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Radiative b-hadron decays  



When penguins start flying 



Evidence for Penguins 

b→qγ radiative transition (q=s,d):  
•  FCNC electro-magnetic penguin 



Radiative as a probe for NP 

New physics affects the 
transition dynamics 

 
 BR, ACP,  

Isospin asymmetry,   
 helicity structure  

Phys. Rev. D 82, 073012, 2010 



Radiative decays of B mesons 
Purely Radiative Decays
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Direct CP asymmetry 

at the B-factory era 

TD CP asymmetry 
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BR(Bd,u→Vγ)    ~ 40x10-6 
BR(b→sγ)Eγ>1.6 GeV  = (352±15)x10-6  
BR(b→dγ)    = (9.2±3.0)x10-6  

Isospin asymmetry 



Tracking 

Stations 

Rich II
 Hcal 

Muon 

Stations 

Rich I 

Spd/Prs 

Ecal 

Magnet 

Trigger 

Tracker Vertex 

Locator 

The LHCb era 
 Single-arm forward spectrometer 

•  RUN 1 (2010-2013): 7/8 TeV pp collisions  
Visible pp interaction/crossing: O(1.5)  

 factor 4 beyond the design  
Integrated luminosity: 3fb-1  

 ~2 x1011 bb in LHCb acceptance 
 

•  RUN 2 (2015-2018): 13 TeV pp collisions  
production rates increase by ~2 

Radiative decay reconstruction rate 
 B0→K*0 γ   : ~ 7 events  / pb-1 
 Bs→φγ      : ~ 1 events  / pb-1

  

LHCb detector performances, IJMP A. Vol.30, No 7 (2015) 1530022 



•  Calorimetric photons:  unconverted photons or conversion after magnet 
  => from calorimeters deposit 

•  Di-electron photons:    conversion before magnet 
     => from tracking system 

Photon reconstruction @ LHCb 

before/after calibration 

γ/π0 separation 

•  Large calorimeter occupancy : large combinatorial background 
=> neutralID to separate neutral  EM showers from hadronic and electrons deposits 

•  Above pT ~2.5 GeV/c π0 likely produced a single Electromagnetic Calorimeter cluster  
⇒  those π0 represents an important background to high energy photons
⇒  γ/π0 separation multivariate 

 

« LHCb detector performances », IJMP A. Vol.30, No 7 (2015) 1530022 



Radiative decay anatomy @ LHCb 
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B0→K*0γ 
Due to trigger constraint and large combinatorics 
the radiative decays mostly rely on high pT photons : 

 
L0 threshold in 2011(2012) : ET(γ) > 2.5 (3.0) GeV 
Typical trigger efficiency on radiative modes ~ 30-40% 
For comparison  : (di)muon channel  εtrg~80-90% 

 
 
Mass resolution driven by calorimeter resolution : 

σM(B→Xγ) ~ 90 MeV/c2 
For comparaison  : σM(B→hh) ~ 25 MeV/c2 

    σM(B→J/ψX) ≤ 10 MeV/c2  
 
 

No constraint on vertexing from γ /  large photon 
multiplicity / limited mass resolution : 

Large combinatorial background 
partially rec’ed and peaking backgrounds 
 
 

Tight selections are applied 

•  Generic background contamination : 
• Combinatorial background 
• Partially reconstructed b→sγ decays 
• Partially reconstructed b→c  (X+hhπ0 ) 
 

•    Specific peaking backgrounds : 
• Charmless  Bd,s→h+h-π0 
• Irreducible b→dγ  : Bs→K*0γ 
• b-baryons  cross-feed Λb→Λ*(K-p)γ 

Nuclear Physics B, 867, 1-18 (2013) 



Run 1 achievements 
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B→Vγ measurements  

 
 
 

   BR(B0→K*0γ) =(43.3±1.5) x 10-6    [Belle, Babar, Cleo] 
   BR(Bs→φγ)   =(57 +21

-18  ) x 10-6    [Belle] 

 
 
 
SM-predictions  

large hadronic uncertainty mostly canceling in the ratio : 
 
 
      BR(B0→K*0γ)/BR(Bs→φγ) = 1.0 ± 0.2 

LHCb result  (1.0 fb-1  - 2011 data) 
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B0→K*0γ 

Bs→ϕγ  

preliminary 

preliminary 

 L=1fb-1  

 L=1fb-1  

Bs→φγ branching fraction 

Nuclear Physics B, 867, 1-18 (2013) 

Ali, Pecjak, Greub, 2008 



•  Systematic uncertainty dominated by fs/fd (±8%) 

from semi-leptonic Bu,d,s→D(s)μνX and hadronic Bu,d,s, →D(s)h 

•  Background model (±2%) 
 
Contamination level and shape 

 
•  Reconstruction and selection (±2%) 

 
Trigger and selection efficiencies, Particle reconstruction & identification 

Update with whole 3fb-1 sample ongoing 
 both statistical and systematical uncertainty will improve 
 (more precise fs/fd, improved background model …) 

