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Fig. 2. Quark diagrams contributing to B decay in the free quark model [(a)—(d)], and in the
presence of strong interactions [(e) and (f)].

We now turn to the “penguin’ diagrams of figs. 2e and 2f. In the free-field
approximation the penguin diagrams do not contribute because they reduce to a non-
diagonal mass renormalization. Furthermore, if m 3>mg for all quarks, they do
not contribute in the leading log approximation for strong interaction corrections
because of the generalized GIM mechanism. However, we believe [17] that they
play an important role in the matrix element enhancement for strange particle
decay, where soft gluon exchange should be understood in the generic penguin
diagram of fig. 2e. For charm decay, there is no contribution to the dominant
AS = AQ transitions because the relevant operator is exotic in flavour, but a priori
there may be a contribution to bottom decay; however, we expect a suppression
of order a(m%)/a(uz) relative to strange particle decay. The lowest order contribu-
tions are those of fig. 2f. -
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Evidence for Penguins 3

VOLUME 71, NUMBER 5 PHYSICAL REVIEW LETTERS 2 AUGUST 1993

Evidence for Penguin-Diagram Decays: First Observation of B — K*(892)y
(CLEO Collaboration)

We have observed the decays B° — K*(892)°y and B~ — K*(892)~ v, which are evidence for
the quark-level process b — sy. The average branching fraction is (4.5 + 1.5 = 0.9) x 10™°. This
value is consistent with standard model predictions from electromagnetic penguin diagrams.
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b—qg v radiative transition (g=s,d):

« FCNC electro-magnetic penguin




Radiative as a probe for NP

b H—’ X—’fg’ XO

New physics affects the
fransition dynamics

BR, ACP,
Isospin asymmeftry,
helicity structure

Phys. Rev. D 82, 073012, 2010
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Figure 11: Global constraints on 2HDM parameters my. and tan 3 from all analysed observables.
Each color corresponds to a different set of observables, as quoted in the Figure. The complementary
aren of the colored one 18 excluded at 95% CL. The horizontal black line indicates the 95% CL limit from
direct searches af LEP [58]. The dotted line within the orange combined area delimats the corresponding
la confidence area. For the combination of leptonic and semileptonic constraints (light green area) we
assumed that the p-value is best approzimated by a 1 d.o.f. x* distribution since 2HDM contributions

essentially depend on the mbio my- [ tan(3).
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Radiative decays of B mesons

Purecly Radiative Decays

HFAG
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The LHCb era 6

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

e RUN 1 (2010-2013): 7/8 TeV pp collisions
Visible pp interaction/crossing: 0(1.5)

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

~2 x10" bb in LHCb acceptance

o , S f AaQ"
Radiative decay reconstruction rate z L qich b Mad /
BO—K™ 0y :~ 7events / pb! E L -/
= sf /
B.—y : ~ 1events / pb E T /
é 2 ; e 2016 (6.5 TeV)i 1.67/b |
N : VR
e RUN 2 (2015-2018): 13 TeV pp collisions 2 5010 (o.= Tevy: 008 5

production rates increase by ~2 ° %610 zom G0z o5 zoie

Year



Photon reconstruction @ LHCb

e Calorimetric photons: unconverted photons or conversion affer magnet
=> from calorimeters deposit

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

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

« Above p; ~2.5 GeV/c ni° likely produced a single Electromagnetic Calorimeter cluster
=> those n® represents an important background to high energy photons
= vy/n’ separation multivariate

Q

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

Due to trigger constraint and large combinatorics

the radiative decays mostly rely on high pT photons :

LO threshold in 2011(2012) : E(7) > 2.5 (3.0) GeV

Typical frigger efficiency on radiative modes ~ 30-40%
For comparison : (di)muon channel € 1,4~80-90%

Mass resolution driven by calorimeter resolution :
O uw(B—=X7)~ 90 MeV/c?
For comparaison : 0 ,,(B—hh) ~ 25 MeV/c?
0 (B—=J/ P X) <10 MeV/c?

