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Flavour anomalies

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Flavour anomalies
What do we mean by an anomaly?

Collins dictionary

m English: anomaly American: anomaly anomaly Example sentences COBUILD Collocations Trends

Definition of 'anomaly'

anomaly
Collins COBUILD

Word Frequency @ @@ ©

(anomali 4) @)

Word forms: plural anomalies 49

COUNTABLE NOUN

If something is an anomaly, it is different from what is usual or expected.

[formal]
The computer's software detected an anomaly caused by a virus. [

Synonyms: irregularity, departure, exception, abnormality More Synonyms of anomaly




Flayour anomalies
Within the Standard Model framework, we can calculate the probability of a

decay or a differential kinematic distribution of daughters in a decay

If the measured distributions (within uncertainties)
are not in agreement with the calculated 104 10058
ones, we have an anomaly

= L (all b xcept Ry)

8% CL (all b=s except RK- & B-mr]

So what! With loads of measurements
and predictions, some of them
are bound to be wrong? \

SM calculation

But what if nearly all (>100!) point in the a] Measurements
same direction? Do we see signs of a new I ittt
fundamental force, new vector bosons, ...?? 6c/cs"
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https://arxiv.org/abs/2104.10058

Flavour anomalies at LHCh

 The Large Hadron Collider is the largest producer In the world of b-
hadrons - S -

— These are great for studylng
as they have O(107) different
decays that each give
Information

— About 10% b-hadrons per
year

— One year of LHCb Upgrade | A
data already recorded i

— Next publications will have
twice as much data




Flavour anomalies at LHCh

« The Large Hadron Collider is the Iargest producer in the world of b-
hadrons - - S—

— These are great for studying \\\& VY \
as they have O(10¢) different ‘ >
decays that each give ': LU
Information

— About 10% b-hadrons per
year

— One year of LHCb Upgrade | i
data already recorded i

— Next publications will have
twice as much data




... and at Belle I
« The Belle Il detector detect B* and B® mesons produced from Y(4S)

decays

- Simplicity of environment allows
for inclusive reconstruction

- C_aﬁability to detect final states
with multiple neutral particles

— One result from Belle Il
plays an important part in
this story

KL and muon detector

Resistive Plate Counter (bamrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layars)

EM Calorimeter i

Cal(T1), wavetorm sampling elecinonics

—

Particle |dentification
Time-of-Propagation counter (barrel)
Prox. focusing Aeragel RICH (forward)

|
gy,

Y

positrons (4 GeV)

electrons (7 GeV) e

Vertex Detector
2 layers Si Pixels (DEPFET) + !
4 layers Si double sided strip DSSD

Central Drift Chamber
Smaller cell size, long lever arm
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Look for the rare

« |f adecay of a b-hadron is predicted as really rare within the Standard
Model, it is easier to spot an effect from something beyond the SM

_—H ) A/IJ
. V .
Not allowed in SM . \I\’\\A\ _  Allowed in SM
éYM’ but suppressed
b —
B~ K~
a /S ~ N a a
+
O/A/u
\A
LQ/ e Some new force carrier
b o u- that allows same final state??
. _
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The first penguins
e CLEO found evidence of B — K*y with BF~5 x 10*in 1993

VOLUME 71, NUMBER 5 PHYSICAL REVIEW LETTERS 2 AUGUST 1993

Evidence for Penguin-Diagram Decays: First Observation of B — K"*(892)~
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Many penguins have followed
 We are now looking at many penguins and in many different ways

o What do we want from the studies

— Cross check current results from
experimental and theoretical view

— Look for “forbidden” decays

— Clarify if current anomalies are due to | &
New Physics

— Improve our understanding of QCD
In non-pertubative regime

Penguin studies on Macquarie island, 1968




The B% — u*u- decay
 Conceptually the easiest of all these rare decays to look at
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BB — phu )su = 0"V VisI U s

« \ery precise prediction in the Standard Model




The B% — u*u- decay

Event 146539692
Run 174933
Sat, 21 May 2016 05:45:41

pp
collision point
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The B% — u*u- decay
 Very complex endeavour to identify a decay at the part-per-billion level
 Eventually fit can be made to mass distribution of the two muons
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The B% — u*u- decay
 Very complex endeavour to identify a decay at the part-per-billion level
 Eventually fit can be made to mass distribution of the two muons

B(BY — ptp~) B(B° — pp~) @95%CL 7(BY — utp~)[ps]
SM (3.66 =0.14) x 10~° (1.03 £ 0.05) x 1019 1.624 £ 0.009
CMS  3.83%735(stat.) Tq g (syst.) Lo 15 (fs/ Jis)) x 1077 <1.9%x107% (1.8315:55 (stat.) T5 04 (syst.))
ATLAS @8 08x10°% Ju <2.1x107° (0.9919-82(stat.) 4 0.17(syst.))
LHCb (3.0910-38 (stat.) T0 15 (syst.)) x 10~° <2.6x10°10 (2.07 & 0.29(stat.) + 0.03(syst.))




