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Why Amplitude Analyses”

« QM is intrinsically complex:
Wave functions/transition amplitudes etc: | = a €'®. Observable: |[?.

Only half the information. How do | get the rest?
- Note that the rest is very interesting - CP violation in the SM comes from phases!

 Answer: Interference effects:

q)total = ae+beP+ ...
[Ptotall? = |a €@+ b eP+ ...|=a2+ b2+ 2abcos(@-B) + ...
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Dalitz plot analyses - lots of interfering amplitudes!

Many interfering decay Described bya  A(si,s_)
paths contribute to the sum of complex Z ap(ss, 5 ) €Or(+:5-)
same final state amplitudes - e

P

o 25F o A(s+, s-)|°
% oL D represented
F in a Dalitz
: plot
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3 body decays

dl’
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sij = (pi +py)° = mi;
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3-boady phase space
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3-boady phase space
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3-boady phase space
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3-boady phase space
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3-body phase space
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3-body phase space
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What happens if nothing
happens
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What really happens

sij = (pi +pj)° = m;;
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http://inspirehep.net/record/853279

What happens it one thing
happens
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What happens it one thing
happens
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What happens it one thing
happens
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What happens if two things
happens
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What happens if two things
happens
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What happens if something
with spin happens
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Real dalitz plots
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Real Dalitz pots
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Calculating amplitudes

+—<+—<
N
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Let us assume(!) that
the full amplitude can
be calculated as the
sum of essentially
iIndependent two
body processes.

Doing this results In
the so-called “isobar”
modael.
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Calculating amplitudes

 We don't know anything

3 about the strong
= iInteraction dynamics.
M 2 e As afirst
approximation, we treat
1 each particle as point
particle.

e \We want a Lorentz-
Invariant matrix
element...
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Calculating amplitudes

3 So3 — mp — impgl
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Calculating the amplitudes

% say R has spin 1 (e.g. K*(892), p(770) etc)

d53 = Dy — D3

7 5% 3
pl 14 S 14 14
R o3 = P2 — P3
\Y 2
1
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Calculating the amplitudes

R
v v 4
423 = P2 — P3 ER

/<\
M &2

1
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So3 — M3 — impgl
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Calculating the amplitudes

Q23 =Py — D3 cR
o 3 023
R

e'n
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— Er 423v
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Calculating the amplitudes

ER
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Calculating the amplitudes

R
Q23 =Py — D3 3 cR

4
p/f QQ3

u v
E : AU* v N PRPR

all A Pr
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E Pip ey’ —— ey 423 v
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Calculating the amplitudes

ER
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Calculating the amplitudes

ER
1% - 1% 1% (o)
o3 = P2 — D3 3 €R
1%
L 4o
P 3

M 2 .

spin factor
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Calculating the amplitudes
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Calculating the amplitudes

Q23 =Py — D3 cR
H 3 QS:%
P1
R
1 pY

: . : : 2 2
Express in terms of s;; if you wish, using pi - pj = Sij — m; — m;
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(p1 - pr)(g23 - PR) )J 1
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Calculating the amplitudes

ER
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Calculating the amplitudes

Angular Momenta
require momenta

dr

2 d

D ————— in decay rest frame

_q,r
L=2dxgq classical mechanics
L=+I(l+1) QM

[T
1% PRrPR
—gh? 4 —E2
Pr

S93 — m% —impl

P1p

q23 v
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Blatt Weisskopf Penetration
Factors

L Br(q) B (¢, qo0) classical
0 1 1 mechanics:
. 2z \/1 + 20 L=2 qd
1+ 2 1+z
, 1322 (20—3)*+92 QZM '
(2—3)24+92 (2—3)24+92 L2 =1I(1+1)

where z = (|¢|d)? and z9 = (|qo| d)*
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Blatt Weisskopf Penetration
Factors
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Calculating the amplitudes

Angular Momenta
require momenta

ER
1% - 1% 1%
(o3 = P2 — P3

Lt
P -

o y2) | =1 4r
=1 2 d
\ — in decay rest frame

[TANRY

v PRrPR
—g“ —+ )
Pr
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Piu Br(qrr,dRr) 423 v
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Calculating the amplitudes

e%, « Width [ = rate, depends

s = Y — Y on phase space = 2g/m.
p“ 3 break-up momentum
1
w\x\\é‘“ |=1 « Rate also depends on By.

Piu Br(qrr,dRr) 423 v
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Calculating the amplitudes

e%, « Width [ = rate, depends

s = Y — Y on phase space = 2g/m.
p“ 3 break-up momentum
1
w\x\\yﬂ |=1 « Rate also depends on By.

Piu ) Br(qrr,dRr) 423 v
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Calculating the amplitudes

e%, « Width [ = rate, depends
Q3 = Dy — D3 on phase space = 2g/m.
L 3 break-up momentum
P
QW\W‘“ =1 * Rate also depends on By.
1
[(mas) = T (g23/ma3) Br(q23)

(q0/mgr) Br(qo)

P1p
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Calculating the amplitudes

e%, « Width [ = rate, depends

s = Y — Y on phase space = 2g/m.
p“ 3 break-up momentum
1
w\x\\yﬂ |=1 « Rate also depends on By.

1

break-up momentum in restframe of decaying resonance\

(g23/ma3) Br.(g23)
(q0/mr) Br(qo)

\ reconstructed mass\m23 = \/S93

F(mgg) — FO

o, v
PRrp
_g:ul/ _I_ R2R
Pr

2 .
§23 — Mp — szF(mgg

Piu ) Br(qrr,dRr) 423 v
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Calculating the amplitudes

e%, « Width [ = rate, depends

s = Y — Y on phase space = 2g/m.
p“ 3 break-up momentum
1
w\x\\yﬂ |=1 « Rate also depends on By.

\ reconstructed mass mo3 = /893

1 centrifugal barrier factor
break-up momentum in restframe of decaying resonance\ j
(g23/m23) Br(ges)
['(mas3) =T

(q0/mgr) Br(qo)

W, v
PrD
_g/“/_|_ RQR
Pr

2 .
§23 — Mp — szF(m23

Piu ) Br(qrr,dRr) 423 v
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Calculating the amplitudes

« Width [ = rate, depends
on phase space = 2g/m.

3 break-up momentum

* Rate also depends on By.

reconstructed mass Mmo3 = /823

1 centrifugal barrier factor
break-up momentum in restframe of decaying resonance\ j
(g23/m23) Br(ges)
the same as numerator, but F(ng) = Fo
calculated for “nominal” (peak) , (q0/mgr) Br(qo)

resonance mass.
1 pléplfg
_g:u _I_ 5
Pr

2 .
§23 — Mp — szF(mgg

Piu ) Br(qrr,dRr) 423 v
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Mass dependent width
(Ignoring ang. mom)

ITI®

/\ dashed: fixed width

solid: mass dependent width

. (g23/m23)

500 750 1000 1250
i mass / MeV
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Breit Wigner with angular
momentum eftects (only)

o~ no 2-body
Bl phase space — 1 =0
----- | = 1
=2
0.75
F(mgg)
0.5
0.25
-------- '|
Y900 400 600 800

1000 1200 1400
mass(7mr) [MeV]
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Amplitude Moadel

no v
PrpP

_g/J’V _|_ —R2R
PR

S23 — m% — imRF(mgg)

Ar = i Br(grr,dr) 923 v

— sensitivity to phases is one of the
My = cre?®Ap(siz,505)  KEY reasons amplitude analyses

R are so Interesting.
M| e Sitters frequently used at
P(Slz, 823) = 5 1B | HCb:
J Ml 1o dog | 4512 dS23 MINT (esp for >3 body)
_aura++
M| GooFit-based fitter
= T M il ds1a dsas and others.

within kin boundary
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example:

Amplitude Moadel

My = Z cre" AR (s12, 523)

R

CDF: PHYSICAL REVIEW D 86, 032007 (2012)

Resonance a o [°] Fit fractions [%]
K*(892)* 1.911 £ 0.012 132.1 £ 0.7 61.80 = 0.31
K;(1430)~ 2.093 = 0.065 54.2 + 1.9 6.25 = 0.25
K;(1430)~ 0.986 = 0.034 308.6 = 2.1 1.28 = 0.08
K*(1410)~ 1.092 = 0.069 155.9 £ 2.8 1.07 = 0.10
p(770) 1 0 18.85 = 0.18
w(782) 0.038 = 0.002 107.9 £ 2.3 0.46 = 0.05
£0(980) 0.476 £ 0.016 182.8 £ 1.3 491 £0.19
1>(1270) 1.713 = 0.048 329.9 + 1.6 1.95 = 0.10
f0(1370) 0.342 = 0.021 109.3 £ 3.1 0.57 = 0.05
p(1450) 0.709 = 0.043 8.7 2.7 0.41 = 0.04
£(600) 1.134 £ 0.041 201.0 £ 2.9 7.02 £ 0.30
o5 0.282 £ 0.023 16.2 = 9.0 0.33 £ 0.04
K*(892)=(DCS) 0.137 £ 0.007 317.6 = 2.8 0.32 = 0.03
K;(1430)* (DCS) 0.439 £ 0.035 156.1 = 4.9 0.28 = 0.04
K;(1430)* (DCS) 0.291 £ 0.034 213.5 £ 6.1 0.11 = 0.03
Nonresonant 1.797 £ 0.147 94.0 =5.3 1.64 = 0.27
Sum 107.25 £ 0.65
B-workshop
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Amplitude Moadel
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example:

Amplitude Moadel

Mfiz E CRGZQRAR(Slz,Szg) +aoez90

R

CDF: PHYSICAL REVIEW D 86, 032007 (2012)
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Amplitude Moadel

[ |cre™ Ag(s12, s23) ’2 ds12dsa3

» ’ FFrp = 5
M'ZZCGZRA S12, S +age’”° |
Ji 7 R R( 125 23) 0 f z]: Cje"ej Aj(812, 823) d812d823
example: CDF: PHYSICAL REVIEW D 86, 032007 (2012)
Resonance a o [°] Fit fractions [%]
K*(892)* 1.911 £ 0.012 132.1 £ 0.7 61.80 £ 0.31
KE)"(1430)i 2.093 £ 0.065 54.2 + 1.9 6.25 = 0.25
K;(1430)~ 0.986 = 0.034 308.6 = 2.1 1.28 = 0.08
K*(1410)~ 1.092 £ 0.069 155.9 £ 2.8 1.07 = 0.10
p(770) | 0 18.85 £ 0.18
w(782) 0.038 = 0.002 107.9 £ 2.3 0.46 = 0.05
£0(980) 0.476 £ 0.016 182.8 £ 1.3 491 £0.19
1>(1270) 1.713 £ 0.048 329.9 + 1.6 1.95 = 0.10
f0(1370) 0.342 £ 0.021 109.3 £ 3.1 0.57 = 0.05
p(1450) 0.709 = 0.043 8.7 2.7 0.41 £ 0.04
£(600) 1.134 £ 0.041 201.0 £ 2.9 7.02 £ 0.30
o, 0.282 = 0.023 16.2 = 9.0 0.33 £ 0.04
K*(892)=(DCS) 0.137 £ 0.007 317.6 = 2.8 0.32 = 0.03
K8(1430)i(DCS) 0.439 £ 0.035 156.1 £4.9 0.28 £ 0.04
K§(1430)i(DCS) 0.291 £ 0.034 213.5 £ 6.1 0.11 = 0.03
Nonresonant 1.797 = 0.147 94.0 = 5.3 1.64 £ 0.27
Sum 107.25 £ 0.65
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Amplitude Moadel

My = Z cre" AR (s12, 523)

R
example:  cpr: PHYSICAL REVIEW D 86, 032007 (2012
2

-+- Data

. Fit Function
15000 —

— Background

15 |-

10000 |~

Mi‘,' [GeVZ/c)
Candidates per 0.01 GeV?/c*

0s 5000
9 0 A 1 ‘ é 3 0 1 2 3
2 214
LA (c LRy Mo ms) [GEV/CT]
< 6000 = ‘A —+— Data Yo -+— Data
C\; - . Fit Function c% 6000 . Fit Function
8 — Background S'E — Background
o 4000 o)
o g 4000
g a
2 8
S ©
©
g 2000 % 2000
G )
(@) (@]
0 0 | L
0 1 > 3 0 1 2 3
Mo ws) [GEVZ/c’] M. [GeV?/c?]
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Amplitude Moadel

: 0
Mfi: E CRQZGRAR(SH,SQ?,) —|—CL0€ZO

R
example:  cpr: PHYSICAL REVIEW D 86, 032007 (2012
2

-+- Data

. Fit Function

15000 [~
15 |-

— Background

10000 |~

Mi‘,' [GeVZ/c)
Candidates per 0.01 GeV?/c*

05 5000 —
0 0 A 1 ‘ é 3 0 1 2 3
2 2 4
LA (c LRy Mo ms) [GEV/CT]
< 6000 = ‘A —+— Data Yo -+— Data
C\; L . Fit Function c% 6000 . Fit Function
8 — Background S'E — Background
S 4000 o
2 g 4000
g g
2 8
ko] @©
©
g 2000 % 2000
G 3
(@) (&)
0 o | L
0 1 2 3 0 1 2 3

[GeVZ/c*] M2, [GeVZ/c’]

M2, .
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Mixing formalism for 2-body
WS decays

| CPV allowed
. FPCP 2014 -
1 ooy
08} -
. <<%\
| : S 1
O . + — 0.45 ! '%
D phase difference dxr  K¥TT ool -
of
B0
0.2 20
_0'4: 30
40
Y, Y. SN A B P B B B e e Y
0 06-04-02 0 02 04 06 08 1 1.2
X (°/o)

(DY - Ktn)

_ o _ aj,27.(._|_y/27.(. 5

4

where T _ [ cos 0.  SINOg, X
Yo cosOpr — SO, Y
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ime-dependent C

P\ DP—= Kgrtrt

see also previous result: Phys. Rev. Lett. 99, 131803 (2007).

ﬁ:;' l'i; 1530".‘!_—
/\ ﬁ O ooof
E g 12000
DO KS]_[]_[ E sooof-
_OJ a000f-
g — |q 6Z¢C D 2000}
p p % B a— T
M2 GeV?
(Belle preliminary )(by now published)
% 13000: % guuuu;—
Fit case | Parameter Fit new result g teom; & soonef
S 14000 b muuu;—
ZC(%) 056 :|Z 019f883t888 % 120000 % 60000}
NO CPV —|—OO4‘|—003 E., Wﬂﬂﬂ; 5 suuuu;-
y(%) 0.30 :I: 0.15_005_006 I.I::J. suuu; u::j Auuuu;— \
1+0.1640.0540.06 o 30000f
|Q/p‘ 0'90—0.15—0.04—0.05 40000 20000;
NO dCPV 2000f 10000
arg q/p(°) —6 4+ 11151 z | N
_3_4 " 5 0 ﬂ.lﬁl &= 'JI o I1.15I = l2.|5l ; 3
o M? (GeV?)
see also BaBar Phys. Rev. Lett. 105, 081803 (2010) and
CLEO-c Phys. Rev. D 72, 012001 (2005).
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ime-dependent C

M? (GeV?)

P\ DP—= Kgrtrt

see also previous result: Phys. Rev. Lett. 99, 131803 (2007).

16000
14000}
12000
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see also BaBar Phys. Rev. Lett. 105, 081803 (2010) and
CLEO-c Phys. Rev. D 72, 012001 (2005).
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see also previous result: Phys. Rev. Lett. 99, 131803 (2007).
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(Belle preliminary )(by now published)
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see also BaBar Phys. Rev. Lett. 105, 081803 (2010) and

CLEO-c Phys. Rev. D 72, 012001 (2005).

Jonas Rademacker (Bristol, LHCb)

Measuring CP violation in 3- and 4-body decays
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CHARM 2013, Manchester

Magic of Dalitz plot (sensitivity to phases) gives
access to x, y (rather than x’¢ and y’)

No evidence of CP violation

M? (GeV?)
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“Isobar” Model

- “Isobar”: Describe decay as series of 2-body processes.

- Usually: each resonance described by Breit Wigner lineshape (or similar) times
factors accounting for spin.

» Popular amongst experimentalists, less so amongst theorists: violates unitarity. But
not much as long as resonances are reasonably narrow, don’t overlap too much.

- General consensus: Isobar OK for P, D wave, but problematic for S-
wave.Alternatives exist, e.g. K-matrix formalism, which respects unitarity.
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lsobar Model with sum of
Breit Wigners

—< << v <<

R R> Rs

1 1 1

S12 — m% — imll“l(slg) + S12 — m% — ’imgrg(Slg) + 512 — m% — im3r3(312)

* Single resonance well described by Breit Wigner

* Overlapping resonances not so. Theoretically
problematic: violates unitarity. From a practical point of
view problematic as you might get the wrong phase
motion.
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lsobar Model with sum of
Breit Wigners

R Ro R3

4 resonances

32 resonances

Jonas Rademacker: Amplitude Analyses B-workshop Neckarzimmern 18 Feb 2015
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https://www.youtube.com/watch?v=Aaxw4zbULMs
https://www.youtube.com/watch?v=Aaxw4zbULMs

Flatté Formula

* Consider 10(980) (width [ = 40-100 MeV). Decays to
mmand KK. To KK only above ~987.4 MeV.

* The availability of the KK final state above 987 .4
MeV increases the phase space and thus the width
above this threshold.

* Need to take this into account even if | only look at
fo(980)— 1.