No constraint on vertexing from ¥ / large photon

multiplicity / limited mass resolution :
Large combinatorial background
partially rec’ed and peaking backgrounds

Tight selections are applied
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* Generic background contamination :
* Combinatorial background
* Partially reconstructed b—sy decays
* Partially reconstructed b—c (X+hhm©)

* Specific peaking backgrounds :
* Charmless By .—~h'h 7 ©
* Irreducible b—=dy :B—KOy
* b-baryons cross-feed A ,—= N\ (Kp)y




Run 1 achievements
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B—V Y measurements

B.—¢ ¥ branching fraction
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BR(BO—K™0y) =(43.3:1.5) x 106 [Belle, Babar, Cleo]
BR(B,—¢y) =(57 21 ;) x 10 [Belle]
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B.—¢y Branching Fraction

« Systematic uncertainty dominated by f./f, (+8%) Phys. Rev. D 85 (2012) 032008

from semi-lepfonic B, 4 ;=D ¥ X and hadronic B, 4, —=Dyh fs —0.267%!
fd - MY -0.020

« Background model (+2%)

Contamination level and shape

« Reconstruction and selection (+2%)

Trigger and selection efficiencies, Particle reconstruction & identification

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



B—V Y measurements

Direct CP asymmetry in BO—K™0 ¢

SM-prediction :

Phys. Rev. D72 (2005) 014013

Aqp=-0.0061 + 0.0043
Acp enhanced in NP scenarii

B-factory measurement

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

Arp=-0.016 + 0.022 + 0.00/

LHCb result (1.0 fb!- 2011 data) :

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

N, +N_, =5300=100
Acp(B” — K ) = 0.008 = 0.017(star) = 0.009(sys?)
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Acp in BO—K*%

K7t /K-t * defection asymmetry (K7*) = (K )
E JU )—& JU

A (K) . L =(-1.0202)%
From charm D°—K i large control sample eK a")+e(K'm™)
* B production asymmetry 3
A,(B)= R(B)-R(B) (1.0+1.3)%
From large B—J/ @Y K* sample R(B)+ R(B)
e Background model AAp=(-0.2£0.7)%

Contamination level, shape & CP asymmetry in various background components
Dominated by the unknown asymmetry from the misidentified A,—(pK)y contamination

Detector non-uniformity AAqp= (+0.1£0.2)%

Possible detector bias strongly reduced by switching regularly the magnet polarity

Update with whole 3fb! sample ongoing

both statistical and systematical uncertainty will improve :
more precise detection and production asymmetry,
CP asymmetry from background in particular A,—(pK)y



B—V Y measurements

Search for B®— J/Wy & B,— J/Wy

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

Phys. Rev. D 92 (2015) 112002

BR(BO— J/Wy) < 1.7 x 107

BR(B,— J/Wy) < 7.4 x 106 @ CL=90%
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Photon polarisation

e Real photon (h=+1) implies the helicity flip on the quark lines

« SM : EW-penguin dominates the b—qgy fransition
 W-coupling to left-handed quarks => fransition through helicity violation
* Amplifude suppressed by m,/m,, with m, = the mass of the right-handed quark

b, _a\/&_s,._

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

O, xm,so"F, (+y)b+msc™F, (1—-y)b

tany =|Az (b, — sgVg) /1AL (b — SL)/L)| ~m,/ m,




Photon polarisation

_ 4G|:
AF=1
Wilson coefficient Dimension-6 operator
brL) Naive approximation
cy .

tan(y) ~ C/ C,

mag. dipole
operator

« other SM operator contributions (O,, ...) :  Ax/A. ~ 0O(5%)

Right-handed component could be enhanced in NP models



Photon polarisation

Experimentally, the photon polarization can be extracted from ...

« angular analysis of the recoil 3-body in the B — v + (hhh) .. decay mode

res.

Py
B
3
VSIS
Pl P3

* Tfime-dependent analysis of the B — y @, decay modes

 di-lepton angular analysis at low g2 of the (virtual) photon decay in B—Ve'e-

e angular analysis in the radiative fransition of b-baryons



Helicity structure in B— (Knz),.,.y

—_ 9 'l'
P2 X
n = piX p2 \: ,” > 5’;
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For a mixture of spin-parity K ,.(1*,2*,1°) :

dI’ o
dsdsy3dsoes3dcosf

i=0,2,4

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

[Phys. Rev. Lett. 112, 161801 (2014)]
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Helicity structure in B— (Knww) ..y s

Angular ana|y3|s of phoTon direction wrt to (|<m|:)r,eS decay plane in different mass bins

[}

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

Photons from radiative decays
are polarized @ 5.2
significance

1/N > dN/dcos
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First direct observation of photon
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Measuring the 7\}, value from the up-down asymmetry require to separate the (Knmt) resonances
& theoretical determination of the helicity amplitude
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Virtual photon : B°—=K'%e*e-

BY— K*e*e~in the low g? region

K"

Branching fraction in g2=[30 ; 1000] MeV/c?

