


INTRODUCTION

« This is mostly a walk-through of the B? — K*Ou+u_ analysis like it was
performed in 2012 & 2013 in LHCb.

e It should show how an angular analysis with (D(1000) events might look like
and where the problems are.




VINTAGE PHYSICS (I)

* The electroweak bosons W and Z° were proposed in the 60ies.

* They are quite heavy with 80 GeV/c? and 91 GeV/c? and were first seen
directly at UA1.

* However, in principle, the Z9 should also contribute to the process et e”
— Ty, even at lower energies than Vs ~91GeV

e Look at \f =34 GeV. Simple calculation yields: Only very small effect of
ZY in total cross-section.



[Halzen & Martin, Quark & Leptons]

VINTAGE pHYSICS (II)

Al PETRA experiments (/5 = 34 GeV)
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Fig. 13.7 (a) The cos @ distribution for the process ¢ ¢~ u~u* does not follow the

1 +cos? § QED prediction. (b) The discrepancy is explained by the interference of the

virtual Z and y contributions. (Compilation by R. Marshall.)

* However, if you look at the differential cross-section, you clearly see the
influence of the Z° due to interference terms.

* You have discovered a new particle/effect/... indirectly at a centre-of-mass
energy lower than the mass of the particle.

e Even if your total cross-section is according to your prediction of the
(standard) model, one might seen new effects when studying angular

distributions. °



ESSENTIALS OF THE B" — K*'u* ;= ANALYSIS
AKA: THE "SENDUNG-MIT-DER-MAUS" VERSION




ESSENTIALS OF THE B’ — K*u" i~ ANALYSIS

e A particle decays into two particles, with angle c.
e Suppose we can formulate the angular distribution as:
ar 1

v %[Acosa-l—Bsma-l—C] a € [—m, 7]

* The angular terms are given by kinematics / spin only. e
. d - - _ o2 2
* Remember: $Z(eTe™ — ptp™) = 5 (1 + cos? ) e



ESSENTIALS OF THE B’ — K*u" i~ ANALYSIS

dr’ 1 .
v %[Acosoz—l—BsmoH—C] a € [—m, 7]

¢ The coefficients contain the physics-information we are interested in.

* Do: Run an experiment, collect data, select your decay, plot number of
events as a function of «.

e Fit the angular distribution in collision data with the pdf and extract the
coefficients.

e Ask a theorist and compare prediction with experimental result.




FOLDING TECHNIQUE (I)

e Suppose you don't have enough data to fit both terms.

e Solution: Use a variable transformation ("folding"). Example:

dar’ 1 .

- = %[Acosa—i—BsmoH-C] a € [, 7]
a— —a if a<0

dar’ 1

o = ;[Acosoz+C’] a € [0, 7]

e By folding we can use symmetries in the angular distribution to cancel
observables without loosing sensitivity. Note: The angular terms are
orthogonal.




FoLDING TECHNIQUE (II

N

g 8

Events/ ( 0.0628319)
n
8

fit pdf: 5= [Acosa + Bsina + C| fit pdf: < [Acosa + C]

* Apply transformation to the pdf and to the dataset.
e Results:
* A = 1.03 & 0.05 (without folding)

« A =1.05 % 0.05 (with folding) e
e We have determined A! °




AND NOW THE REAL B’ — K*'; "~ ANALYSIS



B’ — K*u* 1~ DECAY TOPOLOGY
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Particle mass lifetime (cT)

B 5279 MeV/c? 491.1 um
K0 892MeV/c?  ~3-1072um




B’ — K*%u* 1 ~: RARE, BUT EXCITING
d d d d
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o B=(1.05i8:ig) x 10 Soq)
e Pseudoscalar — Vector-Vector decay: Plenty of observables in the angular e
distribution. @


http://pdglive.lbl.gov/

B — K*9u* )~ ANGULAR DISTRIBUTION ()

* Decay can be fully described by three angles (A7, @, ¢) and the dimuon

2

invariant mass (square) q~.




B"— K*9u* )~ ANGULAR DISTRIBUTION (II)

& +1) 9 [3 . >
=—— |-(1—-F] 0 F 0
dcos@,dcos Ok dpdg? 327w 4( L) sin” Oxc + Fp cos” Oxc+
1

Z(l — Fp)sin® O cos 20, — Fy, cos® Ok cos 20, +

S5 sin? O sin® 6, cos 2¢ + S sin 20 sin 26, cos ¢ +
S5 sin 20k sin 6y cos ¢ + Sg sin? O cosbly +

S7 sin 20k sin O, sin ¢ +

S sin 20 i sin 26, sin ¢ + Sy sin’ Ox sin’ 0, sin 2(;5]

e The I, S; depend on q2 and contain the information we are interested in.
* The angular terms are... the angular terms.

