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DPG (Spring meetings of the German Physical Society)
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KCETA Colloquium
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Questions from past lectures
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Learning goals
Why are we looking for physics beyond the SM?


How are we looking for physics beyond the SM?


What are existing anomalies and unexplained effects of the SM
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How many free parameters does the standard model have?
19 free parameters (different choices possible)


3 running couplings constants (g, g’, gs) or (αQED(0), αS(mZ), GF)


mZ and W mass (or Higgs vacuum expectation value)


12 Quark and 3 charged lepton masses


Higgs mass


3 rotation angles and one CP violating phase (CKM matrix)


plus 7 parameters if because neutrinos are massive 

3 neutrino masses


Neutrino 3 rotation angles and one CP violating phase (PMNS matrix), maybe two more CP 
violating Majorana phases
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The Standard Model: Particles and interactions

Source: Symmetry Magazine 
(there is at least one sign mistake in this equation…)

QCD

interactions 
between bosons 

(W, Z, H)

weak force

Higgs ghosts

weak ghosts
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Why do we look for physics beyond the Standard Model?

9

Unexplained phenomena, aka “SM (or experiments) gets it very wrong”: measured effects unpredicted by theory

Dark Matter


Dark Energy


Matter/Antimatter Asymmetry of the universe


Gravity


Neutrino masses


Observed Anomalies (or unexplained experimental results), aka “SM (or experiments) gets it somehow wrong”

Flavour anomalies: R(D*), g-2, P5’, until last year R(K) and R(K*)


W mass


Sterile neutrinos


Theory shortcoming 
adhoc assumptions


large number of free parameters


theta parameter in QCD


…
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Theory problem example: CP violation in QCD
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The Standard Model in principle allows CP violating terms (here for two 
quarks, see [1]): 
 

ℒ = −
1
4

FμνFμν + θ
g2

32π2
FμνF̃μν + ψ̄(iγμDμ − meeθ′￼γ5)ψ

[1]: https://www.osti.gov/servlets/purl/6260191

https://www.osti.gov/servlets/purl/6260191
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Theory problem example: CP violation in QCD
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Neutrons are electrically neutral, but 
they could have a non-zero electric 
dipole moment (EDM): Positive and 
negative charges separated in spin 
direction. 

A non-zero electric dipole moment of the 
neutron (nEDM) violates both parity 
(spin unchanged, charge distribution 
reversed) and time-reversal (spin 
changed, charge distribution 
unchanged). 

If CPT is still conserved, T-violation 
directly indicates CP violation.
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Theory problem example: CP violation in QCD

12
Picture: https://www.psi.ch/de/ltp-ucn-physics/n2edm

SM assuming θ=0

https://www.psi.ch/de/ltp-ucn-physics/n2edm


Particle Physics 1

Theory: Fine-tuning Problem
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The Higgs mass can both be measured (as input 
to the theory), but it can also be predicted by 
the Standard Model


The Higgs field depends on fluctuations of the 
Higgs field, the top field, the W field, … and all 
fields we dont know yet. 


The VEV and the Higgs mass are very small (== 
the Higgs field is rather flat around the 
minimum), despite many individual contributions 
to the Higgs field being large 
 
→ This requires a very precise cancellation of 
various, partially unknown, effects (“unnatural”?)
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How do we look for physics beyond the Standard Model?

14

Resources are always limited, what is your best chance?

Processes where you can achieve very high experimental sensitivity, often because of 
technological breakthroughs give access to new parameter space (e.g. LHC, very fast 
readout, quantum sensors, …)


Processes where you have very small theory uncertainties


Processes where you already have indications of SM breaking (“anomalies”)


Processes where you have symmetry arguments for the existence of greater unified 
theories


Processes that would solve one of the open theory questions


Processes that are predicted by a new theory (confirm hypothesis or falsify theory) 


…ideally several of the above!
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Why is it so hard to find new physics?
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What alternatives do we have for the Standard Model?

16

Wishlist for a good new theory:

Contains existing SM as low energy approximation


Predictive power: Predicts new falsifiable phenomena


Simplicity: Has mathematically (!) simpler structure


Deductibility: Fewer ad-hoc assumptions and fewer free parameters


Completeness: Gives reasons for non-observance of otherwise allowed effects (“everything 
that is not forbidden is allowed”) 
 

There is an incredibly large number of possible BSM extensions!
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New particles could be very heavy or/and very weakly coupled

17 Credit: Nature Physics volume 16, 393–401 (2020)

Belle II 

Belle II 

SHADOWS, SHiP
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Order in the chaos 1: Portal models

18




OSM is an operator composed from SM fields and ODS is an operator composed from dark 
sector fields 

