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ch
Introduction to CP Violation (CPV) LS

What CPV is

different behaviour of particles and

antiparticles

necessary ingredient to explain
observed baryon asymmetry

Why CPV is studied
CPVin SM not sufficient
expect contributions from

Physics Beyond the Standard Model

How CPV is studied

SM:complex phase of CKM matrix
measure phases in interfering amplitudes

over-constrain CKM parameters and look

for contradictions
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b
Measurements of mixing induced CPV sy

need final state both B flavours can decay to BS/\

interference of direct decay and decay after mixing C
B
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b
Measurements of mixing induced CPV sy

need final state both B flavours can decay to BS/M

interference of direct decay and decay after mixing I . fop
partial decay widths are sensitive to ¢q = Pmix — 2 Pdec A :M
decay-time dependent CP asymmetry: P

[(B(t) = f)—T(B(t)—f)  Ssin(Amt)— Ccos(Amt)

acp(t) = T(B(t) = f)+T(B(t) = f)  cosh (AT t/2) + Aar sinh (AT t/2)

CP observables S, C, A, mixing parameters Am, AI’
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ch
Measurements of mixing induced CPV Loy

need final state both B flavours can decay to BS/M

Interference of direct decay and decay after mixing . fop

partial decay widths are sensitive to ¢g = @mix — 2 Pdec AR :M
B cC

decay-time dependent CP asymmetry: 1
2on(£) = [(B(t) = f)—T(B(t)—f)  Ssin(Amt)— Ccos(Amt)
PYIT(B(t) = ) £ T(B(t) — f)  cosh (AT t/2) + Aprsinh (AT t/2)
CP observables S, C, A, mixing parameters Am, AT T AV
:Snzﬁ 5 Amg& Amg :
golden modes provide direct match to CKM angle P ™
BO->J/YKs (¢pa = 2p5) sin2f83 = 0.748t8:8§8 T A ‘ | %
015 :
Bs—>J/Whh (¢ps = —285) sin 28, = 0'03761j8:888§?§ %} B
probing precise predictions P

from other measurements!
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http://ckmfitter.in2p3.fr/www/results/plots_eps15/num/ckmEval_results_eps15.pdf

Asymmetry measurement

Experimentally determine
number of B’s with

production flavour B

decay time of B
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Asymmetry measurement

» Experimentally determine
number of B’s with

_~—* production flavour B

» decaytime of B

l production flavour inferred
from tagging algorithms

» exploit pair production (0S)
hadronization of signal (SS)

* wrong tag rate ®=38%

» tagging power £(1-2m)°=3% |
same side

opposite side

c—os
bse \‘ 0S kaon
b— Xl
OS vertex charge OS electron
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Asymmetry measurement

» Experimentally determine
number of B’s with

_~—* production flavour B

e decay time of B

/) production flavour inferred
from tagging algorithms

» exploit pair production (0S)
hadronization of signal (SS)

* wrong tag rate ®=38%

» tagging power £(1-2m)°=3%

decay time from flight
distance

» highly boosted B’s
are great for this!

. i OS muon
° ﬂlght distance O(Cm) OS vertex charge OS electron
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The LHCb experiment % h“'

» 20 m long single arm forward spectrometer covering 2<n<>5

— Tracking

momentu

Vertex
Detector

reconstruct vertices
decay time resolution: 45 fs
IP resolution: 20 pm

Dipole Magnet
normal conducting

bending power: 4 Tm
regular polarity switches

K/1t/p separation
ep(K) = 95% @ 5% 11— K mis-I

RICH detectors —‘
D
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The LHCb experiment % hJ

» 20 m long single arm forward spectrometer covering 2<n<>5

) rérdeﬁ:
Vertex | o 1fb'data @7TeV

Detector o 2fb-Tdata @8TeV

reconstruct vertices
decay time resolution: 45 fs

IP resolution: 20 pm » huge cross sections (@7TeV): |

o 0(c3) = 1419 = 133 b
e o(bb) =75.3+ 14 pub

Tracking systen

momentum re ‘

Dipole Magn]|
normal conducting |}

bending power: 4 Tm
regular polarity switcy

RICH detectors
K/1t/p separation
ep(K) = 95% @ 5% 1=K mis-I1D
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Beauty CPV Measurements