* Note that this formula adds B® — K*9u* = and B — K*0ut 2
i.e.it'sa C'P average.



B"— K*9u* )~ ANGULAR DISTRIBUTION (II)

e This is the full angular distribution of BY— K*Oqu,u’, neglecting lepton
masses (and scalar and tensor contributions).

* There are 8 independent, C/P averaged observables that all can be
measured experimentally.

 Could in principle also measure CP asymmetric observables, but then could
not profit from adding the datasets.




B — K*9u* ;= ANGULAR DISTRIBUTION (III)

* In 2011, LHCb reconstructed ~ 900 B — K*O 1 11~ events: Not
enough for full angular fit.

* Apply "folding" technique: ¢ — ¢ + m for ¢ < 0.
This cancels four terms in the total angular distribution.

* And leaves:

dcostZ(;;i)d¢dq2 :% Z(l — Fr) sin? O + Fr, cos® 0 + i(l — Fr) sin 0 cos 20,
— Fy cos? O cos 20, +

Ss sin? 0 sin? 6 cos 2 +
Se sin? O cos Oy +

Sg sin® 6 sin? 0 sin2¢ |

* This expression was fitted to the 1fb~ ! of LHCb data at Vs ="T7TeVin

2011. e




[JHEP 08 (2013) 131]

EXPERIMENTAL ASPECTS (I)
LHCDb

0
5200 5400 5600
m(K* T ) [MeV/c?]

e Select signal events with a multivariate classifier (BDT): Based on kinematic
quantities (IP, pointing angle, pt) and particle identification for u, 7w, K

+ Dominated by B — J/ip K*Y and B® — 1(25) K* in two regions of

qz: Cut out.



http://arxiv.org/abs/1304.6325

[Thesis C. Parkinson]

EXPERIMENTAL ASPECTS (II)

Events / (4 MeV/c?)
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e Peaking background due to misidentification of particles.
eg BY— optu~, where K — .

e Evaluate m g mass under hypothesis that the 7 is actually a /. Does it
peak in the ¢ region?

* Other peaking backgrounds like B — J/1) K*O, where m — 1 and

w—=T


http://cds.cern.ch/record/1617310?ln=en

[Thesis A. Shires]

EXPERIMENTAL ASPECTS (III)
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* Remember: We want to measure an angular distribution and extract physics
parameters.

* \We need to be sure, the angular distribution reflects the physics.

* Acceptance of detector distorts angular distribution. Need event-by-event
correction, determined on simulation.

* Need to have a simulation describing collision data: Correct for particle ID
and efficiency (tracking, trigger, ...)-differences in simulation and collisioa e
data.



http://cds.cern.ch/record/1607078?ln=en

[Thesis A. Shires]
S-WAVE / BACKGROUND

— P-wave — S+ P-wave — P-wave  — S+ P-wave
T T T T T T

arb. units
arb. units

cos 6, cOos 6,

@ ®)
« BY— K*Ou+ 1~ is contaminated with S-wave K7 contributions,

stemming from non-resonant decays or higher K((Z*)) states.

¢ |deally one would fit for this contribution. However, this adds many terms in
the angular distribution.

¢ |nstead: Estimate the S-wave contribution and check with simulation how

large the effect on the results is. Add to systematic uncertainty.



http://cds.cern.ch/record/1607078?ln=en

DISTRIBUTION OF EVENTS IN ¢° (I)

« Told you that F,, S; depend on 2.
¢ Need to parametrize / bin in q2 to understand dependence.

e This analysis uses 6 q2 bins. The binning scheme was copied from the
analysis of the Belle collaboration.

 See later for a possible unbinned way (in a slightly different context).



DISTRIBUTION OF EVENTS IN ¢°

Candidates / ( 10 MeV/c?)

Candidates / ( 10 MeV/c? )

I

[JHEP 08 (2013) 131]
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http://arxiv.org/abs/1304.6325

EXAMPLE OF ANGULAR DISTRIBUTION
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[Thesis C. Parkinson]
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[JHEP 08 (2013) 131]

REsSuULTS
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[JHEP 08 (2013) 131]

DIFFERENTIAL BRANCHING FRACTION

Theory EEEBinned
—8—|HCb

r | | LHICb
"
g, Mgy

0
0 5 10 15

20
q2 [GeV?/c4]

=
n

dB/dq? [107 x c* GeV?Y]
o
al

* Note that the theoretical uncertainty is larger than the experimental one.

e This is / was a major showstopper for discovering smallish effects of new
physics.