Topology of B® — K*u*yr

s (37)
 The local (high energy) amplitudes /N A
Interferes with the non-local tree level -
B — K*(cT) followed by (cc)—uy o

. . . .2 2
* Gives multiple regions in g =m

Broad
resonances

MM

* |nterference only relevant for

vector current (Co) low ¢ high ¢




Observables

« So called “observables” were developed to
categorise the decay

« F, fraction of decay produced with a
!cpngitudinally polarised K* seems to be the
Irst

Volume 175, number 3 PHYSICS LETTERS B

RARE DECAYS OF THE B MESON

Patrick J. O'DONNELL'!
CERN, CH-121T Geneva 23, Switzerluand

Received 11 April 1986
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Fig. 1. The distribution functions F(X) give the fraction of
events for whick the pairs produced have a value smailer than
X. (Here X denotes the value of x in uniis of 2m,.) The
fraction has been calculated separately for the distinct decay
modes B—=K*u"s” anéd B Kpu'p™ X. If only o' p™ pairy
are observed then Fy and Fy should be muitiplied by
{orAer+ ol and [py /{py + po )L respectively.




Optimised observables

o The observables were refined to minimise the effect of uncertainties in
form factors

« In particular the P’ observables have gained traction

1 &*r _ 9
dl'/dq* dcostedcosbgdddg” 327

— F,cos’fy cos2@; + Sysin’fgsin®f, cos2¢d + 5, sin2f, sin2f, cosc

3 1
[Z“ — F,)sin?fy + Fycosy + :1(1 — F; )sin®#; cos28,

+ 85 sin2@g sinfy cosh + Sesin’ @y cosfly + S;sin20 sinfly sing

Optimizing the basis of B — K*¢¢~ observables in

+ Sgsin2@g sin26; sing + Sgsin’fgsin’ 0 sian_b:I,
the full kinematic range

S_.l'—-i.."r.?.éi

Sébastien Descotes-Genon,” Tobias Hurth,” Joaquim Matias® and Javier Virto® P L




B — K*u*u- angular analysis
Results based on data from 2011 — 2016 from LHCb
P.'Is a derived parameter from the angular distribution

LHCD, Phys. Rev.

Lett. 125 (2020) 011802

This fit excludes the largest Lo
resonance regions

Leaves it to subsequent
Interpretation to deal with non-local
effects
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https://doi.org/10.1103/PhysRevLett.125.011802

Measurement of observables

« All the angular observables
from the B® - K*u*u can
be translated into
constraints in the effective
theory

« But the translation from
experimental
measurements to Wilson
coefficients still depend on
our “estimates” of low
energy QCD effects.

ARE’(CH))

LHCb, Phys. Rev. Lett. 125 (2020) 011802
T —
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https://doi.org/10.1103/PhysRevLett.125.011802

How to work around QCD limitations

« To be able to make firm statements about a signal of something new we
need to get beyond the current limitation from QCD uncertainties

 Several directions to follow
— Exploit that there is only one fundamental theory
— Compare final states where only the leptons differ
— Extract the QCD effects using a data driven method
— Look for matter-antimatter difference (e.g. CP violation) in the decays
— Final states with neutrinos

MONASH
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Exploit that there is only one fundamental theory

« For a given 4-fermion coupling there should only be one type of New
Physics 3 | | T
Alguero, M., Biswas, A., Capdevila, B] ef al. Py i
[EPJC 83, 648 (2023)] .-,'»f.-"' /
}fl,.-': /
x10® LHCb, Phys. Rev. Lett. 127 (2021) 151801 % )y /
* wuE Lges | [~ LHCbo®” )y /4
i\ . ~ LHCb 3fb™
2 12 | SM (LCSR+Lattice) L )y 4
2 1 SM(LCSR) D T
U FEE SM (Lattice) o5 Y
B 8k - < 7 '
E 6 EF}A (P J/L|.| '~I-'(2S) .:- o % —T * j’;‘l_”m + B — X0/ Fit
- 7 X B, = ¢up Fi
5‘ 3:’_| - b _1p@ gpases®™ B~ Ifi’: Pirt
S 4E A == g— S
T ) :_ L; '_!_‘={=§=. _: —_— bi}s,u,u F:r
?nrq N . _o. |— Global Fit
@ oL v
= 0 5 10 15 T
¢* [GeV?/c] 4 i

