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Why charmless decays?

- Suppressed In the Standard Model: penguin
(loop) and tree diagrams of a similar magnitude

b— s and b — d loop diagrams carry a different
weak phase to those in the tree diagrams

- Different Stfong and weak phases can lead to large
CP-violation in decay
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- Inputs to constrain CKM angles

sensitive to new heavy particles
off-shell in the loop



Why multibody decays?

- Intermediate resonances and short distance QCD

effects result in a— variation across the
Dalitz plot
» CPV in decay!

m%z (GeV?)
BT — ntxTx~ data (Phys. Rev. D 90, 112004 (2014)):
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+ 4+ - LHCb-PAPER-2019-017
B — T T T arXiv:1909.05212, Submitted to PRD

LHCb-PAPER-2019-018
New analysis (3 fb-' of Run 1 LHCb data): arXiv:1909.05211, Submitted to PRL

Construct an explicit amplitude model for the decay
Three approaches, that differ in the S-wave (spin-0) description:
‘K-matrix’:

Single unitarity conserving model, with parameters

from scattering data

ﬁlsobar’: R
Individual hand-engineered components for each
contribution, does not conserve unitarity ¥

‘Quasi-model-independent’:
Fit for a magnitude and phase in bins of the phase-space
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https://arxiv.org/abs/1909.05211

The ‘K-matrix' S-wave model

Phase space Production vector
Sum over - \ /
. A _1 A
F, = I —1K - P
resonance poles “ ;[ Pluv * P
arXiv:hep-ph /0204328 T

(Anisovich & Sarantsev)

Rescattering matrix

Describes initial B ‘production’ state, and propagation into all final states:

: )
Ku(s) =D 5~ 0. 4+ focatt my =55 Fa0(s) Parameters from
N Sima—s U s—sp scattering data (fixed)
- _J
N 2 rod
Z ﬁ"‘g fprod 110 — So Parameters from
5 — gorod extracted from fit


https://arxiv.org/abs/hep-ph/0204328

The ‘K-matrix' S-wave model

Parameters from
scattering data (fixed)

«“mi) ) Channels

Describes entire S-wave

Couplings

In a single model

Poles
) -
o C my g P[rn] gV KK]  gan] gl )
1 0.65100  0.22889 —0.55377 0.00000 —0.39899 —0.34639
2 1.20360  0.94128 0.55095 0.00000 0.39065 0.31503
3 1.55817  0.36856 0.23888 0.55639 0.18340 0.18681
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The ‘Isobar S-wave model

Simple pole, plus a ‘rescattering’ term:

Phys. Rev. D 92, 054010 (2015), Phys. Rev. D 89, 094013 (2014)

Asource(m) = [1 4 (m /A7) 71+ (m/ D)™

A

Ascat (m) = Asource (m) f rescatt (m) :

frescats (M) = /1 — n(m)2e2(m)

Phase Inelasticity
(s = MJ)(M§ — s) |k ks k2\ M — s
cot 0 = Co M?Sl/Q kg ) N = 1 — (Elm + 62?) s
by — Vs —4mi
2 Y

Parameters from nm — 7w and mm — KK scattering data

Phys.Rev. D71 (2005) 074016


https://arxiv.org/abs/1506.08332
https://arxiv.org/abs/1307.8164
https://arxiv.org/abs/hep-ph/0411334

The ‘OMI" S-wave model

17 bins - 14 below the charm veto, 3 above
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Fit an independent magnitude and phase in each bin



Model construction

Start with components identified by the BaBar analysis of this mode, that used
20x fewer signal candidates ehys. Rev. p72 (2005) 052002

Include additional components based on a likelihood ratio test, with a threshold
of 10 units of negative log-likelihood for inclusion

More accurate model for

S-wave (See previous slide) p(770)° width
p(770)" Gounaris-Sakurai model
w(782) Relativistic Breit-Wigner
f2(1270) Relativistic Breit-Wigner
p(1450)° Relativistic Breit-Wigner
p3(1690)" Relativistic Breit-Wigner



https://arxiv.org/abs/hep-ex/0507025
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2019-017.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2019-018.html

p(770)°

Very little asymmetry in this region
as a function of mass:

» Acp(p(770)%) = 0

Also very little asymmetry as a
function of helicity angle...