Only keep lowest dimensional renormalisable portals 

this makes them rather simple theoretically, which in turn makes them very popular 

Keeps the theoretical structure (and all symmetries) of the SM intact


Predict experimental signatures, but not couplings or mass

ℒportal = ∑ OSM × ODS
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Order in the chaos 1: Portal models

19

Portal   Coupling

Vector portal (F is the dark photon field 
which couples to the hypercharge field B) 

Higgs portal (S is a scalar singlet  that 
couples to the SM Higgs doublet H with µ (dim. less) 
and λ (dimensional))

ALP portal (a is a pseudoscalar axion 
that couples to a dimension-4 di-photon, di-fermion or 
di-gluon operator) 

Neutrino portal (N is a neutral 
fermion that couples to one of the left-handed 
doublets L of the SM and the Higgs field H with a 
Yukawa coupling yN)

−
ϵ

2 cos(θW)
F′￼μνBμν

(μS + λS2)H†H

yNLHN

a
fa

FμνF̃μν,
a
fa

Gi,μνG̃
μν
i ,

∂μa
fa

ψ̄γμγ5ψ
While for QCD axions mass and 
coupling have a fixed relation, 
axion-like particles can have any 
mass and coupling.
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New BSM particles could decay into other BSM particles

20

m
ed

ia
to

r m
as

s

dark matter mass

2me

collision energy

mM >
 2M

DM

mediator off-shell

forbidden

M → DM DM  
“invisible searches” 

often assume M > 3 MDM

DM

DM

M M → SM SM  
“visible searches”

SM

SM

M

Resonance searches (or 
“bump hunts”) generally 
search for unstable particles 
and reconstruct the invariant 
mass from decay products


Typically sensitive to new 
mediators (e.g. heavy or light 
Z’ bosons)


Decays could happen into 
other BSM particles, incl. 
invisible DM candidates
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Look-Elsewhere Effect (LEE)
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Experimental searches for unknown (!) parameters generally test many 
(can be tens of thousands…) different hypothesis on the same dataset


Probability of a significant result due to statistical fluctuations 
increases with the number of test-hypotheses


So call “trial factors” are usually determined using simulation to correct 
for this effect


In publications “local significance” refers to uncorrected values, “global 
significance” refers to corrected values
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Example portal model: Dark photons

22

The most famous: massive Dark 
Photons


Mix with SM photons and decay 
back into pairs of SM particle 
(like a virtual SM photon)


Requires very high production 
rates of SM photons: Beam 
dumps and high-intensity 
colliders like Belle II

 [GeV]A'm
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e
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Gamma Factory:
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2109.10905 (UL@90% CL)

Results within 20 years

BC1: Vector portal  - Dark Photon into visible final states

19
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Reduce model dependency: Anomaly Detection

23

State of the art development: 
Unsupervised Machine Learning 
trained on known backgrounds but 
not on unknown (and hence often 
assumed) signal model


ML learns to encode and decode 
event signatures it has been trained 
on


BSM physics that was not part of 
the training sample perform worse 
in this process
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Finding new physics: Tail of the whale

24

Energy scale Λ of new physics may be beyond our direct reach

→ instead of resonance peaks, we will see small deviations from predictions

Energy

N
um

be
r o

f e
ve

nt
s

Λ

Standard 
Model

Beyond the 
Standard Model

~1 TeV → 100 TeV
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Finding new physics: Tail of the whale

25

Example from history: Discovery of the Z boson (compare lecture 12)

https://ui.adsabs.harvard.edu/link_gateway/2016IJMPS..4060078F/doi:10.1142/S2010194516600788
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Order in the chaos 2: Effective field theories (EFT)

26

Well known example that precision calculations are possible without 
knowing details of the underlying theory: Fermi theory of β-decay


Idea: Expand SM Lagrangian in powers of 1/Λ

Physics Beyond the Standard Model
Effective field theories

19
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Order in the chaos 2: SM Effective field theories (SMEFT)

27

Some redundancy for full set of all operators: 2499 in total
Physics Beyond the Standard Model
Effective field theories

21
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Order in the chaos 2: SM Effective field theories (SMEFT)

28

Even after applying symmetry arguments, one is usually left with a few ten operators


Usually many observables (differential cross sections, angular distributions, …) are 
combined in global fits

Physics Beyond the Standard Model
Effective field theories - example: LHC measurements

23

https://arxiv.org/abs/2012.02779
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Unexplained phenomena: Dark Matter

29

Astrophysical observations of different 
observables require additional matter 
(and/or modifications of general 
relativity)


The SM has not particle candidate that 
can constitute Dark Matter (DM)


The effect is so large and in so strong 
disagreement with the SM, that 
worldwide efforts are underway to 
search for DM


More in the next lecture!

