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Introduction to the experiment

BEPC// acce/erator BESI|I| detector

1. Produce ete- collisions in the 2. Detect the decay products of
tau-charm region charmonium states

Objects of Interest ® Quark @ AnbQuark
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4. Try to learn something about QCD 3. Study their properties and decays



BESIII at BEPCII

 The physics goals of BESIII cover a diverse range:

* Light hadron spectroscopy, charm physics, T physics, charmonium physics
* e*e” collisions in the charmonium mass region

* Use the properties and decays of charmonium states to study QCD
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BESII at BEPCII s1uom counter SC magnet

 The physics goals of BESIII cove

* Light hadron spectroscopy, TOF

« e*e collisions in the charmoni I g 4

e Use the properties and dec
Be beam pipe
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BESIII at BEPCII Muon Counter L SC magnet

 The physics goals of BESIII cove

* Light hadron spectroscopy, TOF

« e*e™ collisions in the charmoni

e Use the properties and dec
Be beam pipe
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BESIII at BEPCII

 The physics goals of BESIII cover a diverse range:

* Light hadron spectroscopy, charm physics, T physics, charmonium physics

e*e” collisions in the charmonium mass region

* Use the properties and decays of charmonium states to study QCD
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The challenges of the experimentalist

* Building and running the accelerator and detector are only the first step!
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The challenges of the experimentalist

* Building and running the accelerator and detector are only the first step!
« Carefully calibrate the detectors and reconstruction algorithms
* Translate detector-level hits and showers into analysis-level information
« Attempt to cleanly separate events of interest from backgrounds (intensive!)

Example: J/Pp — ymom0 s
Y - e Exciutive MC w 670137
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e Mass(rr%) [GeV/c?]

Total size of data sample: ~1.31 x 10° events
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The challenges of the experimentalist

* Building and running the accelerator and detector are only the first step!
« Carefully calibrate the detectors and reconstruction algorithms
* Translate detector-level hits and showers into analysis-level information
« Attempt to cleanly separate events of interest from backgrounds (intensive!)

Example: J/P — yrom0  ——
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P | Total size of data sample: ~1.31 x 10° events

Size of sample after signal isolation: ~4.4 x 10° events

Background contamination remaining: < 2%
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The challenges of the experimentalist

* Building and running the accelerator and detector are only the first step!
« Carefully calibrate the detectors and reconstruction algorithms
* Translate detector-level hits and showers into analysis-level information
« Attempt to cleanly separate events of interest from backgrounds (intensive!)
e Use the analysis-level information (basically four-vectors) in the analysis
* Account for systematic uncertainties (difficult!)

Example: J/Pp — ymom0  —— s
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Size of sample after signal isolation: ~4.4 x 10° events

Background contamination remaining: < 2%
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Amplitude analysis for constraining models

* Fairly recent puzzle: XYZ states

. 120:— -+ data
* Appear to be at odds with standard “§ 0ok -~ MC H
I ) [ —2Z,(3900) MC .
guarkonium phenomenology g 80F [ scabanc M
* Interpretations abound: multi-quark S b A
states, loosely bound hadron molecules, 2 sk
. . L4 C N
hybridized states, hadro-quarkonia, L%’ ool $T
gluonic excitations, rescattering effects, o

0 4 1
virtual state poles, anomalous thresholds 02 04 06 08 1 12 14
POTES M(* 1) (GeV/c?)

* |sthere a principle (or a few) that describe
the new phenomena?
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PhysRevlLett.110.252001 (2013)
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Amplitude analysis for constraining models

r._ PSR I R W A W Ay ZET S IR

V|ewpomt New Particle Hints at Four-Quark Matter

Eric Swanson, University of Pittsburgh, Pittsburgh, PA 15260, USA

Published June 17, 2013 | Physics 6, 69 (2013) | DOI: 10.1103/Physics.6.69
states, loosely bound hadron molecules,

hybridized states, hadro-quarkonia,
gluonic excitations, rescattering effects,
virtual state poles, anomalous thresholds

* |sthere a principle (or a few) that describe
the new phenomena?
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* At low statistics, simple fit with BW shape
enough to stimulate interest

 |Inorder to discriminate between models,
need high statistics and must account for
angular correlations/interference
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Amplitude analysis at BESIII

he — yn(*) PhysRevLett.116.251802 (2016)
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Amphtude analYSIS at BESIII he = yn(') PhysRevlLett.116.251802 (2016)
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Amplitude analysis