Bs%J/lI) Ks
Bs—>J/WK*

BO=>J/WPKs
Bs—>J/Phh




PRL 115,031601 (2015)

sin(2B) with BO>J/PKs (3fb-1)

114000 signal candidates

(41560 tagged)

multi-dimensional unbinned maximum

b

BO

KO

I

likelihood fit to extract CP observables — 350F . Odr T
= 3000 g 03F LHCb | =
analysis accounts for S 2500 = kg;';,\ :
C > A B -
: : . = 2000 z A
tagging / production asymmetries 1500t =l (1)_ — :
= 1000 £ ey E
s - =
S = 0.731 £ 0.035 (stat) + 0.020 (syst) E 508 T 1 £ —03F E
= — NP —— B @p] _0.4 | L | | L
C = —0.038 + 0.032 (stat) + 0.005 (syst) 5240 5260 5280 5300 5320 TR
m (MeV/c?) £ (ps)
BaBar m ‘.| 0.662 + 0.039 + 0.012 BaBar | -~ 0.026 + 0.025 + 0.016
PRD 79, 072009 (2009) “ ¢ 1 PRD 79, 072009 (2009) | ¢ N
Belle 0.670 + 0.029 + 0.013 Belle | . R L 0.015 + 0.021 + §:052
PRL 108, 171802 (2012) i PRL 108, 171802 (2012) | ' - o
LHCb . . . 0731£0.035+0.020 LHCb : . I —0.038 + 0.032 + 0.005
Run | ' 'l Run | r |
Average 0.691 + 0.017 Average —0.004 + 0.015
HFAG, all Sy, ¢z — HFAG, all Cp_, ces T
0.5 0.6 0.7 0.8 0.9 -0.12  -0.08  -0.04 0 0.04 0.08 0.12
SjpKg Crpkg
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http://arxiv.org/abs/1503.07089

PRL 115,031601 (2015)

sin(2B) with BO>J/PKs (3fb-1) biis

colour singlet
exchange -
4

S|

b I

» 114000 signal candidates 5
(41560 tagged) .
» multi-dimensional unbinned maximum
likelihood fit to extract CP observables o 3500F >
_ = 3000 *g
» analysis accounts for = 2500 F g
r >
- : . = 2000 2
 tagging / production asymmetries 1500t é
= 1000 =
S = 0.731 + 0.035 (stat) + 0.020 (syst) T 500 !
O 0 el e = T S 1 (B
_ _ 5240 5260 5280 5300 5320
C = —0.038 + 0.032 (stat) = 0.005 (syst) o (MeV /o)
BaBar | ! ‘|I 0.‘662 + 0.039 + 0.0‘12 BaBar‘
PRD 79, 072009 (2009) ' ¢ ! PRD 79, 072009 (2009)
Belle 0.670 + 0.029 + 0.013 Belle |
PRL 108, 171802 (2012) i PRL 108, 171802 (2012) | '
LHCb : .| 0.731%0.035+0.020 LHCb | [
Run | ' * ' Run ! * !
Average 0.691 £ 0.017 Average
HFAG, all Sp_, czs = HFAG, all Cp,_, czs I
015 016 O.‘7 018 019 —0‘.12 —0‘.08 —0‘.04 |
SIAK?

. S
S11 2530—>J/¢K§ — m
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» need handle on penguin pollution:


http://arxiv.org/abs/1503.07089

JHEP 06 (2015) 131

Penguins from Bs=>J/PKs (3fb)

» related via d < s exchange % 10* Srl:stream Kgl
» CKM suppression of tree topology i 10° .
» extraction of penguin % e B2 igks
parameters possible A ok
» 900 Bscandidates i |
» use BO component as  Proxy S
| )i

5300 5400 55@9
My, ko (MeV/c?)