Theoretical problem!
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Unexplained phenomena: Matter/Antimatter Asymmetry

30

Imbalance of baryonic and anti-baryonic matter in the universe 
 

 (better expressed using the entropy density)


Sakharov conditions:

Baryon number B violation (e.g. proton decay) 


C- and CP-symmetry violation (CKM matrix in the SM, but the effect is tiny → CPV in the 
neutrino sector?)


Interactions out of thermal equilibrium (production rate of asymetry generating processes 
smaller than expansion of the universe


No explanation in the SM!

η =
nB − nB̄

nγ
≈ 10−9
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Anomaly: R(D*)

31

V µ

�5/3 and V µ

1/6 do not couple to down-type quarks, and so are not of interest to us. The

other LQs transform as follows under SU(3)c ⇥ SU(2)L ⇥ U(1)Y :

R2 ⌘ ��7/6 : (3̄, 2,�7/6) , R̃2 ⌘ ��1/6 : (3̄, 2,�1/6) , S1 ⌘ �1/3 : (3̄, 1, 1/3) ,

S̃1 ⌘ �4/3 : (3̄, 1, 4/3) , S3 ⌘ ~�0

1/3 : (3̄, 3, 1/3) , (27)

U1 ⌘ V µ

�2/3 : (3̄, 1,�2/3) , U3 ⌘ ~V 0µ

�2/3 : (3̄, 3,�2/3) , V2 ⌘ V µ

�5/6 : (3̄, 2,�5/6) .

Note that here the hypercharge is defined as Y = Qem � I3. R2, R̃2, etc. are the names
given to these LQs in Ref. [108]. We adopt this nomenclature here.

All of these LQs were explored at di↵erent times as potential explanations of the
b ! sµ+µ� anomalies. In Ref. [63], fits were done including each LQ individually, and
it was found that only S3, U1 and U3 provide good fits. (The S3, U1 and U3 LQs were
originally examined in Refs. [109, 110, 111, 112], [113, 114] and [115], respectively.) In the
case of the U1, the best fit has gµb

ed
' 0, so that all three LQ solutions have CNP

9µ = �CNP
10µ.

We therefore see that the CNP
9µ = �CNP

10µ explanation can be generated by a Z 0 or a
LQ, while the CNP

9µ solution is purely Z 0.15 Ref. [63], it was shown that measurements
of CP violation in B ! K⇤µ+µ� have the potential to distinguish the CNP

9µ and CNP
9µ =

�CNP
10µ explanations. Similarly, it was argued in Ref. [116] that these two solutions can be

di↵erentiated through the measurements of B(Bs ! µ+µ�) and CP-averaged azimuthal-
angle asymmetries in B ! K⇤µ+µ�.

4 Charged-current anomalies: b ! c`�⌫̄`

We now turn to the charged-current B flavour anomalies, observed in b ! c`�⌫̄` transi-
tions. Whereas b ! s`+`� occurs at loop level in the SM, b ! c`�⌫̄` is a tree-level decay
in the SM (although the amplitude is multiplied by Vcb ' 0.04). Thus, a larger (tree-level)
NP contribution is required to explain these anomalies. On the other hand, a similarity
with the neutral-current anomalies is that both have been seen in LFUV observables.

4.1 Experimental Results

Discrepancies with the SM have been seen in the following observables:

R
D(⇤) ⌘

B(B̄ ! D(⇤)⌧�⌫̄⌧ )

B(B̄ ! D(⇤)`�⌫̄`)
, ` = e, µ , RJ/ ⌘ B(Bc ! J/ ⌧⌫⌧ )

B(Bc ! J/ µ⌫µ)
. (28)

The latest results are (the R
D(⇤) numbers are taken from Ref. [117], the RJ/ numbers

from Ref. [118])

R⌧/`

D
/(R⌧/`

D
)SM = 1.14± 0.10 , R⌧/`

D⇤ /(R
⌧/`

D⇤ )SM = 1.14± 0.06 ,

R⌧/µ

J/ 
/(R⌧/µ

J/ 
)SM = 2.51± 0.97 . (29)

15 Producing the CNP
9µ solution with LQs requires multiple LQs, whose couplings and masses are exceed-

ingly fine-tuned.

20
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Anomaly: R(D*) at 3.2σ

32

Experimental problem?
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Anomaly: R(K) and R(K*) in  transitionsb → sℓℓ

33

includes the region near the photon pole, (ii) charmonium region, 9 < q2 < 14
GeV2: this includes the charmonium resonances (J/ , etc.), (iii) low K⇤ recoil,
14 < q2 < (mB � mK⇤)2 GeV2: here, EK⇤ ' ⇤QCD. Each region requires a
di↵erent treatment of hadronic uncertainties.

