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Outline

Theory and Techniques

The LHCb Detector

B* — h*h~h* decays. (h = K,?T)
B* — pph* decays.
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Introduction

CP Violation (Sakharov, Baryogenesys)
Discovered 1964 (neutral kaons)

Standard Model CPV (CKM matrix)

SM CPV (insufficient, Universe)

CKM matrix: D (small or null), B (measurable)

3-body decays are interesting (signatures in Dalitz Plot)
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Conditions for Direct CP Violation

® In charged B decays, we have multiple amplitudes :

A(B = ) = | A€ H01) | Ay|ef(2F92) 4| Ag|ei03t93) o

Strong phases (§;) are invariant under CP Transformation: 5; — (5,’
Weak phases (¢;) change sign under CP Transformation: ¢; — —@;

A(B N ,_c) — ’A1|ei(51—¢1) + ’A2|e"(52—¢2) + ’A3|e"(53—¢3) 4
® The Asymmetry can be calculated as:

[A]? - AP
Acp(B — f) = AP T AP o Zsm §j)sin(¢; — @)

® Conditions for Direct CP Violation:

1) At least two amplitudes.
2) Non-zero weak phase difference, ¢; — ¢; # 0
3) Non-zero strong phase difference, J; — 6; # 0
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BSS Model for the B* — 7t7 n*decay
b — duii w
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Vid T qu qu
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- - yiwie
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1) At least two amplitudes. Tree x Pengin

® |n both diagrams: Initial State: B meson, Final State: wrm

® BSS model: b is considered as free. @ is considered an espectator (quark level)

2) Non-zero week phase difference: CKM: A7 o VubVud , AP « VgbVqd, q = u, c, t.

3) Non-zero strong phase difference: (penguin: q on its mass shell (u, c for b decays)).
Source of §; — 0; # 0 are Short Distance Effects.!!!
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Dalitz Plot
Es=) E,

p 1 1 constraint

—B> —> D, ﬁB=Z,. P

3 constraints

E.= _’.2+ 2
p3 i p1 m;

12 variables 3 constraints

If p1, p2, p3 pseudoscalars

3 constraints

12 variables - 10 constraints = 2 variables:

su=(pi+p.) s =(p,*py)°
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Dalitz Plot

s B\
Probability Density Function:
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non-resonant
contribution

B

Isobar Model: the decay amplitude is a coherent sum of a non-resonant amplitude plus
resonant amplitudes:

A(s12,53) = cpr Anr(S12, 523) + Z ckAk(s12, 523)
K
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Amplitude Analysis

Als12,93) = corAnr(s12,923) + 3 ceAw(512, 523)
K

A

~

FEB(s12, 523) FR (512, 523) BW (812, 523) M (512, 523)
Fitting the model to data (DP plane) we obtain the complex coefficients cpr, cx wich tell us

the contribution of ressonances.

Asymmetry . In order to consider asymmetry we define a contribution for the
particle and the antiparticle:

Alsiz 523) = 3 GAj(s12,523) + D GAj(512,523) + Ajlsiz, 525) = Ay(s12, )
J J

B‘*’s:mple B—sample
¢; and ¢; contains weak and strong phases.
=12 |2
A — laP-ldl
G+l
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Asymmetry Map from Mirandizing Method

Phys.Rev.D 86,036005(2012).
|.Bediaga, J.Miranda, A.C.dosReis, |.1.Bigi, A.Gomes, J.M.Otalora Goicochea, and A.Veiga.
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Histogram performed by an adaptive binning algorithm.
Each bin contains the same number of events.

The asymmetry was calculated from the evens inside the bin.

The vertical color scale tell us the asymmetry value.
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LHCb Experiment
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The LHCb Detector

Single-arm forward spectrometer (2 < n < 5),

LHCb MC

Designed to study particles containing b and c quarks (&= 8TeV
Includes a High precision tracking system
Ring Imaging Cherenkov Detectors (charged hadrons)

Calorimeter System (photons, electrons and hadrons)

Muon System, interleaved layers of iron and MWPC (muons)

0, [rad]

2011: 1 b1, /s =7 TeV
2012: 2 b1, /s = 8 TeV

Juan Martin Otalora Goicochea - XXXV ENFPC 10/ 32



THEORY AND TECHNIQUES LHCB EXPERIMENT

The LHCb Detector

Single-arm forward spectrometer (2 < n < 5),
Designed to study particles containing b and c quarks
Includes a High precision tracking system