[y (s) = T';(s) + T'g(s)

[ o(s) = gms/4 — m2,
Te(s) = g_K<\/s/4 — my. + \/5/4 — m%{0>

2
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K-matrix

S = (f|S]i) = T +2iT
T=KI-iK) !

arai ozFoz°
K;;j = Z vim \/m ’

2 _ 2
ms — m

(8%

* For single channel: Reproduces Breit Wigner

* For single resonance that can decay to different
final state: Reproduces Flatte.
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K-matrix

S = (f|S]i) = T +2iT
T=KI-iK)™*

arai ara'
K = Z v vmolo,

2 _ o2
ms — m

‘,‘E \ b) — 1.5
2 -
i £ | Add BW Add K
Iy it
: : .." o © "..
o & o o % F
Add K i o o 3 0
.; ... oo °° : o
0.5+ ’ 05° % %00 2 o
o - g &
o = - 0
: \ s 0
0_ \0...~j
800 1000 1500 2000 ~0.5 ¢ 0.5

7w mass [IMeV,/¢]

The Unitarity circle
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K-matrix

* Note that the K-matrix approach is still an approximation.

* While it ensures unitarity (by construction), it is not
completely theoretically sound/motivated (and violates

analyticity).

 And it does not in any way address this:
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What theorists think of all
this

(a few slides from a recent LHClb Amplitude Analysis
Workshop with experimentalists and theorists)
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C
/7/782L ObA /\/3/7/7
art

Modeling hadron physics #J0LIcH C

Standard treatment: sum of Breit-Wigners

Propagator: iGy(s) = = . =i/(s — M2 +iMgTy)
Scattering: = s——s =3, ig?Gy(s)
Production: Zk@?:k*’f} @?f: = (> pigxGr(s)a) +1if
Problems:

— Wrong threshold behavior (cured by I' = T'(s))
— Violates unitarity — wrong phase motion

— Parameters reaction dependent
only pole positions and resides universall

48



ghers

Sum of Breit W

(e2)
<t




3-body Dalitz plot (theory)

Basz‘/;g; A KU@ |
/S

A simple Dalitz plot: ¢ — 37

_1 1 1 1 1 1 1 1 1 ] +
-1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
T
P
5 - +  crossed

Problem:
— unitarity fixes Im/Re parts
— adding a contact term destroys this

2% 10° events in 1834 bins
KLOE 2003

analyzed in terms of:

sum of 3 Breit-Wigners (p*, p°)
constant background term

+ 0 m

relation
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.
N

Sum of Breit Wigners with non-resonant term

R

: iy : "\ : ) ! o

Last Judgement (Detail) by Fra Angelico




Factorising the form factor into universal and reaction-
specific parts

Chy;
/Sz‘o,oh Hanh
ary

— Q(s) is universal and fixed in elastic regime (Omnes function)

— P(s) reaction specific and contains e.qg.
> higher thresholds
> Inelastic resonances
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i - 838@,7
3-body Dalitz plot (theory) RKupy,

takes into account
7 ey this

s [ ds'sindi(s'LF(s)
= a) 1+ = LA, S
)= o (S>{ HAMg s' rsz(s')\(s'—s)}

)¢
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i - 8‘982‘/3,7
3-body Dalitz plot (theory) RKupy,

calculable (but interaction-dependent)

.

s [ ds sinél(s’)]:(s’)}
]:S:Qs{cH—bs—l—— !
(s) (s) Ly 7 Junsz 2 Q)] — )

fit to data
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Bag,
] [ | f
—ormalism applied to ¢d—rr® D Ky

Experimental comparisonto @ — 37

e successive slices through Dalitz plot: Niecknig, BK, Schneider 2012

8000

L
B
F
_E
E
F
=

0.2 6000
0 I
-0.2 I
_ I I # |
o4 4000 I & I 1 II I II i I I I
“06 o P L l }1 b1 i II II; I x% I
0 2000 : ! I L § ;I 1 1 Lo I
_1 ] ] ] ] ] ] ] ] ] T I I T I I ]'F E ],-& I i I i
-1 -08 -06 -04 -02 0 02 04 06 08 1 ! 2T I: : 1 LI : i : i I i
i o= . 1:: . 1 lf . 1 ? 1 . Eﬁ; 1 . E’a’: . 1 I'-‘-_f:i!: . 1 igf 1
750 800 850 900 950 1000 1050 1100 1150 1200 1250
bin number

x?/ndof 1.7...2.1

— pairwise interaction only (with correct nn scattering phase)
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Bagy
. . 0
~ormalism applied to ¢d— rrr° N Ky

Experimental comparisonto ¢ — 37

e successive slices through Dalitz plot: Niecknig, BK, Schneider 2012
z: 8000} ﬁ i!
0:2 6000 M m
| i ‘l Pl i i I]i |
04 4000} ‘ II I II i I : I& *
0.6 1[ II g E I .& II 5] II II ]
08 2000 1 ] - i 3 -
e j AN ¥ A i

i 1 1 :if 1 :==§§: 1 5 1 1 1
0750 90 950 __ 1000 1050 1100 1150 1200 1250
bin number

x?/ndof 1.7...2.1 1.2...15

— full 3-particle rescattering, only overall normalization adjustable
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Bag,
| [ | f
~ormalism applied to ¢— e D Ky

Experimental comparisonto @ — 37

e successive slices through Dalitz plot: Niecknig, BK, Schneider 2012
0.8
8000} -
0.6
0.4
0.2 6000 b
0
-0.2
o4 4000 i
-0.6
_08 1 1 1 1 [} 1 1 1 1 2000 |
_1—1 -0.8 -06 -04 -02 0 0.2 04 0.6 0.8 1
0750 800 80 90 950 1000 1050 1100 1150 1200 1250
bin number

x?/ndof 1.7...21 1.2...1.5 1.0

— full 3-particle rescattering, 2 adjustable parameters
(additional "subtraction constant" to suppress inelastic effects)
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Bag,
| L} f
~ormalism applied to p—Tmre D Ky

Experimental comparisonto @ — 37

e successive slices through Dalitz plot: Niecknig, BK, Schneider 2012
0F 8000} -
0.6
0.4
0.2 6000+ N
0
-0.2
o 40001 -
-0.6
08 | | 2000 .
_1—1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

0750800 80 900 950 1000 1050 1100 1150 1200 1250

bin number

x?/ndof 1.7...21 12...1.5 1.0

e perfect fit respecting analyticity and unitarity possible
e contact term emulates neglected rescattering effects
e no need for "background” — inseparable from "resonance"

Jonas Rademacker: Amplitude Analyses B-workshop Neckarzimmern 18 Feb 2015
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-ormalism applied to D—=ninkK

25 |

700 | D@l T
600 | Omnes ——
500 ¢t
400 ¢t
300 ¢}
200 ¢t

100 ¢ [

05}

S
o el
Fit limited to ("isobar model" + non-resonant background waves) ‘3«\

e Omneés fit: x?/ndof ~ 1.42

M(KT.[) <M(n’) + M(K) ~1.45GeV .+ full dispersive solution: x2/ndof ~ 1.11
elastic approximation breaks down . yisible improvement similar to ¢ — 3r 1

beyond.

& ©°

e full fit in terms of 7 complex subtraction constants
(—1 phase, —1 overall normalisation) Niecknig, BK in progress
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Summary / Open questions 86?&@;9/7 3
Ub/'s

Dalitz plot analyses
e rigorous using modern phase shift input
e allow to understand ad-hoc.'background”
e ideal demonstration case: ¢ — 37 (elastic, one partial wave)

e implementation: + linear combination of basis functions
— basis functions different for each decay

Open questions / problems

¢ inelastic effects
> we understand I = 0 S-wave 7 < KK < f,(980)

— may attempt D — 37 /7KK
> how to parametrise "small" inelastic effects (7' K in 7 K)?

e complex subtractions — can we understand imaginary parts?
e uncertainties in 7K phase shifts? can we learn about them?
e high-energy extensions (B — 3h Dalitz plots??)

57




Das Model

The Model

* There are, for most cases we care about, no
theoretically sound amplitude models...

- However, there are “good enough” models. What’s
good enough depends on the purpose.
- So what to do? Suggest a mix of....
« model-independent approaches

+ “good enough” models of various levels of
sophistication

- improve models (there is - and that’s fairly new -
real, tangible, progress!)

Jonas Rademacker: Amplitude Analyses B-workshop
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http://www.youtube.com/watch?v=OQIYEPe6DWY&feature=kp
http://www.youtube.com/watch?v=_g4x82CuNPM

A few recent applications
of amplitude analyses.

Jonas Rademacker: Amplitude Analyses
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he Z(4430) question:

s this peak in the P(2S)rT invariant mass, seen first by

BELLE in 2008 when analysing B—=(2S)rt K*, really a
resonance’ T

30

Big thing - charged 4-
quark state

20

Events/0.01 GeV

10

The problem is that this
is just the 1-D projection | [/
of a 4-D distribution...  *

4.3 4.55 4.8

as + I\

mM(W(2S) T)/GeV
BELLE, Phys. Rev. Lett. 100 (2008) 142001, arXiv:0708.1790.
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he 2-D illustration of this 4-D question

D°— KsTTrIT TITT
resonance
near 2GeV=?

| / + Data

. Fit Function

o)
S
S
S
l

— Background

4000

2000

Candidates per 0.01 GeV?/c*

0 1 2

3
CDF PHYSICAL REVIEW D 86, m 2 (-I-[ -I-[) / G eVZ

032007 (2012) (no claim of any such
thing is made in this paper, it’s a
paper about CPV in charm).
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http://prd.aps.org/pdf/PRD/v86/i3/e032007

he 2-D illustration of this 4-D question

— Background

l Fit Function

+ Data

+O/=N\®5D LO 0 J2d sarepipued

D= Kgrrt

CDF PHYSICAL REVIEW D 86,
032007 (2012) (no claim of any such
thing is made in this paper, it’s a
paper about CPV in charm).
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(o)}
o
o
o

4000

2000

Candidates per 0.01 GeV?/c*

Structure due
to angular
distribution In
D—=K*(Kst)mt

Not a (new)
Tt resonance

mM2(Tt)
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http://prd.aps.org/pdf/PRD/v86/i3/e032007

Z(4430)=2(2S)rT in B2 Y((2S)m K7

£
S
7(4430)?— F O plus
helicity
angles

K*(893) K*s 14305‘
...and many other K* resonances
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Z(4430)=>P(25)TT

in B=(2S)r K*?