The angular observables can be further separated into two categories, di↵eren-
tiated by their sensitivity to hadronic e↵ects. The non-optimized observables
(the Si [11]) are more sensitive to hadronic uncertainties, while the optimized
observables (the Pi [10, 12, 13])4 are constructed so that the dependence on
soft form factors cancels exactly at leading order. They are usually measured
in q2 bins.

2. Observables that measure lepton-flavour-universality violation (LFUV). The gauge
bosons of the SM couple identically (i.e., universally) to charged leptons of di↵erent
generations. The LFUV observables include

RK =
B(B+ ! K+µ+µ�)
B(B+ ! K+e+e�)

, RK⇤ =
B(B ! K⇤µ+µ�)
B(B ! K⇤e+e�)

,

R� =
B(Bs ! �µ+µ�)
B(Bs ! � e+e�)

. (1)

The SM predicts that all of these ratios equal 1 (up to tiny lepton mass and electro-
magnetic e↵ects, see Ref. [14]). A deviation from this prediction in the measurement
of any of these observables would signal the breaking of lepton-flavour universality.
RK and RK⇤ have been measured by LHCb [15, 16] and Belle [17, 18]. Additional
LFUV observables can be constructed using optimized observables [19]:

Qi = P 0µ

i
� P 0e

i (2)

The SM predicts them to vanish to high accuracy. Two of these – Q4,5 – have already
been measured by Belle [20].

Three other types of observables are usually included in the global fits. (i) There are
inclusive decays such as B ! Xsµ+µ� (these measurements are still not very precise).
(ii) B(Bs ! µ+µ�) has been measured by LHCb, ATLAS and CMS. This observable is
particularly interesting due to its reduced hadronic sensitivity and its dependence on a
reduced subset of Wilson coe�cients (see next section). The discrepancy of this measure-
ment with the SM is at the level of ⇠ 2�. (iii) There are radiative observables such as
B ! Xs�, Bs ! �� and B ! K⇤�. Further details on the experimental status of all of
these observables can be found in Ref. [21].

4The first optimized observable, Ai
T , was introduced in Ref. [10]. A complete basis to describe the

four-body angular distribution was introduced later in Ref. [12], and it was redefined to adapt more easily
to the experimental measurements in Ref. [13].

4

includes the region near the photon pole, (ii) charmonium region, 9 < q2 < 14
GeV2: this includes the charmonium resonances (J/ , etc.), (iii) low K⇤ recoil,
14 < q2 < (mB � mK⇤)2 GeV2: here, EK⇤ ' ⇤QCD. Each region requires a
di↵erent treatment of hadronic uncertainties.

The angular observables can be further separated into two categories, di↵eren-
tiated by their sensitivity to hadronic e↵ects. The non-optimized observables
(the Si [11]) are more sensitive to hadronic uncertainties, while the optimized
observables (the Pi [10, 12, 13])4 are constructed so that the dependence on
soft form factors cancels exactly at leading order. They are usually measured
in q2 bins.

2. Observables that measure lepton-flavour-universality violation (LFUV). The gauge
bosons of the SM couple identically (i.e., universally) to charged leptons of di↵erent
generations. The LFUV observables include

RK =
B(B+ ! K+µ+µ�)
B(B+ ! K+e+e�)

, RK⇤ =
B(B ! K⇤µ+µ�)
B(B ! K⇤e+e�)

,

R� =
B(Bs ! �µ+µ�)
B(Bs ! � e+e�)

. (1)

The SM predicts that all of these ratios equal 1 (up to tiny lepton mass and electro-
magnetic e↵ects, see Ref. [14]). A deviation from this prediction in the measurement
of any of these observables would signal the breaking of lepton-flavour universality.
RK and RK⇤ have been measured by LHCb [15, 16] and Belle [17, 18]. Additional
LFUV observables can be constructed using optimized observables [19]:

Qi = P 0µ

i
� P 0e

i (2)

The SM predicts them to vanish to high accuracy. Two of these – Q4,5 – have already
been measured by Belle [20].

Three other types of observables are usually included in the global fits. (i) There are
inclusive decays such as B ! Xsµ+µ� (these measurements are still not very precise).
(ii) B(Bs ! µ+µ�) has been measured by LHCb, ATLAS and CMS. This observable is
particularly interesting due to its reduced hadronic sensitivity and its dependence on a
reduced subset of Wilson coe�cients (see next section). The discrepancy of this measure-
ment with the SM is at the level of ⇠ 2�. (iii) There are radiative observables such as
B ! Xs�, Bs ! �� and B ! K⇤�. Further details on the experimental status of all of
these observables can be found in Ref. [21].