* However, new lattice results can reduce the uncertainty for high q2. e



http://arxiv.org/abs/1304.6325

[JHEP 08 (2013) 131]

COMPARISON WITH OTHER EXPERIMENTS
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ATLAS: [ATLAS-CONF-2013-038] ~ CMS: [CMS-BPH-11-009]  CDF: [PRL 108 (2012)]

Belle: [PRL 103 (2009)]  BaBar: [PRD 86 (2012)]



http://arxiv.org/abs/1304.6325
http://cdsweb.cern.ch/record/1537961
http://cds.cern.ch/record/1540199
http://arxiv.org/abs/1108.0695
http://arxiv.org/abs/0904.0770
http://arxiv.org/abs/1204.3933

MORE OBSERVABLES

e Angular distribution has 8 independent observables in total. Have only
measured 4 of them due to folding. Want to measure the remaining ones as
well.

e Could now go on and devise other foldings to extract the remaining

Sy, Sg, St and Sy.
e Or we can try something slightly different...




ESSES AND PEES

» While all S; observables can be predicted theoretically, they have large
theoretical uncertainties.
* We can do a basis-transformation:
 Old basis: Fr,, S3 — Sg (8 X large theo. uncertainty)
* New basis: F7,, %, Py, Py, P3, Pi, P5/, Pé (2 X large theo. uncertainty,
6 X small theo. uncertainty)

Pl g B gl T g
Fr,(1—Fy) VFrL(1—Fyp) VFrL(1—Fyp)
P, = L (not fully independent)
Fr,(1-Fy)

* Replace the S; observables with the Pi(,) observables and determine their

values on collision data.



B’ — K*Yu" i~ FOLDED
ANGULAR DISTRIBUTION

The first folding gave us with one transformation 4 observables.
To extract the other observables, more effort is needed.

Example: Extracting P%:

o ——¢ for <0
Op—>m—0; for 0y >m/2

Similar foldings for Py, P, Pj.



B’ — K*Yu" i~ FOLDED
ANGULAR DISTRIBUTION

* The folding for P} leads to:

dH T+ 1) 9 3 L ,
= |71 -F 0k + F 0
dcosfpdcosfx dpdg? 87 4( ) sin” O + Fr, cos® O+
1

Z(l — Fp) sin? O cos 20, — F, cos® O cos 20, +

1
553 sin? O sin? 0, cos 20+

V' Fr,(1 — F, PLsin 20k sin 6, cos¢]

* Only three observables left after the folding. Now we can fit the distribution.

* Only one of them we are interested in, the other two are "nuisance

parameters”.
¢ Selection, corrections, etc. all are the same as for the "first" analysis. @



[Thesis MDC]

EXAMPLE OF ANGULAR DISTRIBUTION

Events / [20 MeV/czj

Events / [0.04]

total = signal +
background 4

1
cos 6,

© q? = 4.3 — 8.68GeV?/c for P} ()

Events / [0.125664]

Events / [0.08]



http://cds.cern.ch/record/1605179?ln=en

[PRL. 111 (2013) 191801]

P AND P!
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* Analysis is performed in the same six bins of q2 as the first analysis.
* Good agreement for P; for the full q? range.
* Disagreement for P} for low 2.

e Discrepancy in third bin is about 4 standard deviations. The chance of this

happening in one bin out of 24 is about 0.5%.



http://arxiv.org/abs/1308.1707

/ /

P} AND P}
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* Good agreement for Pé for the full q2 range.

* Good agreement for Pé for the full q2 range.

Theoretical predictions by J. Matias et al
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[Thesis MDC]
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STATISTICAL UNCERTAINTIES
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e For some bins the likelihood looked was perfectly parabolic, for some not.

Evaluate statistical uncertainty using "Feldmann-Cousins".
* FC:

* For each possible value of , generate toys (with: removing events and
correcting for acceptance).

* Order them according to R = % where [ipest iS the value of 1t

E(z““best
that maximises £ (z|p).

e Determine 68% CL.
e Construct band and read off interval.
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MEASURING THE ZERO-CROSSING POINT
OF AFB(I)
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Forward Backward

Zero-crossing point of Arpg is a very clean measurement, as the form
factors cancel (to first order).

