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• LHCb is a forward detector (2 < η < 5) designed to study b 
physics

The LHCb detector

✓Very precise vertex location (σIP = 20 µm) 
✓Excellent tracking resolution (∆p/p = 0.4 - 0.6 %) 
✓Very good PID performances 
✓High-granularity calorimeter for photon reconstruction 
✓Three-step trigger reducing the rate to 5 kHz
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✓Excellent tracking resolution (∆p/p = 0.4 - 0.6 %) 
✓Very good PID performances 
✓High-granularity calorimeter for photon reconstruction 
✓Three-step trigger reducing the rate to 5 kHz

The LHCb detector

• LHCb is a forward detector (2 < η < 5) designed to study b 
physics
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!
✓A total luminosity of ~ 3 fb-1 has been 

recorded during LHC run I 
!

✓A luminosity upgrade is foreseen  
during the long shutdown of 2018-2019

The LHCb detector

• LHCb is a forward detector (2 < η < 5) designed to study b 
physics
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✓First observation of photon polarization in the b → s𝛾 transition 

✓Toward the determination of 𝝀𝛾  

!

• Conclusions



!

• b → s𝛾 transitions happen through FCNC penguin loops 
!

!

!

!

!

!

• New Physics (NP) effects can affect the angular variables  
!

✓b → s𝛾 photons are left-handed in the SM 

✓NP models (e.g. MSSM) predict a large right-handed component 

✓photon polarization 𝝀𝛾 is affected 

✓𝝀𝛾 has not been measured yet

Photon polarization at LHCb

Motivation

�� ⌘ |cR|2 � |cL|2

|cR|2 + |cL|2
cL,R are the b → s 𝛾L,R amplitudes
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Photon polarization at LHCb

Measuring the polarization
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• Various (complementary) methods have been proposed for the 
determination of 𝝀𝛾 
!
✓Time-dependent analyses of B(s) → fCP 𝛾 (e.g. Bs → 𝜙𝛾, B0 → KSπ0𝛾) 
!

✓Transverse asymmetry in B0 → K*l+l-  
!

✓Angular distributions of b-baryons: (e.g. 𝛬b → 𝛬(*)𝛾, Ξb → Ξ(*)𝛾) 
!

✓Angular distribution of radiative decays with three charged 
particles in the final state (e.g. B± → K± π∓ π± 𝛾)

Complementary approaches

5

[Bečirević et al]

Complementary approaches
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[Bečirević et al]

[Becirevic et al.]



The decay

"20

• Measure the up-down asymmetry

B±
u ! (K⇤±

res)�
! K±⇡⌥⇡±

• Directly proportional to photon polarisation for a single resonance:  

• For an inclusive measurement, not yet possible to translate from AUD to 
photon polarisation 

Observables

The plane of

�� ⌘ |cR|2�|cL|2
|cR|2+|cL|2

B ! Kres�L,R

amplitudes

[Gronau et al, PRL88 (2002) 051802]

[LHCb-CONF-2013-009]

K�⇡+⇡�

K�
⇡�

⇡+

pπ,slow

pK

pπ,fast
θ

!

pπ,slow x pπ,fast

• The decays B± → K± π∓ π± 𝛾  are studied  
!
!

• The decay rate reads  
!

!

!

!

• The up-down asymmetry 
!
!

✓proportional to 𝝀𝛾 
[Gronau et al., PRL88 (2002) 051802]

d�

dcos✓
/

X

i=0,2,4

ai cos
i
✓ + ��

X

j=1,3

aj cos
j
✓

[Kou et al., PRD83 (2011) 094007]

Photon polarization at LHCb

Theory
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• Up-down asymmetry originates from the interference between 
✓ intermediate resonance amplitudes  
!

!

!
✓S- and D-wave amplitudes 
!

!

!

!
✓ two intermediate K*π with different charges 

 

pπ,slow

pK

pπ,fast
θ

!

pπ,slow x pπ,fast

Photon polarization at LHCb

Theory
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Only for neutral 
 modes !