4The first optimized observable, Ai
T , was introduced in Ref. [10]. A complete basis to describe the

four-body angular distribution was introduced later in Ref. [12], and it was redefined to adapt more easily
to the experimental measurements in Ref. [13].

4

includes the region near the photon pole, (ii) charmonium region, 9 < q2 < 14
GeV2: this includes the charmonium resonances (J/ , etc.), (iii) low K⇤ recoil,
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RK and RK⇤ have been measured by LHCb [15, 16] and Belle [17, 18]. Additional
LFUV observables can be constructed using optimized observables [19]:

Qi = P 0µ

i
� P 0e

i (2)

The SM predicts them to vanish to high accuracy. Two of these – Q4,5 – have already
been measured by Belle [20].

Three other types of observables are usually included in the global fits. (i) There are
inclusive decays such as B ! Xsµ+µ� (these measurements are still not very precise).
(ii) B(Bs ! µ+µ�) has been measured by LHCb, ATLAS and CMS. This observable is
particularly interesting due to its reduced hadronic sensitivity and its dependence on a
reduced subset of Wilson coe�cients (see next section). The discrepancy of this measure-
ment with the SM is at the level of ⇠ 2�. (iii) There are radiative observables such as
B ! Xs�, Bs ! �� and B ! K⇤�. Further details on the experimental status of all of
these observables can be found in Ref. [21].

4The first optimized observable, Ai
T , was introduced in Ref. [10]. A complete basis to describe the

four-body angular distribution was introduced later in Ref. [12], and it was redefined to adapt more easily
to the experimental measurements in Ref. [13].
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1 Introduction to B æ K(ú)¸+¸≠

Figure 1.6: Definition of the angles in the decay B0 æ Kú¸+¸≠.

in Ref. [18] resulting in the di�erential decay rate
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where the angular coe�cients I(a)
i

are functions of q2 only and can be expressed in
terms of the Kú transversity amplitudes [18]. In this notation the q2 dependencies are
completely separated from the angular variables. The coe�cients I(a)

i
are all physical

observables and contain the complete information that can be extracted from the
measurement. They are functions of Wilson coe�cients, containing information about
the short-distance e�ects and can be a�ected by new physics.

Definitions in eq. (1.25) are valid for the decay B æ Kú¸+¸≠. The CP conjugated
decay B̄0 æ K̄ú0¸+¸≠ has to be considered separately. The di�erential decay rate for
the combined measurement of B0 and B̄0 decays can be written as

d4(� + �̄)
d cos ◊¸ d cos ◊K d„ dq2 = 9

32fi

9ÿ
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3

In this Letter, a measurement of angular observables
and a test of lepton flavor universality (LFU) in the B !
K⇤`+`� decay is presented, where ` = e, µ. The B !
K⇤`+`� decay involves the quark transition b ! s`+`�, a
flavor-changing neutral current that is forbidden at tree
level in the Standard Model (SM). Various extensions
to the SM predict contributions from new physics (NP),
which can interfere with the SM amplitudes. In recent
years, several measurements have shown deviations from
the SM in this particular decay [1–3]. Global analyses of
B decays hint at lepton-flavor non-universality, in which
case muon modes would have larger contributions from
NP than electron modes [4, 5].

The decay can be described kinematically by three an-
gles ✓`, ✓K , � and the invariant mass squared of the lep-
ton pair q2 ⌘ M2

``c
2. The angle ✓` is defined as the angle

between the direction of `+ (`�) and the direction op-
posite the B (B̄) in the dilepton rest frame. The angle
✓K is defined as the angle between the direction of the
kaon and the direction opposite the B (B̄) in the K⇤ rest
frame. Finally, the angle � is defined as the angle be-
tween the plane formed by the `+`� system and the K⇤

decay plane in the B (B̄) rest frame. The di↵erential de-
cay rate can be parametrized using definitions presented
in Ref. [6] by

1

d�/dq2
d4�

d cos ✓` d cos ✓K d� dq2
=

9

32⇡


3

4
(1� FL) sin

2 ✓K + FL cos2 ✓K +
1

4
(1� FL) sin

2 ✓K cos 2✓`

� FL cos2 ✓K cos 2✓` + S3 sin
2 ✓K sin2 ✓` cos 2�+ S4 sin 2✓K sin 2✓` cos�

+ S5 sin 2✓K sin ✓` cos�+ S6 sin
2 ✓K cos ✓` + S7 sin 2✓K sin ✓` sin�

+ S8 sin 2✓K sin 2✓` sin�+ S9 sin
2 ✓K sin2 ✓` sin 2�

�
, (1)

where the observables FL and Si are functions of q2 only.
The observables P 0

i , introduced in Ref. [7] and defined as

P 0
i=4,5,6,8 =

Sj=4,5,7,8p
FL(1� FL)

, (2)

are considered to be largely free of form-factor uncer-
tainties [8]. Any deviation from zero in the di↵erence
Qi = Pµ

i � P e
i would be a direct hint of new physics [9];

here, i = 4, 5 and P `
i refers to P 0

4,5 in the correspond-
ing lepton mode. The definition of P 0

i values follows the
LHCb convention [1].

