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Motivation

» Flavour-changing neutral current b — s via loop (or box) in SM.

» Rate/angular observables affected by presence of virtual new particles
(if there are any).
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Motivation

» Flavour-changing neutral current b — s via loop (or box) in SM.

» Rate/angular observables affected by presence of virtual new particles
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Full angular analysis B® — K*°u™ ™
Angular basis



BY - K*(— Kt )utu™

» Decayis P — V'V’ (since K*(892)%is J" =17).
» System fully described by ¢ and three angles Q= (cos 0, cosbOxk, ¢)

+
K+ 0 H

S.Cunliffe  03-11-15 Full angular analysis BO — K*0 p,"' [T 3/24



BY - K*(— Kt )utu™
» Decayis P — V'V’ (since K*(892)° is J* =17).
» System fully described by ¢ and three angles Q= (cos 0, cosbOxk, ¢)
» Angular distribution is sum of angular moments (f;) with coefficients (I;)

bi

and

d4F[EO—> R*Ou‘i‘u B ZI f
dg2 d% 327 ’

d4F[BO—> K*OLL+LL _ Zi
dq2 dQ 32m

» CP averaged coefficients (S;), CP asymmetries (A;):
- dlr  dIl
5=+1) /(5 + )

- dI’ dr
4= -0 /(3 + )

» N.b A;’s never been measured before, full set of S;’s also never been
measured before.

[link to full thing in backup slides]
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BY - K*(— Kt )utu™

> The I; are bilinear combinations of the decay amplitudes (A", ).

Two examples (there are 12 total):

2

2

I5 = Re (AéAﬁ* _ A?Afj*)

» Some of the I; and S; get subscripts c and s for cos”® and sin” coefficients.

» Some of the S; coefficients get special names,

Slc = FL

Sg = (1 — FL)A,(TQ)
4

S6s = §AFB

» A set of ‘theoretically clean” observables: divide out form factor uncertainty
(inside A’s) to leading order

Pjs = Sis/VFL(1 - FL)
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Scalar component in the K7 system

» We also include the scalar

. a " " T T T T T T T T T T T T T
“S-wave” component in K =2 60000 LHCb |
% i B" — Jhp K™
system. S Preliminary
O -
» Adds two more amplitudes and il
some nuisance terms to angular 5 |
distribution. ™ 200007
» Can help separate vector from K-

scalar by performing a fit to m . 0.8 085 09 m(K+n()—')9 S[GeV/CZ]

> Describe K™ (892)0 Component Fit to control channel:
with relativistic Breit-Wigner, B® = Jp (= ptu ) K*0(— Kt7)
S-wave with LASS shape.
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Summary of the nomenclature

» Decay amplitudes (3 polarisations x 2 chiral states) + 2 for scalar

» Angular distribution built from coefficients, I; = I,(g*), and spherical
harmonics, f; ().

» Coefficients are bilinear combinations of amplitudes: I; ~ AA™ and are
observables.

» Can form CP average/asymmetry (these are also observables)

» Can construct clever ratios, P; to reduce effect of form factors (which are

inside the A).

CP avg.

bilinear = make ratios
A—)Ij and Ij Sj >Pj’S
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Full angular analysis B® — K*°u™ ™

Event selection and angular efficiency



Selection and yields

» Reduce background by exploiting kinematics and PID information from
Cherenkov detectors.

= 10*

T T T Lo, &

- B’ — K urw 1 % y
600 " Preliminary - O
- ] N@

=5 10°

Events / 5.3 MeV/c?

= 107

B T I
m(K z i) [GeV(c?]

m(K*m utu”) [MeV/c?]

» Find 2398 4 57 events across all of ¢° excluding the charmonia.

> Regions excluded due to By s — J/i K*0, By s — ¥ (28)K*Y and

BY — ¢(— putpu")K*0. B® — J/ap K*© used as control channel.
» “All of ¢ explicitly means:
¢%> €1]0.1,0.98] U [1.1,8] U [11,12.5] U [15,19] GeV?/c?.