Forward —Backward

L] =
AFB Forward-+Backward *

"Forward" = cosf, > 0

Zero-crossing point was extracted using "unbinned counting" technique:
Make a 2D unbinned likelihood fit to (g2, mass) for "forward" and

"backward" events (with respect to cos 6p). e


http://arxiv.org/abs/1304.6325

[JHEP 08 (2013) 131]

MEASURING THE ZERO-CROSSING POINT
OF App (II)

T
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Extract App =

Standard Model theory predicts zero-crossing in 4.0 - 4.3 GeV2/c4 (central
values)

[JHEP 1201 (2012) 107][Eur. Phys. J. C41 (2005), 173][Eur. Phys. J. C47 (2006) 625]

* LHCD result: 4.9 + 0.9 GeV? /¢



http://arxiv.org/abs/1304.6325
http://xxx.lanl.gov/abs/1111.2558
http://xxx.lanl.gov/abs/hep-ph/0412400
http://xxx.lanl.gov/abs/hep-ph/0601034

[Thesis MDC]

YES, WE DID SOME CROSSCHECKS
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e Surely, if there is a discrepancy in P5’, there is also one in S5.

* Measure S5 with a "counting" experiment (similar to zero-crossing point)
and with an angular fit and compare results.
e Can define S5 as an asymmetry between two type of events:

S __ #typel - #type2
T #typel + #type2

* There is excellent agreement between fitting and counting. e



http://cds.cern.ch/record/1605179?ln=en

YES, WE DID MORE CROSSCHECKS...

e Cut very hard in selection until essentially no background is left. No effect.

e Apply selection, data-simulation corrections, acceptance correction to
B — J/p K*0. The values come out as predicted.

e Evaluate many systematic effects: Background angular distribution, signal
mass distribution, removing events at large angles, neglecting acceptance
correction, ...

* None had a seizable effect.




WHAT 1S 1T? POSSIBLE ANSWERS:

* A statistical fluctuation. The chance of one bin fluctuating that much
(assuming all bins independent) is 0.5%.

* A peaking background nobody could think of. Something else, nobody
could think of...

* An underestimation of the theoretical uncertainty.

e If you dare to believe: New physics.



THE FUTURE!

e Everything | showed so far was performed on data from 2011.
* We have 2o~ ! more to analyse, giving in total ~ 3000 events.
* What can we do with them?

* Goal would be to do a full angular analysis without folding.

* None of these studies is public yet, cannot show too much...



FULL ANGULAR ANALYSIS

* In principle would like to fit all observables at once to get the values and the
correlation matrix.

* Would also like to have a different (finer) binning scheme, to take steep
shapes better into account.

* And would like to disentangle BY and BO.
e Would also like to have sunny weather every day.

¢ Realistic seems a full angular analysis with the same binning scheme - or
again folding with a finer binning scheme. But not both.

* It might also be possible to gain back the correlation matrix from toy studies.

This would allow folding (=more stable) fits and provide the same

information as the full analysis.




AMPLITUDE ANALYSIS £ of 7 Be5  roam 3
0.6F VS DO:20 E

04F —True *++Mean _i

2 ! qz(Gch/c")

. S = fz-(AJL_7 Aﬁ, AL, Af, AlF, AlY). can we measure the amplitudes

I

directly?
* Need to parametrize g2 dependence: @ + B¢? + qu_
* Can in the end still build observables out of the amplitudes.

* Looks quite promising at the moment, but will be restricted to
q2 =1-6 G€V2/04 (as q2 parametrisation does not hold anywhere else).



MOMENT ANALYSIS

e All angular terms are orthonormal.
* Basic linear algebra tells you: g = >, ¢;g; with (gi||gj) = 0i;
© = ¢ = (9/l9:)

* = To extract the angular coefficients, one can multiply distributions with
each other.

e Looks quite promising at the moment, but study is only in an early stage.

* A nice thing about the moment analysis: The S-wave terms are orthogonal
to all other (P-wave) terms, so they don't need special treatment.

* However, still need to care about acceptance correction. e



[PLB B725 (2013) 25]
[JHEP 1307 (2013) 084]

OTHER EW PENGUINS
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e There are other electroweak penguin decays which are sensitive to the same
underlying physics: BY — ¢utpu=, A — Aptu~, ..

* Less events than for BY — K*0u 11~ angular analysis difficult.

¢ Isn't it fascinating that all branching fractions we measure are at the low end

of the prediction?



http://arxiv.org/abs/1306.2577
http://arxiv.org/abs/1305.2168

SUMMARY

* Presented the 2012 & 2013 analyses of B® — K*0pF .

