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B Multi-body asymmetries

® Phase-space integrated

= Tests for asymmetry in dominant component

= May wash out local asymmetries of different sign

® |n selected regions of phase space

= Can be applied to test asymmetry
of locally dominant resonance

® Generic search for local asymmetries

= Fully exploits resonance structure

= Different approaches




B Searches for local asymmetries

® Model-dependent

= Fit an amplitude model to D and D separately
and look for discrepancies

® Model-independent
= P-even CPV

= P-odd CPV



B Measured asymmetries

— f) = N(D— f) - N(D— f)
® Measure Araw(D f) N(D_’ f) + N(E_’ f)

article taggin
e Get to first order / ° D and %g °
Araw(D_'f) = prod(D) i Adet(f) i 'A‘det(t

® Need to constrain

= Production asymmetry
= Detection asymmetry (final state and flavour tag)
® General idea

= Use similar Cabibbo-allowed processes and assume
or use external input where available

® Nuisance asymmetries can generate local asymmetries e.g. if
dependent on kinematics



B Production asymmetries

® Particular to pp collider
+ —
= “Replaces” forward-backward asymmetry at e e and
PP

® Valence quarks favour the production of matter baryons

= Favours antimatter mesons : :
0.005“_ LHCb (d) i

® Production asymmetry can
depend on kinematics
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= Accounted through :
binning / re-weighting oot J( PLB 718 (2013) 902
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B Detection asymmetries
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® Material interaction S | e ,
can be asymmetric s b
- Data from K.A. Olive et al. (PDG), CPC 38 (2014) 09000
= Strange quark can 0 DT T
p inGeV/c
produce hyperons 5
® Detector can be S |  LHO
asymmetric o
3 -
= Causes asymmetry T average

through different

Ap(K—7T) = (=117 £ 0.12)%
JHEP 07 (2014) 041

bending of positive
and negative tracks

= Regularly revert dipole polarity
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“%  Flavour tagging

® Prompt D*-tagged RS

= [arger yields /‘\1"[5

= Background from D-from-B
® Muon-tagged
= Smaller yields (somewhat)
= | arger level of combinatorial background
= Independent systematic uncertainties 4 _.-°
® Doubly-tagged
= The best of both worlds

= Smallest samples



Results

In selected regions of phase-space
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® From TT TT TT Y candidates select those 2
° + - =
with m(TT TT Y) near the n’ mass 2
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® Remove production/detection

asymmetries through differences to

= D" KT and D, = 1T

Events / (2 MeV/c?)

e Splitting in different trigger samples to
check for trigger-induced asymmetries
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® Split in 3%x3 bins of D and bachelor pion
kinematics

= Fnhsure better
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7 TeV TIS (had.)
7 TeV TIS (other)
7 TeV TOS

8 TeV TIS (had.)
8 TeV TIS (other)
8 TeV TOS
Average

® Final result subtracting CF asymmetries from
existing (Belle and D0) measurements

Acp(D* — n'n™) =
Acp(Dy — n1™) =

Di*—n'11*

-5

AAcp[%] Preliminary

Source S[AAcp(DF)]  §[AAcp(DT)]
Non-prompt charm 0.03 0.03
Trigger 0.09 0.09
Background model 0.50 0.19
Fit procedure 0.16 0.09
Sideband subtraction 0.03 0.02
K° asymmetry 0.08 —
D(is) production asymmetry 0.07 0.02
Total 0.55 0.24
. 3.20 £ 2.38 7 TeV TIS (had.) n mn
. 0.68 + 2.55 7 TeV TIS (other) —
-2.12 £2.39 7 TeV TOS ——
——— -0.95 + 1.37 8 TeV TIS (had.) N
LHCb © _1322162] 8 Tev TIS (other) —— LHCb
e DT 834 143 . Dz
03 * L. 8 TeV TOS
i . -0.58 =£0.72 Average B .
0 5 -5 0 5