B% - QU 3 2 i 0 i 2 3



https://doi.org/10.1103/PhysRevLett.127.151801

Exploit that there is only one fundamental theory

. . . . 2
* Any potential new physics should affect all regions in g
— We can't have two different values of C, 5. DescotesGenon & P. St (OLab & LAPTT)

2
e We can fit the B® - K*u*u- in bins
— Good agreement between different regions 1

— Match between low g* (LCSR) and high
g’ (Lattice QCD) Is encouraging

S 0
= (_
— Sensitivity of comparison still quite poor -




Fit anomalies and QCD simultaneously

. : : : ) 0 0 + -
* Use expression of dispersion relation to parametrise B — K* pyu (K* —= K 1)
A ) =N [ (e =) 7 (e = €l Al

my (Cgeff)’g — C:,) T23(q2)}’

mpg -+ M=

Apt(e®) =N |{ (™) —c5) = (o —Cly)| Au(g®)

mp — Mg+

2m off). /
g ?b (¢t - cp) Tz(ff)},

atq) =] [( 4@ +65) 7 (cw+ )] D)

mB + mK)k

2m 4 '
+ 22 (6t - ) T

Ada?) =N {2 |C0 = Clo| Aol }




Fit anomalies and QCD simultaneously

Dispersion Local Non-local contributions

1 ffAr 2\ — (0),4 1P A; 2 1P Ag 2 2P ¢ 2 2
Relation Coiq) = G+ Y. " + Y g7 + Y17 + Y (g7 + Yielq)

Cgﬂ‘,ﬁ.(QZ) — CL;{ + €&eiw0

C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Serra [Eur.Phys.J.C 80 (2020) 12, 1095]




Fit anomalies and QCD simultaneously

Local Non-local contributions

Dispersion

Relation ™) = G + 124 Y PHg) + gD Y HaD) + YlaD)
0

1-particle
contributions

Includes:

w(782),  w(2S),

p(770), w(3770),

$(1020),  w(4040), C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Jhy, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]




Fit anomalies and QCD simultaneously

Local Non-local contributions

Dispersion
X effdr 2y o (0),4 1P A;, 2 1PAs, 2
Relation Co(g) =CE+ Y " Y (g + ¥ ()

1-particle 2-particle
contributions contributions
Includes: ke
w(782),  wi(29), bb.
p(770),  w(3770), D* f)-
$(1020),  y(4040), D*I_):'* C. Cornella, G. Isidori, M. Kénig, S. Liechti, P. Owen, N.
Jly, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]
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Fit anomalies and QCD simultaneously

Non-local contributions

Dispersion —
Relation  C;™(¢?) = ¢} + YO ¥.P(g) + ¥ E gD

K"[J
l_
l+

1-p'f1;thle 2-p§|rtlcfle Tau loop
contributions contributions contribution

Includes: ke

w(782),  w(29), D"%” 08 Sensitive to Cj

p(770), w(3770), D*f')'

$(1020), y(4040), DD C. Cornella, G. Isidori, M. Kénig, S. Liechti, P. Owen, N.
Jly, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]

University



Fit anomalies and QCD simultaneously

Local Non-local contributions

Dispersion
1 eff de -2y o (0),4 1P A 2 1P A; 2 2P Af 2 2
Relation Co (g = Co+ Y H Y g7 + Y (@O Yoz (g

)

ftAr 2y — M A iw°
C(g°) = C A e'e’™

This is determined 0
theoretically at 14

negative q2 values

K"[J
g_
l+

I+

Subtraction term 1-p'f1;thle 2-particle Tau loop
' | contributions contributions contribution
Asatrian, Greub, Virto Includes:
[JHEP 04 (2020) 012] w(782), w(2S), Includes: Sensitive to C;
770 y(3770) sl
Negligible impact from light p(770),  w(3770), D*D,
quarks $(1020),  w(4040), DD C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Jhy, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]
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Fit anomalies and QCD simultaneously