In previous measurements of the P 0
i observables only

B0 decays, followed by K⇤0 decays to K+⇡�, were used
[1]. This measurement also uses B+ decays, where
K⇤+ ! K+⇡0 or K0

S⇡
+. In total, the decay modes

B0 ! K⇤0µ+µ�, B+ ! K⇤+µ+µ�, B0 ! K⇤0e+e�,
and B+ ! K⇤+e+e� are reconstructed, where the in-
clusion of charge-conjugate states is implied if not explic-
itly stated. The full ⌥(4S) data sample is used contain-
ing 772⇥ 106 BB̄ pairs recorded with the Belle detector
[10] at the asymmetric-energy e+e� collider KEKB [11].
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector, a 50-
layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI(Tl)
crystals (ECL) located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux-

return located outside of the coil is instrumented to de-
tect K0

L mesons and to identify muons (KLM). The de-
tector is described in detail elsewhere [10]. This analysis
is validated and optimized using simulated Monte Carlo
(MC) data samples. EvtGen [12] and PYTHIA [13] are
used to simulate the particle decays. Final-state radi-
ation is calculated by the PHOTOS package [14]. The
detector response is simulated with GEANT3 [15].
For all charged tracks, impact parameter requirements

are applied with respect to the nominal interaction point
along the beam direction (|dz| < 5.0 cm) and in the trans-
verse plane (dr < 1.0 cm). For electrons, muons, K+,
and ⇡+, a particle identification likelihood is calculated
from the energy loss in the CDC (dE/dx), time-of-flight
measurements in the TOF, the response of the ACC, the
transverse shape and size of the showers in the ECL and
information about hits in the KLM. For electrons, en-
ergy loss from bremsstrahlung is recovered by adding
to the candidate the momenta of photons in a cone of
0.05 radians around the initial direction of the charged
track. K0

S candidates are reconstructed from pairs of
oppositely-charged tracks (treated as pions) and selected
based on vertex fit quality. ⇡0 mesons are reconstructed
from photon pairs with the requirement E� > 30 MeV
and 115 MeV/c2 < M�� < 153 MeV/c2. K⇤ candi-
dates are formed from K+⇡�, K+⇡0 and K0

S⇡
+ combi-

nations that satisfy the requirements on invariant mass
of 0.6 GeV/c2 < MK⇡ < 1.4 GeV/c2 and on vertex fit
quality (to suppress background). TheK⇤ candidates are
combined with oppositely charged lepton pairs to form B
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Figure 1.6: Definition of the angles in the decay B0 æ Kú¸+¸≠.

in Ref. [18] resulting in the di�erential decay rate
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where the angular coe�cients I(a)
i

are functions of q2 only and can be expressed in
terms of the Kú transversity amplitudes [18]. In this notation the q2 dependencies are
completely separated from the angular variables. The coe�cients I(a)

i
are all physical

observables and contain the complete information that can be extracted from the
measurement. They are functions of Wilson coe�cients, containing information about
the short-distance e�ects and can be a�ected by new physics.

Definitions in eq. (1.25) are valid for the decay B æ Kú¸+¸≠. The CP conjugated
decay B̄0 æ K̄ú0¸+¸≠ has to be considered separately. The di�erential decay rate for
the combined measurement of B0 and B̄0 decays can be written as
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In this Letter, a measurement of angular observables
and a test of lepton flavor universality (LFU) in the B !
K⇤`+`� decay is presented, where ` = e, µ. The B !
K⇤`+`� decay involves the quark transition b ! s`+`�, a
flavor-changing neutral current that is forbidden at tree
level in the Standard Model (SM). Various extensions
to the SM predict contributions from new physics (NP),
which can interfere with the SM amplitudes. In recent
years, several measurements have shown deviations from
the SM in this particular decay [1–3]. Global analyses of
B decays hint at lepton-flavor non-universality, in which
case muon modes would have larger contributions from
NP than electron modes [4, 5].