..50 where iIs the CP violation?
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p(770)°

Below and above the p(770)° mass:
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Almost perfect cancellation!
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p(770)° LHCb-PAPER-2019-017
LHCb-PAPER-2019-018

But why?

This region 1s dominated by slowly varying spin 0, and the
rapidly varying spin-1 p(770)"

Interference term between these is ~ cos One1, when projecting

on mass (integrating over cosfyel) this term vanishes!
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f2(1270)

Very large asymmetry in this region,

associated with the f2(1270) component,

an Acp of around 40% in all models

Robust to systematic effects

One of the largest CP asymmetries ever observed!
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S-wave model projections - comparisons
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Agreement between
magnitudes Is very good
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NO fo(1500) in the
Isobar model
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Phases are harder to get right,
models rely on different
assumptions
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S-wave model projections
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' + +o e
Correspondence with Bt — kt=xtKk L HCb-PAPER-2019-018

Possible for strong phase generation via final-state re-scattering: n*7~ < KTK~

This would imply that there Is a relation between the scalar components of the
BT - KtgxtK— and BT — x#txTn~ decays

Large CP asymmetry observed in the re-scattering (~1.0 - ~1.5 GeV) range in
BT — KtnTK~ ofaround 66%, but lessin Bt — a#taTn™
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To gain more information on this phenomenon would required a
coupled channel analysis of both decay modes
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Numerical results

LHCb-PAPER-2019-017
LHCb-PAPER-2019-018

Fit-fractions - the rate if only this component contributed

Component Isobar K-matrix QMI
p(770)° 55.5 +£0.6 +0.7 £25 56.5 0.7 +£1.5 +£3.1 548 +£1.0 £1.9 £1.0
w(782) 0.50 £0.03+£0.03+0.04 0.47+0.04+0.01+£0.03 0.57+0.10+0.12+0.12
f2(1270) 90 £03 £08 £14 93 £04 £06 £24 96 £04 £0.7 £3.9
p(1450)° 52 +£0.3 £04 +£19 105 £0.7 £0.8 £4.5 74 £05 £39 £1.1
p3(1690)° 05 £0.1 £0.1 £04 1.5 £0.1 £0.1 £04 1.0 £0.1 £0.5 +0.1
S-wave 254 +£0.5 £0.7 £36 257 £06 +26 +14 26.8 +0.7 £2.0 +£1.0

Quasi-two-body CP asymmetries -

Component Isobar K-matrix QMI
p(770)° +0.7+ 11+ 124+ 15 +42+ 15+ 26+ 58 +44+ 1.7+ 23+ 1.6
w(782) —484+ 65+ 66+ 35 —62+ 84+ 56+ 81 —-79+£165+14.2+ 7.0
f2(1270) +46.8+ 6.1+ 3.6+ 44 +428+ 41+ 2.1+ 89 +376+ 44+ 6.0+ 5.2
p(1450)° —1294+ 33+ 70£357 +9.0+ 6.0+£108+45.7 —155+ 7.3+14.3+32.2
p3(1690)° —80.1+£1144+135+24.1 -35.7+108+ 85+359 —-93.2+ 68+ 8.0+ 38.1
S-wave +144+ 184+ 21+ 19 +158+ 26+ 2.1+ 69 +15.0+ 2.7+ 424+ 7.0
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Search for CP and P violation in A) = pTa~ntx~ decays

CP violation has been observed in B, K, and D decays, but not yet in baryon decays

The A} — pTn 77~ decay proceeds via tree and loop diagrams with similar
contributions, and via numerous Intermediate resonances, enhancing the possibility

for CP violation

A previous LHCb analysis performed on Run 1 data observed a 3.30 deviation from CP
symmetry in a single triple-product asymmetry phase-space bin - this result 1s an
update with Run 1+ 6.6 fb-1 of Run 2 data
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w0 L B’ 5 K'nn'n E . 40000:— i Part. reco —:
STTE Y Comb.bkg 1 2 - Control ' i
4 ] S i 1 A) = A (PKTH K 4
S 2000 Patreco 3 Z 30000 mode ]
g : — Full Fit ] Z C —— Full Fit i

1 S~
‘E 100 : 1 & 20000 .
) ] = i
M . . > i . ]
ok candidates i M 10000} candidates:
of

s 55 56 57 58 59 . 5.8
m(pr ) (GeV/c?) m(A+(pK ) (GeV/c?)