Local Non-local contributions

Dispersion
1 eff de -2y o (0),4 1P A 2 1P A; 2 2P Af 2 2
Relation Co (g = Co+ Y H Y g7 + Y (@O Yoz (g

Cgﬂ‘,ﬁ.(QZ) — CL;‘ €&€iw0

< . K’ ;
i This is determined B " K
i theoretically at 4 .
ACT negative ¢~ values :
S s -
Polarisation Subtraction term 1-particle 2-particle Tau loop
olarisation contributions contributions contribution
dependent shift Asatrian, Greub, Virto Includes:
to C [JHEP 04 (2020) 012] w(182),  w2S), ancD_ludes= Sensitive to C§
7 §
Negligible impact from light p(170),  w(3770), o h
quarks $(1020),  w(4040), DD C. Cornella, G. Isidori, M. Kénig, S. Liechti, P. Owen, N.
Jly, w(4160) Serra [Eur.Phys.J.C 80 (2020) 12, 1095]
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Fit anomalies and QCD simultaneously

Dispersion Local Non-local contributions

Relation &™) = G+ YQ* + Y\(g%) + Y 14(a) + Y2I(6) + Yoalg?)

Cgff,ﬁ.(QZ) — CL;{ + eﬂeiwo

Rescattering terms
not implemented

Ciuchini et al,
Phys.Rev.D 107 (2023) 5, 055036

Isidori, Polonsky, Tinari
Phys.Rev.D 111 (2025) 9, 093007

C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N.
Serra [Eur.Phys.J.C 80 (2020) 12, 1095]




Fit anomalies and QCD simultaneously
 An unbinned anaIyS|s In the dlmuon mass In total 150 parameters

o 7 106 = T T T L L B B =
g _ LHCb 8.4fb 1 Preliminary JHEP 09 (2024) 026
g s 104 — N
= i Data
E IODDU;_ Preliminary é._“ 250 :T T T.O[Ell F B
3 ! LHCb 8.4fb-! | i — Signal
E e S o 200 E — Background 2
U cos bk > UV e Local amplitudes
R | 8 11 1 particle non-local 8 g ]
L — 150 F amplitudes -
z =] S5 - 2 particle non-local .} i ]
g [ i C amplitudes 18k i ]
S 10000 % 100 | Interference E £ E
1] I Preliminary | E; C l_‘l 7 | i E : .
k| [ LHCb 8.4fb"! o 50L™ 24 B B ot ]
T 7 1 = C Wi Lk AL g 2
&) cos &y g C I g / E—EL\\ j\lﬂ .
F i 4 kN R
fmmw O 0 W e o e % i : :
> I ] s 7
g I ] =50 .= 3 LB g™
S 10000 1 [= 2 - Qb A R 3
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https://doi.org/10.1007/JHEP09(2024)026

Fit anomalies and QCD simultaneously
« We now measure the non-local effects from charm loops!

JHEP 09 (2024) 026

., LHCH 8 4 fb-1 e Total [

Local only 10

LHCh 8.4 b1 = Total
Total, SM WCs
SM from GRvDV

0.5 %

0.0

—0.51

g
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
q* (GeV?/c?) g* (GeV?/c?)

MONASH

niversity


https://doi.org/10.1007/JHEP09(2024)026

Improved precision fror

this measurement

« Orange is all knowledge from
previous measurements of
decay

2

4

-+ sMm

B B—- Kpu+B.,—pu L

B B— K*up
B B. - oup

Co



Improved precision from

« Orange is all knowledge from
previous measurements of
decay

« Shrinkage to red region is
from a factor 2 more data
and 7 years of work

« Evenincludes fitto Cy', Ci',
Co: that were ignored before

this measurement

| | Co

2 4

BSM
Re Cjj

1026
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https://doi.org/10.1007/JHEP09(2024)026

Exploit that there Is only one fundamental theory

 The unbinned fit can be extended to allow for an unphysical change of
Wilson coefficient as function of g°

« For vector current (C9), uncertainty Is 2
quite large due to resonances JHEP 09 (2024) 026

S. Descotes-Genon & P. Stangl (IlJCLab & LAPTh)



https://doi.org/10.1007/JHEP09(2024)026

Exploit that there Is only one fundamental theory

 The unbinned fit can be extended to allow for an unphysical change of
Wilson coefficient as function of g°

« For vector current (C9), uncertainty Is : HEP 06 (2024 026
quite large due to resonances
« For axial-vector, we see agreement with 1

no slope at 2.20 level. Issue with
form factors?



https://doi.org/10.1007/JHEP09(2024)026

Final states with neutrinos

« We can investigate decays with neutrinos, rather than charged leptons in
final state #(BDT,)

. . . ] .92 (.94 (.96 1.4 1.0
- SM calculation is almost identical for - - -
differential decay rate, but no cc loops!