1.0 fb1 - 2011 data :

B(B®— K*0¢te)30-1000MeV/e? _ (31400 +0.2 4 0 9) » 1077

J. High Energy Phys. 05 (2013) 159

BO— K*J/p(— e*e”) : control channel
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Virtual photon : B%—K %e*e-

BY— K*e*e~ angular analysis

d(T +T)/dg? dg? dcos 6 deos fx dg " 167

1 YT +T
d(T' +7T) 9 lz(l—FL)SiHZBK*‘FLCOSQHK+

4
1 ~
5(1 - FL)A%?) sin® O sin® 6y cos 2¢ +

(T = Fi,) A" sin” Ok cos 0y +

1 -
5(1 — F,) A" sin® f sin? 0, sin 2¢ w .

angular analysis : cosf;, cos HK Sensitive to the

photon polarisation

R
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Virtual photon :
Full angular analysis in [20; 1120]MeV/c?

3.0 fb' - 2011+2012 data :

Real (converted) photons

220 . — :
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Virtual photon :
Full angular analysis in [20; 1120]MeV/c?

3.0 fb' - 2011+2012 data :

J. High Energy Phys. 04(2015) 064

0.16 == 0.06 == 0.03

AP = —0.23+0.23 £0.05
AP = 40.14 £+ 0.22 + 0.05

AR® = 10.10 + 0.18 = 0.05,

R
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Time-dependent decay rate

Direct access via the tfime-dependent decay rate of B— ®"y

FB(BWQ

_)cpCP,Y(t) = ‘AlQe_F(S)t (COSh(AF(s)t/2) + .AA Sinh(AP(s)t/Q)

:{:Cc'p cos(Am( s)t) +

sin(Amgt)

untagged /

tagged analysis required

Scp  ~ sin2i sin ¢,

tanq) =

¢ is the mixing-decay weak phase

Ap ~ sin2i cos oy, ‘AL B.—dy

B,—~K™%
By—p%

: q)s (SN\)NZBS_ZﬁS
: {yq (S/\/\)NZﬁ—ZﬁS
b, (SM)~2B-2

~0

~2[3
-0

« B9 decays : sensitive to the polarisation through the TD asymmetry tferm S,

Out of LHCb reach for the dominant decay mode B°— K*°(— K %)y

No sensitivity to A, (AT; ~ 0)

e AT,/ T, ~10%
* untagged analysis

/' B, decays : sensitive through the mixing term AA\

Muheim et al., PLB664(08)17

SM: A,=0.047+0.025+0.015

0.7

\ Left-Right Symmetric model: .72z ~

CKM 2014
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Time-dependent decay rate

Sep 2016

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

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

l.l.l('/\) CERN-EP-2016-210
LHCb-PAPER-2016-034
September 7, 2016

First experimental study of photon
polarization in radiative Bg decays

The LHCb collabor;

Abstrac]

1= st ) )

Submitted to Phys. Rev. Lett

© CERN on behalf of the LHCbDH collaboration, licence |(CC-BY-4.(
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B.—¢y signal extraction
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Phys. Rev. Lett. 118, 021801 (2017)
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— BoKnn’X

Combinatorial]

8 et TAY TATATAA ¢

S

- s
m(K*y) [MeV/c2]

dashed red line N events 25760 + 301
u (MeV, c; 5284.07 = 0.85
o (MeV/c*) 87.83 =0.95



B.—¢y propertime analysis

@ Propertime PDF:

P(t) = [Physics x Acceptance| ® Resolution

o Acceptance A(t),, X A(t)nign: trigger, tracking, reconstruction and

selection requirements

Alt),,., acceptance: MC 12
trigger + tracking (IP cuts)

VELO acceptance

True T distribution

A(t),,., acceptance:

e Parameterization of the acceptance using
function A(t):

la(t — t)]" —5rt
Alt) 1+[a(t—to)]”] "

A( t) OW A { L Ik

e Key in the photon polarization measurement;

e Need to be precisely determined /controlled.