K1(1270)
0 ! K⇤(892)0⇡0

! K⇤(892)+⇡�

K1(1270)
+ ! K⇤(892)0⇡+

! ⇢(770)K+

K1(1270)
+ ! K⇤(892)0⇡+

JP : 1+ ! 1�0�

L = 0, 2
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Photon polarization at LHCb
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Analysis strategy & results

Table 3: B+! K+⇡�⇡+� o✏ine pre-selection cuts, added on top of the Stripping requirements
detailed in Table 2. Track cuts are listed in the first and second sections, followed by cuts on the
K+⇡�⇡+ system, the photon and the B+ candidate; the last two sections are the mass cuts to
remove D0 and ⇢+ backgrounds and the fiducial cut applied when fitting separately the B+ and
B� samples.

Track IP �

2

> 16
Max track p

T

> 1200 MeV/c
Min track p

T

> 500 MeV/c

K Prob(K)*(1-K Prob(⇡)) > 0.2
⇡

+ Prob(⇡+)*(1-⇡+ Prob(K)) > 0.2
⇡

� Prob(⇡�)*(1-⇡� Prob(K)) > 0.2

K

+

⇡

�
⇡

+ vertex isolation �

2

> 2
K

res

vertex �

2

< 20
B mass-constrained m

K

+
⇡

�
⇡

+ mass window [1100, 1900] MeV/c2

Photon E

T

> 3000 MeV
Photon CL > 0.25 and 6= 0.5
Photon/⇡0 separation > 0.6

B p

T

> 2500 MeV/c
B vertex �

2

< 20
B IP �

2

< 20

K

+

⇡

�
⇡

0 mass > 2000 MeV/c2

⇡

+

⇡

0 mass > 1100 MeV/c2

Fiducial cut on |p
x

|  0.317(p
z

� 2400) MeV/c

• An extra requirement on the photon CL is introduced: CL 6= 0.5. The reason for208

this is that this variable is calculated as209

CL =
tanhDLL

�e

+ 1

2
, (14)

where DLL
�e

is the calorimeter PID [17]. Therefore CL = 0.5 when DLL
�e

= 0.210

However, DLL
�e

= 0 when the calorimeter PID fails, so the values with exactly211

CL = 0.5 don’t carry, in fact, good information on the photon CL and are thus212

removed.213

• The B+ mass-constrained K

+

⇡

�
⇡

+ mass spectrum is restricted to the range 1100 <214

m

K⇡⇡

< 1900 MeV/c2 due to the lack of signal outside this region as shown in Ref. [1].215

• The left-right symmetry of the detector is broken by the magnetic field because216

it bends positive and negative particles in opposite directions, giving them a kick217

of p
x

⇠ 1.25 GeV/c [18]. As a result, some tracks with low p

x

moving in certain218

10

event selection
pre-selection boosted decision tree
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BDT response
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!
• Full mass fit 

✓3 fb-1 of data 
✓~ 14,000 signal events  
✓ the background-subtracted Kππ mass 

spectrum is determined  
✓ the distribution of signal events in bins of 

cos𝜗 in four MKππ intervals is obtained

Photon polarization at LHCb

Analysis strategy & results
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Partially reconstructed bkg

Combinatorial bkg
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[LHCb collaboration, PRL 112, 161801 (2014)]  

[LHCb collaboration, PRL 112, 161801 (2014)]  

J K Mass Width

1+
K1(1270) 1272 ± 7 90 ± 20

K1(1400) 1403 ± 7 174 ± 13

1-
K*(1410) 1414 ± 15 232± 21

K*(1680) 1717 ± 27 322 ± 110

2+ K*2(1430) 1426 ± 2 99 ± 3

2-
K2(1770) 1773 ± 8 186 ± 14

K2(1820) 1816 ± 13 276 ± 35



• Angular distribution fit   
✓4th-order function of Legendre polynomials 
!
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[LHCb collaboration, PRL 112, 161801 (2014)]  
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Figure 2: Background-subtracted K+⇡�⇡+ mass distribution of the B+ ! K+⇡�⇡+� signal.
The four regions of interest, separated by dashed lines, are shown.

for such studies [15], includes the K

1

(1400)+, K⇤
2

(1430)+ and K

⇤(1410)+ resonances but102

excludes the upper tail of the K

1

(1270)+, which would cause interferences. At the time103

of the writing of Ref. [15], the K

1

(1400)+ was believed to be the dominant 1+ resonance,104

so the K

1

(1270)+ was not considered. However, subsequent experimental results [21]105

demonstrated that the K

1

(1270)+ is more prominent than the K

1

(1400)+, hence the106

[1.1, 1.3] GeV/c2 region is also studied here. The [1.3, 1.4] GeV/c2 mass region, which107

contains the overlap region between the two K

1

resonances, and the [1.6, 1.9] GeV/c2 high108

mass region, which includes spin-2 and spin-3 resonances, are also considered.109