LHCb-PAPER-2016-041

-0.16 = 1.22
-1.54 + 1.31
-0.14 £ 1.18

0.21 £0.67
-1.06 = 0.82
-0.57 £ 0.72
-0.44 = 0.36

AAcp[%]  Preliminary

(—0.52 £ 0.72 £ 0.55 = 0.12)%
(—0.82 & 0.36 & 0.24 + 0.27)%

Preliminary

Belle, PRL 109 (2012) 02160
DO, PRL 112 (2014) 111804



Results

Local asymmetries
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® Many ways to reach multi-body final states through intermediate
resonances

® Resonances interfere and can carry different strong phases

= Superb playground for CP violation

o 30 L L B A N I
Q B ]
: =~ LHCb Simulation -
® | ook for local asymmetries T mmton
o <t
) C
= Model-independent: = 2F -
.. . R B p(770)°
Look for asymmetries in regions of 7 1s) E
phase space by “counting” T lf_K*(892)+_, E
= Model-dependent: 0.5 < (892)° -
Fit all contributions to phase-space and o ]

look for differences in fit parameters 0 1 )2 3
m2(K§ T*) [GeV?/c4]

Courtesy of S. Reichert
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® Model-independent of 3o
searches for CP violation Stow [GEVc4]

= Over 3M D* & D" decays in | fb’!

= Search for asymmetry significances in bins
of phase space

= Search for local asymmetries through un-
binned comparison with nearest
neighbours


http://dx.doi.org/10.1016/j.physletb.2013.12.035
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B|nned method _ ST
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http://dx.doi.org/10.1016/j.physletb.2013.12.035
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B|nnec| method _ ST
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v = N (D_) o o o
T ROERE removes sensitivity to
global asymmetries
2 __ 2 2 . .
X = Z(SCP) | Similar results also obtained

with un-binned kNN method"

p-values for no-CPV hypothesis
> 50% for different binnings

|5 “reduced sensitivity due to inclusion of few neighbours
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® Need to compare each event with every other

= Computationally challenging for O(1M) events

= Use GPUs to exploit massive parallelisation

= Applied to D’ 1" 11 11° decays

® Energy test (M.Williams, PRD 84 (201 1) 054015)

= Test statistic (T) comparing pairwise
weighted distances ();j) in phase space

= Compare
D°~D’

D°~D°
D°<D°
= Expect T~0 (no CPV) or T>0 (CPV)

= Z

1,J>1

Wi y

n(n—1) —
0,5 > 0]

Why not unbinned?

PLB 740 (2015) 158
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® Need to compare each event with every other

= Computationally challenging for O(1M) events

= Use GPUs to exploit massive parallelisation

= Applied to D’ 1" 11 11° decays

® Energy test (M.Williams, PRD 84 (201 1) 054015)

= Test statistic (T) comparing pairwise
weighted distances ();j) in phase space

= Compare
D°~D’

D°~D°
D°<D°
= Expect T~0 (no CPV) or T>0 (CPV)

LI.‘"’Z'
I= Z n(n i 1)

1,J>1

1,J>1 t,J

Why not unbinned!?
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® Need to compare each event with every other

= Computationally challenging for O(1M) events

= Use GPUs to exploit massive parallelisation

= Applied to D’ 1" 11 11° decays

® Energy test (M.Williams, PRD 84 (201 1) 054015)

= Test statistic (T) comparing pairwise
weighted distances ();j) in phase space

= Compare
D°~D’

D°~D°
D°<D°
= Expect T~0 (no CPV) or T>0 (CPV)

LI.‘"’Z'
I= Z n(n i 1)

1,J>1

1,J>1 t,J

Why not unbinned?

PLB 740 (2015) 158

l.. 7 ‘? " l"‘l:"' i
+ E -,
n n — l nn

T | n
= N Q
L0 LHCb 140 8
> 0 S
v 12
& D 05
220 100 ©
+
r 80
= =60
1_
?ﬁ’" o 40
- 20
0L~ S RS ()
0 2 3
m2(n ) [GeV%/c4]
| T )
g - Q
L0 LHCb M40 5
v 120
Qo D =
& 100 ©
B 80
= =60
140
20
L1 g

| 3
m2(r+n®) [GeV?/c4]




PLB 740 (2015) 158

Why not unbinned?