» Find 624 =+ 30 in ‘theoretically preferred’ region ¢° € [1.1, 6] GeV?/c".
» These statistics determine the bin granularity for running angular analysis.
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Angular efficiency

Efficiency

» Data is biased by detector
geometry, trigger, and selection

requirements.
0.5

» Need to get at the angular
EfﬁCienCY, € = €(q2, Q), to - simulation
account for this. N I T

» Pseudodata (before and after | " cos 6,
simulating the LHCb detector)
used to sample the efficiency
surface.

» Compute smooth-continuous
functional description. s 1

Efficiency

» Functionally description

included in fits 1. and 3. | imatacion
> Or used to weight the data for 2.

ol
-1 -0.5 0 0.5 1

» Test efficiency description on cos 0,
control channels: [link to backup]. q° €[0.1,1] GeV?/c?

q> € [18,19] GeV?/c*
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Full angular analysis B® — K*°u*p

Fit methods
1. Maximum likelihood fit
2. Method of moments
3. Amplitudes method



1. Maximum likelihood fit

S.Cunliffe

» Finalise the preliminary result presented at Moriond 2015
[LHCb-CONF-2015-002] — [LHCb-PAPER-2015-051]

» Fit angular distribution for CP averaged observables and CP asymmetries

(B° and B separately) in bins of ~ 2 GeV?/c*.

» Some parameters have physical boundaries, use Feldmann-Cousins to

determine uncertainties.

100~

Events / 5.3 MeV/c?

W
S
1 T T T

03-11-15

. . . :
LHCb i
1.10 < ¢ < 6.00 GeV¥c* |

Preliminary -

m(K*w utu”) [MeV/c?)

Events /0.1

1001~

100~

Events /0.1 &

—
LHCb

1.10 < ¢ < 6.00 GeV¥c* _|

Preliminary -

Events / 10 MeV/c?

"LHCb

1.10 < ¢ < 6.00 GeV¥c* |

Preliminary

Events /0.1

100

50

09

‘LI_‘IC“DWHH

1.10 < ¢ < 6.00 GeV¥c* |

Preliminary -

0.95
m(K*x™) [GeV/c?]

Full angular analysis B9 — K*0,+,—

LHCb
1.10 < 2 < 6.00 GeV¥/c*

Preliminary

cos O
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1. Maximum likelihood fit

Results
— 1 ' | I

8 N i
0.8:_ LHCb _
- Il SM from ABSZ -
0.6 + 1 Preliminary _
04F -
=2 —
02F -
0 [ Ll A R

0 10 15
q* [GeV?/ ¢4

o T I |
o5k .
- LHCb .
I B SM from ABSZ |
i Preliminary i
O 1
] ]
: + ———
0.5 —
L L | L L 1 L
0 10 15

q* [GeV?/ ¢4

FB

— T T | T
0.5 —
i e —t]
=
i LHCb |
i I SM from ABSZ ]|
0.5 | L Plrellirr]inlary .
0 5 10 15
q* [GeV?/ ¢4
| T 1
0.5 _
- LHCb -
- B SM from ABSZ |
¥i Preliminary
0 ——
e =
-0.5F —
| 1 | 1 1 1 1 1 1
0 5 10 15

q* [GeV?/ ¢4

More results and full set of asymmetries, A; [in backup]. All A; consistent with zero.
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1. Maximum likelihood fit

5.4 v 1: | | | :
L LHCb i
0.5 Preliminary _
’}41— SM from DHMV 1
o= :
0.5k l + I .
| S R S S I B |

0 5 10 15

g* [GeV?/ c4]
Tension from 1fb™" analysis remains. Now split over two bins of 2.8¢ and 3.0c.
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1. Maximum likelihood fit

Tension from 1fb~" analysis remains. Now split over two bins of 2.8¢ and 3.0c.
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LHCb

Preliminary

SM from DHMV

I
I

1

L

|

b

—)—

10

g* [GeV?/ c4]

Blue points are the 1fb~" subset.