In each of the four K+

⇡

�
⇡

+ mass regions, a simultaneous fit to the B-candidate mass110

spectra in bins of the photon direction angle is performed in order to determine the111

background-subtracted angular distribution. The previously described PDF is used to112

model the mass spectrum in each bin. The possibility of some events migrating from a bin113

to its neighbor because of the detector resolution is accounted for in the systematic studies.114

Since the sign of the photon polarization depends on the charge of the B candidate, the115

sign-weighted angular variable cos ✓̂ ⌘ charge(B) cos ✓ is used. The resulting background-116

subtracted cos ✓̂ distribution, corrected for the selection acceptance and normalized to the117

inverse of the bin-width, is fit with a fourth-order polynomial function normalized to 1,118

f(cos ✓̂; c
0

=0.5, c
1

, c

2

, c

3

, c

4

) =
4X

i=0

c

i

L

i

(cos ✓̂) , (3)

where L

i

(x) is the Legendre polynomial of order i and c

i

is the corresponding coe�cient.119

Writing Eq. 1 in terms of the coe�cients of Eq. 3, the up-down asymmetry defined in120

Eq. 2 can be expressed as121

A
ud

= c

1

� c

3

/4 . (4)

The results obtained from a �

2 fit of the normalized binned angular distribution,122

performed taking into account the full covariance matrix of the bin contents and all the123

4

𝜗 is the angle that 
defines the direction 

of the photon wrt 
the normal to the 

Kππ plane



• Angular distribution fit   
✓4th-order function of Legendre polynomials 
!
!

✓up-down asymmetries are calculated 
!

!

Photon polarization at LHCb

Analysis strategy & results

11 Giovanni Veneziano

AUD =
c1 � c3/4

2c0

1st observation of photon  
polarization in b → s𝛾 transitions 

A nonzero Aud is found   
at 5.2 σ significance level !

CHIPP / SPS 2014 Meeting, July 1, 2014
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Figure 2: Background-subtracted K+⇡�⇡+ mass distribution of the B+ ! K+⇡�⇡+� signal.
The four regions of interest, separated by dashed lines, are shown.
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Observation of Photon Polarization in the b → sγ Transition

R. Aaij et al.*

(LHCb Collaboration)
(Received 27 February 2014; published 22 April 2014)

This Letter presents a study of the flavor-changing neutral current radiative B! → K!π∓π!γ decays
performed using data collected in proton-proton collisions with the LHCb detector at 7 and 8 TeV center-
of-mass energies. In this sample, corresponding to an integrated luminosity of 3 fb−1, nearly 14 000 signal
events are reconstructed and selected, containing all possible intermediate resonances with a K!π∓π! final
state in the ½1.1; 1.9# GeV=c2 mass range. The distribution of the angle of the photon direction with respect
to the plane defined by the final-state hadrons in their rest frame is studied in intervals ofK!π∓π! mass and
the asymmetry between the number of signal events found on each side of the plane is obtained. The first
direct observation of the photon polarization in the b → sγ transition is reported with a significance of 5.2σ.

DOI: 10.1103/PhysRevLett.112.161801 PACS numbers: 13.20.He, 12.15.Mm, 14.40.Nd

The standard model (SM) predicts that the photon
emitted from the electroweak penguin loop in b → sγ
transitions is predominantly left-handed, since the recoiling
s quark that couples to a W boson is left-handed. This
implies maximal parity violation up to small corrections of
the orderms=mb. While the measured inclusive b → sγ rate
[1] agrees with the SM calculations, no direct evidence
exists for a nonzero photon polarization in this type of
decay. Several extensions of the SM [2], compatible with
all current measurements, predict that the photon acquires a
significant right-handed component, in particular, due to
the exchange of a heavy fermion in the penguin loop [3].
This Letter presents a study of the radiative decay Bþ →

Kþπ−πþγ , previously observed at the B factories with a
measured branching fraction of ð27.6! 2.2Þ × 10−6