® Need to compare each event with every other RS 3 LHCb 140 &
. . ! DO 1208
= Computationally challenging for O(IM) events O s
— ol = 100
= Use GPUs to exploit massive parallelisation -T: I 30
= Applied to D° =11 1T 11° decays = L 17160
R 40
® Energy test (M.Williams, PRD 84 (201 1) 054015) - 11,
= Test statistic (T) comparing pairwise 0(; s 1 — [ :-I; o
weighted distances ();j) in phase space \/m2(7t750) (GeVZc4]
= Compare /\/ | .
D’<D’ § yi LHCb 140%
N0, .0 >t — 5
DD Cl DO 120 2
D% D" & 2 100
R Or 80
= Expect T~0 (no CPV) or T>0 (CPV) = B —60
W, W n,n W :%.ﬁ 40
1 = <+ - 4 Z %
Zn?—l an—l < nn ol R ETI
i,7>1 1,7>1 ,] 0 2 3
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S CP symmetry hypothesis

® Need to know T-value distribution for
CP-symmetric case

= Randomly assign flavour tag to each
event

8
)
N
W

= Calculate T value

D W
wn O
TTTTTT

Entries/(5x10
&

= Repeat many times

p—
()|
TTTT

® Assign p-value as fraction of
permutation T values greater than T
value measured on normally tagged . |"|\n;wu..a.4. S

sample T value [10°]

[
-
TT 11T

S W
LI L

= Use Generalised Extreme Value
function to extrapolate for T values
exceeding distribution
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S CP symmetry hypothesis

® Need to know T-value distribution for
CP-symmetric case

= Randomly assign flavour tag to each

event S A5

= 40|

= Calculate T value 2 35
2 30

= Repeat many times = 25

_ N
wn O
TT T T T T T T T T ]TT

® Assign p-value as fraction of
permutation T values greater than T
value measured on normally tagged
sample

[
-
TT 1T

S W
LI L

T value [10°]

= Use Generalised Extreme Value
function to extrapolate for T values
exceeding distribution



&8 Visualising asymmetries
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® Split T value calculation into contributions

from each event
d T=ZiTi T ZiTi

® Compare each Ti (T:) to the
permutation T; (T;) values

= Can assign local
asymmetry
significances
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LHCDb simulation
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Significance

—_

® 8x|arger sample than BaBar rro 78 2008) 051102

m2(r 1°) [GeV?/c*]

= 470k resolved Tro, 250k merged Tr0

= Similar or better sensitivity

® Result based on 1000 permutations

= P-value as fraction above nominal
T value

- (2.610.5)%

Entries/(5X10°%)

I ST I R R
4 6

T value [10°]
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® Phase space is 5-dimensional

® Have to choose among six 2-body and four 3-body invariant

MasSesS

= Additional degree of freedom

® Visualisation is slightly more
challenging

= Bins are 5D hypercubes

20

Parallel axes: 5D “Dalitz” plot
Events represented by lines

Simulation of D% KKTTTT
_ courtesy of D. Saunders
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e D"-tagged, 3 fb~!
® 940,000 signal candidates with ~96% purity

® D-from-B background suppressed

10° 10°
%80:—('0"""""""—: @180;—(|0""|""|""—:
S . b LHCb g 2011 ] 2«0k LHCb { 2012 3
= - Prelimina - o F Preliminary ]
S A F Y ] S 140E E
= 605— + E E 120;_ f ------ Signal _
O 50k % = — r J[ B Background 3
40 E E S 100F — Total E
| |
20F . . i
. =
0f e : —: :
140 145 150 155 140 145 150 155
Am[MeV/c?] Am [MeV/c2]
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&8 Spanning 5 dimensions

® Choice of co-ora

= Positive partic

inates

es have even numbers

= |gnore two same-sign pion pairs

= |dentify the highest two-body invariant mass as m3y4

= Remove mjz4, Mj34, My34

= Retain M|y, M4, My3, M|23, M 24

® Split by sign of triple product Cr = p1- (P2 X p3)

1] D°(Cp > 0), [1I] D°(Crp < 0), [ D°(=Cp>0), [IV] D°(=Cr < 0).