15

Full angular analysis BO — K*0 1+, —
8 Yy
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2. Method of moments

» Alternative method to measure observables.

» Slightly worse precision but more robust.

» Can be performed in narrow (~ 1 GeV?/c?*) bins of ¢2.
» Can measure Sg. (ignored in other methods).

» Technique described in full detail in [Phys.Rev.D91(2015)114012].
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2. Method of moments

—

» Use orthogonality of spherical harmonics, f;(€2) to solve for coefficients
within a ¢2 bin:

/&Aﬂﬁ@mﬁz&j

5 _
zm:/( L )dwfmﬁmﬁﬁ,
d(T" +1I')/dg? dQd
» Don’t have true angular distribution but we ‘sample’ it with our data.

» Therefore [ — > and M; — M,

— 1
M; =
2 e We

Z wefi(ﬁe) )

—

» The event weight w. accounts for the efficiency, (). are the angles of each
event.
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2. Method of moments

Results
|

R

S.Cunliffe

0.5

+

4 :
T

o T T T
< 0.5 + -
0 % f
:} + ! LHCb |
i Il SM from ABSZ ]|
0.5 | Preliminrlslry -
0 10 15

q* [GeV?/ ¢4

s T — T 7

LHCb T

Il SM from ABSZ |
Preliminary

.
b

10

More results and comparison to ML [in the backup]

I SM from ABSZ
i Preliminary iy
0 L | L L | L L L L | L L L
0 5 10 15
q* [GeV?/ ¢4
: | T
0.5+ —
- LHCb .
I B SM from ABSZ |
i ‘\L Preliminary 1
0 :JT_ l l 1 1 + _
-0.5 —
L L | L L | L L L L 1 L L L
0 5 10 15
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03-11-15

Full angular analysis B9 — K*0,+,—

15
q* [GeV?/ ¢4
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3. Amplitudes method

» Fit for amplitudes as (continuous) function of ¢* for ¢* € [1.1, 6] GeV?/c*

» Ansatz inspired by leading order expressions from, e.g. [JHEP04(2012)104]

A(q®) = a+ Bq” + q%

» Set of 3 complex parameters {«, 3, v} per vector amplitude.

» L, R, 0], L, Re, Im= 3 x2x 3 x2=236DoF.
» Scalar amplitudes vary slowly so take constant term (4 extra DoF).
» Use symmetries of angular distribution to reduce this to 28.

» Technique described in detail in [JHEP06(2015)084].

» Scale the scalar amplitudes by the integrals of the m k. shape.

» Able to build observables continuously in ¢°.
> Limited by stat. precision to measuring CP averaged observables.
» Method will become more powerful with more data.

» Get the theoretically clean zero-crossing points for (nearly) free.
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3. Amplitudes method

q:‘a 0'5_' L DL L L R R I L B '_
L LH(.:b. - VJ‘”05_'"'I""I""I""I""_
: Preliminary ~l LHCb
a - Preliminary
0 I
[ 0
-0.5-— . i §
2I3456 -0.5 =
¢ 1GeVct
N L AL I LR L L L L A BB AL B q2 [GGVZ/C4]
CI) — —
i LHCb
B Preliminary
I Zero crossing points:
0
- qo(S4) < 2.65GeV?/c* @ 95% CL
_ _ g (Ss) € [2.49,3.95] GeV?/c* @ 68% CL
0.5 -
e b g0 (Aps) € [3.40,4.87] GeVY/et @ 68% CL

g? [GeV?/ ¢4
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Full angular analysis B® — K*°u™ ™

Compatibility with SM



Compatibility with SM

» Use EOS software package' to
test compatibility with SM.

» Perform x? fit of measured:

F1,, Arg, Ss..9.

