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Introduction 

¶In the Standard Model of Particle Physics, transitions between different 
quarks are governed by the CKM mechanism:

u c

d s

Q=+2/3

Q=-1/3

¶The amplitude of a hadron decay process can be described using 
Effective Field Theories: Operator Product Expansion (OPE)
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Hadronic Matrix  
Elements

CKM Wilson
Coefficients
(m=scale)

?Ω

Electroweak scale ~1/MW

New Physics scale ~1/M NP

Ci=Ci
SM+Ci

NP

/Ωi =/ΩiSM+/ΩiNP

Primed /Ωi ­ right handed currents:  
suppressed inSM

­OPE: a series of effective vertices multiplied by effective coupling constantsCi .
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Why B decays? 
¶The b-quark is the heaviest quark forming hadronic bound states (m~4.7 GeV) 

¶Must decay outside the 3rd family 

­ Long lifetime (~1.6 ps)

­aŀƴȅ ŀŎŎŜǎǎƛōƭŜ ŘŜŎŀȅ ŎƘŀƴƴŜƭǎ όǎƳŀƭƭ .wΩǎύ

Flavour oscillations and CP violation

Dominant:  b­c (favoured) and b­u (suppressed) 

Rare:  Flavour Changing Neutral Current (FCNC): b­ s,d

Ideal place to probe New Physics effects! 

Good for 
experimentalists! 

Good for theorists! 

¶Type of processes: 

5



LHCb ATLAS

The LHCbexperiment 
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LHC: large proton-proton collider at CERN with an energy of 13TeV  



The bb cross section in pp collisions is large, mainly from gluon fusion 
~ 300 ˃ ōϪ Ҟs=7 TeV
~ 600 ˃ ōϪ ҞǎҐмо TeV

b, b

b, b

ƍThe LHCbidea: to build a single-armforward spectrometer: 
~ 4% of the solidangle(н ғ ʹ ғ р), 
~30% of the b hadronproduction

Theb quarks hadronizein B, Bs, B*(s), b-baryonsΧ 
­ averageB mesonmomentum~ 80 GeV

Letterof Intent, 1995

[PRL 118 (2017) 052002]

The LHCbexperiment 

[JHEP 02 (2021) 023]
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3 (Run1) + 6 (Run2) fb-1 recorded from 2011 till 2018
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The LHCbexperiment 



Rare B decays 
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Cineraria de Sierra Nevada
(Tephroseriselodes)



Rare B decays 
b­ s,d quarktransitionsareFlavorChangingNeutralCurrents(FCNCs),
­ in the SMthey onlycanoccurthroughloops(penguinandboxdiagrams),

excellentprobefor physicsbeyondthe SM

Experimentally Ƃ leptons/photons with high transverse momenta 

BR ~ 10-7BR ~ 10-9

b s

W

BR ~ 10-5

leptonic semileptonic radiative

TheoreticallyƂ observables can be calculated in terms of Wilson coefficients

?+

?-

Ex:

Hadronic uncertainties in decay constants or form factors
10



Rare B decays: Bs­m
+m-

Very rare decay:  FCNC and helicity suppressed 
BRSM= 3.66(14) x 10-9

Searched for over the last 30 years,
observed by LHCband CMS [Nature 522 (2015) 68]

New results by LHCb(Run1+Run2 = 9fb-1): 

12

[arXiv:2108.09283 and 2108.09284v2 [hep-ex]]
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Rare B decays: Bs­m
+m-

[CMS PAS BPH-20-003]

Also measured by ATLAS and CMS (2011-2016 data), combined result* :

* Result from LHCbwith partial statistics

Below, but compatible with the SM at 2.1s

ATLAS [JHEP04(2019)098]
CMS [JHEP04(2020)188]
LHCb[PRL118(2017)191801]

*
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Rare B decays: Bd­m
+m-

Even more rare!  (BRSM~ 10-10), still notobserved:

* Result from LHCbwith partial statistics

[CMS PAS BPH-20-003]

ATLAS [JHEP04(2019)098]
CMS [JHEP04(2020)188]
LHCb[PRL118(2017)191801]

*
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Rare B decays: Bs­fm
+m-

q2 = (p?+ + p?-)
2

(GeV2)

¶Differential decay width: dG/dq2

charmonium
resonances 
cc ­?-?+

photon 
pole

P
SM values (m=mb):   C7 ~ - 0.33

C9 ~ 4.27
C10 ~ - 4.17

(Everything else small or negligible)

Each q2 region probes different processes

Ci = Ci
SM+ Ci

NP

(Primed /Ωi­ right handed currents: 
suppressed in SM)   



Bs mass vesusq2 for BsҦfm
+m-

J/y

y(2S)

BsҦfm
+m-

Rare B decays: Bs­fm
+m-

[arXiv:2105.14007] 

m(Bs)

ô21
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Rare B decays: Bs­fm
+m- ô21

[arXiv:2105.14007] 

In the q2 region 1.1-6 GeV2­
3.6saway from SM predictions

Results in other channels:
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q? qK

¶Angular distribution in Bs­f?-?+ : it depends on q2 and three angles

m+

m-

f
K-

Bs

W

q2

­ Function of observablesrelated to CP-averages and asymmetries:
FL , AFB, Si , Ai

Rare B decays: Bs­fm
+m- ô21

K-

[arXiv:2107.13428]
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Rare B decays: Bs­fm
+m- ô21

­In general good agreement with SM (no P5Ω ƻōǎŜǊǾŀōƭŜ ƘŜǊŜύΣ ŘŜǾƛŀǘƛƻƴǎ ƭŜǎǎ ǘƘŀƴ нs