Ring Imaging Cherenkov Detectors (charged hadrons)
Calorimeter System (photons, electrons and hadrons)

Muon System, interleaved layers of iron and MWPC (muons)

Vertex Magnet
Detector

Trackin

Stations

LHCb MC

\s=8TeV

0, [rad]

2011: 1 b1, /s =7 TeV
2012: 2 b1, /s = 8 TeV
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The LHCb Detector

Single-arm forward spectrometer (2 < n < 5),

LHCb MC

Designed to study particles containing b and c quarks (&= 8TeV
Includes a High precision tracking system
Ring Imaging Cherenkov Detectors (charged hadrons)

Calorimeter System (photons, electrons and hadrons)

Muon System, interleaved layers of iron and MWPC (muons)
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The LHCb Detector

Single-arm forward spectrometer (2 < n < 5),

LHCb MC

Designed to study particles containing b and c quarks (&= 8TeV
Includes a High precision tracking system
Ring Imaging Cherenkov Detectors (charged hadrons)

Calorimeter System (photons, electrons and hadrons)

Muon System, interleaved layers of iron and MWPC (muons)

SP, PS

0, [rad]

2011: 1 b1, /s =7 TeV

2012: 2 1, /s = 8 TeV
HCal Vs
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The LHCb Detector

Single-arm forward spectrometer (2 < n < 5),

LHCb MC

Designed to study particles containing b and c quarks (&= 8TeV
Includes a High precision tracking system
Ring Imaging Cherenkov Detectors (charged hadrons)

Calorimeter System (photons, electrons and hadrons)

Muon System, interleaved layers of iron and MWPC (muons)

0, [rad]

Muon
System

2011: 1 b1, /s =7 TeV
2012: 2 b1, /s = 8 TeV
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BT 5 hth™ h™ decays
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Inclusive CP asymmetry [arxiv:1408.5373]

Measurement of the raw CP asymmetry from simultaneous mass fit to BT and B~
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Inclusive CP asymmetry [arxiv:1408.5373]

Measurement of the raw CP asymmetry from simultaneous mass fit to BT and B~
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Inclusive CP asymmetry [arxiv:1408.5373]

® The raw asymmetry has to be corrected for the B-meson production asymmetry and the
detector asymmetry :

‘ Araw = -ACP + Ap +-Ag

® Decays divided into two categories depending on the flavour of the unpaired hadron:
B* — hth—K* Acp = Araw — Ap(BF) — Ap(K¥)
B = hth—n® Acp = Araw — Ap(B*) — Ap(n¥)
® Ap(B) from B — J/v¢(pup)K studies and using Ap(K) = (—0.126 + 0.018)% [PRL 108 (2012) 201601]

® Ap(w) = (0.00 £ 0.25)% from studies of prompt D* decays [PLB 713 (2012) 186]

® Acceptance correction to take into account non uniformity of efficiencies and raw
asymmetries in the phase space

Ap(B* — 77) = +0.025 4 0.004 (stat) & 0.004 (syst) = 0.007(J/o K*) | 280
Acp(B* — KifﬁK ) = —0.036 £ 0.004 (stat) £ 0.002 (syst) £ 0.007(JW K*) | 430
Acp(B* — 757777) = +0.058 £ 0.008 (stat) + 0.009 (syst) + 0.007(Jap K=) | 4.20
Acp(BY — m5KTK™) —0.123 4 0.017 (stat) + 0.012 (syst) + 0.007(J/» K%) | 5.60
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Dalitz Plot [arxiv:1408.5373]

Dalitz plots in the signal region with bkg: 434 MeV//c? (hhh and hhK), £17 MeV /c? (wKK)
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Dalitz Plot [arxiv:1408.5373]

Dalitz plots in the signal region with bkg: 434 MeV//c? (hhh and hhK), £17 MeV /c? (wKK)
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Dalitz Plot [arxiv:1408.5373]
Dalitz plots in the signal region with bkg: 434 MeV//c? (hhh and hhK), £17 MeV /c? (wKK)
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Dalitz Plot [arxiv:1408.5373]

Dalitz plots in the signal region with bkg: 434 MeV//c? (hhh and hhK), £17 MeV /c? (wKK)
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Dalitz Plot [arxiv:1408.5373]