Belle 2008
1D

_(K* vetoreglon) .
PRL 100 142001 (2008) ]

Z(4430) N

Gev

Eves 0

Mix U|lJ

M(Z)=4433+4+2 MeV
[(Z) = 45%%% Mev
significance 6.50

Jonas Rademacker: Amplitude Analyses

BaBar 2009

model—independent

©

3 | PRD 79, 112001 (200'9) g
Bk = wiSrKmomers o O
= Jipe= | 1 ~
§ - ]\l"'\l]]ﬁmm ?l ;
g Yl | ,' v ;;
= g Iﬂ‘f"lq.'nnf-l’f-";t' &
% o. ;’1“ ﬂfu ’. "ll" =
‘O‘)|||“,... p "*!;’J' ‘A il w
§ i |- .:'ﬂ'ﬂ’ 0 . } ;.
5 CAHST T -‘
= IS I | 1
:; ‘i}lﬂ - '-'
s ' |

I-' 1 | T ' T P | 1 y

3.8 4 4.2 44 4.6 48

M(y'n) GeV

Takes Krt mass distribution as is

(no

K* model) and attempts to

reproduce structure in P(2S)r

from

angular momentum effects.
Works within statistics.

B-workshop

Belle 2013
4D

("K* veto region”)
PRD 88, 074026 (2013)

With Z(4430)-

|
20 21 22 23

T
My’ =), Gelie

M(Z)=4485" "3 MeV
['(Z) = 2007 22 MeV

—46 =25

6.40 (5.60 with sys.)
JP=1+* preferred by >3.4¢
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LHCDb’s evidence for the Z(4430) In

B (2S)mK*

Amplitude fit:

>13.90 in amplitude fit for Z(4430) (and
>9.70 for 1* relative other JP assignments)

Model-independent
Model-indep. description of K* resonances (w/o 2)
incompatible with data, clear excess in Z(4430) region

L. 1000
L
O

(o]

(0.

500

Candidates /

!” data”)

e e e e e e e e,
e 0 et
\: i L

R Sl SR RN M M M TN M AN S N neies =P

m2, [GeV’]
Jonas Rademacker: Amplitude Analyses

16 18 20 22 R
m2._- [GeV~
Alooo..,...,...,.,.,..
> B .
> | LHCb Rl
S 1 j -
I ot
% 500+ o
Y
=R .
@ - "‘ .
o | [ ey .
), S Wt ! .

22

\/ |
—-®data ' éu_ 2

—=— total fit p—

K (892) 0
—_ K' S-wave I
—— backgrounc

K (1410)

K (1680)

K, (1430)

0.2

041

Efficiency corrected data with
model-independent
description overlaid

3800 4000 4200 4400 4600 4800
m,.- [MeV]

Efficiency corrected yield / 25 MeV

Phase Motion

phase motion

Fit where K* amplitudes are allowed to float,
but Z amplitude is described model-
independently by complex numbers in 6
bins of M(P(2S)r1) confirms resonance-like

B-workshop
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lTetragquark candidate travels

N \l'AI’_IKI

LHCb confirms emstence of exotlc How CERN's Discovery of Exotic Particles May Affect
. hadrons Astrop}?s%cs

A BY5E Xt HE L 38 4k B e kbR 7 Z ((4430)

LHChb=ZEB&{T> TLWBEERAREF— AN, MBD0x —IMEELIEHITTES [2(4430)7] #2&RULIEERER

s RRER T IS " TR RE L LTz. Z(4430) EL Tl FIRENSTEBCLTL DL BIOMAEF — ANEERIEILEEICR 3.
o ﬂ = Qs [ =l o
unidndiudunuaiasaudasninngasuauiininn Nowa forma materii: potwierdzono istnienie
. ; I‘-,'i'.‘“ﬁ_EC.: 5 - ’ ‘ "Tﬂﬂﬂ FERERETEH ) o ) ) egzotycznych hadronéw
a1fe wsae LHCb lailnisAnwianassuaczldiayasyniaanAmsadia aasiunitms 156 waihiaimailanisims sy naaeus TO TRZECI RODZAJ HADRONOW, DOTYCHCZAS WYRGZNIANO BARIONY | MEZONY
Ufiidnmsiduwaauas BaBar unld saasiansznsiiaduasiuewladuduudiin Z(4430) uiiaza5 uas exotic hadron Al

RN R

2T R T 2N TN TN AN 2T — nnato 139 ine? — T (2 (4430 T nimiky niEnaan”
PN TARD AT ' NP0 0'DYIN 01920 7Y TRTRNn Yaon nx qen LHCD -n nima” nimag "asmnee LHCD
1"l I

"DIMIN 7Y TN D07 A 3|{Cneplf1M9HT LHCb okoH4YaTenbHO gokasan
peanbHOCTb 3K30TUYecKoro MesoHa Z(4430)

@ PISTOLA FUMANTE DI UNA PARTICELLA A QUATTRO QUARK I

LHC Beauty Tangkap Z (4430)
Mungkin Tetraquark

SU professors test boundaries of 'new
physics' with discovery of four-quark
hadron

Physicist Tomasz Skwarnicki confirms existence of exotic hadron with
two quarks, two anti-quarks

LHCb kinnitas tetrakvargi olemasolu

Mystisk partikel udfordrer fysikernes kvarkmodel

Cac nha nghlen cwru tai LHC xac nhan sw tc&g tai cua hat
Tetraquark: té hop tao thanh tw 4 quark

ISNA ¢ it o
(=) .0yl ”u’f’)/’ . 4 s D

Aprio, 2014 | Article by: Rob Enslin

De LHCD heeft ‘t bevestigd: er bestaan exotische hadronen

100 APRIL 20114 DOOR ARIE NOUWEN = REAGEER

LHCb confirma la existencia de la particula

Iranian Students_News AgeHEl ... COSESNRER s, A || 7(4430) formada por cuatro quarks
aizdls ylai SUis| Ol codgzgn pac b cuigrgs yuw p GLLISL5S § 350 231 Jleis wad 2007 Il o Z(4430) 2)5 oS 0gaSls Napackeur, 11 Anpihiou 2014
weawl 39390 sibhio 1oy aigd,d Shgl LHCD jlanlSiil jl eslaral U o) sugaS il O LHCDb empeforcdver v dropin 2o TiKot oo petidion, LHCD
confirms existence of exotic hadrons
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XY/ liIke states

4.4

e Plenty of new charm

4.2

* What are they”? (Andz .,
E
Pentaquark Molecule _ Wi
~ loosely bound . ¢ 3.8
S=+1 meson- é

Baryon . antimeson
.. “molecule”

Tetraquark qq -gluon hybrid
Tightly bound s
diquark &

anti-diquark

e and how/where do w

Jonas Rademacker: Amplitude Analyses

435
ne(450) P(42S1)
Xc2(32P2)
he(31P+1) Xc1(33P4)
¥<0(33Po)
P(23D+1)
33S
Ne(3150) | 28251
Xez2(23P2)
hc(2'P1) Xc1(23P4)
Xc0(23Po)
Y"’(13D1)
- Y e e e
P’ (23S1)
Ne'(2'So)
Xc2(12P2)
he(11P4) Xc1(13P4) 2 =
Xco(13Po)
predicted, discovered
J/P(13S4) predicted, undiscovered
Ne(1'So)
O+ 1— 1+ O++ 1++ 2++

JPC

Diagrams and many results from Chengping Shen’s
talk at B2TIP Workshop, 28-31 October 2014, KEK



http://kds.kek.jp/getFile.py/access?contribId=73&sessionId=9&resId=0&materialId=slides&confId=15873