» Float a generic vector coupling

a.k.a. Wilson Coefficient,
Re (09)

> Motivated by previous work.

» Best fit to data is 3.40 from SM.

L EOS: [JHEP07(2010)098] [source code]

S.Cunliffe 03-11-15

ARe (Co) = Re (Co)°™ M —Re (Co)°™ = —1.03

N

S

15

10

LHCb

Full angular analysis B9 — K*0,+,—
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Other b — s(d)£¢ measurements
B’ —» K*Vete™
Apy— Aptp~
By — ¢putp”
Bt atutu
By — pt T



BY —» K*0ete—

I 4 'Data L. IBO — I[(*°e+el’ LIHCIb
B B —(KX)ete

Combinatorial

[JHEP04(2015)064]

» Angular analyis performed at low
q* (¢° € [0.002,1.120] GeV?/c?h).

Candidates / (30 MeV/c?)
S

» Electron final state: completely 10F _
different experimental challenge. S
+ Triggering, "
> Bremsstrahlung. 4800 5000 o) MoVIZ]
» Good agreement with SM s ®E T T T T Lhch
predictions. & 30 3
g/ 25F —— . —i
> Also LNU measurement. % 200
[PRL113(2014)151601] = R 3
8 10;_ _____________________________________ _%
B[B+—> K+,u+,u_} 5t ]
b = BBt Ktete ]’ 0(—
¢ [rad]

see J. Harrison’s talk tomorrow PM.
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Ap— A(— pr ) pTp™

[JHEPO6(2015)115] q? € [15,20] GeV?/c?

—_— = DN
DN XX O
o O O
TITTT[T

» Measurement of differential
branching fraction and first
angular analysis of this channel.

140

D X
o O
TTTTT[TTT]T

Candidtates per 30 MeV/c?
S

» See evidence for signal in the first
q° bin.

54OOI I I56OOI l I58OO' I I6OOO
M(Auw) [MeV/c?]

» No significant evidence in
q° € [1.1,6] GeV?/c* i.e. low
w.r.t. predictions.

» Perform angular analysis best in
the high ¢° region
(g% € [15,20] GeV?/ch).

dB(A, = A ww) /dg’ [107(GeV¥ 4]
— [N TNAN
R AR
¢
g g
é’.
‘ -
L1 111 IIIIIIIIIIIIIII 111

o.4f—_lﬁ =
02F T + LHCb =
Oll SIIIIIOIIII15IIII20
g* [GeV?/c4]

SM [PRD87(2013)074502]
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B)— ¢(— KTK )putp~

[JHEPO9(2015)179]

» Differential branching fraction ]

and angular analysis. sof

» Angular analysis performed as = T
maximum likelihood fit for m(K*K utu”) [MeV/c?]
observables.

Events / 10 MeV/c?

» Angular observables good in :E z: - ' | ILfIC'b':é
agreement with SM. & Z _—l/— .
Y. 7 Dy
» dB/dq? in bin ¢* € [1,6] GeV?/c? =i /I + %W.ﬂj
found to be below SM by 3.30. $oET ik
- 1F 3 Daia (Wide)—;

%Oz""s'""lb""l's"'
¢ [GeV* ¢4

SM “pred.” and “wide” from [arXiv:1503.05534]
SM “LQCD” from [PRL112(2014)212003]
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S.Cunliffe 03-11-15

[JHEP10(2015)034]

» First measurement of differential
branching fraction and CP
asymmetry in a b— d£f
transition.

» dB/dq® compatible with SM but
on the low side.

> Aop =
—0.11 4+ 0.12(stat.) £ 0.01(syst.)

» Also measure
Vial/|Vis| = 0.2475:03.