Bs→φγ Branching Fraction 

Phys. Rev. D 85 (2012) 032008 



)2) (MeV/cγ-π+M(K

 )2
Ev

en
ts 

/ (
 50

 M
eV

/c

0

100

200

300

400

500

600 LHCb

4500 5000 5500 6000
-5

0

5

)2) (MeV/cγ+π
-M(K

 )2
Ev

en
ts 

/ (
 50

 M
eV

/c

0

100

200

300

400

500

600 LHCb

4500 5000 5500 6000
-5

0

5

N
B0
+ N

B0
= 5300±100

ACP (B
0 → K *0γ ) = 0.008± 0.017(stat)± 0.009(syst)

LHCb result  (1.0 fb-1 - 2011 data) : 

 
SM-prediction :  
 

ACP = -0.0061 ± 0.0043 
 

   ACP enhanced in NP scenarii 
 
B-factory measurement 

  
ACP = -0.016 ± 0.022 ± 0.007 

 

preliminary 

preliminary 

Direct CP asymmetry in B0→K*0γ 

 L=1fb-1  

 L=1fb-1  

B→Vγ measurements  

B0→K*0γ 

B0→K*0γ 

Nuclear Physics B, 867, 1-18 (2013) 

BABAR, Phys. Rev. Lett. 84, 5283–5287 

Phys. Rev. D72 (2005) 014013  



•  K+π-/K-π+ detection asymmetry 
 

From charm D0→Kπ large control sample 

•  B production asymmetry 

From large B→J/ψK* sample 
 

•  Background model       ΔACP=(-0.2±0.7)% 
 

Contamination level, shape & CP asymmetry in various background components 
Dominated by the unknown asymmetry from the misidentified Λb→(pK)γ contamination 
 

•  Detector non-uniformity        ΔACP= (+0.1±0.2)% 
 

Possible detector bias strongly reduced by switching regularly the magnet polarity 

AD (Kπ ) =
ε(K −π + )−ε(K +π − )
ε(K −π + )+ε(K +π − )

= (−1.0± 0.2)%

AP (B) =
R(B)− R(B)
R(B)+ R(B)

= (1.0±1.3)%

Update with whole 3fb-1 sample ongoing 
 both statistical and systematical uncertainty will improve : 
 more precise detection and production asymmetry, 
 CP asymmetry from background in particular Λb→(pK)γ

ACP in B0→K*0γ



Not a radiative penguin transitions but share the same final-state problematics 

   

@ CL=90% BR(B0→ J/Ψγ) < 1.7 x 10-6 

BR(Bs→ J/Ψγ) < 7.4 x 10-6 

Search for B0→ J/Ψγ & Bs→ J/Ψγ

B→Vγ measurements  

 L=3fb-1  

Phys. Rev. D 92 (2015) 112002 



O7 ∝mbsσ
µνFµν (1+γ5 )b+mssσ

µνFµν (1−γ5 )b

tanψ = AR (bL → sRγR ) / AL (bR → sLγL ) ≈ ms /mb

•  Leading (EM dipole) operator in  the effective Hamiltonian approach : 

Photon polarisation 
•  Real photon (h=±1) implies the helicity flip on the quark lines 
•  SM : EW-penguin dominates the b→qγ transition 

•  W-coupling to left-handed quarks => transition through helicity violation  
•  Amplitude suppressed by mq /mW with mq = the mass of the right-handed quark  



•  other SM operator contributions (O2, …) :  AR/AL  ~   O(5%) 
  
Right-handed component could be enhanced in NP models  

Photon polarisation 

 
  tan(ψ) ~ C'7 / C7 
 

Naive approximation 



Experimentally, the photon polarization can be extracted from … 
 
 
•  angular analysis of the recoil 3-body in the B → γ + (hhh)res. decay mode 

•  time-dependent analysis of the B → γ  ΦCP decay modes 

•  di-lepton angular analysis at low q2 of the (virtual) photon decay in B→Ve+e- 

•  angular analysis in the radiative transition of b-baryons 

Photon polarisation 



B+→ (Kππ)+
resγ 

For a mixture of spin-parity Kres(1+,2+,1-) :  

Helicity structure in B→ (Kππ)resγ 

 L=3fb-1  

N[B+→K+π-π+γ]=14x103  

Up-down photon asymmetry is proportional to the photon polarisation  λγ

[Phys. Rev. Lett. 112, 161801 (2014)] 



Helicity structure in B→ (Kππ)resγ 

as a by-product: 

Photons from radiative decays 
are polarized  @ 5.2σ 

significance
 

First direct observation of photon 
polarization in b→sγ transition

Angular analysis of photon direction wrt to (Kππ)res decay plane in different mass bins 

Measuring the  λγ  value from the up-down asymmetry require to separate the (Kππ) resonances 
 & theoretical determination of  the helicity amplitude 

e.g. for a single 1+ resonance 

[Phys. Rev. Lett. 112, 161801 (2014)] 

LHCb-CONF-2013-009	

Phys. Rev. Lett. 88 (2002) 051802 



Virtual photon :  B0→K*0e+e- 
B0→ K*e+e- in the low q2 region 

Branching fraction in q2=[30 ; 1000] MeV/c2 

 
1.0 fb-1 - 2011 data : 
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B0→ K*J/ψ(→ e+e-)  : control channel 