[1,4,5]. The inclusion of charge-conjugate processes is
implied throughout. Information about the photon polari-
zation is obtained from the angular distribution of the
photon direction with respect to the normal to the plane
defined by the momenta of the three final-state hadrons in
their center-of-mass frame. The shape of this distribution,
including the up-down asymmetry between the number of
events with the photon on either side of the plane, is
determined. This investigation is conceptually similar to the
historical experiment that discovered parity violation by
measuring the up-down asymmetry of the direction of a
particle emitted in a weak decay with respect to an axial
vector [6]. In Bþ → Kþπ−πþγ decays, the up-down asym-
metry is proportional to the photon polarization λγ [7,8] and
therefore measuring a value different from zero corre-
sponds to demonstrating that the photon is polarized. The

currently limited knowledge of the structure of theKþπ−πþ

mass spectrum, which includes interfering kaon resonan-
ces, prevents the translation of a measured asymmetry into
an actual value for λγ.
The differential Bþ → Kþπ−πþγ decay rate can be

described in terms of θ, defined in the rest frame of the
final state hadrons as the angle between the direction
opposite to the photon momentum ~pγ and the normal
~pπ;slow × ~pπ;fast to the Kþπ−πþ plane, where ~pπ;slow and
~pπ;fast correspond to the momenta of the lower and higher
momentum pions, respectively. Following the notation and
developments of Ref. [7], the differential decay rate of
Bþ → Kþπ−πþγ can be written as a fourth-order poly-
nomial in cos θ

dΓ
dsds13ds23d cos θ

∝
X

i¼0;2;4

aiðs; s13; s23Þcosiθ

þ λγ
X

j¼1;3

ajðs; s13; s23Þcosjθ; (1)

where sij ¼ ðpi þ pjÞ2 and s ¼ ðp1 þ p2 þ p3Þ2, and p1,
p2, and p3 are the four-momenta of the π− , πþ , and Kþ

mesons, respectively. The functions ak depend on
the resonances present in the Kþπ−πþ mass range of
interest and their interferences. The up-down asymmetry
is defined as

Aud ≡
R
1
0 d cos θ dΓ

d cos θ −
R
0
−1 d cos θ

dΓ
d cos θR

1
−1 d cos θ

dΓ
d cos θ

; (2)

which is proportional to λγ .
The LHCb detector [9] is a single-arm forward spec-

trometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published articles title, journal citation, and DOI.
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Photon polarization at LHCb

• This result has renewed the interest of the scientific community 
on this subject 
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Next step will be  
the first determination of 𝝀𝛾 !



Toward the determination of 𝝀𝛾 

• In order to achieve the first measurement of 𝝀𝛾, a Dalitz analysis 
will be performed 

!

• The mass distributions of the final ππ, Kπ and Kππ states will 
be exploited to build a multidimensional Dalitz plot, allowing 
us to study the interferences between the resonances peaking in 
the Kππ mass interval of interest 
!

• Once the resonances contributions are separated, a resonance by 
resonance Aud will be calculated

13 Giovanni Veneziano

27

Pros and cons of Dalitz plots

● Pros

● More observables (B & A
CP

 at each Dalitz plot point)

● Using isobar formalism, can express total amplitude as
coherent sum of quasi-two-body contributions

– where c
r
 & F

r
 contain the weak and strong physics, respectively

– n.b. each c
r
 is itself a sum of contributions from tree, penguin, etc.

● Interference provides additional sensitivity to CP violation

● Cons

● Need to understand hadronic (F
r
) factors

– lineshapes, angular terms, barrier factors, ...

● Isobar formalism only an approximation

● Model dependence 

Am
12

2
,m

23

2 =∑
r
cr F r m12

2
,m

23

2 

example of Dalitz plot

CHIPP / SPS 2014 Meeting, July 1, 2014

R1 → R2 (→ ab) c → abc

m2ab

m2ac



Outline
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• Introduction to LHCb  
!

• Study of photon polarization  
✓First observation of photon polarization in the b → s𝛾 transition 
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!

• Conclusions



Photon polarization roadmap

1st determination 
of 𝝀𝛾 

LHCb Upgrade

Precise  
determination of 𝝀𝛾 
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New Physics ?

More (and better) data

Observation of  
photon polarization

New approach using Aud
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Backup



• Photon polarization can be inferred from the 
kinematic distribution of the hhh three-body decay 
!

!

!

!

!

!

!

!