Dalitz plots in the signal region with bkg: 434 MeV//c? (hhh and hhK), £17 MeV /c? (wKK)
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CP asymmetries in the phase space [arxiv:1408.5373]

® Also background subtracted (SPlot) and efficiency corrected
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CP asymmetries in the phase space [arxiv:1408.5373]
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Interference

® Zoom at low mass region. Asymmetry is more evident.
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Interference

® The behavior of all channels change at midle of the vertical range
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Interference: BY — ntn— 7t
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Interference: B — ntn— 7
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v $200 1 1 8 ]
8 g ] § 100 ] q
5 100 7 1 5
RN b . & obea® I, | R
o 51 52 53 54 55 51 52 53 54 55 O 51 52 53 54 55 51 52 53 54 55

m(rTTeTe) [GeVic m(reTeTt) [Gevic] m(reTeTr) [GeVicy m(reTeTe) [Gevic
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THEORY AND TECHNIQUES LHCB EXPERIMENT BE — hth—h* BT p/Bhi

Interference: B* — ntr—n™ (Simple Isobar Model)

r no-resonant

7T contribution +
- ] ¥
T 4| B _
P N -
U n
Bt: Ay = AL FEWcosh + AT F,
B~ A=A Fchosﬂ + Al F

The phase (®) contains the weak (¢) and strong () phases.

FEVW = s For =1

m2—s—impl ()

Juan Martin Otalora Goicochea - XXXV ENFPC 18/ 32



THEORY AND TECHNIQUES LHCB EXPERIMENT BT — hth—hE BE +

Interference: B* — ntr—n™ (Simple Isobar Model)

— pph

® Diference of magnitudes
(Short Distance Effect)

AJALP? = AL~ [AZ]? = [(AD)? = (AZ)?] |F7" 2 cos® 0 + [(AY)? — (AY)?]|Fr 2+
2cos6’|FBW|2|Fn,|{
(m2 — s) [AL AT cos(f — D) — AZ A cos(d? — d™)]—
mplp [AL AT sin(®f — d7") — AZ A sin(d? — o™)]}
® Real part of the BW
(Long Distance Effect)

® |mag part of the BW
(Long Distance Effect)
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THEORY AND TECHNIQUES LHCB EXPERIMENT BE — hth—h* BT pphi
Interf C Bi S .
nterrerence: — ' 7 (Simple Isobar Model)
Monte Carlo simulation for the short distance term:
Acp o< [(AL)? — (A2)?]|FEW |2 cos? 6 + ...
72(mf,fs)\FpBW\2|F,,,|2cos¢9...

+2mpT o |[FEY 2| For|? cos 6.

cos 6>0

MC

B -B’

8 B B # .

2.0
10 15 M o (GeV)

cos 6<0

MC
) 2.0
0.5 1.0 1.5 Mer 0w (GEV)
® |If it were the dominant term, we should see a peak at the p mass.

® The peak should has the same sign for cos > 0 and for cosf < 0
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THEORY AND TECHNIQUES LHCB EXPERIMENT BT 5 pTh—pE BE — pph™
Interference: B* — ntr—n™ (Simple Isobar Model)
Monte Carlo simulation for the long distance term (Re BW):

Acp o< [(A2)? — (A )] IFEY [P cos® 6 + ..
—2(m3 — $)|FBW|2|Fp|? cos...

—i—2m‘,rp|FpBW|2|F,,,\2 cosé...

+ LF
Q _E
.m :xE_ cos 6>0 - -
E MC T . n
o ‘ .20 ®
0.5 1.0 1.5 Mer 0w (GEV)
+ E
o ZE T
mE o’ :
=E cos 6 < T p B, T
E 2.0MC
0.5 1.0 1.5 Moz jow, (Gev)

® |In this case, we should see an interferent pattern with asymmetry zero at the p mass.
® For cosf > 0 the asymmetry is (+) below the p mass and (-) above.

® For cosf < 0 the behaviour is oposite.
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THEORY AND TECHNIQUES LHCB EXPERIMENT BT — hth—hT BE — pph™
Interference: B* — ntr—n™ (Simple Isobar Model)
Monte Carlo simulation for the long distance term (Im BW):

Acp oc [(A9)? — (A2 FY P cos® 0 + .
—2(m?2 — s)|FSW 2| For|? cosf...

+2mprp|FpBW|2|Fnr|2 cosf...