5200

I(
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http://arxiv.org/abs/1503.07055

ds measurements (3fb-")

PRL 114,041801 (2015)
Analysis of Bs > J/YKTK-

time dependent angular analysis
disentangle CP even and CP odd
95690 signal candidates

s = —0.058+0.04940.006 rad

no evidence for
polarisation-dependent CPV

Combined result with Bs > J/Qmttme

s = —0.010 + 0.039 rad

Analysis of Bs - Ds™Ds-

¢s = 0.02 + 0.17 (stat) £+ 0.02 (syst) rad
PRL 113,211801 (2014)
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| CDF 9.6 o™

S

J/v¢ + S-wave

HFAG B

68% CL contours |
(Alog £ = 1.15)

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

l . ¢ccs [rad]

_0033

= 15


http://www.arxiv.org/abs/1411.3104

ds measurements (3fb-")

PRL 114,041801 (2015)
» Analysis of Bs = J/WK*K- /ﬁj

» time dependent angular analysis

» disentangle CP even and CP odd gbmixL_O
B

S

» 95690 signal candidates

— —0.058=+0.049

» no evidence for
polarisation-dependent CPV

» Analysis of Bs> DstDs™

bs = 0.02 + 0.17 (stat) + 0.02 (

rad|

Ramon Niet | SUSY 2015 - 24/8/2015


http://www.arxiv.org/abs/1411.3104

LHCB-PAPER-2015-034 in preparation

to be submitted to JHEP

Penguins from Bs—>J/PWK* (3fb-1)

flavour specific final state e MRS LHCb Preliminary ] S
measurement of direct CPV g :

(J/QKtm-vs. J/YK-Ttt)

time integrated

polarization dependent oL b preliminary 1%
214005— — i
208700 B%and 1800 Bsdecays S
S ot 327
C 400 4 © [
S 2008 3 oE 3
S . S S S S— — e
M/ Kr) [MeV/c?] @, (rad)
fo = 0.497 + 0.025 (stat) & 0.025 (syst) v
f = 0.179 %+ 0.027 (stat) & 0.013 (syst)
ASP(BY — Jhp K*0) = —0.048 £ 0.057 (stat) & 0.020 (syst)
APP(BY = Jp K*0) = 0.171 £ 0.152 (stat) £ 0.028 (syst)
ATP(BY — Jhp K*%) = —0.049 & 0.096 (stat) £ 0.025 (syst)

B(B) = JWWK™) = (4.13 =+ 0.16 (stat) = 0.25 (syst) & 0.24 (fa/ fs)

N—
X
—_
7

ot
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LHCB-PAPER-2015-034 in preparation

to be submitted to JHEP

Penguins from Bs>J/PYK*0 (3fb-1)

gisy TU

» result combined with B® - J/p° EEZPEREITIE]
Preliinry t

p ¢J/¢¢ - 0. OO()+8 009 (s o) T0-004 L

807 = 00 o

AL = 00037333

1|

= _
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http://arxiv.org/abs/1411.1634

Charm CPV Measurements
Looking for anything ...

Time integrated CPV
DO->KsKs

Amplitude Analysis of
DO>KsKEm+




LHCB-PAPER-2015-030 in preparation

to be submitted to JHEP

Time integrated CPV in D9->KsKs

CPV could be as big as 0(1%)
vertexing two long lived neutrals
tagged by charged s from prompt D*

systematics from DO->K-nt*

charged ms* detection asymmetry

background model

Acp = —0.029 £+ 0.052 £ 0.022

" LHCb
_ Preliminary

¢ \ ....... -
F LHCb % rig
60 .. .
£ Preliminary ]

Entries / (0.33 MeV)

not as sensitive as other : J A , \: b Attt b o
140 145 150 155 140 145 150 155
charm CPV searches yet: A [MeV] Am [MeV]

Adep = Acp(K-KT) — Acp(n ") = (+0.14 + 0.16 (stat) £ 0.08 (syst))%
'; ACP(K KT) = ( 0.06 & 0.15 (stat) +0.10 (syst))% JHEP 07 (2014) 041

L__ —————— . e
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LHCB-PAPER-2015-026 in preparation

to be submitted to PRD

Amplitude Analysis of DO KsKin=

gisy TU

» 190K signal candidates

» final state reached by various resonances

— 20— e e ———— e
= 1.8 B BTN LHCb | . » description via ,,isobar models" i
. AL Preliminary 1‘1 i .‘h
tgm 1 4 useful input for other analyses |

. 0406081.01214 16 1.8 2.0 e e — e e ————
| DOKsK-it sample el a
+ charge conjugated |

e e
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LHCB-PAPER-2015-026 in preparation

to be submitted to PRD

Amplitude Analysis of DO KsKin=

» 190K signal candidates | Model epenet
» final state reached by various resonances | CPV search'