The decay can be described kinematically by three an-
gles ✓`, ✓K , � and the invariant mass squared of the lep-
ton pair q2 ⌘ M2

``c
2. The angle ✓` is defined as the angle

between the direction of `+ (`�) and the direction op-
posite the B (B̄) in the dilepton rest frame. The angle
✓K is defined as the angle between the direction of the
kaon and the direction opposite the B (B̄) in the K⇤ rest
frame. Finally, the angle � is defined as the angle be-
tween the plane formed by the `+`� system and the K⇤

decay plane in the B (B̄) rest frame. The di↵erential de-
cay rate can be parametrized using definitions presented
in Ref. [6] by
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where the observables FL and Si are functions of q2 only.
The observables P 0

i , introduced in Ref. [7] and defined as

P 0
i=4,5,6,8 =

Sj=4,5,7,8p
FL(1� FL)

, (2)

are considered to be largely free of form-factor uncer-
tainties [8]. Any deviation from zero in the di↵erence
Qi = Pµ

i � P e
i would be a direct hint of new physics [9];

here, i = 4, 5 and P `
i refers to P 0

4,5 in the correspond-
ing lepton mode. The definition of P 0

i values follows the
LHCb convention [1].

In previous measurements of the P 0
i observables only

B0 decays, followed by K⇤0 decays to K+⇡�, were used
[1]. This measurement also uses B+ decays, where
K⇤+ ! K+⇡0 or K0

S⇡
+. In total, the decay modes

B0 ! K⇤0µ+µ�, B+ ! K⇤+µ+µ�, B0 ! K⇤0e+e�,
and B+ ! K⇤+e+e� are reconstructed, where the in-
clusion of charge-conjugate states is implied if not explic-
itly stated. The full ⌥(4S) data sample is used contain-
ing 772⇥ 106 BB̄ pairs recorded with the Belle detector
[10] at the asymmetric-energy e+e� collider KEKB [11].
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector, a 50-
layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI(Tl)
crystals (ECL) located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux-

return located outside of the coil is instrumented to de-
tect K0

L mesons and to identify muons (KLM). The de-
tector is described in detail elsewhere [10]. This analysis
is validated and optimized using simulated Monte Carlo
(MC) data samples. EvtGen [12] and PYTHIA [13] are
used to simulate the particle decays. Final-state radi-
ation is calculated by the PHOTOS package [14]. The
detector response is simulated with GEANT3 [15].
For all charged tracks, impact parameter requirements

are applied with respect to the nominal interaction point
along the beam direction (|dz| < 5.0 cm) and in the trans-
verse plane (dr < 1.0 cm). For electrons, muons, K+,
and ⇡+, a particle identification likelihood is calculated
from the energy loss in the CDC (dE/dx), time-of-flight
measurements in the TOF, the response of the ACC, the
transverse shape and size of the showers in the ECL and
information about hits in the KLM. For electrons, en-
ergy loss from bremsstrahlung is recovered by adding
to the candidate the momenta of photons in a cone of
0.05 radians around the initial direction of the charged
track. K0

S candidates are reconstructed from pairs of
oppositely-charged tracks (treated as pions) and selected
based on vertex fit quality. ⇡0 mesons are reconstructed
from photon pairs with the requirement E� > 30 MeV
and 115 MeV/c2 < M�� < 153 MeV/c2. K⇤ candi-
dates are formed from K+⇡�, K+⇡0 and K0

S⇡
+ combi-

nations that satisfy the requirements on invariant mass
of 0.6 GeV/c2 < MK⇡ < 1.4 GeV/c2 and on vertex fit
quality (to suppress background). TheK⇤ candidates are
combined with oppositely charged lepton pairs to form B
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Figure 1.6: Definition of the angles in the decay B0 æ Kú¸+¸≠.
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models. The pseudoexperiments are generated with signal
yields many times larger than the data, in order to render
statistical fluctuations negligible.
The size of the total systematic uncertainty varies

depending on the angular observable and the q2 bin.
The majority of observables in both the Si and Pð0Þ

i basis
have a total systematic uncertainty between 5% and 25% of
the statistical uncertainty. For FL, the systematic uncer-
tainty tends to be larger, typically between 20% and 50%.
The systematic uncertainties are given in Table 3
of Ref. [70].
The dominant systematic uncertainties arise from the

peaking backgrounds that are neglected in the analysis, the
bias correction, and, for the narrow q2 bins, from the
uncertainty associated with evaluating the acceptance at a
fixed point in q2. For the peaking backgrounds, the
systematic uncertainty is evaluated by injecting additional
candidates, drawn from the angular distributions of the
background modes, into the pseudoexperiment data. The
systematic uncertainty for the bias correction is determined
directly from the pseudoexperiments used to validate the
fit. The systematic uncertainty from the variation of the
acceptance with q2 is determined by moving the point in q2