• It requires three bodies to form a parity-odd triple 
product 

• The sign of the triple product identifies the photon 
polarization

Photon polarization in 3-body 

24-Jul-2012 EPFL B physics meeting 2 

 Why 3 body? 

Symmetric along the helicity axis Angle wrt to the plane 

(From E.Kou) 
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Measuring the Photon Polarization in B → Kππγ

Michael Gronau and Yuval Grossman
Department of Physics, Technion-Israel Institute of Technology

Technion City, 32000 Haifa, Israel

Dan Pirjol
Department of Physics, University of California at San Diego

9500 Gilman Drive, La Jolla, CA 92093

Anders Ryd
High Energy Physics, California Institute of Technology

Pasadena, CA 91125
(February 1, 2008)

We propose a way of measuring the photon polarization in radiative B decays into K resonance
states decaying to Kππ, which can test the Standard Model and probe new physics. The photon
polarization is shown to be measured by the up-down asymmetry of the photon direction relative to
the Kππ decay plane in the K resonance rest frame. The integrated asymmetry in K1(1400) → Kππ,
calculated to be 0.34±0.05 in the Standard Model, is measurable at currently operating B factories.

The Standard Model (SM) predicts that photons emit-
ted in rare b → sγ decays are left-handed [1], up to
small corrections of order ms/mb, while being right-
handed in b̄ → s̄γ. This feature is common to inclu-
sive and exclusive radiative decays, also when including
long-distance effects in the latter case [2]. While mea-
surements of the inclusive rate agree reasonably well with
SM calculations [1], no evidence exists for the helicity of
the photons in these decays. In several models beyond
the SM the photon in b → sγ acquires an appreciable
right-handed component due to the exchange of a heavy
fermion in the electroweak loop process. For instance,
in SU(2)L × SU(2)R × U(1) left-right symmetric mod-
els [3] this component may be comparable in magnitude
to the left-handed component, without affecting the SM
prediction for the inclusive radiative decay rate. An inde-
pendent measurement of the photon helicity is therefore
of interest.

Several strategies have been proposed to look for sig-
nals of physics beyond the SM through helicity effects
in B → Xsγ. In one method the photon helicity is
probed through mixing-induced CP asymmetries [4]. In
two other schemes one studies angular distributions in
radiative decays of Λb baryons [5,6] and in B → γ(→
e+e−)K∗(→ Kπ) [7,8]. The methods using B mesons
are sensitive to interference between amplitudes involv-
ing photons with left and right-handed polarization. In
the SM the interference is at a level of a few percent, and
these methods become unfeasible at present B factories
also for larger interference due to insufficient luminosi-
ties. The methods using Λb decays, measuring directly
the photon polarization, rely on future hadron colliders
or on extremely high luminosity e+e− Z factories.

In the present Letter we propose to measure the pho-
ton polarization in exclusive radiative B decays to kaon
resonance states, B → Kresγ. We will study in partic-

ular decays into an axial-vector meson, K1(1400), and
into a tensor meson, K∗

2 (1430). This measurement will
be shown to be feasible at currently operating B facto-
ries. An earlier suggestion to look for parity violation in
B → K1(1400)γ was made in [9]. Radiative decays into
K∗

2 (1430) were observed both by the CLEO [10] and Belle
[11] collaborations with branching ratios around 10−5. In
these experiments K∗

2 states were identified through the
Kπ decay mode. K1 states, which do not decay in this
mode, are expected to be observed in the Kππ channel.
As we will argue below, in order to probe the photon
helicity, one must study excited kaon decays into final
states involving at least three particles.

Let us explain first the necessary conditions for a theo-
retically clean measurement of the photon helicity in ra-
diative B decays from recoil hadron distributions. Since
the photon helicity is odd under parity, and since one
only measures the momenta of final decay products, spin
information cannot be obtained from two body decays
of the excited kaon. It requires at least a three body
decay in which one can form a parity-odd triple prod-
uct p⃗γ · (p⃗1 × p⃗2). Here p⃗γ is the photon momentum, and
p⃗1, p⃗2 are two of the final hadron momenta, all measured
in the K-resonance rest frame. The average value of the
triple product has one sign for a left-handed photon and
an opposite sign for a right-handed photon.