® TJest for asymmetries in

= P-even CPV: I+l vs llI+lV and P-odd CPV: [+IV vs lI+ll|

22
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Sensitivity studies

LHCb-PAPER-2016-044

® Simulating pseudo-experiments a0
with a range of CP violation =" LHCb s
: O12f simulation 08
scenarios o 3
S f 5
S S
~0.81 .00
= Based on new model based on gt "
= -1
CLEO-c dataPdArgentetal, 1611.09253 204t ,
“o2f
= Amplitude and phase shifts in b -
0.5 1 1.5
m(7,7t,7,)[GeV/c?]
Example: a| phase shift
R (partial wave) (AA, A¢p) p-value (fit) § "E LHCb simulation | _
o1~ (5) (5%, 0 26734 % 10 2%
< (11—>p, (S) (0%, 3°) 1.2735 x 1076 3 -
o /) p (D) (5%, 0°) 3.8122 % 1073 N
* p p (D) (0%, 4°) 06+2 x 106 ) ;
p p (P) (4%, 0°) 30“9 x 1073 1 Hil | |
P-odd p°° (P) (0%, 3°) 9.8135 x 1074 T 2 4 'é'_lé_
T value [10 ]
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® Use Cabibbo-favoured D°—= K 1" 11 11" as control
mode

= Split in 10 samples of similar size to signal mode
= Analyse with P-even and P-odd test

= Tests sensitivity to variation of (detection)
asymmetries across phase-space

Q lllllllllllllllllll Q lllllllllllllllllll
2 3 P LHCb - g 3 P d d LHCb -
= - eve n Preliminary = - O Preliminary
a8 88
2 — 2F —
T e T T S — e R T e T e e S —
O --------- 0 -----
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
p-value p-value
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S f 2 ST 1>
0.2F 0.2F -
[ ] -3 C | . -3
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m(m,,)[GeV/c?] m(m,7,)[GeV/c?]
Pevenmxlpgmwulu T P-odd
L 12 LHAp 12
= ILHCD b P2 2 "ILHCD © 1=
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o qf S o L f S
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2 0-20 P 0-20
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S | 1 =R -1
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S | 2 S | 2
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0 0
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m(7,77,71,) [GeV/?] m(7,7,7t,)[ GeV/c?]
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Numerical results

® Nearly 2000 permutations to get no-CPV T values
® Both tests allow assigning p-value from counting

= Do not rely on GEV fit

® Small p-value, particularly for P-odd CP violation

BooET " T T T T3 BooET T T T3
g = LHC:) relimina = E = LHC:) relimina 3
£80F Peimney Paven - E80F reimiey - Poodd =
70F = 70F =
60 E 3 60 F- 3
50F = 50F 3
40F = 40F s
30F p-value E 30F p-value E
20F (4.6£0.5)% E 20F (0.6£0.2)% E
10F } = 10F } :
O_-2IIIOIII2 “4III6II6_ O—ZIIIOIIIZ “4III6II6
T value [10 ] T value [10 ]
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More multi-bodies

® Most of the 3 and 4-body meson decays
unexplored or based on small samples

= Several updates in the making

® Huge potential in baryon sector

= Need to control proton detection
asymmetry

27



Conclusions

® Multi-body final states offer many ways for CP violation to act

® A multitude of methods eX|sts focusmg on different physics aspects

i3 i | - o L 36‘3‘
AT e Prellmlnary results on r] Tr deca ,S.LHCbW’AP
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op( i s ;;-"-,.Ti“p (—0.82 4 0.36 - 0.24 4+ 0.27)% L Y S z

: " ®. Energy test applied to D -1’ T T Trmfo me frst tjme W|th

;{“"‘ - sensitivity, 1:01D -even and P-odd CPV LHC§»PAP~ER 2016084 ©

87 o p values for 2000 permutatlons £y ‘i' %@% respectlvely

o 4 4 "
—— < Bt &
-3 T o RS -] P o7
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® Many more analyses to come

= Have already 2 b at 13TeV