"
[
1 =
m ~F MC
“E , , . 2.0
0.5 1.0 1.5 Meer o (GEV)
w ¢
'm E cos 8 <VIC
E 2.0 1]
0.5 1.0 1.5 Myor o (GEV)

® |In this case, also we should see a peak at the p mass.

® But the peak has oposite sign for cos€ > 0 and cos6 < 0.
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THEORY AND TECHNIQUES LHCB EXPERIMENT Bi — hth™ hi BE — pﬁhi
Interference: B* — 777 7w~ (Simple Isobar Model)
0 S ‘o F 1 “ P
o oo K _/f)h': Ve e e
o .k MC o .E 1 A=
+ 20 £ 1 2.0 2.0
05T 1O LS T gey 05 | 10 15 m. . (Gev) Mo 1 (GEV)
o e 0 T
1Wl Jl,,.f- . Kk :ll\\‘—\qu
Mc [ e an0edC
B3 l 2.0 _ 2.0MC 2.0 e
05 10 15 Mer o (GEV) 05 ;10 15 Myr o (GeV) My oy (GeV)
Long distance term (Re BW))
g 3007 T LHCh 3
o 200¢ fhoy Cos0>0 5
100E S ‘ E
0E . 1 + .;.ﬂ 3
£ o+ TS
-100 m :
-200E . 1 . 3
05 1 1 1.5
@2 300F° T T T LHCh ]
m 200% :H* CosH<0
l()(l; L H++“' E
()= et 1 +1.+ * + 3
oof  Hf b
E L . E
05 T 1.5 m_,.
SRR NI SR SR ey 22



THEORY AND TECHNIQUES LHCB EXPERIMENT Bi — hth™ hi BE — pﬁhi

Interference: B* — 777 7w~ (Simple Isobar Model)

A el Ty
o .E A= w F
] 20 L 2.0
05 | 10 15 o (Gev) 05 10 15 o cew
ot i
© j\ *MN L_A J\_ <03 0MC
£ .0 MC £ Ll 2.0 i
o.s y 101 Mo o (GeV) 05 10 15 e o (GeV)
1
Long-distance effects
play an important role B00E " —
3 LHCb E
generating strong = 0ok . ]
3 i CosB0>0 -
phase. 21008 . 3
0= bt
E R T
-100¢ L+ 3
-200E . 1 . 3
05 1 1 1.5
2 300F° T T T LACh
e 200¢ 'HV Cos0 <0
100E L PN 3
()E eyt | +1+1F b
E o+ T
o0 T T 3
05 ! 1 1.5 mmm[cewcq

s v e v s < A ey 22



THEORY AND TECHNIQUES LHCB EXPERIMENT BT — hth—hE BT p;’:h:t
Rescattering o — KK
Large asymmetries: 1 < my» < 1.5 Large asymmetries: 1 < myx < 1.5

N

=
o

MA(K*TT) [Gev3/cd]
5

0 M L a n

2 3
(), [Gev?/c]

2 3
mP(K*K") [GeVZ/cd]
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THEORY AND TECHNIQUES LHCB EXPERIMENT Bi — thh_hi B & pph=™

Rescattering mr — KK

Invariant masses with 77 and KK in the “rescattering region”: (1.0 — 1.5)GeV//c?

Acp(Kmm) = 40.121 £ 0.012 £ 0.017 + 0.007 Acp(KKK) = —0.211 4 0.011 + 0.004 & 0.007
x10°

‘Z; 1.8 ' Crode T3 ‘5 %‘21 "model ! !
S Tl B - Kt | S <5 B! - K*K'K™ ]
3 14 .~ combinatorial | 8 18 combinatorial ]
il ~B - 4-body S 16 -B - 4body |
212 ] Al
3 B~ n(py)K S 14 SB' L K'KTE ]
o —B* - e 212 —B* . K*rT 4
— 0.8k 3 - 1 El
8 04 8 08
8 04 goe
g o2 > 2 0.2
O %1 5253 54 55 51 52 53 54 55 S %5175, 53 54 55 51 52 53 54 55
m(K T [GeV/c?] m(K*Tt'TT) [GeV/c?] m(K'K*K") [GeV/c?] m(K*K*K") [GeV/c?]