APR13 [PRD89(2014)094021]
HKR15 [arXiv:1506.07760]
FNAL/MILC15 [arXiv:1507.01618]

o T0F \ | T 3
> 60F LHCb E
5 n 4 .
E 50% e Bl
o # T B'—K w3
— N, FYy B*—D ut*v :
= F B{—f, o E
Fg = e - Combinatorial
< - .
@) = __
it +¢+” .
zl h-o-qo- 1

5260 “ 5400 5600 5800 6000
m(rrutu) (MeV/c?)

* LHCb APR13 ¥ HKRI15 8 FNAL/MILCI5
Q T T T T I T T T T I T T i
Nb ]
' LHCb ]
> ]
QO -
O ]
Clﬁ .
- i,
ﬁ -
N
N ]
S NN =
Q N AN S .
[an)] NS NN ]
o I N ]
! ) ) ) ) ] ]
10 20
g2 (GeV?/c*)

Other b — s(d)££ measurements

22/24



0 —
B)— ptp

Combined analysis with CMS

CMS and LHCb (LHC run I)
RS T I T T T I T T T I T T T I T T T I B
[Natu re 522 (201 5)] g » E_ 1_ giagt:al and background _E
?ﬁ 50 1B i
g f pe E
» C = - = Combinatorial background
0 % 40 A B B . Y e Semil-leptonic background _:
» First observation of BY — ™ £l == Peadngbadgrond
and evidence for B — p ™. B af =
> 6.20 and 3.20 respectively. N3

» Measurement of branching
fractions and ratio of branching

CMS and LHCb (LHC run 1)

fractions. 3 0 E

s\ | SMand MFV :

B [BS—) ,LL+,LL_] = 2.8t8:g x 1077 A3 E
B[B°— utu] =3.9%18x107" Jf E

» Ratio found to be compatible with 2f E
SM to 2.30. of— o5

R
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Conclusions

» First full angular analysis of B® — K*°u* ™.

>
4

Full set of CP averaged observables and CP asymmetries.
Including correlations.

Three complementary analysis techniques.

1. Maximum likelihood fit.
~ 2 GeV?/c* bins of g2, good precision.
2. Method of moments.
~ 1 GeV?/c* bins of g2, robust, slightly worse precision.
3. Amplitudes fit method.
g € [1.1,6] GeV?/c* continuous in g2 at expense of ansatz.

Tension in P! still remains (now split across two bins).

Using EOS software, find 3.40 discrepancy from SM (observables only).

Paper soon to be submitted to JHEP.

» Number of other b — s(d)¢¢ measurements performed by LHCb

>
>

S.Cunliffe 03-11-15

dB/dq? broadly speaking low w.r.t. SM.
Other angular analyses good agreement with SM.

Conclusions
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Backup Slides
BY— K*u*u~ full angular analysis



Exact angular definitions B - K*utpu~ vs B - K*%utpu~

diagrams on next 6 slides by C. Langenbruch

» Some confusion over experimental angular conventions.

» The next 6 slides (27 — 32) give the exact conventions used by LHCb.

Notation

» 7 is the 3-momentum of particle a in the rest from, b.

» i is the unit vector in the direction of particle a in the rest frame of
particle b.

> 7, is the unit normal to the decay plane of particles a and b in the rest
frame of particle c.

—Sc . =cC
> Notenab— ng.,
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Exact angular definitions B — K*OuTp~ vs B — K*0uTp

Definition for cos O g

SKm  —B
Pk "PKr _ —-Kn -B

S S —Ug -~Ug
DD "

forboth B’ - KT7x ¢T¢~ and B’ - K nt¢T¢~.

cos O =
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Exact angular definitions B - K*utpu~ vs B - K*%utpu~

Diagram showing 0 i
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Exact angular definitions B - K*utpu~ vs B - K*%utpu~

Definition for cos 0;

For B > K n—¢T¢,
cosf; =
and for B - K~ nt¢t¢™,

cosf; =

S.Cunliffe 03-11-15

PPl
Vel

00 B
Pp— - Dee

5, 11577

= Uy-

Conclusions

¢l -SB

| = Up+ -~ Ugp,
00 B

" Uge
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Exact angular definitions B - K*utpu~ vs B - K*%utpu~