LHCb-PAPER-2019-028
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Search for CP and P violation in A) = pTa~ntx~ decays

Construct triple products of the decay product momentum

CT—pp+ '(p - Xﬁw+)

Ttast
and form the asymmetries according to
AA_N(Cf>O)—N(Cj:<O) ZA_N(_6T>O)_N(_6T<O)
T N(C;>0)+N(Cs<0)’ " N(-C7>0)+N(-C» < 0)’
with the P and CP violating observables
Todd 1 A Todd 1 A
e (A:F T AT) 1 (A:’ﬁ - A:F) '

Tx2 (A) and as a function of

the polar and azimuthal angles (B) of the proton or AT inthe A™" or N*T rest frame,

in regions dominated by the (1) @1resonance or (2) N** resonance

LHCb-PAPER-2019-028

27 (In preparation)



Search for CP and P violation in A) = pTa~ntx~ decays

No evidence for CP violation in any region of the phase space, for any binning scheme

.............................................................

g 152— LHCb scheme A, .a’l‘i)odd—; g ;g? LHCb scheme B, .aTi)odd—g
n  10F P @ 20F P
8 sEe- Oap—ﬁfE 9 10E Cap 5
= - E = B @~
: i Svwnan e treny % _lg;:ﬁitﬁe—#jﬁ:gafﬁf
e Lot 08 T —
15¢ scheme A, T-o0dd 30E scheme B, T-0dd 3
1(5) i + ;:}%?odd E ?g 3 ;Z}%?odd E
g?—#:#—"——:é_j—jf:‘g:—:ﬁzé 0&%%3%;@%*@
-5E e ~o- = ~10f E
:1(5): “#* =¢= Preliminary: —ig: Preliminary E
[D| [rad] Bin
Asymmetry [%] Measurement
However, for the region dominated by the > Az —4.68 £0.99 £0.24
A} *a1(1260)~ decay, P violation £ A7 7929 £0.99£0.24
p — P a1 (1260) Y, S gTodd ~3.98 4 0.70 £ 0.17
on the level of 5.50 Is observed - the first o aigjgdd —0.70+0.70 +0.17
observation of P violation in a b-baryon deca
y y LHCb-PAPER-2019-028
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Search for CP and P violation in A) = pTa~ntx~ decays

An additional test Is performed on the same dataset, using the ‘energy’ test statistic

where ©;; = exp(—d,?j/52), d;; is the distance between candidates i and j, and the
value of ¢ is the characteristic length scale of the kernel (1.6, 2.7, or 13 GeV2/c#)

p-value is constructed using a permutation test, with data split using the sign of Cx
(for P-odd test), or AP flavour (P-even test)

Table 3: p-values for the energy test.

§ 1.6 GeV2/c* 2.7 GeV?/c* 13 GeV?/c?
p-value (C P-conservation, P-even) 0.031 0.0027 0.013
p-value (C P-conservation, P-odd) 0.15 0.069 0.065
p-value (P-conservation) 1.3x 1077  4.0x 1077 0.16

> 50 significance

LHCb-PAPER-2019-028

23 (In preparation)



summary

Multi-body decays are the place to study CP violation
Access to overlapping resonances enhances CP violation, but also

permits measurements of the relative phases

Observations of large CP violation, and the first observation of CP violation

in the interference between resonances in the B™ — n"#tn~ decay

Provides information on how CP violation manifests in practice - useful

for understanding the (essential) QCD components, and informs future

studies (e.g,, in charm and baryon decays)

First observation of parity violation in the decay of a b-baryon in the analysis of

Ay — pTn~ w1~ decays, at the level of 50, although no evidence for CP violation
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Relativistic Breit-Wigner

1
R(m) = .
For: ™) (mg —m?) —imgT
mo = (70 MeV
FO = 20 MeV
v
[R(m)|? arg [R(m)] Re[R(m)], Im[R(m)]
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2/