— 2.0 — B ,

= 18 LHCb  _ n ) descrlptlon V|a,,|sobar models '

. Preliminary 1& ib f

516 » A=) rare'rAg !

t;m 14 . useful input for other analyses o | -

S 1.2 ' | signs from |
» for CPV: refit best model using »

| X | A =3 (ar £ Aag)e®rEdR) AL 1
= P y ¥’ test of Aap = 0, Adr = 0 |
» p-value of 0.45 - not rejected ‘
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Conclusions

colorful program of beauty & charm CPV mﬂ‘%&
analyses at LHCb

Events / (2 MeV/c?)

must be small

(I’'ve shown you only a tiny selection of its freshest) T e BO/\W
> 3_ \ ownstream K? _ q -
if present new physics in CPV searches c
B

Pull

penguin contributions are under control

no evidence of charm CPV yet

e P ;
analyses are mostly statistically limited . e ¥
stay tuned for Run Il - exciting results to 0' o M

— 2.0

= 18F

ATLAS 19.2fb~" L ]
-04 -0.2 0.0 0.2 04 A0 Y K -
come from LHCD! )
[ 3 ST S AN RPN BRI |
-1.0 -0.5 0.0 1.0 15 2.0
4 LHCb

2 16f
x1af
T ool
10} 5 e
0.8 - .
0.6
0.4k

Mig [ GV et ]
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Candidate classification

Upstream track
r

/
7

VELO ™ T¥T=——- ~———
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T1 T2 T3
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LHCb-CONF-2014-004

1-CL

Y Combination

mixture of 3fb-'and 1fb-' measurements

l— ' — L e
- : LHCb -
08H Preliminary  _ |
06— 72.9;9;:3 _
O essn L b S B
O 955%
| ! | | | . | | !

0 50 60 70 30 90 100 110

Y [°]
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LHCDb Analysis

Bt — DK*, D — hh, GLW/ADS

Bt —- DK™, D — Krrm, ADS

Bt — DK*, D — K2hh, model-
independent GGSZ

B* — DK+, D — KK, GLS

B — DK*0 GLW/ADS

B — DFK*

26


https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-CONF-2014-004

PRL 115,031601 (2015)

ch
sin(2PB) with BO>J/WPYKs (3fb1) sy

systematic uncertainties

Origin o ofle.

Background tagging asymmetry 0.0179 (2.5%) 0.0015 (4.5 %)
Tagging calibration 0.0062 (0.9%) 0.0024 (7.2 %)
AT 0.0047 (0.6 %) —

Fraction of wrong PV component 0.0021 (0.3%) 0.0011 (3.3%)
z-scale 0.0012 (0.2%) 0.0023 (7.0 %)
Am — 0.0034 (10.3 %)
Upper decay time acceptance — 0.0012 (3.6 %)

Correlation between mass and decay time — —
Decay time resolution calibration — —
Decay time resolution offset — —
Low decay time acceptance — —
Production asymmetry — —

Sum 0.020 (2.7%)  0.005 (15.2 %)
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http://arxiv.org/abs/1503.07089

PRELIMINARY

BaBar ’
PRD 79 (2009)5072009

BaBar

Ka!
PRD 80X§°oo<§) 112001

. 0.69+0.52+0.04 £0.07

sin(2p) = sin(29,) HEAS

0.69 +0.03 + 0.01

BaBar J/y (hadronic) Kg o 1,5610.4210.21
PRD 69 (2004) 052001 "

Belle : 0.67 + 0.02 + 0.01
PRL 108 (2012) 171802

ALEPH : 0.84 %153+ 0.16
PLB 492, 259 (2000)

OPAL § 3.20 300+ 0.50, |
EPJ C5, 379 (1998)

CDF ' 0.79 34
PRD 61, 072005 (2000)

LHCb ' 0.73 +0.04 +0.02
arXiv:1503. 07089

Belle5S : H 0.57 + 0.58 + 0.06
PRL 108 (20125 171801 !