J. High Energy Phys. 05 (2013) 159 



Virtual photon :  B0→K*0e+e- 
B0→ K*e+e- angular analysis 

Sensitive to the  
photon polarisation



Virtual photon :  B0→K*0e+e- 
Full angular analysis in [20; 1120]MeV/c2 
 
3.0 fb-1 – 2011+2012 data : 

Real (converted) photons virtual photons 

J. High Energy Phys. 04(2015) 064 



Virtual photon :  B0→K*0e+e- 
Full angular analysis in [20; 1120]MeV/c2 

 
 
3.0 fb-1 – 2011+2012 data : 

J. High Energy Phys. 04(2015) 064 



Time-dependent decay rate 
Direct access via the time-dependent decay rate of B→ ΦCPγ  

untagged                / tagged analysis required 

φ(s) is the mixing-decay weak phase 
 

 Bs→φγ  : φs (SM)~2βs-2βs  ∼ 0 
 Bd→K*0γ   : φd (SM)~2β-2βs  ∼ 2β  
 Bd→ρ0γ   : φd (SM)~2β-2β ∼ 0

•  Bs decays : sensitive through the mixing term AΔ
•  ΔΓs / Γs  ~ 10% 
•  untagged analysis

  
  
  

•  B0 decays : sensitive to the polarisation through the TD asymmetry term SCP
Out of LHCb reach for the dominant decay mode B0→ K*0(→ Ksπ0)γ

   No sensitivity to AΔ  (ΔΓd ~ 0)

SM: AΔ=0.047±0.025±0.015

Muheim et al., PLB664(08)17 



Time-dependent decay rate 
Phys. Rev. Lett. 118, 021801 (2017) 



Bs→φγ signal extraction 

Phys. Rev. Lett. 118, 021801 (2017) 



Bs→φγ propertime analysis 



Background-subtracted samples 

Propertime fit 
Phys. Rev. Lett. 118, 021801 (2017) 



Interpretation 

Paul, A. & Straub, D.M. J. High Energ. Phys. (2017) 2017: 27 



Prospective 



BR & ACP of exclusive b→(d + s)γ modes   
provide a direct constraint on UT 

•  2015-2018 run2 : statistics increases by > 4 
•  2015-2016 : Bd,s→ Vγ yield already a factor 2 above run1   

•  improve previous measurements, mostly statistically limited 
•   Bd,s → Vector(h+h-)γ , Bu→ (h+h-h+)γ  

•  explore rarer or yet unobserved modes 
•  orbitaly excited final states, e.g  Tensor(→ h+h-).γ 
•  decay w/ more neutrals in the final states, e.g  B0→(h+h-h0)γ  with h0 = KS or π0 
•  baryons decays 
•  … 

B0→ ρ0/ω γ   , B+→a1
+γ

Separate b→dγ transition Bs→ K*γ from b→sγ  in B0
 using converted photons 

Prospective 

•   Vtd suppressed penguin : b→dγ   



•  Photon polarisation  : reach < 10 % resolution 

Prospective from  
B0→K*ee 

angular analysis 

Prospective 

•  Statistics (& systematics) improvement for existing measurements 
•  Enhanced sensitivity with tagged analysis of the Bs→ φγ TD decay rate 
•  Amplitude analysis in B+→ (Kππ)+

resγ  decay 
•  Explore new modes, e.g.  SCP  B0→ (KSππ)γ  

M. Borsato, thèse de doctorat, LAL,  2015  



Prospective 
•  Photon polarisation  (cont’) 

Enhanced sensitivity in neutral B decays from tagged analysis 
giving access to time-dependent asymmetry  SCP 

For illustration :  
 LHCb tagging performance applied for the first time on a radiative decay 
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Because of trigger constraints and the hadronic environment, some radiative 
channels are out of reach for LHCb 

•  What LHCb can do (or has already done) : 
•  (h+h-)γ channels from b→sγ transition of  neutral b-hadrons : B0,Bs, Λb 
•  (h+h-h+)γ channel from charged b-hadrons 
•  Same using converted photons γ→ee 
•  Same for suppressed b→dγ transitions when accumulating statistics 

•  What LHCb could probably do : 
•  (h+h-π0)γ , (h+h-Ks)γ     : e.g  B0→ KSρ0γ , B0→ ωγ  , Bs→  φ(→ πππ0) γ
•  B+→ K*+(Ksπ+)γ       : e.g   isospin asymmetry in K*γ
•  Λb→Λ1115γ         : challenging 
 

•  What LHCb can’t do  
•  B+→K*+(K+π0)γ   and a fortiori B+→ρ+(π+π0)γ    
•  B0→K*0(Ksπ0)γ    
•  inclusive b→Xsγ BR 

Prospective 



… so far consistent with SM expectation 

LHCb provides an unique laboratory for precise measurements 
in many radiative decays 

Great harvest of result with 2011-2012 Run 1 

Many updated or new results with run2 data  

Conclusions 

•  world-largest radiative samples in several final-states 
•  access to photon polarisation in many ways 