Problems with this

Resonances near open decay channels see a drop in amplitude due to

conservation of unitarity - total probability to decay to all channels

must be conserved

Unitarity is also violated for nearby overlapping resonances of the same spin

| |
—  K-Matrix —  K-Matrix

— BWs — BWs
| 1.0}

Unitary
L—" Circle

Im T

0.5

) ! ! I 0.0 | | !
0.4 0.6 0.8 1.0 1.2 -1.0 -0.5 0.0 0.5 1.0

m [GeV/c?] Re T

‘Pole’ masses and widths of resonances near thresholds are also not well

replicated by Breit-Wigner lineshapes
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f2 width
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Figure 99: Comparison of the mass-dependence of the (a) f2(1270) total width (blue) with
its 77w~ partial width (red), and its effects on (b), the Breit-Wigner amplitude-squared

and (c) the Breit-Wigner phase
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Figure 15: Data and fit model projections in the f2(1270) region with (a) freely varied f2(1270)
resonance parameters, and (b) with an additional spin-2 component with mass and width
parameters determined by the fit.



Backgrounds and efficiencies

0

> 0.5
0.4}
0.3

0.2}

0.1}

0.0
0.

Bt - Ktntn~

% 05 , )
0.4 .
0.3 )
0.2 .
0.1 )
0% .0 0.2 0.4 0.6 0.8 1./0

m

50«7 3 05
o
Lo
4.0 X 0.4
>
c
30 5 0.3
kS,
&=
2.0 0.2
1.0 0.1
0.0 0.0

N W

24

0.4 |

0.3}

0.1f

0.0

0.0

NoWw oW s R~ O
ol (] (8,1 o (6] o
Yield (candidates)

N
o

1.5

1.0

w & »
o o o

Efficiency [x1073]

N
o

1.0

0.0




Candidates / (0.025 GeV/c?)

Pull

1800 — \ \ \ \ \ \ \ \ ‘ 900

7 4 -—-— |sobar C/\g . -—— lIsobar —— Bt 5 K*txtx~ (x10)
1600 K-Matrix S 800 K-Matrix Combinatorial
1400 _ QM &5 700 QM + Data _
1200 b S BT Ktrta (0 | & g0 LR
Combinatorial S ; ]rH 1
1000/ +. f +  Data S 500 LHCb #HH , Jr++ |
800/ + o 400 -++ Fodl s
n 4 D +++—:1'¥+ ﬂ'
600/ S = 300} f + ,
I \ LHCb © i
400 i * Y 1 © 200; 4 Ft & 1
+++ﬂ +'+#t++++-' +;;._ - F +—F 1
200 e ﬁ*ﬁw, ) 8 100;;+ /ﬂﬂ
o LT e —
3 ) ¥ - 1 — 3’_-._| (B S0 -_,
-3 & =y i = _;_: i | -3 i b= 8T
04 06 08 1.0 12 1.4 1.6 1.8 2.0 2.2 1.0 15 20 25 3.0 35 4.0 45 5.0
Miow [GeV /c?] Mhigh [GeV/c?]
1.0 E . 0.6 ‘ ‘ ‘ ‘ ‘ ‘
-—-— |sobar QMmli 0 -—-— |sobar QMl
0.8 LHCb K-Matrix + Data | § 0.4 LHCb K-Matrix + Data
o Y4y 1
0.6 1l &
& f
0.4 J[ J[ S 02 { JﬁLj&ﬁf—J[]Lﬁﬁ |
o 1! e ME
0.2 ij H 4 ++Jr++ = 1 }H ﬁ JMJ[JV J( “& Jf} Hﬁ
s i o Ml S oo b e i
0.0/ * *+H+H#++ ”* | i J{H+ H J(HHJ[
—-0.2 | Jf H | | & —0.2 }[
' &
_04 | %)
0. < 04
~0.6 ‘
3 1 . f— 3 -
~3! *© - = I-I’ a —3! - L] - = O ] ]
04 0.6 08 1.0 1.2 1.4 1.6 1.8 2.0 2.2 1.0 15 20 25 30 35 40 45 5.0

Miow 1GeV /c?] Mpign [GeV/c?]