The above correlation is, however, also T-odd. In order
not to violate time-reversal in the excited kaon decay, the
decay amplitude must involve nontrivial final state inter-
actions. Usually this poses the difficulty of introducing
an unknown final state phase. In order to have a mea-
surement which can be cleanly interpreted in terms of the
photon helicity, this phase difference must be calculable.
This is the case in Kres → K∗π → Kππ, where two
isospin-related K∗(892) resonance amplitudes interfere.
Parametrizing resonance amplitudes in terms of Breit-
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!

• The photon angle 𝜗 is defined as the angle between -p𝛄 and 
the normal to the plane defined by pslow × pfast

pπ,slow

pK

pπ,fast
θ

!

pπ,slow x pπ,fast
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!

• A loose preselection is applied after the Stripping selection 
!

!

!

!

!

!

!

!

• A multivariate approach is used to discriminate between 
signal and background 

Table 3: B+! K+⇡�⇡+� o✏ine pre-selection cuts, added on top of the Stripping requirements
detailed in Table 2. Track cuts are listed in the first and second sections, followed by cuts on the
K+⇡�⇡+ system, the photon and the B+ candidate; the last two sections are the mass cuts to
remove D0 and ⇢+ backgrounds and the fiducial cut applied when fitting separately the B+ and
B� samples.

Track IP �

2

> 16
Max track p

T

> 1200 MeV/c
Min track p

T

> 500 MeV/c

K Prob(K)*(1-K Prob(⇡)) > 0.2
⇡

+ Prob(⇡+)*(1-⇡+ Prob(K)) > 0.2
⇡

� Prob(⇡�)*(1-⇡� Prob(K)) > 0.2

K

+

⇡

�
⇡

+ vertex isolation �

2

> 2
K

res

vertex �

2

< 20
B mass-constrained m

K

+
⇡

�
⇡

+ mass window [1100, 1900] MeV/c2

Photon E

T

> 3000 MeV
Photon CL > 0.25 and 6= 0.5
Photon/⇡0 separation > 0.6

B p

T

> 2500 MeV/c
B vertex �

2

< 20
B IP �

2

< 20

K

+

⇡

�
⇡

0 mass > 2000 MeV/c2

⇡

+

⇡

0 mass > 1100 MeV/c2

Fiducial cut on |p
x

|  0.317(p
z

� 2400) MeV/c

• An extra requirement on the photon CL is introduced: CL 6= 0.5. The reason for208

this is that this variable is calculated as209

CL =
tanhDLL

�e

+ 1

2
, (14)

where DLL
�e

is the calorimeter PID [17]. Therefore CL = 0.5 when DLL
�e

= 0.210

However, DLL
�e

= 0 when the calorimeter PID fails, so the values with exactly211

CL = 0.5 don’t carry, in fact, good information on the photon CL and are thus212

removed.213

• The B+ mass-constrained K

+

⇡

�
⇡

+ mass spectrum is restricted to the range 1100 <214

m

K⇡⇡

< 1900 MeV/c2 due to the lack of signal outside this region as shown in Ref. [1].215

• The left-right symmetry of the detector is broken by the magnetic field because216

it bends positive and negative particles in opposite directions, giving them a kick217

of p
x

⇠ 1.25 GeV/c [18]. As a result, some tracks with low p

x

moving in certain218
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!

• A Boosted Decision Tree (BDT) is used 
!
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• Background (data 
sidebands) and signal 
(MC) for our BDT 
variables 

!
• variables that may be 

not well described by 
MC have not been 
added in the BDT   
(pre-selection)
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• BDT performance 
!

• response and overtraining 
!
!
!
!
!
!
!
!
!
!
!

• signal/background optimization gives BDT response >~ -0.18
BDT response
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Kolmogorov-Smirnov test: signal (background) probability = 0.848 (0.918)
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• Angular distribution fit   
!

✓ the fit parameters ci are determined 
!

!

Table 1: Legendre coe�cients obtained from fits to the normalized background-subtracted cos ✓̂
distribution in the four K+⇡�⇡+ mass intervals of interest. The up-down asymmetries are
obtained from Eq. 4. The quoted uncertainties contain statistical and systematic contributions.
The K+⇡�⇡+ mass ranges are indicated in GeV/c2 and all the parameters are expressed in units
of 10�2.