Propertime fit

BGCKQFOUHC] -subfracted Samp les Phys. Rev. Lett. 118, 021801 (2017)

Parameter Fitted value

Acceptance from MC

. a 1.870 £ 0.041 ps—*
1 n 2.23 + 0.10
: to(B°— K*Cy) 184 + 14 fs

s W W A "R 4 oW oW
s B K X K B K X K X

_ . : : . : Aty(B2 — o) 11.7+34 fs
S e - — s = 6T(B% — K*%) 395+ 3.6 ns!
A N ANl pomi ot e —— AST (B — &) 23+35ns"
‘ . - ‘ ' Data-MC difference

Aty(B°— K*PData) 150451 fs

£ 3 3 : ¢ 5 AST(B° — K*°~ Data) 5.1+ 6.0ns}
|3 a -
E ; 3 3 Parameter Average

—T * * * e Al 0.083 = 0.006 ps*

MMM P — Is 0.6643 = 0.0020 ps ™
s R = ' s 0.6579 + 0.0017 ps*

| o(T,, AT ) —0.239
(b) B! — ¢

B

AB = —0.98 T3 (stat.) T (syst.)
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Interpretation

C7 constraints from radiative measurements

Re(C7') vs Re(C7)

0.0
Re(C>F)

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

Im(C%)

C7' complex plane
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Prospective

« 2015-2018 run? : statistics increases by > 4
« 2015-2016 : B4 ,— Vy yield already a factor 2 above runi

e improve previous measurements, mostly statistically limited
* By — Vector(hh’)y , B,— (h*h h*)y

e explore rarer or yet unobserved modes
« orbitaly excited final states, e.g Tensor(— h*h-)y
« decay w/ more neutrals in the final states, e.g B%—(h*h-h®)y with h® = K¢ or x°

* baryons decays 15
* Vi, suppressed penguin : b—dy os -
1= 0.0:

BR & A, of exclusive b—(d + s) ¥ modes :
provide a direct constraint on UT os)

-1.0

BO% pO/wY ) B+901+,Y

_1'51AI 1 1 1 1 1 1 1 1 1 111 1 1 |
-1.0 -0.5 0.0 0.5 1.0 15 2.0

p
Separate b—dy transition B.— K*y from b—sy in B® using converted photons



Prospective

* Photon polarisation : reach < 10 % resolution

 Statistics (& systematics) improvement for existing measurements

* Enhanced sensitivity with tagged analysis of the B.— ¢y TD decay ratfe
« Amplitude analysis in B*— (Knr)*,,.y decay

« Explore new modes, e.g. S.p B%— (K mm)y

scenario /I C;FP) = 0, Cé,fNP) c C

M. Borsato, thése de doctorat, LAL, 2015 ’

& 0. ] 0.3
% 0.2 Af;) ’ A'll!n | 0.2 A(rz ) s Arll!“
0.1 | o1 Prospective from
| | ; 0O sK*
0 - | 0 & | BY—K*ee |
.1 - on ~angular analysis
-0.2 Runl -0.2 Runi1&2
-0.3 '
03 -02 -0.1 o 0.1 02 03 Vs o2 o1 ps 0.1 02 0.3
Re[C'(] ' ' ’

Re[C'))



Prospective

Photon polarisation (cont’)

For illustration :
LHCb tagging performance applied for the first fime on a radiative decay

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

xed

o
foN

Nunmixed+Nmixed
o
~

Nunmixed—Nmi

LHCb
preliminary
BY — K0y

Mixing asymmetry A(t)

8

NN W

B? decay time [ps]



Prospective

Because of trigger constraints and the hadronic environment, some radiative
channels are out of reach for LHCb

e What LHCb can do (or has already done) :
* (h*h")y channels from b—sy transition of neutral b-hadrons : B%,B,, A,
« (h*h h*)y channel from charged b-hadrons
 Same using converted photons y—ee
* Same for suppressed b—dy transitions when accumulating statistics

« What LHCb could probably do :
o (h*h®)y, (hh'K)y :eqg BO—=Kp® ,B°—=wy ,B.— ¢(— mmn’)y
¢ B'— K*(Km)y ;e.g isospin asymmetry in K*y
o A=A sy : challenging

 What LHCb cant do
¢ B*—K*(K'n®)y and a fortiori B*—p*(m'nO)y
o BOeK*O<KSJ’EO>Y
* inclusive b—=X.y BR



Conclusions

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

e world-largest radiative samples in several final-states
e qaccess fo photon polarisation in many ways

Great harvest of result with 2011-2012 Run 1 b ds
uet
... So far consistent with SM expectation /' \

Many updated or new results with run2 data