Diagram showing 0;
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Exact angular definitions B - K*utpu~ vs B - K*%utpu~

For B > K n—¢t¢,

Do+ ng— Pr X DPr _ =B > B
cosS ¢ = —5 = Nytyo_ " NKx;
52 x 5B | [0 x pE]
B ., =B B _ =B _ B
: [ P X pe— Pk X DPx Pir (2B B B
sin @ = X " TSE — ng+e— XNKr ) UKr
B xpB | PR xPP|) PR
and for BY - K—nt¢t¢™,
_ Pyp- XPy+  PK X Px B LB .
cos ¢ = — = Nyp—p+ " NKn;
pe— Xpe—i—‘ ‘pK Xpﬂ'
B —B ~B B
Sln¢ — £ E_ pli pﬂ_ Iiﬂ = |\ NMyp—p+ X NKx UK 7
xpg—{—| P X DPrx pKT["
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Exact angular definitions B - K*utpu~ vs B - K*%utpu~

OpKn
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Full angular distribution in terms of CP averages, S;

— i {%(1 — FL) Sin2 O + F1, COS2 0k

(1 — FL) sin” Ox cos 26,

_|_
I

— 1 cos> O cos 20; + Ss sin? 0 i sin? 0, cos 2¢
4S54 sin 20k sin 260; cos ¢ + S5 sin 20k sin 0; cos ¢
—I—%AFB sin2 O cos 0; + S7sin 20k sin 0; sin qb

+Sg sin 20k sin 20; sin ¢ + Sg sin? O sin” 0; sin 2¢] .

[link back]
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1 d*(I' +T) 1 d*(T' +T)

_ — —(1 — F¥s = =
dI'+T1)/d¢? dQ  |sip ( ) d'+1)/d¢? dQ |p
+ iFS sin? 0; + S-P interference
167
[link back]
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What are the P, observables?

/ Si
P;, =
VL1 — FL)
o1 1 V2 [R(AF AL — AG AT
> T 24T +1)/dg? VFL(1 = Fr)

» The asymmetry of the cross term between the longitudinal and
perpendicularly polarised amplitudes.
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Fits to control channel B? — J/ip K*0

Test of angular efficiency method

Events / 5.3 MeV/c?

Events / 0.02

S.Cunliffe

100

03-11-15

LHCb
B’ — Jp K™
Preliminary

».

. 4
5400 5600

m(K*m utu”) [MeV/c?]

LHCb
B = JiyK™

0 0.5

Plus the m k~ plot shown on slide 6.

Preliminary |

1
cos 0,

Events / 0.02

Events / 0.02 & rad

4000

2000

Conclusions

'LHCb
B’ = Jy K™

Preliminary

LHCb
B’ = Jhy K™

Preliminary .

$ [rad]
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Maximum likelihood fit - further results

Results
N —r 11T 1 o T T T T

051 . 05k .
- LHCb . - LHCb .
I B SM from ABSZ | Preliminary
_+ Preliminary i + + i
oF o= I
. — m - —e— + I E
- 1 + + * - -
-0.5F — -0.5F —

N N N N | N N N N | N N N N 1 N N N N N N N | N N | N N 1 N

0 5 10 15 0 5 10 15

q* [GeV?/c] q* [GeV?/c4]

o~ ' ' ' ' | ' ' ' ' | ' ' ' ' I ' ' ' ) ' ' ' ' | | ' I '
05k . 05k .
- LHCb . - LHCb .
- Preliminary - - Preliminary -
0 B —— { 7] 0 B : I 7
B 1 + E ++-—0—:_‘ T I ! .
-0.5F — -0.5F —

N N N N | N N N N | N N N N 1 N N N N N N N | N N | N N 1 N

0 5 10 15 0 5 10 15
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