XY/ liIke states

W(43S+)

e Plenty of new charm

* What are they? (Ancg
(ab]
=2,
Pentaquark Molecis 2 o
loosely bound . (&)
S=+1 .,  meson- =
Baryon . | antimeson
.. “molecule”
- 9
Tetraquark qq -gluon hybrid e
Tightly bound eI ;
diquark & ‘O'a\\ (<\‘§0
anti-diquark 6\\)6 \e* r;‘v'a‘@
,é\“%\}ob
(/0\0( O
OO
D)

e and how/where do v
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4.4

4.2

4.0

Mp+Mp-

3.8

2Mp

- 5o

ts fromm Chengping Shen’s

Nc(4'So) = —
_Y(4360)
— Xe2(33P2)
Y (4260) he(3'P1) [22(4250)+ | v, (33P+)
- . Xc0(3°Po)
X(4160) | w(23D:)
Ne(31S0) oS
5+ | Y(3915) — Xc2(23P2)
----------------- . ———
27 (15D7) Xco(22Po)
1
Y(2331)
Ne'(2'So)
Xc2(13P2)
i) Xe1(12P+)
Xc0(13P0)
established cc¢ states
predicted, undiscovered
Jip(13S —
S neutral XYZ mesons
Ne(1'So)
0=+ 41— 1+= O++ O++
JPC

talk at B2TIP Workshop, 28-31 October 2014, KEK

Diagrams and many resul


http://kds.kek.jp/getFile.py/access?contribId=73&sessionId=9&resId=0&materialId=slides&confId=15873

XY/ liIke states

§ (incomplete list)

& X(3872)

§ LHCb: PRL 110, 222001 (2013)
# BES Ill: Phys. Rev. Lett. 112, 092001 (2014)

f BELLE: Phys. Rev. Lett. 110 252002 (2013)

& (4008, 4260, 4360, 4660)

# BES Il Phys. Rev. Lett. 110, 252001 (2013)

& 7(3900. 4020, 4200, 4430)

& BELLE: Phys. Rev. Lett. 110 252002 (2013)

¥ BELLE: Phys. Rev. D 89, 072015 (2014)

¥ | HCDb (2014): Phys.Rev.Lett. 112 (2014) 222002
§ BELLE (2014): Phys.Rev. D88 (2013) 074026

£ (no) Zcs

£ BES Il Phys. Rev. Lett. 111, 242001 (2013)

¥ BaBar: PRD 89, 111103(R) (2014)
2 BES IIl: PRL 111, 032001 (2013)X(

~ -

e and how/where do v
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' XYZ papers published in 2013 and 2014 ]

4.2

= 5

255 |[EA4480)7
p— l']c(4'Sr,}) lIJ{ 1}
Y (4360)
e—— Xe2(33P2)
— Xco(32Po)
X(4160) | p(22D4)
L l']c(3180) lIJ(3381)
X(3940) )00)+ | Y(3915) ¥c2(23P2)
TR~~~ - | - - ------ ~-~--- -~~~
- Xco(22Po)
_____________________ W (13Dy)
p’(25S1)
Nec'(2'So)
Xc2(13P2)
He(17F4) Xe1(12P+)
Xco(13Po)
established cc¢ states
predicted, undiscovered
JIP(13S4)
neutral XYZ mesons
~ [e(1'So) charged XYZ mesons
0=+ 41— 1+= O++ 1++ O++
JPC

Diagrams and many results from Chengping Shen’s
talk at B2TIP Workshop, 28-31 October 2014, KEK



http://kds.kek.jp/getFile.py/access?contribId=73&sessionId=9&resId=0&materialId=slides&confId=15873
http://inspirehep.net/record/1288881?ln=en
http://inspirehep.net/record/1239347?ln=en

Spectroscopy

3000}

D,*(2806) 3

~ D,*(3084) 4
D, (3079) 3

i D,(2806) 2 D, (3074) 3
i __ D,2801) 2 D,*(3074) 2*
= i D*(2796) 1
i _ D*2618) T .
Q 1 *
= 55001  Dy(2558) 0 D, (2479) 2
= —D,(2469) 1
a - ——D(2419) T
® i D,*(2380) 0°
= i
2000} D*(2023) 1
- D(1864) 0
1S 2S 1D 1P 1F
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Bs — [_) K_T['I'

DK spectra in B—DK-t* at
LHCb (Phys.Rev. D90 (2@003)

« Amongst many new results: The

D*.y(2860) does exist - not only
once, but twice: 2
:
B—DK* Dalitz plot analysis finds 2
two particles in the same mass E
. . . . O
region, one with spin 1, one with
spin 3.
% 50: spin-1 + spin-3 LHCb ] %
2 .
5

cos G(BOK )

Jonas Rademacker: Amplitude Analyses B-workshop

400 —
350F
300 F
250 F
200 F

150
100
50

oF

LHCb
(b)

06 28 3
m (DK [GeV/c?]

2.8

m(D'K") [GeV/c?]
Neckarzimmern 18 Feb 2015

69


http://inspirehep.net/record/1308737?ln=en

Bs—J/Pprirt CP content

- Amplitude analysis to evaluate the CP
content of Bs—J/rirm

* 4-dimensional analysis: 2 masses, 2
helicity angles.

- Result:

Resonance Normalized fraction (%)
f0(980) 69.7 + 2.3
fo(1370) 21.2 2.7
non-resonant 7t 84+15
f2(1270), A=0 0.49 4 0.16
f2(1270), A =1 0.21 & 0.65

* Nearly all (>97.7% at 95 C.L.) CP-odd

PRD 86, 052006 (2012)

ssnf — (%/ Reconstructed
Bs mass
= 1500 (7.6 = 0.1)k
£ F\ signal events
S 1000F |
§ ol | || Dalitz Plot
0 emmas 5400 5500 2
m(J/yrir) (MeV) m (]_[]_[)

m2(r* ) (GeV?)

(ﬁ—;
rHCP E

- = No need for angular analysis to extract ¢s!

Jonas Rademacker: Amplitude Analyses
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15 20
m2(Jiy ) (GeV ?)

> o [=] [=] [=] o o o
o o o [=] o

2] hd @ -] o

-

‘02

(see also arXiv:1302.1213 for an amplitude
analysis of Bs—=J/PKK
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PRD 86, 052006 (2012)

Model-independent check

projection of weighted events onto m(mrm)

300 -

- Decay rate can be expressed in 3 250} } } | <y
terms c; Fspherlcal harmonics % 200% | Ui } ”H| }|l|l|}|m|ﬂiﬂ“T}“Wmﬁh‘#m*“
— Yl (COS 9) : . intéfference of (S

d(cos ) _
) with (P+D)

» These can be related to different
S, P, D amplitude components.

» To project out a given component:

P{ and'D
} <
z 10F | |H | 103— H } H
m m dl % i, lh”. .”J” M Lot |H|I ” Hl. | H | i ;
— / Y, (cos 0) d(cos ) 3 otttz rﬁ A R I
d(COS 6) %-10%— } H‘ ‘ ‘ M UH} | | -10g WJL’LﬂeLL hecked
~ Z Y, (cos 0;) Bzz: } D-wave ' up to Y79 are zero.
events = sum of weighted events 0406 08 1 12 14 16 18 2 22 04 06 08 1 12 14 16 18 2 22

m(r*m) (GeV) m(r*n’) (GeV)
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Bs—J/P it for ¢s

OC ezqss

k Se(0u, 05, on) N ak b, Ck dy,

1 2 cos? O sin? 0, | Ap|? D C -5

2 | sin? Ok (1 — sin? 6, cos? ) |4 |2 D C -5

3 | sin? 0k (1 — sin® 0, sin? ¢y,) |A |2 —D C S

4 Sin2 0K Sin2 0# Sin2(ph |A||AJ_| CSin((SJ_ —5||) SCOS(5J_ —5”) Sin((SJ_ —5||) DCOS(5J_ —5”)
5 %\/ﬁsin 20k sin 260,, cos ¢p, | Ao Ay | cos(d) — do) Dcos() — do) Clcos(d — 60) || =5|cos(é) — do)
6 —%ﬂsin 20k sin20, sinpy, | |[AoAL| || Clsin(dL — o) || Slos(d1 — o) sin(d; — dg) Dicos(61 — do)
7 2 5in? 9, |Ag|? B 8 S

8 % 6 sin 0 i sin 26, cos py, |AsAy| |[ Clcos(d) — ds) Skin(d) — ds) cos(d) — Js) Dlsin(6) — ds)
9 —%\/Esin 0k sin 26, sin @y, |As A | sin(d; — dg) —Dysin(d; — dg) || Clsin(d — dg) || Skin(d) — Ig)
10 % 3cosf sin? 0, |AsAo| [[Clcos(dp — ds) Skin(dp — ds) cos(dg — dg) Dlsin(ép — ds)

Jonas Rademacker (Bristol) on behalf of LHCb

PWA analyses for CPV at LHCb

ATHOS 2013, Seeon
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Bs—J/P it for s

T

i
X € B A A

k fr(0u, 0k, pn) N, ay br Ck dg

1 2 cos? O sin? 0, | Ag|? 1 D

2 | sin?fg (1 — sin? 6, cos? gph) D

3 | sin? Ok (1 — sin? 6, sin® @) 1 — - S

4 sin? O sin? 0, sin 2¢, Sfeos(d1 — 4y) sin(dL — d) Dicos(d — dy)
5 %\/ﬁsin 0 i Ao Ay cos(d)| — do) Djcos(d)] — do) Clcos(6) — do) || —S|cos(d)] — do)
- 2sin 20 sin 20, sinyp, | |AoAL| || Clsin(d, — o) || Slcos(6, — do) sin(d | — dg) Dicos(d1 — do)
7 2 5in20,, | Ag|? 1 — ? c] S

8 %\/gsin 0 sin 20, cos @y, |As Ayl [ Skin 9| — Js S ; L ——
9 —%\/8511&9;( sin 20,, sin ¢y, |As A | ' — Disinfg 0 )]

10 % 3 cos O sin? 6, - Skin(dg — ds) cos(dp — Ig) Dlsin(dg — ds)

Jonas Rademacker (Bristol) on behalf of LHCb PWA analyses for CPV at LHCb ATHOS 2013, Seeon 72



Combined

Bs—J/P KK and

LHCb 1fb' + CDF 9.6fb"!' + DO 8fb™' + ATLAS 4 .91b’!