500

D
o
o

Candidates / (0. 020 GeV/c?)
&
o

200
100!
0
. 3
Es' 0L
-3
_. 0.6
(e
Q
=
> 0.4}
@)
<
S 0.2
S
~ 0.0
o
)
Q
€ -0.2
&
>
(Vp)
< -0.4
C_:Ls' 0
_3,

—— Bt > K*Txtx~ (x10)

-—-— Isobar
K-Matrix Combinatorial
QM -+ Data
4,
i T LHCb
, ! HH
Fthgy
Hhip,
+,
++ o
1.0 1.1 1.2 13 14 15 1.6
Miow [GeV /c?]
-—-— |sobar Qmli
LHCb K-Matrix + Data |

w

Y
=" -

1.4

Miow [GeV /c?]

1.5

1.6

N w &
o o o
O O o

Candidates / (0.040 GeV/c?)
5
o

Asymmetry / (0.040 GeV/c?)
S o o
N o N

I
o
I

Pull
oW

I
w
—

500 —

—— Bt > K*xTx~ (x10)

:f—(;\:\:):trrix Combinatorial _|_
QMI -+ Data .|.
LHCb +++ JrJﬂtHJr JUF
.|_

H‘hrHﬁJﬁr— ﬁﬁ 4+ H’”" +

36 3.8 40 42 44 46 4.8 5.0
Mipign [GeV/c?]

-—-— |sobar QMml
LHCD K-Matrix -+ Data |

’4 * Hﬂ % 4 ﬁﬁﬂ*ﬂ*ﬁ
+H "

3.6

46 4.8 5.0
mhigh [GeV/c2]

3.8 4.0 42 44



Candidates / (0.015 GeV/c?)

Pull

Asymmetry / (0.015 GeV/c?)

N
(92
(=]

N
o
o

=
Ul
o

- -—— |sobar

—— Bt S K'tgtg~ (x10)
Combinatorial

K-Matrix

QMmI

-+ Data

100 +:Inf|="
- -+

50 LHCb

0

3| - : .

0| p==== e I e B R = -
-3 o -

0.30 0.35 0.40 0.45 0.50 0.55 0.60

Miow [GeV /c?]
0.6 - Isobar‘ QMI ]
LHCb K-Matrix -+ Data

0.4

o
N

0.0}

050 055 0.60
Miow [GeV /c?]

Candidates / (0.006 GeV/c?)

Pull

Asymmetry / (0.006 GeV/c?)

Pull

600

500{

400

300

200}

100

o w

0.4

0.2

0.0}

I
o
N

I
w o w

—— Bt S5 K*trntx~ (x10)

-—-— |sobar
K-Matrix Combinatorial
QMml -+ Data
++JF++ LHCb
L
# o4 ]
+t o
ot et 4y
=|~.+-I--|=++.|_.+ it
0.65 070 0.75 0.80 085 0.90
Miow [GeV/c?]
— lIsobar QMI
LHCb K-Matrix + Data |

0.85 0.90
Miow [GeV /c?]

065 0.70 075 0.80



Pull Candidates / (0.05 GeV/c?)

Asymmetry / (0.05 GeV/c?)

Pull

Combinatorial

400 T Isobar
K-Matrix ] BT > K*xtx~ (x10)
350; QMI + Data Jr ’
300! 0.62 < m,, < 078 GeV/c? Jrﬂ } J_r ]
250! Jﬁt' ne
T
200 st 3
frﬁﬁ‘*y H
150! L] +. 1
100, * ;[—t_‘
50| 1, W LHep  *
Fepbprbe
| — —
3t _ L kel
0 i i - .
-3 =T T
-1.0 -0.5 0.0 0.5 1.0
cos O
1.0} -—-— |sobar QM1 |
‘~> K-Matrix + Data
- 0.62 < My, < 0.78 GeV/c?
0.5}

0.0}

LHCb
-0.5 ‘
3¢ ~ o _
0} L sl = o
-3 . -
-1.0 -0.5 0.0 0.5 1.0

cos O

Pull Candidates / (0.05 GeV/c?)