Acp(nmm) = +0.172 £ 0.021 £ 0.015 + 0.007 Acp(rKK) = —0.328 £+ 0.028 £ 0.029 + 0.007

& F T T T T T T
Lo LHCb modd kK |
3 B = me combinatorial
8 400 combinatoriad

S ~B - 4-body

S.300 -8B - KheTT ]

4 200

b B

5100 5 50 \

& 0 L L L L L I 0 S ST P arhotpttdetunted
o 51 52 53 54 55 51 52 53 54 55 O 51 52 53 54 55 51 52 53 54 55

m(reTeTe) [GeVicd m(reTe ) [GeVic?] m(K'K*TT) [GeV/cF m(K*K*TT) [GeV/c?]
All the asymmetries have more than 50 of significance
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THEORY AND TECHNIQUES

BE — pth—hT BE

Scattering and CPT constraint

High local asymmetries not obviously associated to resonances.
positive for KT 7t~ negative for KX KTK~
positive for 7t7— % negative for KT K~ 7+

TP £y=>" (P — £
féi)GFi ?(ii)ef_‘_,'
for two modes 77T and KK: T(Af,) + T(Af,) = T(Ar:) + T(Arxy) , then:

LHCB EXPERIMENT — pph™

(Bigi & Sanda 2nd edition pp 57)
all fo in F; connected via strong
interactions

AT, =—

kK

|.Bediaga, T.Frederico, O.Louren¢o, Phys.Rev.D 89,094013 (2014)

ATk = (siny)v/1 =1

2cos(Okk + O + P)F(

M2,) (Inelasticity and Unitarity)

100 ——— — — ‘ SR g
= 5000
75E L @ = %
T % § % e 1 St .
_ 50E ji % { T ERET pre
Z 55 o £ 200F
=0 %z 8 7 -
SR I I S P W
OIS Q §T E
Z El 1 2
sl .. | | I R : )
555 ‘I‘ — T R =T m2. [GeVct]
g ER
g o E% =
E 2] E E 3 &% 8
Z-250 E g;’% o
=50 E E E E R
% E E E E E (b) T Z00f | e
15 ] -
S
T 15 2 25
-100 JI M I‘.S Ly \_ I 2\.5 . -
M, (GeV?)
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THEORY AND TECHNIQUES LHCB EXPERIMENT BT — hth—h* Bi — p;‘)hi

Bj: % pl_jh:t decays.
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T'HEORY AND TECHNIQUES LHCB EXPERIMENT BT — hth— AT BE —>p;’:vhi

B* — pph* decays

® Yields extracted with an unbinned maximum likelihood fit

SO0 T T r < o

%4000 3 LHCb E % 600f-

© 30F Bt — ppK™ o £

o 3000F- E o S0OF

S 2500F e S aoof;

=z N = 18721 142 i 3 74

& 2000F- E @ 300"

2 2 E

3 1500 S oof

5 1000] 5 E

3 500 & 100E E

o 3 O B o0 .

5.1 52 53 5.4 55 5.1 52 53 5.4 5.8
2 2;
Mo [GeVic] More [GeVicT]
® Background subtracted Dalitz distributions using sPlot technique
20 T T T 20 T T T T T
185 LHCb 120006 155 35005
E N E 5

16f- 03 16 00 3
% 1E g 5 14F zsoog
Ny E - T 12fF N
2 1 S 2 10E 2000 S
O, 10F = o F =
— E o = = 1500 ©
~g 8F ] w2 % 2
E o = £ 6f 1000 >

E ® aF E
E 5 £ )
2F 2] E 2]
[ 0

10 15 20
mZ_ [GeVZic’]

® At low mf,ﬁ invariant mass the behaviour is differently distributed in the two modes
® Charmonium bands clearly visible: J1, 1/(2S) and 7

® At low m?

° invariant mass we see A(1520)
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['HEORY AND TECHNIQUES LHCB EXPERIMENT b’Jr > h"h™ h=™ Bi

B* — pph* decays

® Yields extracted with an unbinned maximum likelihood fit

— p;‘nhi

(~4500FT T r T ~ 100E

12) [ E L E

%4000 = # LHCb S sk

(© 3500 Bt — ppK™ o _F

g 3000F- E g 5005‘

S 2500 IE < 400f

= N = 18721 142 i 3 74

& 2000F- E @ 300"

[i) Q E

3 1500 S 0f

5 1000 5 E

3 500 < 100 ‘ E

o ) O Ei. Lo L L

51 5.2 53 54 55 5.1 5.2 53 54 5.8
2 2;
Mo [GeVic] More [GeVicT]
® Background subtracted Dalitz distributions using sPlot technique
T T T 20 T T T T T