I, =(TL+Tx)/2 = 0.663 £ 0.005
AT, =T, —Txg = 0.100 + 0.016

Jonas Rademacker: Amplitude Analyses

Bs—J/P it for ¢s

arX1iv:1304.2600 (2013)

= 5F I l o — supersedes previous results:
9 a HEAG IR Phys. Rev. Lett. 108 (2012) 101803
= B i Physics Letters B 713 (2012) 378
= 02F 68% CL E
< Alogdl-113 1 s very sensitive to NP. But
0-15F E no NP effects seen, yet...
0.1F — N
5 : Al's less sensitive to NP
0.05 AS B («cos(pm™V)), but impressive
ot . . . .1 validation of HQE
! 0 1¢S [rad] calculation.
SM: oM = —0.036 + 0.002 rad
LHCb: Gs = 0.07 + 0.09 (stat) + 0.01 (syst) rad,

(stat) & 0.006 (syst) ps!
(stat) & 0.003 (syst) ps!

B-workshop Neckarzimmern 18 Feb 2015

73



Loops vs Trees

« Expect no New Physics in Trees - New Physics in loops?

3+ DO B K
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Loops vs

rees

« Expect no New Physics in Trees

Jonas Rademacker: Amplitude Analyses
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Can penguins be bad?

http://youtu.be/5IimOSFtodc
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http://youtu.be/5IjmOSFtoJc

Can penguins be bad?

http://youtu.be/5IimOSFtodc
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http://youtu.be/5IjmOSFtoJc

Can penguins be bad?

http://youtu.be/51imOSFtodc They can.
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http://youtu.be/5IjmOSFtoJc

Measuring y

1.5 lexlc ; ;e d larea T >|0 915 ‘ T T l%é l L I L B T T
i ¥ % i
L0 Am,
0.5 —
= 0.0 —

111|rlll||1—l|[1;
[
.
R:
: P
.
.
.
.
.
. f
/
! /
y
r : ‘/I
=
/‘
.'/—
s )
‘
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
1.
.

-0.5 —
- ’Y E sol. .l w}‘ cos 2P <0 -~
- Summer 12 ‘ (excl. at CL>095) -

_15llllIlllllllllIllIIIIIll|llll

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Measuring y

1.5 L L ‘ T T 1 J
excluded area has CL > 0.95 '

1.0 — o

05 o

: AMg -

- &g §

IS 00— -

— a :

0.5 — a

-1.0 .'-_' GK -—_

- ’Y : sol. weos23<0

- Summer 12 ‘ (excl. atCL > 0.95) -~

1.5 RN N B l R RN B A A B L, 11 |
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P
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-

| B” f(D) K
_ 0 (S
5 L0 ¢ e

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GL\W) Atwood, Dunietz and Soni Phys.Rev.Lett.
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018 Belle Collaboration Phys.Rev. D70 (2004) 072003
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http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067

CP violation is an interference effect

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.L ett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett.
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018 Belle Collaboration Phys.Rev. D70 (2004) 072003
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http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067

e hE NS

CP violation is an interference effect



http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067

- ShE S

CP violation is an interference effect

000000000000000000



http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067

e ShE

CP violation is an interference effect

* For D—3-body
decays, the
iInterference takes
place in an abstract
2-D space (Dalitz
plot)

0 P DU DU S DUDUE PUwes D
0 05 1 15 2 25 3

* Analysing the Dalitz
plot of the D decay,
in D’s that come from
B*’s, gives access to

Y

0

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), @
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan.Rhys*Re

Atwood, Dunietz and Soni Phys.Rev.Lett.
ation Phys.Rev. D70 (2004) 072003
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http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067

Multi-Generational

-lavour

PhysICcS

folt
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Edward V. Brewer (1883 — 1971)
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http://americangallery.wordpress.com/2009/06/08/edward-v-brewer-1883-1971/

Multi-Generational

-lavour

Edward V. Brewer (1883 — 1971)

Regrettably, CLEO recently deceased - but her data live on.

Jonas Rademacker: Amplitude Analyses
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CLEO-C

ete 9’_(“5 3770 ZQDD

+ Threshold production of correlated DD.

- Final state must be CP-even with L=1: D
mesons must have opposite intrinsic CP.

* Final state is also flavour-neutral.

- That gives us access to both amplitude
and phase across the Dalitz plot.

(3770) — D°(Ksmtn )DY(KT 7 ™)
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CP and flavour tagged D°

7 Bﬂavour_’KJre_ Ve
D" —

Difiavour — KsTT T

3

A
> .
) L B
. % DO
— 25 v
= C
(9]
o 20 &
- N
15 F
s
0.5 [
oL simulated data. . i i,

0o 05 1 15 2 25 3
m2(Ksrtt)/GeV? *
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CP and flavour tagged D°

7 Bﬂavour_’KJre_ Ve
D" —

Difiavour — KsTT T

3

>
@) - 5 O
S 8. D
— 25 .
E . .
cv/ 2 k"‘
E : "."v."

15 F

s
0.5 [
oL simulated data. . i i,

0 05 1 15 2 25 3
m2(Ksrtt)/GeV? *

Jonas Rademacker: Amplitude Analyses
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0 05 1 15 2 25 3
m2(Ksrt*)/GeV2*?

Neckarzimmern 18 Feb 2015 83



CP and flavour tagged D° at CLEO

7 Sﬂavour_’ K*e Ve /

LI) )) LI) ))
T Dtavour = KsTT TT™ \Dcp_—> KsTT T

0
i o -
B I
~ ! N . ’;i: ) D B
D 25 - < CP
~ < |
sk e ORI
r 1 '..:-; ) ',',:' e _
05 - _ .
, - CLEO-c preliminary, §18/pb CITEQ—Q | e}rXilv:QQQS.jGSEIH | §1§/pp I
0 1 R % 1 > 3
n:+
M2(Ksttt)/GeV? ) m2(Ksttt)/GeV?
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Model independent v fit

» Binned decay rate:

7; known from flavour-

T (Bi . D(KST('_I_T('_)K:I:) _ specifc D decays (e.g. D*)

1

T + 15T + 2rB\/7}T_L{’ci cos (0 £+ ) —Ls; sin (0 -

—

—

(weighted) average of cos(6p) and sin(ép) over bin i, where 6p = phase
difference between D—Ksrirm and Dbar— Ksrtrt

 Binning such that such that ci = c., si = -s.i

=)}

m2 (GeVZ/eh
w

 Distribution sensitive t @ 3, 0 and .

alistic numbers of B events need exterr 45}

input fro juantum-correlated DDbar pairs. |
05|
0 :' e e |-r -'-::i:r- -1-‘:I:}:f.\~.\‘D If.:}.“
0 05 1 15 2 25 3
nf{Ge?%nﬁ
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Optimal binning

Binning at CLEO-c based on
- Best y sensitivity if phase difference 6p is BaBar model*

as constant as possible over each binll.

* Plot shows CLEO-c’s 8 bins, uniform in p,
(based on BaBar isobar model”).

bin nuMmber

- Choice of model will not bias result. (At
worst a bad model would reduce the
statistical precision of the result.)

m?(Kstt*)/GeV?

Op=180° op=0°

[1] Bondar, Poluektov hep-ph/0703267v1 (2007) *model = BaBar PRL 95 (2005) 121802
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HCb model-independent y from B

*— (Ksm)pK and
B+ — (KsKK)pK 5013-0

- Binned, model-independent ;g 3 LD prtminary L3 LHCb prefiminary |
analysis using CLEO-c input. 3 et 1% | [y JLat=200" 4
Phys. Rev. D 82 112006. i D from B+ N ‘> D from B~
- Plots show LHCb 2012 data | :

r | I -

- Result of combined analysis (2011 e
& 2012 data, Ksmrt & KsKK): m2 [GeV?/c 1 . GV
NS _ LHCb preliminar : § :I o Irel irlnilnal | ]
%1'8: . prdt 2Ofby1_- N%1.8_ LHC}DLpdtlzz.Ogl‘_
S R Dfrom O I S '
T : skl D fron
Y = (57 T 16) 14 . 1_45 ]
5 — (124+ ) 1'2; ] 1.2: ]
1} 1t -

= (8.875%) x 1072
my [GeV?/ '] m2 [GeV?/ ¢4]

CLEO-c input:: Phys. Rev. D 82 112006.
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).
Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)

BELLE’s first model-independent y measurement: PRD 85 (2012) 112014
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LHCDb’s y combination

« LHCb combines inputs from
B*—(hh’)pK*
B*— (Ksmtm)pK*
B*— (KsKK)pK*
B*— (Knirtr)nK*

* Result:
v = (67.2+12)°

« More channels available, including
B+—Dm*, B~ DK*.