[1.1, 1.3] [1.3, 1.4] [1.4, 1.6] [1.6, 1.9]

c

1

6.3±1.7 5.4±2.0 4.3±1.9 �4.6±1.8
c

2

31.6±2.2 27.0±2.6 43.1±2.3 28.0±2.3
c

3

�2.1±2.6 2.0±3.1 �5.2±2.8 �0.6±2.7
c

4

3.0±3.0 6.8±3.6 8.1±3.1 �6.2±3.2

A
ud

6.9±1.7 4.9±2.0 5.6±1.8 �4.5±1.9

Table 2: Legendre coe�cients obtained from fits to the normalized background-subtracted cos ✓̂
distribution, using the alternative normal ~p

⇡

� ⇥ ~p
⇡

+ for defining the direction of the photon, in
the four K+⇡�⇡+ mass intervals of interest. The up-down asymmetries are obtained from Eq. 4.
The quoted uncertainties contain statistical and systematic contributions. The K+⇡�⇡+ mass
ranges are indicated in GeV/c2 and all the parameters are expressed in units of 10�2.

[1.1, 1.3] [1.3, 1.4] [1.4, 1.6] [1.6, 1.9]

c

0
1

�0.9±1.7 7.4±2.0 5.3±1.9 �3.4±1.8
c

0
2

31.6±2.2 27.4±2.6 43.6±2.3 27.8±2.3
c

0
3

0.8±2.6 0.8±3.1 �4.4±2.8 2.3±2.7
c

0
4

3.4±3.0 7.0±3.6 8.0±3.1 �6.6±3.2

A0
ud

�1.1±1.7 7.2±2.0 6.4±1.8 �3.9±1.9

with respect to the plane defined by the three final-state hadrons in their rest frame is148

determined in four intervals of interest in the K

+

⇡

�
⇡

+ mass spectrum. The up-down149

asymmetry, which is proportional to the photon polarization, is measured for the first150

time for each of these K

+

⇡

�
⇡

+ mass intervals. The first observation of a parity-violating151

photon polarization di↵erent from zero at the 5.2 � significance level in b! s� transitions152

is reported. The shape of the photon angular distribution in each bin, as well as the values153

for the up-down asymmetry, may be used, if theoretical predictions become available, to154

determine for the first time a value for the photon polarization, and thus constrain the155

e↵ects of physics beyond the SM in the b! s� sector.156
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• The systematical uncertainties are given by 
!

• the choice of the fit model 
• different shapes are used to describe signal and bkg 
• the error is assigned as the difference between the results of the 

nominal fit and the systematics one 
!

• fixing parameters from simulation 
• the parameters fixed from simulation are generated gaussianly 

around the nominal fit value accounting for their correlations 
• the fit is performed many times using these sets of values 
• the uncertainty is obtained using the                                             

central interval criterion at 90% CL 
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Figure 31: Di↵erence between the reconstructed cos ✓̃ and its true value from MC.

Table 16: Summary of the contributions from Araw

CP

(Table. 10), production and detection
asymmetry (Eq. 38), instrumental asymmetry bias (Eq. 41) and fit model to the value and error
of A

CP

.

Contribution Value Error

Araw

CP

�0.022 0.015

A
D

and A
P

0.013 0.008
�Araw

CP

0.002 0.001
MC parameters 0.000 +0.001

�0.000

Fit model 0.000 0.002

Including the systematic uncertainties studied in Sec. 11, summarized in Tab. 17, the697

up-down asymmetry for each of the charges of the B meson is found to be698

A+ = �0.084± 0.026 (stat) +0.004

�0.003

(syst)

A� = �0.086± 0.025 (stat)± 0.002 (syst) .
(44)

Making use of the profile likelihoods of A±, and assuming Wilks’ theorem, we can699

calculate the statistical significance s

±
stat

, measured in units of �, of A± with respect to700

zero as701

s

±
stat

=
p
2(min(� logL)�min(� logLA±

=0

) , (45)

where min(� logL) is the log likelihood of the fit at its minimum and LA±
=0

corresponds702

to the likelihood with A± fixed to 0. Since the systematical uncertainty is low, we don’t703

48

• The systematical uncertainties are given by 
!

• bin migration 
• some events may migrate from one bin to the next one because of 

the detector resolution 
• pseudo-experiments are generated according to the distribution, 

then smeared with the resolution  
• the bin-by-bin differences in yield between the smeared and non-

smeared datasets are used to describe the covariance matrix for such 
systematics 

!
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