E 120006 E 350087

E LHCb < 18 LHCb s000S
_ 03 _ 19 Bt — ppm g
o 1 © % 4 2500 5
q E = T 12H N
> : S 2 i 2000 S
O, 10 = O F =
= .F 2 o o 1500 3
N F o~ -
£ E = E 6fF m 1000 >

E ® aF - E

E 5 JE 500 S,

E 2 E .. . . . " 2

[ 0

10 15 20
mZ_ [GeVZic’]

® At low mf,,—a invariant mass the behaviour is differently distributed in the two modes
® Charmonium bands clearly visible: J1, 1/(2S) and 7

® At low m;2:k invariant mass we see A(1520)
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['HEORY AND TECHNIQUES

LHCB EXPERIMENT

B* — pph* decays

® Yields extracted with an unbinned maximum likelihood fit

I
L 4000F-
2

& 3s00F-
p 3
g 3000
S 2500F
"5 2000F
jo3

5 1500
b=l

5 1000
& s00|
o

p LHCb E
BT — ppK™

N = 18721 142

51 5.2 - 53 54 55
2
Mo [GeVicT]

® Background subtracted Dalitz distributions
20,

E 120006

18F 2

16 0%
Qo e %
N F — o
o s E
O 10 = Q
O, 1 > 9
g 8 ° ~B
£ oE = £

3 ]

P 5

2F %)

° 2
At low myp

2
® At low mey

10 15
mzZ; [GeVic’]

Candidates / (0.01 GeV/c?)

BT — hth— K™

700F
60

S

501

S

400

300

20

S

10

S

PP Labd AL LAY 115 < AL LAY L

74

ler 5?2" 5.3~ 5
M ore [GeVic?]

using sPlot technique

20p T T T T 35006~
18F 2
E 3000
16f g
14f
E 2500 5
2 2000 S
10f- =
E 1500 2
* ©
E 1000 >
pS ]
F c
2F =)
E 2]
0 o

10 15 20
mZ_ [GeVZic’]

BT — pphT

invariant mass the behaviour is differently distributed in the two modes
® Charmonium bands clearly visible: J1, 1/(2S) and 7

invariant mass we see A(1520)
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['HEORY AND TECHNIQUES LHCB EXPERIMENT b’Jr > h"h™ h=™
B* — pph* decays: Dynamics

® Measurement of the forward-backward asymmetry

D
9_ Apn = N(cos8p > 0) — N(cos 8, < 0)
ht B~ N(cos8p > 0) + N(cos 8, < 0)
P
® Variation of the Arg as a function of mpp
Bt — ppK* Bt — pprt
oS — ' osf LHCb -
0.6 = 0.6 -
0.4f —_— = 0.4F E
o LHCb E ok i
< = < 1
-0.2 = 0.2 —p— T =
-0.4F = -0.4F =
0.6 E 0.6F —+— E
08f E o08f- + E
z ¥ ¥ y 25 - P y y 26 25

22 24
ms [GeVic]

® Opposite behaviour for the two decay modes

BT — pphT

Arg(ppK™, mpp < 2.85GeV /c?) = 0.495 4 0.012(stat) + 0.007(syst)
Arg(pprt, mpp < 2.85GeV/c?) = —0.409 + 0.033(stat) 4 0.006(syst)
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THEORY AND TECHNIQUES LHCB EXPERIMENT BT — hth—h*

B* — pph* decays: CP asymmetries

BE — pph™

® Variation of Acp as a function of the Dalitz-plot variables only for B — ppK=*
® Adaptive binning analysis

LHCb
0.15

& 0.1
NO o
= 0.05
S 4
g :

E 0.05 @2
;
£

10 1‘5 20
m2; [(GeVic®?]
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THEORY AND TECHNIQUES

LHCB EXPERIMENT

BE — hth

h* BE — pph™

B* — pph* decays: CP asymmetries

® Variation of Acp as a function of the Dalitz-plot variables only for B — ppK=*

® Adaptive binning analysis

mf(p > 10 GeV?/c*

Candidates / (0.01 GeV/c?)

- N(B)-N(B(0.33 GeVZ/c’)

5.3
2
LU [GeVicT]

5.4

LHCb

100

3 L+ +*4

-
24 o ooy

6
2 2o
mZs (GeV?/c?)

Clear sign-flip pattern at low m?