* Have seen some "interesting" effects in the 2011 data.
* Looking forward to analysing the 2011+2012 data.

e Atlas & CMS can analyse this decay as well...






[PRL 111 (2013) 112003]
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* Only angle 8y and q2 for description of decay:

dr

1 3 . 1
fm — 1(1_FH)Sln20€+§FH+AFBCOSQZ 1)

* Branching fraction smaller than for B — K*O,Lﬁu_, but cleaner. About
1200 events to analyse in 1 b~ L.

(compatible with 1)(4160)).

* Good agreement with Standard Model, including resonance at high-q2 e


http://arxiv.org/abs/1308.1340

[JHEP 02 (2013) 105]
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http://arxiv.org/abs/1209.4284

[JHEP 1307 (2013) 084]
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* Very similar to B® — K* 1 1=, however, less BY produced than BY.
Only ~ 175 signal events in 1 L.

* Decay is not self-tagging, as ¢ — K TK .
* Need to restrict to observables invariant under Bg — EQ: Fr, 53,477,
A5.6.8,9-

¢ Only projections in one angles fitted, not full 3D-fit.

* Angular observables show good agreement with SM. e


http://arxiv.org/abs/1305.2168

[JHEP 1307 (2013) 084]
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* However the branching fraction is significantly lower than the SM prediction.



http://arxiv.org/abs/1305.2168

[PLB B725 (2013) 25]

+

S
SO
i
e
=
7\:\

n

dBAW W)/dq? [107(GeV/e) !

@ [GeVch

* Even less signal than for BS — puT T, ~ 80 eventsin 1 fo L.

* Still most precise measurement of branching fraction.

¢ Basically no events at low q2 (but very large uncertainties). H



http://arxiv.org/abs/1306.2577

[JHEP 1212 (2012) 125]
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* b — d process, suppressed by |Viq/Vis|? compared to b — s
e |HCb observed ~ 25 signal candidates in 1 bl
* Measured branching fraction of: (2.3 4= 0.6 £ 0.1) - 1078, in good

agreement with Standard Model. e


http://arxiv.org/abs/1210.2645

MORE PENGUINS

o BY— K*0¢te: Interesting at low q2, where muon mass cannot be
neglected anymore.

» More EW penguin measurements: CP asymmetry and isospin asymmetry in
B Kt~ , Bt — Ktutu .

* None of the other modes (except isospin asymmetry) shows such a large
deviation.

* However, none of the other modes has the same sensitivity to " Pé-physics"

as BO— K*O0utp~.



BDT INPUT VARIABLES

e the B pointing to the primary vertex, flight-distance and IP x? with
respect to the primary vertex, pr and vertex quality (x?);

e the K* and dimuon flight-distance and IP y? with respect to the pri-
mary vertex (associated to the B°), pr and vertex quality (x?);

e the impact parameter x? and the ALL(K — ) and ALL(p — ) of the
four final state particles.



[Phys. Rev. D 88, 074002 (2013)]

POSSIBLE INTERPRETATIONS (I)
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* Matias et al. did a combined fit of observables of B® — K*0pt~,
BY— ptpu~, BY— K*0 to extract the Wilson coefficients.

i 7

 Determine best fit point and confidence intervals. e
* Looks like a clear case for NP... @

* Split Wilson coefficients in ¢ = C}%M + CIJ)VP



http://arxiv.org/abs/1307.5683

[arxiv:1308.1501]

POSSIBLE INTERPRETATIONS (II)
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« Straub et al. did a combined fit of observables of B® — K*0put i~
Bt — Ktptu~, BY— utp~, B — K*0y. They also included
results from other experiments besides LHCb.

e The trend is the same as for Matias et al., however the picture is a bit less e

clear. @


http://arxiv.org/abs/1308.151

[arxiv:1310.2478]

POSSIBLE INTERPRETATIONS (III)
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e Van Dyk et al. did a Bayesian analysis using observables of
B K*u*p=, Bt — Ktutu=, BY— ptu~, BO— K*0y
(and other information) where the QCD-uncertainties were allowed to float
(using a prior).

¢ They conclude: "In the absence of substantial improvements in the handling
of subleading contributions to the B® — K*0u 11~ amplitudes and
given the statistical evaluation, we are therefore forced to conclude that the

SM interpretation of the data is more economical than a New Physics e
hypothesis." @


http://arxiv.org/abs/1310.2478
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LIKELIHOOD FOR P%, BIN 3

Projection of Profile of -log(likelihood)
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(Profile) likelihood for P2 in bin 3.
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