Average : ' 0.69 + 0.02
HFAG :

-2 -1 0 1 2 3

Ramon Niet | SUSY 2015 - 24/8/2015

ey —q, — ===

stat- ony) ;Cb—>cs HFAG ° = - —O 004 :|: O 015(0 012
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JHEP 06 (2015) 131

ch
CPV in Bs=>J/WKs sy

systematic uncertainties

Long  Downstream

Source -AAF Cdir Smix R X 105 R X 105
Mass modelling 0.045 0.009 0.009 15.5 17.2
Decay-time resolution  0.038 0.066 0.070 0.6 0.3
Decay-time acceptance 0.022 0.004 0.004 0.6 0.5
Tagging calibration 0.002 0.021 0.023 0.1 0.2
Mass resolution 0.010 0.005 0.006 12.6 8.0
Mass—time correlation  0.003 0.037 0.036 0.2 0.1
Total 0.064 0.079 0.083 20.0 19.0
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http://arxiv.org/abs/1503.07055

PRL 114, 041801 (2015)

ds with Bs—)/WKTK= (3fb1)

As
Ao
Al
» tagged time-dependent analysis, but... %‘4 J/16 + S-wave
- BO
» K'K reached dominantly via ¢ resonance (P-Wave) C
» P2VV decay CP even (L=0,2) and CP odd (L=1) final state Pmix\ 50

v

takes S-Wave contribution into account

15000

v v

» analysis is performed in bins of m(K'K)

angular analysis to statistically disentangle

also studies polarization dependence of CPV
= 96000 signal candidates

)

W
W
(=]
S

103§

Candidates / (1.0 MeV/c?)

10'F LHCb = .

o

'll|-.|,+

ik ]
*“%q¥#

10000

5000

LHCb

107 B % ’r ++++* E

Candidates / (2.5 MeV/c?)

990

PR Y I R
1026 1038 1050
m(K*K)) [MeV/c?]

L
1002 1014

5400

~~ T T T T T . . . . . . . . . r r r r
2 10°k =) : 8 ' ! ' 1 3
N - = 3000 F S 3000 F LHCb 3§ o<
o 3 5 - ~ . ~—
~ 10°E wv - 72] 7 7]
- E. g 2500 B - g g
w2 o -
Q B ~ C el el
= 10°E ~ 2000F 3s 2=
50 ; 20p  __CPeven__ 2 g
’g ok 5 1500~ ~__- ~ O )
O S E
2 w0k ..CP 0dd.-
1E @) o
: S00E TS S Wave\,,
10! ——— ' '

Noﬂevidene for pation |
dependent CP V|olat|on

— e
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http://www.arxiv.org/abs/1411.3104

LHCB-PAPER-2015-034 in preparation

to be submitted to JHEP

CPV in Bs=>J/WPYK™

Feynman diagrams

S/

Colour singlet,’
exchange /

CP(B?s) — f(S)) — —

Ramon Niet | SUSY 2015 - 24/8/2015

S/
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LHCB-PAPER-2015-034 in preparation

to be submitted to JHEP

Bs—>J/PK*0systematics (P-Wave)

R

cP cP CcP
foo o o AT AT AT
Fitted value 0.497 0.179 —-2.70 0.01 —-0.048 0.171 —0.049
Statistical uncertainties fg:g%‘é fg:g% fg:%g 0.11 0.057 0.152 fg:ggg

Angular acceptance
(MC stat)
Angular acceptance

0.018 0.008 0.02 0.01 0.009 0.017 0.008

(data-MC corrections) 0.015 0.007 0.17 0.10 0.007 — 0.015
C'sp factors — 0.001 — — 0.001 0.002 0.002
D—wave contribution 0.004 0.003 — — 0.002 0.015 0.002
Background 10.004

0.003  40.012
angular model o003 0.002  0.02 0.01 J_FO'004 J—r0.004 0.002

Mass parameters and
BY contamination
Mass—cos(6,,)

— — — — 0.001  0.001 —

0.007 0.006 0.07 *t50: 0.014 o0l 0.016

correlations

Fit bias — — 0.01 0.12 0.003 0.003 0.005
Detection - - - - +0.005
asymmetry 0.005 0.005  Typ0s
Production - - - - - - -
asymmetry

Quadratic sum of

systematics 0.025 0.013 0.19 0.16 090 T8 0.025

o +0.030  +0.24 +0.063 +0.098
Total uncertainties 0.035  Tgoo9  oas  0.20 Tygea 0163 Tigg9
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LHCB-PAPER-2015-034 in preparation

to be submitted to JHEP

Bs—>J/PK*0systematics (S-Wave)