I o

0.2

LHCb

Boe e

m, [(Gev/czﬁ

@

10 15 20
mz; [(GeVicy)]
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mf(p <10 GeV?/c*

Candidates / (0.01 GeV/c?)
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2
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THEORY AND TECHNIQUES LHCB EXPERIMENT B — hth—h* Bi — p;':vhi

B* — pph* decays: CP asymmetries

® The raw CP is corrected for production and detection asymmetries as in
BE — hTh~ htdecays.

BE — ppK* .Acp:.Araw—AP(Bi)—AD(Ki)
Bj: —>pﬁ7ri ACP:-AraW_AP(B:E)_AD(ﬂ—i)

First evidence of CPV in baryonic B decays

Mode/region Acp
n.(— pp) K* 0.040=£0.034 (stat)=£0.004 (syst)
V(29)(— pp) K+ 0.0924+0.0538 (stat)=£0.004 (syst)
pPEE, mys < 2.85 GeV/e? 0.02140.020 (stat)=£0.004 (syst)
ppKE, myp < 2.85GeV/c? mi, < 10GeV?/ ¢t -0.03640.023 (stat)=+0.004 (syst)

(stat)

(stat]

(stat)

(stat)

(PPE=E myp < 2.85GeV/, mi, > 10GeVZct 0.0962:0.024 (stat)£0.004 (syst)) 4o
pp KT, mZ < 6GeVH T, mi < 10 GeVF et -0.0660.026 (stat)£0.004 (syst)
(K, mZ < 6GVZc?, mi, > 100GV et 0.087+0.026 (stat)+0.004 (syst)) 3 5,
ppr, My < 2.85GeV/c? -0.041+£0.039 (stat)+0.005 (syst)

® Systematics uncertainties dominated by the uncertainty on the Acp(J/¢K) measurement
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T'HEORY AND TECHNIQUES LHCB EXPERIMENT BT — hth— AT BE —>p;’:vhi

B* — pph* decays: B.F. measurements

® Branching fraction of Bt — A(1520)(K*p)p relative to Bt — J/y(pp)K+

gen sel

B(B* — N1520)(K*B)p) _ Nawkp . Jjv—pp , I/v—ep

BB J6eRKT) Ny iy

Similar equation for the ratio BT — ppnt to BY — J/y(pp)nt
® Resonant modes extracted with a 2D fit to pph* and pp/K*p

B(BT —A(1520)(KTB)p) _

W = 0.233 4 0.005(stat) + 0.007(syst)
B(B prT),mp5<2.85GeV /c

(B Jmp 2856V /C — 12,0 4 1.2(star) + 0.3(syst)

® Using
® B(B* — J/ypKt) = (1.016 £ 0.033) x 10~3 [PDG]
® B(J/¢ — pp) = (2.17 £ 0.07) x 10~3 [PDG]
® B(A(1520) — KTp) = 0.234 + 0.016 [Eur.Phys.J. A47(2011)133]

B(B* — N(1520)(K*p)p) = (3.15 + 0.48(stat) 4 0.07(syst) & 0.26(BF)) x 10~7
B(B* — pprt, mpp < 2.85GeV /c?) = (1.07 £ 0.11(stat) 4 0.03(syst) & 0.11(BF)) x 10~
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THEORY

AND TECHNIQUES LHCB EXPERIMENT BT — hth— AT

Summary

New results with the full LHCb data set (36 ')

B* — hth~h*decays
e Evidence of global direct CP violation
e High localised CP asymmetries across the Dalitz plot

BE — pph™

e Long-distance effects play an important role in generating a

strong phase difference:

e Interference between resonances.
e Rescattering.

B* — pph*decays
e Large forward-backward asymmetries
¢ First evidence CP violation in decays involving baryons

e Sign-flip of CP asymmetry probably generated by interference of

long-distance pp waves

Next Step: Amplitude Analyses.
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Backup

BSS Model for the BT — 7t7 n*decay

b — dut w
u
Vud T qu qu
W d b d
g T
b u _ Y
ub B
— ivis
B u
- [ T
u b — dut u u b — duu u
® Strangeness = 0 Vid Vus Vb
® Penguin: g = u,c,t Vcd Vcs Vcb (1)
® Tree Dominant. th Vts th
® Different week phase (CKM 2 _—
mechanism). { 1-3 A, A=) “
° D . | Y 1- A% AN2 [ @
Different strong phase (for u and c in [ AN — p— im)] Y 1 J

the penguin).
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Backup

BSS Model for B* - K*rtr~ & B —+ K"KT"K~ decays

u

Vus K~
W S
b u

ub
B~ T
-

u b — suu u

Strangeness = 1
Penguin: g = u,c,t
Penguin Dominant.