— Final state B — KvV impossible at
hadron collider, but can be accessed
at Belle Il

A0 : :
¢ Belle T prelin

Efodr= (362 +1.z]r1 - Bt K *up
: = 5F

B 7R
B Continuum
i [hata

20011

(Candidates

100

Pull

1 1 1 | 1 1 1 | 1 1 1
-1 4 8 251 4 8 25-1 4 8 2501 4 8B 25
qgl'(. [GELEIEJIH('I ::




Final states with neutrinos

« We can investigate decays with neutrinos, rather than charged leptons in
final state

— SM calculation is almost identical for

differential decay rate, but no cC loops! SM  Average
— Final state B — Kvv impossible at 1l ==
hadron collider, but can be accessed T ln ]
- See evidence for decay at slightly et Belle (711 . semilptonic)
above SM pred|Ct|On : » Hlllllil lﬁIHrﬂll;'I-jhm]rnliit":
_._.,....._. 1: I‘]IH'IMIH"!-IHJ_' semnilept onic |
I[I] Iéj;:;il[]

10° x Br(B* —» K * vi)

MONASH
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Conclusion
With enough data, we WILL be able to distinguish New Physics from QCD
LHCDb upgrade | (2024-31?) and Upgrade 11 (2034?-) will form big part of this




Look for matter-antimatter differences

« QCD treat matter and antimatter identically — no CP violation
— An observation of CP violation would indicate new physics amplitudes

- Tﬂ observe it requires interference with SM amplitudes of different
p ase JHEP 09 (2014) 177

< - | LHCb .
0.2F =

— Unfortunately existing measurement 0';5_ I Iﬁ ll I
exactly avoids regions where we _Ofl:“T Jr“‘*ﬁ““T‘ﬁ
will have phase difference f ﬁ J(

02F

o3l L

0 5 0 15
q? [GeV?¥/c*]



https://doi.org/10.1007/JHEP09(2014)177

Look for matter-antimatter differences
« QCD treat matter and antimatter identically — no CP violation
— An observation of CP violation would indicate new physics amplitudes

- Tﬂ observe it requires interference with SM amplitudes of different
phase

Eur.Phys.J.C 78 (2018) 6, 453

— Combining unbinned fit with CP S Al f=rr2

—— All 6.=0

. . . . . 'Tc o=
violation analysis will allow for this 0.1 FM
R v



https://doi.org/10.1140/epjc/s10052-018-5937-3

Final states where only the leptons differ

 Lepton universality is one of the key features of the Standard Model

« The only difference for decays with electrons, muons and taus is from their
mass

— Effect of this is easy to correct for in predictions
— Discovery of lepton flavour non-universality is a key signature of New Physics

e Some serious drawbacks though

— The experimental measurements of electrons, muons and taus is anything but
universal

- The measurements are only sensitive to effects that are not lepton universal




Theory at lowest order

 Decay can't proceed through tree level, so loop level weak decay is lowest
order

— Physics at high energy scale gives
Wilson coefficients C, C,, C,, n

— Theory provides the form factors po
that describe the hadornisation
Into the K* _

« Combination gives prediction
of angular distribution that

BU Rw[]

can be compared to 1
measurements




Factorisable corrections

« Strong interactions to the spectator quark can be dealt with through
factorisation using Light Cone Sum Rule or Lattice QCD calculations

- Uncertainties are at the few percent
level and can be well estimated it

cl cl




Non-factorisable corrections

 When the lepton system can no longer be regarded as isolated, the
theoretical framework is much weaker

— From looking at the size of this effect
In hadronic decays, an estimate of
0(10%) can be made

il f

MONASH
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Charm loop corrections

e The most hotly debated area at the moment
— How should experimental data be used?
— How can uncertainties be assessed? H
— Is O(10%) uncertainty reasonable?