R

ACP m?(u;ro m]})%?rl mtf(l?g m]})%?rg

S Fg ds Fg ds Fg ds Fg ds
Fitted value 0.167 0475 054 0.080 —053 0.044 —1.46 0523 —1.76
Statistical uncertainties 9177 0495 016 X903 030 o0 fols foils ol
Angular acceptance 0.028 0.039 0.03 0.012 0.065 0.015 0.10 0.065 0.06
(MC stat)
Angular acceptance 0.015 0.058 0.08 0.019 0.18 0.027 027 0.006 0.04
(data—MC corrections)
Csp factors —0.002 001 0001 — 0002 — 0001 001
D—wave contribution 0.008 0.010 0.02 0.005 0.03 0.008 0.08 0.002 0.04
Background , . : .07
PRI 000 0002 001 RER 001 — R SRR g
Mass parameters and 10.00 - - - - - -
B contamination 0.0010.001 Zg'01
Mass—cos(6
comelations " T e 005 o003 004 R 002 KR UG
Fit bias 0.001 0.005 0.01 0.001 001 0004 003 0013 —
Detection 0.005 - - - - - - - -
asymmetry
Production - - - - - - - - -
asymmetry
fy‘;jjgtlfc s of $0.010 40081 10 093 020 0033 (30 067 +O.10
Total uncertainties 29 0135 0.19  fops tpSz o hehs A0.56 40228 017
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LHCB-PAPER-2015-034 in preparation

to be submitted to JHEP

Penguins from Bs—>J/PYK™0

R

Relation between amplitudes:
A (Bg — (J/w E*O)z) — _)\Az [1 — aiewiew} 0.8

2

A

5 A [1 + eagewée”}

A (Bg — (J/¢¢)z> =

Observables for extraction:

a) = 032703
0y = —(15733")°
39% C.L.

— 68% C.L.
CI2290% C.L.

—
= AJ(B! = J/YK ) |
HI(BY — J/pK™)

0.0}

_ 1 A; ? q)(mj/lb/mBg?mﬁb/mBg) B(Bg — J/wf?*o)theo fz

Hi = _ TR .
e | A <I>(mJ/¢/mBg,mE*0/mBS) B(Bg — J/¢¢)theo fz/ ;Z

~ 1—2q;cos6; cosy + af .
1+ 2ea}cos B cosy + 2a? 07

0.6

P 2a; sin 0, sin ~y
A = 505

' 1 — 2a; cosb; cosy + a?
0.4
2¢ea) cos 0 siny + €2a’? sin(27) 03
J, 1 1 /y (2 f)/
tan(A¢87/;b¢) — -

1+ 2ed) cos 0 cos v + €2a’? cos(27)

0.0
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80—160—140—120—100 —80 —60 —40 —20 0

20 40 60 80 100 120 140 160 180

0, [deg]

TTINT

ay = 0.07%553
0) = —(853)°
==a 39 % C.L.

— 68% C.L.
c2290% C.L.

DTSN
%&0’&2‘0’;0:::4

RRRER.
5

2

1] == Sy(B° = J/vp’) |
— A(BY — /K" |
il mm HI(BY — J/¢p°) |

N
\
X # ¢ N
(. "" S v'(v’:/‘z“

KKK
BORRLEKEKS \
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LHCB-PAPER-2015-034 in preparation

to be submitted to JHEP

Penguins from Bs—>J/PYK™0

R

Observables in B0 = J/WypPthat relate to penguin parameters:

2 a; sin 6; siny

1 —2a;cosb;cosy+a?’
Sin ¢g — 2 a; cos 6; sin(¢q + ) + a? sin(pg + 27)
1 — 2a;cosb; cosy + a?
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b
CPV Measurements Charm at LHCb L

O(5 x 10"2) cc pairs produced during 2011-2012 in LHCb
Worlds best sensitivity to many Charm CPV observables

Highly boosted D mesons great for time-dependent studies

At LHCb two methods to tag charm

semi-leptonic B decays
D*(2010)*

DO

- | charge prO\‘/iéﬁ. —
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LHCB-PAPER-2015-030 in preparation

to be submitted to JHEP
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LHCB-PAPER-2015-026 in preparation

to be submitted to PRD

Amplitude Analysis of DO KsKin=

» Destructive Interference of Kstt S-Wave
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Wolfenstein & Angles
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