CPV expected from interference
between tree and penguin diagrams

Juan Martin Otalora Goicochea - XXXV ENFPC

b — suu

w
V. V,
b gb qs s
g L
u
B-
u
> vivie
] b — suu u
Vud Vus Vub
Vcd Vies Vcb (3)
th Vts th
( 1- %? A AX3(p —in) W
| A 1- 22 AX2 |+ @
L AN — p — in)] —ax B
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Backup

Amplitude Analysis

Problems in the usual Isobar Model:
Many broad states (scalars) squeezed in a narrow mass window

® For D mesons the Non-Resonant amplitude AQ’R is assumed to be constant (due to the
small phase space), but this is not the case for B meson decays.

® High Non-Resonant contribution in B meson decays.

® |n Isobar Model, hard to disentangle the Non-Resonant and broad structures in the
S-Wave.

The Partial Wave Analysis:
® This method was developed by E791 collaboration. PRD 73, 032004 (2006)

A= S — Wave + P — Wave + D — Wave +
ao(s,-)ei¢°(5f) Isobar Model

® The real functions 80(5,') and ¢0(S,') are extracted directly from data.

® The measurement is inclusive: convolution of elastic, inelastic scattering, mixed isospin,
FSI, etc...

® Accuracy depends on the features of P-(or D-waves) - an interferometry analysis.
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Backup

Interference: BT — K*ntn~

N
o1

=Y
U1

=

me(K ) [GeV3/cd]
N
o

B K* Cos@<0

- )

OF N 3

of T

0 1 2 3
mR(Tt ) [GeV2/ e
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Backup

Interference: BT — K*ntn~

me(K ) [GeV3/cd]
N
o

15:

10f

of ¥ T _1'
A mzin*n') [Ge\3/2/c4]
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Backup

Interference: B — K1 Tm~ (Simple Isobar Model)

B posive M = a/] P it FBW cosf + (I+P’6+ FBW

B negative M_= a” €z FBW cos O + (1_6,167 FBW
‘ f

1 R=1"r
FBW () — =hf
R (5) m% — s — implg(s)
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Backup

Interference: B — K=n"m~ (Simple Isobar Model)

AME = (M-
) - IR o] @ PP 2ens PPV x
{[(m? = s)(m7 = s) = m,T fl:fFf][llpltf(()s & - ﬁf)—n”uf cos(0” —87)]
~[m,L'y(m] — 8) = myTy(m ﬂ—s))[a+a+sm(6p o) = o ol sin(8” - 30}

((af)? - ]|fB“| cos> 0 + ()" - 2 (™) PN

5 5 Long distance interference:
(m* —s)(m i s)=m,LymyI';  Real part of Dalitz CP
’ asymmetry

¢ BW2| pNR |2
2eos |, [
Long distance interference:

2
m‘.or (”’f - “) - mfrf(’"p s) Imaginary part of Dalitz CP
asymmetry
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Backup

Interference: B — K=n"m~ (Simple Isobar Model)
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Backup

Interference: B - KTKTK~

NN
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Backup

Scattering and CPT constraint

e Scattering:
CERN-Munich collab: #¥7~ — 77~ scattering Nuclear Physics B64 (1973) 134-162

Strongly coupled channels: 7t7~ — K+K~ PRD 22 (1980) 2595

S-wave
T T T T
0501~ TT—=KK
@ ++
= h ‘
3 LR AR
Soasf- TheetTiytey,
i++
L | | |
000 1200 1400 1600
MASS  (MeV)

Modulus of the 77 — KK scattering amplitude
|T(xx  KK)| from solution I(b).

° CPT constraint:

High local asymmetries not obviously associated to resonances.
positive for K* 77— negative for K* KTK~
positive for mtn~ % negative for Kt K+

Z r(P RN fogl)) — Z F(P N ?OS/)) (Bigi & Sanda 2nd edition pp 57)

. _— all fo in F; connected via strong
fé’)eF[ fé')eF,- interactions

for two channels (v and (3: T(A%) + [(A%) = (A7) + (A7) , then: Al = — I'f
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