MONASH

& Univers |J[y



Electron identification Is hard

« Electrons are very light

— When they pass through material
they emit bremsstrahlung Magnet

« Curvature in magnetic field will
measure too low momentum

— Photons can convert and fake e -
electrons brem = brem

— Background from m°>—yy decay
that can fake electrons

« Bremsstrahlung recovery can w
(partially) fix this




+ + + +
B -KUuuvsB —Ke'e
« The dependence on the efficiency of reconstructing electrons can be
reduced through double ratio
R B(BT - Ktutpu™) B(BT — Ktete™)
T BB~ K+J/wm+,u))/ B(B* — K+J/(ete))

N(B+ — K+p+,u-_) « EB+—K+J/Y(putp)
N(B+ — K+J/¢(ﬁi-+ﬁ~f—_)) EB+K+putpu—

s N(B+ — K+J/’t,[)(€+€_)) > EBt s Ktete

N(B*T — Ktete™) EB+K+J/y(ete)
o J/Y decay pruceeu unrvuyn vinwan pnvwii winct is measured to be lepton-
universal at 0.4% level




B - Kp'urvs B —» K e'e

« Reconstructed peaks in the electron and muon modes

Electrons 150 Muons
LHCb — LHCb
& 100 —4— Data < 300 —4 Data
N — Total fit 7 250 — Total fit
§ 80 ....... Total RK - ] E """" T(Jtal RK = ]
< e B Kete = 200 e BN Kt
g 60 - B"'_'; g’ y{(e"'e_JK"' : Cﬂmbinﬂtorial
- B Part. Reco. g 150
O 40| o S
= Combinatorial E 100
"]
= =
35 20F g
g ‘‘‘‘‘ O 50
O 0k L L 2 : """ ST b 0--"".1.|T|I—| -
5000 5500 6000 5200 5300 5400 5500 5600
m(K*ete™) [MeV/c?] m(K utu) [MeV/c?]
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Many measurements of lepton non-universality

e 01<qg’<6 i Ry

« Many of the measurements
shows that that the muon final

—
~
-

01 < ¢ <812

states are less common than the |~~~ v -
e|ECtr0n OneS K 0.045 < ¢° < 1.1 S Ry

« Several measurements are

above 20 below the SM I
expectation S re—

. We need more data AND other |, ..., -
experiments (Bellell)todothis |, .. ... o

Ry, : Measurement/SM Prediction

MONASH

&P University



Many measurements of lepton non-universality

1.50

— ACDMN
1.25 - i
CFFPSV
Combine all lepton non- o man
universality measurements with |
B% — p*u- measurement 075 -
« All theoretical groups prefer a 32 0301
non-SM solution by around 3o
—(.25 1

—12_1 —1'[]i] UTJ []JU U 25 CI[]U DJJ UJU 0.75
C‘*rNPjI

&P Univers |J[y



Extract the QCD effects using a data driven method

« With knowledge of the form factors, the branching fraction can tell about
the Wilson coefficients — here for B* — KU

drr  Gpa?|Vp V3|2 vl 22 2
4m2 (m2 _m2 )2 )
+ f 5 = (Ci0fo(g?)
q-mp
1 s
3 mp + mg

|

« The C, we measure has interference from vector resonances

CSff _ C9 s Z leei(sj AI}GS(QZ)
J




.o . .
B — Ky branching fraction

~ 30— Ty A O _EPJ C77 (2017). 161

B el : O [ LHCb

> 250 = |

O 2 |

S 200E 5l

g\‘\] 150 F i

S N L

~ 100F i

¥ 5] B

) F 4+

= 50 _

= , I

= Of

g :...l....|....|.."‘;L5.|.,,‘ 6-"""""'

© %" " 000 2000 3000 4000 0 2 4 6
mies [MeV/c?] Re(CY)

« Branching fraction is below SM expectation
— This is seen in all other electroweak penguin decays with muons



http://dx.doi.org/10.1140/epjc/s10052-017-4703-2

Refine the data driven method

« Promising progress on work that utilise that scattering from initial to final
state is described by analytical function in the complex plane

— Leads to a dispersion relation that can be estimated from the theory side ...

g [GeV?]

o we & O EPJ C78 (2018), 451
5 " T T T T T ! I - - : ]
‘_\’)y A \ B SM prediction (prior)
\ ] 70 SM prediction (prior) 0.8 771 NP fit (posterior LLH2)
¥4 SM fit (posterior LLH2) mEE LHCD 2015
g 8 | NP fit (posterior LLH2) 04
= 3 B B — K*$rr
S ¢ P theory
K
- 2 Ay 0.0
W2
=
- ,
& —04
= o} _
_1 L L L L 1 -Ih- " | L |E()S L 1 1 L 1 ! 1
-04-03-02-0.1 00 01 02 03 04 05 0 2 4 6 8 10 12 14