at which the acceptance is evaluated to halfway between the
bin center and the upper or the lower edge. The largest

deviation is taken as the systematic uncertainty. Examples
of further sources of systematic uncertainty investigated
include the mðKþπ−Þ line shape for the S-wave contribu-
tion, the assumption that the acceptance function is flat
across themðKþπ−Þmass, the effect of the Bþ → Kþμþμ−

veto on the angular distribution of the background and the
order of polynomial used for the background parametriza-
tion. These sources make a negligible contribution to the
total uncertainty. With respect to the analysis of Ref. [1],
the systematic uncertainty from residual differences
between data and simulation is significantly reduced,
owing to an improved decay model for B0 → J=ψK$0

decays [68].
The CP-averaged observables FL, AFB, S5, and P0

5 that
are obtained from the Si and Pð0Þ

i fits are shown together
with their respective SM predictions in Fig. 2. The results
for all observables are given in Figs. 1 and 2 and Tables 1
and 2 of Ref. [70]. In addition, the statistical correlation
between the observables is provided in Tables 4–23. The
SM predictions are based on the prescription of Ref. [44],
which combines light-cone sum rule calculations [43],
valid in the low-q2 region, with lattice determinations at
high q2 [71,72] to yield more precise determinations of the
form factors over the full q2 range. For the Pð0Þ

i observables,
predictions from Ref. [73] are shown using form factors

0 5 10 15
]4c/2 [GeV2q

0

0.2

0.4

0.6

0.8

1

L
F

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from ASZB

0 5 10 15
]4c/2 [GeV2q

0.5−

0

0.5

FB
A

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from ASZB

0 5 10 15
]4c/2 [GeV2q

0.5−

0

0.5

5S

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from ASZB

0 5 10 15
]4c/2 [GeV2q

1−

0.5−

0

0.5

1

5'
P

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from DHMV

FIG. 2. Results for the CP-averaged angular observables FL, AFB, S5, and P0
5 in bins of q2. The data are compared to SM predictions

based on the prescription of Refs. [43,44], with the exception of the P0
5 distribution, which is compared to SM predictions based on

Refs. [73,74].
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Theoretical or 

experimental problem?
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 (observed by Belle II 2023)

Much harder experimentally, much smaller theory 
uncertainty, but angular analysis is limited to using the 
… 

 (only upper limits so far)

Much harder experimentally… 

Did we break the SM? (Very heavy) 
Leptoquarks?

B → K(*)νν̄

K

B → K(*)τ+τ−
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Belle II Detector (Torben Ferber) 4

displaced 
leptons or 
hadrons

photon in muon 
detector

kinked track

displaced multitrack 
vertices

displaced multitrack 
vertices in muon 
detector

non-pointing 
photons

disappearing 
track

displaced 
photons

Long-lived particles (LLPs)
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b su/c/t

W−

a

γ

γ

Small couplings often lead to 
rather long lifetimes


Reconstruction algorithms or 
analysis selections may have 
rejected such signatures
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Precision measurement of the anomalous 
magnetic dipole moment of a muon (Lande 
factor)


The “anomalous” part is the deviation from g=2, 
introduced by higher order corrections


24 calorimeters distributed inside (why?) the 
ring measure energy and time of decay 
electrons from  decaysμ → eνeνμ

Credit: Fermilab
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Experimental problem?Requires very (!) precise theory 
calculations

“Schwinger 
interaction”
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All neutrino oscillation 
experiments agree with a three-
flavour oscillation… with two 
exceptions: MiniBooNE and LSND 
see an excess of  at low 
energies


Incompatible with each other and with a 
fourth “sterile” neutrinos


Reactor experiments see a slight 
excess (incompatible with LSND 
and MB)


Difficulties in calculations of antineutron 
yields in nuclear cores

νe

Experimental problem?

reactor anomaly: https://arxiv.org/abs/1101.2755
reactor theory: https://arxiv.org/abs/2110.06820LSND: https://arxiv.org/abs/hep-ex/0104049

Theoretical problem?

blue: oscillation into  
with large ?

ν̄μ
Δm

blue: oscillation into  
with large ?

ν̄μ
Δm

LSND
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Free proton is the only stable composite particle of the SM

Baryon number is conserved in the SM and the proton is the lightest baryon


Various BSM theories predict proton decays, often with the dominant decay mode 

Violates baryon number B (1 → 0)  and lepton number L (0 → -1), but conserves difference B-L (1 → 1)


Half life  (by Super-Kamiokande)

p → e+ + π0

T1/2 > 1.67 × 1034y

m
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What questions do you have?