* Most recent addition: B*— (KsKrt)pK* ﬁ Ew%"ui.u Y e . ]
(see arXiv:1402.2982, 2014) as ool b s L
T ‘ -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
' P

previous world average ~ — 68° -+ 12°
(Moriond 2012):
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LHCDb’s y combination

« LHCb combines inputs from

B*—(hh’)pK*
B*— (Ksttr)pK*
B — (KsKK)pK*
B*— (Knirtr)nK*
* Result:
O =
v = (67.2 £ 12)
« More channels available, including
B+—Dm*, B~ DK*.
« Most recent addition: B*—(KsKrt)pK=

(see arXiv:1402.2982, 2014)

1.5 I D I D (N B B B B B B N
F excluded arcxl'l has CL » 0.95 5
10 Amy & Am,
0.5 -
| Amy T
.0 e R e e -
[.. a o
[ 4
-0.5 =
1.0 €K
sol Weos PP <0
(oxc. at CL » 0.05)
1.5 Ll L1 1 I 3 1 i 1 | | l 1141 1 l =l
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

previous world average v = 68° +12°
(Moriond 2012):

8.0°
LHCb: y=67.20412° > v = 68°7T3 s
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LHCb model-dependent y from
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Why stop here

- Why stop at 3-body decays?

DK~
* 4-body amplitude analyses very _/ \ B
promising for y measurement at LHCb. B (K+ K_Jfﬂ:_)DK
\D K _/4
JR and G. Wilkinson
Phys. Lett. B 647 (2007) 400-405

* Tricky... “Dalitz Plot” becomes 5- _
dimensional, phase space not flat, spin g e'(5—7)
factors more complicated...

/DK\
B~ (K'nrnn)pK
. \[_) K- a |
r B el (5 B fY) Atwood, Dunietz and Soni (ADS),

Phys.Rev.Lett. 78 (1997) 3257-3260
Atwood, Soni: Phys.Rev. D68 (2003) 033003
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http://arxiv.org/abs/hep-ph/0611272
http://arxiv.org/abs/hep-ph/9612433
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Coherence Factor Analysis of B (K m'm)pK-

 Treat K3rt like two-body decay with single effective strong phase op.

- Complex coherence parameter Z = ¢ +i s = R e with coherent factor R < 1.

F(B_ — (K+37T)D K_) X 175 + (r‘gg”)Q + 2R3, T - COS((SB + OP5T — v)

|ABT = EOK_) AP - Ktnnto)
A(B™ = DYK~) A(ﬁO—>K+7T_7T+7T_)
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Coherence Factor Analysis of B (K'mm'm)pK-

Treat K3 like two-body decay with single effective strong phase 6p.

- Complex coherence parameter Z = ¢ +i s = R e with coherent factor R < 1.

F(B_ — (K+37T)D K_) X TB + ( K37T) — QRngTBT‘gS COS(5B + 5K37T — 7)

« CLEO-c used coherent (3770)—DD events to measure R, ép for Kririrt and
K.

~ 3 350
& CLEO-c 2
2 = 300
i;‘,: %o o o250 Theory:
Atwood, Soni: Phys.Rev. D68
'I—['I—['I—[ 200} (2003) 033003

CLEQO-c input:

150}

100 2 i
* Best fit ') LHCb CPV result: " o
50: 1 o CL K |_ [_ Physics Letters B 723 '13),.‘:‘

J

_ i1 L L L
% 0.10.20.30.4050.60.70.80.9 1 % 0.10.20.30.40.50.60.70.8 %9 1
R Knn®

K3nx
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D° Mixing as input to y from B*—DK*

This process is sensitive to the same D-D
interference effects that pollute this
measurement.

Phys.L ett. B728{2014)’
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http://inspirehep.net/record/1252078?ln=en

Phys.Lett. B728{{2014]}296-302

A

D° Mixing as input to y from B*—DK*

DD tagged with D*—Dm

"1 05 0_ 05 1

. t/<
simulated data Real(Z*")

Hp,
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Phys.Lett. B728{{2014]}296-302

A

D° Mixing as input to y from B*—DK*

DD tagged with D*—Dm

"1 05 0_ 05 1

. t/<
simulated data Real(Z*")

Hp,
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Jnpublis

ned, unofficial preview:

D K11t

Tttcoherence factor from mixing at LHCb

CLEO-c

(previous result)

Simulated
LHCb 1/tb

16

02 04 06 038

0.2 0.4RK39.6 08 1

02 04 06 08 1

R RD

D D

CLEO-c input: Phys.Rev.D80:031105,2009
Phys.Lett.
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D-mixing input: Phys.Lett. B728 (2014) 296-302
B731 (2014) 197-203

95
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LHCb B=—=D(Knrm)K*

Physics Letters B 723

i

s

;% 154
S e
— 3

wz 10

— AN
=

=

4b]

:p.

0

LHCb
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LHCb  _|

1/fb

B'>[n'Kn'n] K

Wy

LHCb -

B'>[n'Krn'n] n )

SNLITRTENETNE. [N A S NSILS
5600 5800

m(Dh") [MeV/c2]
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A closer look at Z

F(B‘%DK‘,D%f)Q:TQ FC S
['(B-— DK-,D— f), b =B ’

zZ! | cos(65 — 61, — 7)

0"
pl pn

oy Bo / (|| DOy 2| o7

\ 9(p1---pn)
Q

o= | [ [KGlEIDOP ap

\/

1 & 0 71 YO0\ *
o | Gl HID) (1D

Pt

amplitude of D (Dbar) going to 5-D phase space point p

O™ ¢
A(p1-.-pn)

n

d"p.

Zs];:
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Binning Is good for you

I'(B~—=DK~,D — f)q 5

= op — 04 —
I(B-—>DK-,D—f), "¢ cos(0p =9 =)

+ 7“12B +7poTB ’Zg];

0" ¢
8(p1...pn)

1Zfl = 0.36 1

71 N0 71 70\ *
g | el HID) Ul 1D

Q

d"p

Mean |Z| increases if you bin in terms of
the phase difference between D and
Dbar amplitudes.

{  Turns out: if you have sufficiently many

T S i (] bins, you can extract y model-

-1 05 0 05 1 independently, even w/o input from the
Real(Z!,) charm threshold.

Jonas Rademacker: Amplitude Analyses B-workshop Neckarzimmern 18 Feb 2015 98



(Gets even better if we divide the 5-

BES 111 D-mixing

(extrapolated)

H

0.2}
0.15}
0.1}
0.05}
> O}
-0.05}
-0.1}
-0.15}
-0.2}

=

d 1y
-0.2

0.1

0
X.

0.1

0.2

0.2}
% 0.15}

0.1}
0.05}

-0.05¢
-0.1f

-0.15¢
-0.2p

-0.2

1 (binned, LHCD
run |l statistics)

01 0

L1 :Cj::TBCOS(5Bj:’7)

Y+ = rpsin(dp £ )

BES Il - binned
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+

0.2}
0.15}
0.1}
0.05}

H

-0.05¢
-0.1¢

-0.15¢
0.2

-0.2

D space Iinto bins

Combination
0.2_'I""I""I""I""I'_
0.15¢}
0.1
0.05¢
0-
-0.05}
-0.1}
-0.15¢}
-0.2f

0.2

01

0 0.1 0.2
X

=+

arXiv:1412.7254 (accepted by JHEP)
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http://inspirehep.net/record/1335411?ln=en

Gets even better if we divide the 5-D space into bins

D-mixing
BES Il - binned (binned, LHCDb Combination
run |l statistics)

5 T T .‘\q’ 59 . | |
4 4t
3t 3t
oM

m 2 28] 1
© = L2
1t 1t
(1]3 ot

| 1 -1t L1 1 e

0 2 0 2 4

¥ Y

(all simulated data)

arXiv:1412.7254 (accepted by JHEP)
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Searches for CPV by comparing binned Dalitz plots

- Compatre yields in
CP-conjugate bins

S N; — alN;
CP-_'U(AQ alN;)
N total
O = —
N total

- Calculate p-value for no-
CPV hypothesis based on

X2 — Z (Sép)2

* Model iﬁdependent. Many
production and detection
effects cancel.

Jonas Rademacker: Amplitude Analyses

PhysRevD.84.112008
330k D*—=K=K*rt* in 35/pb

3 r—
: (b)
- LHCb 10°
-ﬁ: 2&5:— —
(\I\ -
> -
8 2 :_ 102
*: [
X N
€ 15
- = 10
E ]
C 1 1 1 ]

0.5 1 15 2
mZ. . (GeV?/c*)

""""""""""" -
25 — -]
@ [ LHCb ]
S 20 -
P C ]
£ C ]
Qo 15 — -]
S
o ]
a -
Ke] 10 -
£ i ]
S C ]
2 51 -
0 lllllllllll
-4 2 0 2 4
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5-D binned analysis In

DO — K- K+r[ r[+ D°—>r[ r[+r[ r[+

* Binning in 5- 5 oL LHCb ™. . S,pLHCh . .7 -
dimensional hyper- 03_.. AR ] 03_-,'. PR .'_
cuboids. : . :

21 - 2F .