— o z q2 [Ge\’ﬂ]



https://doi.org/10.1140/epjc/s10052-018-5918-6

Refine the data driven method

. . . . . 0
* Use expression of dispersion relation to parametrise B — K* py

0 t+ -
(K* =K m)
’) ------
° Th L.R mpgimips 9 my, NN 2
- = —8N ¢! o
.Aﬂ (f} ) \/{F {k 9 :ch)[q (Q‘ )]+ mpg + Mg- CT 2'5((‘? ) l.gf}.(?.z}
Al(g?) = =NV2(m} — m¥.) 3[(Co F Cuo) S L o oy IS
[ - B o :F Y me — mg qzl— i Matlod
2 T 1
mH + T e

[Wilson Coefﬁcients] [ Form FactDrS] i Non-local hadronic contributiﬂns:

----------------------------------
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Modelling the hadronic contributions

P92 (s)

(s —45)(s — q* —ie)

VO R) = you(gl) + LB f ds

T

* Include @, p, JIP, P(2S), P(3770), W(4040), Y(4160), and DUD states

pNq*) = piE (0*) + Pip (4°)
— ZA* (B — K*tn V))o(¢® — m?)+

[1 ; dpz d%pz —
"'Z/ 16p25(q - ;) Enl JE];AA(‘I{J%r M Mig)6* (pi — pian — pi2)

« Leads to a (large) set of free parameters that we can simply fit for in data

O University



An effective theory for describing decay

« Asthe W boson or any NP particle(s) are of a mass far above the b quark
mass, we can treat decay in an effective theory.

(4

_|_

A
A

BO K*O

d >

« This Is the same idea as treating radioactive decay as a 4-fermion operator
In Fermi theory




An effective theory for describing decay
 The effective theory needs to describe the different types of coupling

4G . €
Hett = .Hgfr;n — TQF Vi Vmw? Z (C;'O; + Cf('):)
j

magnetic dipole operators

bp(1) \

CY(80 1 Pryb) F*




An effective theory for describing decay
 The effective theory needs to describe the different types of coupling

4G . €
Hett = .Hgfr;n — TQF Vi Vmw? Z (C;'O; + Cf('):)
j

magnetic dipole operators semileptonic operators

brL) \ bur) \ / fumy

o VAV Calo
SL(R) / SuR) / \ {)-L{F:')
CY (5o Panyb) ", CY (89 Pumb)(E"0)

C) (5, Puyb) (T v50)




An effective theory for describing decay
 The effective theory needs to describe the different types of coupling

4G . €
Hett = .Hgfr;n — TQF Vi Vmw? Z (C;'O; + Cf('):)
j

magnetic dipole operators semileptonic operators scalar operators

bR \ by(r) \ / Ci(R) br(1) \ // CR(L)
¢ BN Cato

SL(R) / SuR) / \ {)-L{F:') SL(R) / \ PL{H]

C (3o Payb)F* COGEwPumb)@*l) . CL(5Pawb)(IPuat)

CL) (87, Pu(ryb) (B ~5¢)
From Altmannshofer

A MONASH



Looking for New Physics

« Within the language of the effective theory, the determination of Wilson
coefficients Is how we can identify New Physics

 We then compare the measured values to the ones predicted from the
parameters of the SM

JHEPO9 (2022) 133

+ sMm
B B Kuyp+B,—pp L
Bl B— K*uu
B 5. — dup

" SM calculation

Measurements



https://doi.org/10.1007/JHEP09(2022)133

The need for high precision

« Plots are often made ’ . g
showing deviation from SM
prediction

« We actually measure the o
absolute value of the Wilson 2
coefficients - - ow

« High precision |
measurements are required




But potential gains are large
« We can try to estimate the mass scale of new physics

. 2. 2,
* For a tree-level mediated NP effect, we are sensitive to A /M In B decays
2 4
2 20%SM~20%-L 1 v, Vi~
M m;, 16 (30TeV)
« Orin a minimal flavour violating model (where structure is the same as
Higgs couplings to quarks)

2 4
#:20%3%20%9 1

m;, 167 (6TeV)’
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