Asymmetry / (0.05 GeV/c?)

Pull

Combinatorial

350, T Isobar |
K-Matrix ] BT > K*xtx~ (x10) -
300} QM + Data '+
250! 078 < Mgy < 0.92 GeV/c? _]TJJF']’J ol
200+ ti’ - ++ 1
- M
ooy o '
_+ =1
50/ ‘:lfj}++ % LHCb
OH iy sy k=
3 e
0 r _‘ o = - I 1 i = _.—_ — !
-3 S = el CEE
-1.0 -0.5 0.0 0.5 1.0
cos O
1.0} - Isobar‘ QMI
K-Matrix + Data
05! 0.78 < My < 0.92 GeV/c?
Htth g by
oot J['J[ ﬂ s e £
' 4
HtH ! }
-0.5 H’ﬂ _ﬁ[ J{
1 LHCb
~1.0 ‘ ‘ ‘
3| o
0l s -1 [<k5 | el . _.7_
_3 £
-1.0 -0.5 0.0 0.5 1.0
cos O



Pull

Asymmetry / (0.04 GeV/c?)

Pull

Candidates / (0.04 GeV/c?)

Combinatorial

600 Isobar
K-Matrix [ ] BT - K*txtx~ (x10)
500! QM| -+ Data _I:
0.62 < M., < 0.92 GeV /c? i
400} T ++
yt M
300! & f
7t i
+
200 Fhyt Hh
-+ !
7 +t +H” -
Py
0 R
3 r—ur_.—..f'r*
O e = ey ar 4 l -y -
-3 =~ =
-1.0 -0.5 0.0 0.5 1.0
coS Oy
1.0} -—— Isobar QM
08! K-Matrix -+ Data

- 0.62 <my, <092 GeV/c?

Z0.5 0.0

coS O]

C/\g 300 -—-— Isobar Combinatoriai
§ K-Matrix [ B* 5K *xtr— (x10)
8 250 QMml -+ Data
= & 10<m,, <154 GeV/c?
< 20007
s h mmﬁ#_ﬁ n
877 by, et T A
© H tif !
o 100 -f-H e :
5 err' ty
O LHCb
h !
0 :
. 3 = B
S R e T Pama 2 | o
(ol _3 | = | = T
—-1.0 -0.5 0.0 0.5 1.0
cos Oyq]
1.0 ——— Isobar QMI
K-Matrix 4+ Data
1.0 < myy < 1.54 GeV/c?
0.5 .I.

Asymmetry / (0. 04 GeV/c?)

it

++++ ﬁm g

.|.
+JF ++i

0.0 | +Jf :
fiy fit 4 s
o
o t LHCb }[
~1.0 ~0.5 0.0 0.5 N eh;.o



Pull

Asymmetry / (0.08 GeV/c?)

Pull

Candidates / (0.08 GeV/c?)

=
N
o

=
o
o

|

-—-— |sobar

K-Matrix [ 1 BY"—K rntn™
QMI + Data
15 < myr <19 GeV/c?

Combinatorial

(x10) 1

-3 e = o
_1.0 ~0.5 0.0 0.5 1.0
cos O
-—-— |sobar Qmli
1.0} K-Matrix + Data
15<mm<19GeV/c
0.5 «lj +
0.0 <Hr+ + JF+ + + e
o gt Ty
10 LHCD
3 I e EE
0 e = = | il L W - : |
-3 Tl -
-1.0 -0.5 0.0 0.5 1.0



Search for CP and P violation in A) = pTa~ntx~ decays

Table 2: Results obtained with different binning schemes; the p-value takes into account
systematic effects and is reported for the CP and P conserving hypotheses.

Binning scheme Dominant contribution Hypothis p-value
[ A] CP conserving 5.0 x 107°

Entire sample

(in |®|) P conserving 3.5 x 1077
[A{] 0 _ CP conserving 4.7 x 1072
(in |®|) A= pay P conserving 4.3 x 1078
[As] 0 Sl CP conserving 3.4 x 107°
(in |®|) A= N7om P conserving 1.9 x 107°

B A0 s 1 CP conserving 9.8 x 1072
(helicity angles) b~ P P conserving 1.8 x 107°
By 0 R CP conserving 6.4 x 107!
(helicity angles) A= N7m P conserving 6.4 x 1072
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Search for CP and P violation in A) = pTa~ntx~ decays

Table 3: p-values for the energy test.

