or b→ sνν̄ — correlations distinguish models

[image credit]

• Tera-Z can measure B → K∗τ+τ−, K∗νν̄ at SM level

• Boost of B from Z decay provides ideal environment
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(expect ∼1000 events)
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(Very) rare (semi)leptonic decays

• Unique capabilities for decays with large missing energy, i.e., ν or τ in final state
(And better than LHCb for e±)

• Tera-Z could be the first to measure:
Many decays mediated by b→ sνν̄ or b→ sτ+τ−, and their b→ d counterparts
B → K(∗0)τ+τ−, Λb → Λτ+τ−, B → K(∗)νν̄, Bs → ϕνν̄, Λb → Λνν̄, B → π(ρ)νν̄, etc.

• Two-body B → ℓ+ℓ− decays sensitive to very high scales (comparable to K → πνν̄)

Bs,d → µ+µ−: tera-Z expected to be comparable to HL-LHC for
Bs,d → τ+τ−: tera-Z is much more sensitive: measure it, if ≥ SM level [∼8 × 10−7]

• Another important 2-body decay, to be measured by FCC-ee: Bc → τ ν̄

• b→ cτ ν̄ and sℓ+ℓ− anomalies: in many models, correlated effects in many processes
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CP violation in neutral meson mixing: Ad,s
SL

• Only seen in K so far; for B(s), the m2
c/m

2
b suppres-

sion in the SM may be lifted by BSM [hep-ph/0202010]

ASL =
Γ[B0(t) → ℓ+X] − Γ[B0(t) → ℓ−X]

Γ[B0(t) → ℓ+X] + Γ[B0(t) → ℓ−X]

Plenty of room between current sensitivity and SM
predictions (not yet known if LHCb becomes syst. limited) -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
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• Current status: Exp: AdSL = −(2.1± 1.7)× 10−3 AsSL = −(0.6± 2.8)× 10−3

Current status: SM: AdSL = −(4.7± 0.6)× 10−4 AsSL = (2.22± 0.27)× 10−5
[1603.07770]

• Unique to Tera-Z: uncertainty ∼ 2.5× 10−5 for both AdSL and AsSL, reach SM level
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Polarized baryons: unique, but how useful?

• Baryons can probe short-distance physics in some ways that mesons cannot
b and c quarks in Z decays are highly polarized, largely retained by baryons

Long history of interesting works, I feel we may be missing the key applications / ideas [see, e.g., Mannel et al., PLB 255 (1991) 593]

• Baryon polarization tells us about Dirac structure of operators that create them
(Washed out by hadronization for mesons)

Need to know how well the quark polarization is retained by the baryons
(More work needed, connections with top decays [1505.02771])

• With highly polarized Λb from Z decay, semileptonic Λb → Λcℓν can test the chirality of
weak interaction in similar ways to the Michel parameters in µ decay

Similar studies in rare FCNC decays, e.g., Λb → Λℓ+ℓ− (+ analogous Λc decays)
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Crazy but fun: inclusive B → Xuτ ν̄ doable?

• Calculated lepton energy spectrum, τ polarization, etc. [ZL, Luke, Tackmann, 2112.07685]

Managed to write dΓ/dEℓ at O(αs) in closed form (1st time for massive → massive?)
(As far as I know, dΓ/dEℓ at O(αs) is not known analytically in B → Xceν̄)

• The b-quark pdf is much more important
in B → Xuτ ν̄ than in B → Xueν̄ decay
Sizable in half of the phase space
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Tidbits of τ physics

• Recent anomalies increased interest in probing lepton flavor universality

PIONEER will soon improve π → eν vs. µν by factor ∼15 (+ searches for new particles)

• In τ decay, best precision from τ → eνν̄ vs. µνν̄ — and lifetime (n.b. ee → µµ → ττ )
Beyond statistics improvement, many analyses benefit from τ boost

• Large improvements in CLFV τ searches

• Belle II: 2 orders of magnitude; e.g., τ → µγ, µµµ

Big model dependence in B(τ → µγ)/B(µ→ eγ)

• FCC would yield further improvement

• Any discovery ⇒ broad program to map structure
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Final remarks



What are the largest useful data sets?

• No one has seriously explored it! (Recall, Sanda, 2003: the question is not 1035 or 1036...)

• Which measurements will remain far from being limited by theory uncertainties?
– For γ ≡ ϕ3, theory uncertainty only from higher order EW
– Bs,d → µµ, B → µν and other leptonic decays (lattice QCD, [double] ratios)

– Ad,sSL — can it keep scaling with statistics?
– Lepton flavor violation & lepton universality violation searches
– Possibly CP violation in D mixing (firm up theory)

• Very broad program

• In some decays, even in 2040s we’ll have (exp. bound)
/

SM >∼ 103 (E.g.,Bd,s → e+e−, τ+τ−)

• Sensitivity to NP could improve with data ≫ LHCb, Belle II, tera-Z
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Summary (3)

• Very rich physics program
FCC-ee foundational, complementary to LHC and FCC-hh, necessary for making the most of FCC-hh

• FCC-ee can be a discovery machine
Much improved sensitivity to: Higgs, PEW, flavor, light particle searches

• Z pole: a leap from LEP, qualitatively new sensitivity
Probes beyond HL-LHC; In flavor physics, the only way to go beyond Belle II & LHC(b)

• Interesting challenges to maximize sensitivity, both for experiment and theory

• Ample physics reasons to study the largest possible attainable data sets
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Extra slides



Run plans and highlights

Fig. 3 Potential physics programme for FCC-ee, ordered by increasing centre-of-mass energy, without indication of a specific chronological sequence. The events
highlighted in dark grey indicate the minimal programme with two interaction points and fifteen years of running, with the corresponding integrated luminosities and
physics outcome, as described in the 2018 FCC-ee CDR [5]. The numbers of Z, WW, ZH, and tt̄ events delivered to four interaction points are also indicated, if the
sequence remained untouched in this configuration. Alternatively, the larger integrated luminosity expected with four IPs could allow for a wider physics programme,
with additional centre-of-mass energies, as highlighted in lighter grey.

10
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Sensitivity to new physics in B mixing

• h e2iσ=ANP(B
0→B0)/ASM(B0→B0)

Redo CKM fit w/ 4 BSM param’s added
Relies on many measurements & theory inputs

• Big improvements: Sensitive to TeV scale,
even if NP is MFV-like (loop & CKM suppressed)

Complementary to high-pT searches

• |Vcb| becomes a bottleneck; Tera-Z sensitivity
will be better, not lattice QCD extrapolations yet
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“Now”
[Charles et al., 2006.04824]
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