« Adaptive binning to 28 of H H H H : vg F " ““““M““M““M““ E
ensure similar number _ 21_” AL L : H 01 .................. l ...... R IO DAL :
N L O 11111

;"51*'" e il ; HOI SN, :

eezeme LT U
the range In Invariant - ?2 |||'|||I |||||||I :E 01 0 ™™ ™ ™ ™ :g
mass squared and Sce 22| [ ][] [[[[]]]]] oo T T
value in that bin. “gzj||| | |||||||||—§ =S 2l |.|.|.“""'|.|.|.

e M |||||||\|||| ;E_1||||||||||| T
ar NN
Al - ?m.umnmn AT

0 10 20

30
Phase-space bin Phase space bin
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Model-dependent CPV search in D°—=K* K™ mt*

. CLEO: Phys.Rev. D85 122002 (2012)
1-D projections of 5-D

amplitude fit

4280112-013

0] 0] I K 3 E
(D°, D°bar combined, charge 2 L 20
5 $ 200f
] L] — O o (D L
assignments in m?(K+*m) etc are for D 5 S:
o S E
(0] ~ 2 5
and are reversed for D°bar) 2 100}
= -
i g 50
T2 14 16 18 2 22 24 26 002 06 08 1 12 14 16
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4280112-014 (C) 300 :
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E Jaed3 E 140} N o G 200f
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Signal

owards y with B=—=D(KKmr)K*

Jonas Rademacker: Amplitude Analyses
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LHCDb unofficial, 3/fb

Nicole Skidmore & Jeremy Dalseno (Bristol)
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Q
QD

P "~ Npin(B7) — Npin(BT)
grmona | AP bin =
B oy ] Nbin(B_) —+ Nbin(B+)
IR

N
S
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(o)

S

=
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[\®)

)

=
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Candidates / (0.01 GeV/c?)

: T 251 1
00— | S f LHCb (d) | Mes
NN\ S 20 “los
0;\\\&&&\&.: TR N 7 N T -~ T
51 52 53 54 55 51 52 53 54 55 Né! - —104
mK+K-ﬂ_ [GCV/CZ] mK+K—”+ [GGV/Cz] 15 — —0.2
5
— 10~ I
Large 2
local Acp at low m(KK)?2, not 5 |
associated to a resonance o | l
OI - I5I - I1OI - |15| - |20| IAI |25|n|‘

Also found large local CPV in low mass regions w/o clear
association to known resonances in other B*—hhh modes:
Br—=K*rt'rt-, B*—=K*K*K~, B*—=r*rt'rt-, B*—=m*K*K"
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Conclusions

m?, - [GeV?]

Amplitude Analyses are a very powerful tool used at LHCb and
elsewhere for wide variety of measurements, including

* searching for new resonances and characterising them

- precision CP violation and mixing measurements in charm and beauty

Phase Bins
3,

They are not “just” Dalitz plots. Vectors in final state, 4 body analyses,.. s

2

1.5F

Most remarkable strength: unique sensitivity to phases.

1

o - N w S 3] o ~

Most annoying weakness: theoretically not well understood. This is R
Increasingly problematic with increasingly ginormous data samples.

Theorists are making tangible progress on theoretically sound models.

Future: improved models, model independent methods, pragmatic
compromises.
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Credits

Special thanks to Antimo Palano and Marco Pagapallo, from whose
excellent talks | litted a particularly large number of plots.
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Backup



38_’ DK]—[ qt L Cb (Phys.Rev. D90 (2014) 072003)

Resolved the D,*(2860) state into spin 1 and spin 3 states
Now part of a renaissance in D(s) spectroscopy (15 citations so far)

< L e L
S ]
ol . D -
Other results < sog s:::1 coping LHCD
Q : = = i
Mass, width and spin of D_,* ‘:;‘ E spin-1 + E
Fit fractions g + """""""""""""""" spin-3 ! E
Branching fractions 20 # & | * Ny
Complex amplitudes of T JF+ UG
0 C L L | L L L L | L L L L | L L - ]
m (D% (2860)7) = 2859 4 12+ 6+ 23MeV/c?, 0 0 2 (l—)oK_)l
['(D*(2860)7) = 159 423 427 £ 72MeV/c?,
m(D*(2860)7) = 2860.5 £ 2.6 4 2.5+ 6.0 MeV/c*,
['(D%(2860)7) = 534744 +6MeV/c?,
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-irst model-independent y measurement (BELLE)

~ 3 < 9 8

Flavour-tagged o | o
: 2 2.5 . 225 7

D—Ksnm Dalitz S i
c¥w 05 5
€ 1.5 E1.5 4
1 1 3
R"'-.. 0.5 . 0.5 2
05 1 15 2 25 3 05 1 15 2 25 3 1

m2(K:fc“) (GeV3/c?) m2(Kg:ft*) (GeV3/ch
) -
_ +15.1 o 100 )
rp = 0.145 4 0.030 £ 0.011 + 0.011 or g :

op = (129.9+15.0+ 3.9 +4.7)°,

r
]

=
(=

Number of event
(o)]
=

N
(=)

where the last uncertainty on y of 4.3° the former
model uncertainty of 8.9°

0 2 4 6 _8
Bin
BELLE: arXiv:1106.4046. See also Anton Poluektov’s talk at Moriond EW 2011 (from which | lifted several of the plots shown here): http://

belle.kek.jp/belle/talks/moriondEW1 1/poluektov.pdf
CLEO-c input:Phys.Rev.D82:112006,2010.

o
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HCb model-independent y from B*— (Ksrr)pK and
B3+ = (KskKK)pK L HCb-CONF-2013-004

LHCb 2011 Result: Phys. Lett. B718 (2012) 43

* Binned, model-independent T3 LHCD preliminary i 2 3] ML
analysis using CLEO-c input. @ ra=2omiy g pLar=20mi]
Phys. Rev. D 82 112006. E 5L 1= : B-
E 2f 1
» Plots show LHCb 2012 data - the _ : )
colours represent the bins, I v L N |
shaped to optimise sensitivity. ' . . .
N I
m2 [GeV?¥/ ¢4 ) 2
- - - 2 [GeV?/c*]
* Result of combined analysis (2011 ¥ [ _— T & prT e
S N prelimimary 7} = .J L reliminary 1
& 2012 data, Ksrirt & KsKK): 51'8_ . detzgib-l: Tisr LHC}’Ldezz_Ofby_l—_
~, L °° e W i (D : %00 -
NE.1.6:— <N — c\ngrlﬁ_‘ N
L4 1 14f ]

p—
Do
T I T T

Y = (57 T 16)0

15\ 0o ! N
Or = (1247
B ( —17) 1 1.2 14 ;126 [Gei]g/cﬂ 1 12 14 1.6 1.8
+ m2 [GeV?%/ ¢4

. —|—2.3) —2
' = (8 ¥ 8—2.4 X 10 CLEO-c input:: Phys. Rev. D 82 112006.
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)
BELLE’s first model-independent y measurement: PRD 85 (2012) 112014
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http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www.inspirehep.net/search?p=j+PR,D85,112014
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B->DK, D->3pi with BES & Mixing

arXiv:1412.7254

o =

S5 E B+

$ 5 o 5§ &0 o) alre)|olzy) olyr) o(z) aly-)
3¢ Q TE| [P O[] x10®| x10®2 x10* x10%2 x10?
run I 26 47 1.6 8.7 9.1 8.8 8.2
ranll Y g | 22 29 14 | 76 69 45 4.0
uper = | 15 14 017 | 47 52 056 0.8
run 1 S| 20 20 08| 64 57 66 59
run IT Y gg 15 19 062 | 54 3.9 2.5 2.7
uper O=| 11 10 016 | 38 28 044 0.50
run I ~ |19 25 078 64 55 65 58
run 1T Y g‘g 14 18 057 | 54 39 24 27
uper M| 90 82 015 | 37 27 043 048
run 1 o o 46 35 32 | 69 65 8.6 10
mn II N A ;5 50 34 3.3 6.9 6.7 8.9 11
upgr O 3| 52 35 3.3 7.6 6.7 8.9 11
run I —~ | 40 24 26 | 41 50 57 62
run 11 N g ;:? 34 17 25 | 36 4.1 50 5.1
uper MmE| 39 14 29 | 39 41 43 56
run 1 o< 16 18 078 21 35 26 31
run 1T Y S ;& 12 13 053 | 1.7 31 1.7 2.0
uper OSF| 78 72 015 | 1.1 26 040 0.46
run I =~ | 12 14 068 1.6 26 20 25
run 1T Y g § 86 96 047 | 090 2.1 1.5 1.5
uper MmE| 41 39 014 | 053 1.3 035 0.38
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