¶άOptimized ƻōǎŜǊǾŀōƭŜǎέΣ with form factor cancellations
[JHEP 05 (2013)137]

Rare B decays: B­K*m+m-

~3slocaldeviation

­Negative shift of Re(C9) preferred over SM hypothesis at level of 2-3s

Two new  analyses by LHCbwith full data:
¤Angular analysis of B+­K*+m+m-

[PRL 126 (2021) 161802]
¤Angular analysis of B0­K*0m+m-

[PRL 125 (2020) 011802]

[JHEP 10 (´18) 047]

[PRL 118 (¨17) 111801]

[PLB 781 (¨18) 517] 

B0­K*0m+m-
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¶Experimentally, weperform a double ratio to   
cancel systematic uncertainties

¶In the SM all leptons are expected to behave in the same way

= 1.000  + O(mm
2/mb

2) 

¶ Precisetheory prediction due to 
cancellation of hadronic form factor uncertainties

Rare B decays: RK

Test of lepton universality:

¶Challenge: bremsstrahlung by electrons
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Rare B decays: RK
Reconstructed B mass for B+ҦK+?+?- (muons vs electrons) [arXiv:2103.11769]

ô21

B+ҦY+m+m-

B+ҦK+e+e-
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Rare B decays: RK
Reconstructed B mass for B+ҦK+?+?- (muons vs electrons) [arXiv:2103.11769]

ô21

B+ҦY+m+m-

B+ҦK+e+e-
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Rare B decays: RK

­ Deviationfrom SM at 3.1sÝ evidenceof LFUviolation

Results with full LHCbdata: 

ô21

(1 GeV2 < q2 < 6 GeV2)
[arXiv:2103.11769]

(submitted to Nature Physics)
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Rare B decays: RK
¶Previous results in other channels: 

[JHEP 05 (2020) 040]
[JHEP 08 (2017) 055]

ÂLHCbmeasurement inthe B­K*m+m-

channel, RK*, with 3fb-1

ÂLHCbmeasurement inthe Lb­pKm+m-

channel, RpK, with 5fb-1

[BELLE2-NOTE-PL-2020-014] 

¶More analysis on RxƻƴƎƻƛƴƎΧ ǎŜŜ ǘƻƳƻǊǊƻǿΩǎ /9wb ǎŜƳƛƴŀǊΗ 
https://indico.cern.ch/event/1065152/

¶!ƴŘ .ŜƭƭŜ LL ŜƴǘŜǊƛƴƎ ƛƴ ǘƘŜ ƎŀƳŜΧ
ô21

https://indico.cern.ch/event/1065152/


b s

W

Rare B decays: Lb­Lg ô21

[LHCb-PAPER-2021-03] 
¶ First measurement of the photon polarizationin a b-baryon system! 

(Expected to be left handed in the SM)

In agreement with SM 
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Rare B decays: Xb­Xg

29

ô21

[arXiv: 2108.07678]

¶Constraints from radiative (C7(Ψ)): 
¶Searchfor other channels: Xb­X

-g: 
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Rare B decays 

SM

New Physics hypothesis preferred over SM by more than 4 - 5s
Main effect on the C9mcoefficient: 4.27SM -1.1NP

¢ǊƛƎƎŜǊŜŘ ƳƻŘŜƭǎ ǿƛǘƘ ½ΩΣ leptoquarksό[vύΣ ƴŜǿ ŦŜǊƳƛƻƴǎ ŀƴŘ ǎŎŀƭŀǊǎΧΦ 

J. Matias et al, arXiv:2104.08921

SM

J.M. Camalichet al, arXiv:2103.12738

Global fits (more than 100 observables)
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SemileptonicB decays 

Clavelo clavelina
(Dianthus caryophyllus)



SemileptonicB decays: RD,RD* 
¶Another test of lepton universality (now at tree level):

SM predictionsvery precise :

Basedon HQET form factors: 
[H. Na et al., PRD 92 (2015) 054510]
[Fajfer, Kamenic, bƛǑŀƴŘƛȌŏ: PRD85(2012) 094025]
and experimental measurements(HFLAV)
[D.Bigi, Gambino, PRD 94 (2016) 094008]

R(D)SM=0.299 °0.003 

R(D*)SM=0.252 °0.003 

Ratio of semi-tauonicand semi-muonicbranchingfractions:

Sensitiveto chargedHiggsbosonsand leptoquarks

(Vcb and form factors(partially) cancel)
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SemileptonicB decays 

3s

¶Presentglobal picture of RD and RD*

SM

­ Average: 3sdeviation from SM

ÁLast results from Belle using semileptonictags (D and D*n)
[PRL 124, (2020) 161803]
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Spectroscopy 

Espejo de Venus

(Ophrys speculum)



Spectroscopy 
¶There are several possibilities for combining quarks with color into colorless hadrons, 
as predicted from the origin of the Quark Model [M. Gell-Mann, PL8 (1964) 214]

¶Several of these states have been announced since 1970, but have disappeared 
ǿƛǘƘ ǘƛƳŜ ŀƴŘ ƴŜǿ Řŀǘŀ ŀƴŀƭȅǎƛǎΧ 

¶Important for our understanding of the matter structure and QCD!
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Spectroscopy 
¶More than 50 new hadrons discovered in the last decade, most of them by LHCb: 

33



Spectroscopy 

[PRL 115 (2015) 072001]

Observation of J/̞ ǇResonances Consistent with 
PentaquarkStates

1283 citations !
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Spectroscopy 
¶Hidden-charmtetraquarks

[PRL 127 (2021) 082001]

¶Hidden-charmpentaquarks:

[PRL 122 (2019) 222001]
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