§ 1.6 GeV?/c* 2.7 GeV?/c* 13 GeV?/c
p-value (C P-conservation, P-even) 0.031 0.0027 0.013
p-value (C P-conservation, P-odd) 0.15 0.069 0.065
p-value (P-conservation) 1.3x 1077 4.0x 1077 0.16

T I T T T T I T T T 1 I T T T 1 I T

LHCb

8=2.7 GeV*c*
[ P-even Null Hypothesis
i___77% P-odd Null Hypothesis
P-even Data
— — P-odd Data

T lllllll]
| - ll]llll

| lllllll

Relative Occurences
o
S

| lllllll

llllI

T-value [10™]

Figure 3: Distributions of 7' values under the null hypothesis obtained from permutations, using
the energy test with 6 = 2.7GeV?/c* in the P-even and P-odd configurations when searching
for CP violation. The values of T' for real data are shown as red lines.
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Search for CP and P violation in A) = pTa~ntx~ decays

Table 4: Definition of the binning scheme [B]. This binning scheme is based on the helicity
angles of the decay topology A — (N** — (AT — pr™) m~) 7~ where ¢ is the azimuthal angle
of the proton in the A*™ rest frame and 65++ (6p) is the polar angle of the ATt (p) in the N**
(A*T) rest frame.

Bin number Polar angles Azimuthal angles

6, € [0,7/4] & Oa++ € [0, 7/4]

L g, e [n/2,30/4) & bars € [1/2,3n74) 1P €07/
2 e ey el €2
N A B T L
U b ety €/
A Sty U
o Tl ke < prjan] lel€ 072
T et o €0
S 4 (s ety B L L
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Search for CP and P violation in Ay = pfr atr™

(Continued)

‘Hp E [O,W/4]&9A++ E[O,W/4] |

) 6, € [1/2,3m/4) & Oass € [1/2,3m/4)  |PIE€ [T/2m
0 b o, ey Al €2
L et clonre] A€l
Lt Sy s PR R
I A O et TR LY
o o iy lelelm/am
s e e el el
6 0, € [7/4,7/2] & s+ € [37/4,7] ol € ln/2,x

0, € [3n/4, 7| & Op++ € [7/4,7/2]
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Time dependent, tagged, angular analysis:

Separate different helicity components,

for B and B.
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Tag initial flavour with ‘opposite side’, and

‘'same side’ kaon flavour taggers, with a

tagging power (¢D?) of around 5.7%


https://cds.cern.ch/record/2684085

0
Ly = ¢¢ LHCB-PAPER-2019-019 (arXiv:1907.10003)

Measurement of CP violating phase:

CL,

%% = —0.073 +£ 0.115 + 0.027

consistent with the Standard Model expectation

1072 =

(upper limit of |¢%**| < 0.02 from QCDf), - e

previous measurements, and the most precise 103 0T
BF(B"—~¢¢)

single-experiment result to-date Limit on B? — ¢¢

(Suppressed by 0Z1)

Measurement of CP violating triple-

product asymmetries, consistent with CP Direct CP violation parameter also
conservation (combination of Run 1and 2): consistent with CP conservation:
Ay = —0.003 £0.011 (stat) +0.004 (syst), Al = 0.99 £ 0.05(stat) +0.01 (syst)
Ay = —0.014 +0.011 (stat) £0.004 (syst),
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B?S) — @@ future prospects
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B?S) — @@ polarisation dependent results

¢s,) = 0.014 £0.055 (stat) £0.011 (syst) rad,
¢s1 = 0.044 £0.059 (stat) +0.019 (syst) rad.

|Ag|? = 0.381 £0.007 (stat) +0.012 (syst),
|A;|? = 0.290 £0.008 (stat) £ 0.007 (syst),
0, = 2.818 £0.178(stat) £0.073 (syst) rad,
J = 2.559 4+0.045 (stat) £ 0.033 (syst) rad.