* Coupling of initial and final states given by invariant amplitudes

 Amplitude analysis: tool to extract
the complex amplitudes from
experimental data c

* Requires some model that 170

contains free parameters

 Consider all kinematics of
final state particles

* Vary the free parameters do ¢ B 1 qf 5 5
to maximize the likelihood a0 (87)2 s \ g; (Myil™ = £ ()
that the model is a good

description of the data sample Sri = (f|S|7)
* Has its own challenges

 How to construct amplitudes? How many amplitudes are needed? Are there
ambiguities? How to deal with backgrounds?

T[O
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Amplitude analysis

You will learn about this!
* Has its own challenges

* How to construct amplitudes?
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PhysRevD.92.052003 (2015)
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Amplitude analysis
Many issues related to this!
* Has its own challenges

* How to construct amplitudes? /

e How many amplitudes are needed?

JIp — ynn: a typical BESIII “PWA”
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Amplitude analysis

Somewhat inherent in observing

* Has its own challenges only the amplitude squared

How to construct amplitudes?
How many amplitudes are needed?

Are there ambiguities? <+

J/V = yrom0: mass independent amplitude analysis
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PhysRevD.92.052003 (2015)
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Amplitude analysis

* Has its own challenges
 How to construct amplitudes?
* How many amplitudes are needed?
 Are there ambiguities?
e How to deal with backgrounds?

J/V = yrom0: mass independent amplitude analysis
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Hadron spectroscopy with charmonium decays

« BESIII has world leading samples of J/ and {’ decays
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Hadron spectroscopy with charmonium decays

« BESIII has world leading samples of J/ and {’ decays
* “Glue-rich” environment in which to search for glueballs

 Thel/Y and Y’ masses are below
open charm threshold, so OZI
suppressed processes dominate N Y

N/
* Suppression factor on radiative L|) ¢
decays due to fine structure _ 0
C
constant only about a factor of 10

* Radiative decays account for about 8%
of the total cross section
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J/U — ynn; a typical BESIIT “PWA”

 Amplitudes constructed in the covariant tensor formalism*
* Use a Breit-Wigner line shape to describe the decay dynamics
e Easy, but mostly wrong... (more on this later)

PhysRevD.87.092009 (2013)
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* Zou & Bugg, Eur.Phys.J. A16 (2003) 537, Dulat & Zou, hep-ph/0403097, Dulat, Liu, Zou & Wu, hep-ph/0403136, Dulat & Zou Eur.Phys.J. A26 (2005) 125-134
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J/U — ynn; a typical BESIIT “PWA”

 Amplitudes constructed in the covariant tensor formalism*
* Use a Breit-Wigner line shape to describe the decay dynamics
* Add intermediate states according to some prescription

1. Choose some (not quite arbitrary) set of amplitudes as base model
* Consider previous studies, states in PDG, some educated guesses

PhysRevD.87.092009 (2013)
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* Zou & Bugg, Eur.Phys.J. A16 (2003) 537, Dulat & Zou, hep-ph/0403097, Dulat, Liu, Zou & Wu, hep-ph/0403136, Dulat & Zou Eur.Phys.J. A26 (2005) 125-134
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J/U — ynn; a typical BESIIT “PWA”

 Amplitudes constructed in the covariant tensor formalism
* Use a Breit-Wigner line shape to describe the decay dynamics
* Add intermediate states according to some prescription
1. Choose some (not quite arbitrary) set of amplitudes as base model

2. Add an additional amplitude
 Add one additional amplitude out of a pool of candidates*

3. Fit or scan likelihood to determine masses and widths of resonances
PhysRevD.95.072010 (2017)

G S e e et M :
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" e * . @ .
-8989.91- ¢, o -8989.9F S 4
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o
S : ) : ; Not J/{p — ,
= -8990.1F e 3 Z-8990.1F s . b= ynn
- - . 1 = : * 3 just an example
-8990.2F ¢ * - -8990.2F ¢ 3
- ° . . - o 3
- . L . - a .
-8990.3 . o 3 -8990.3F B 3
- o =) n - k= ;
C .. .. 3 o B ° 3
89904 ., .. ., e v T 89904 ., Coae® ..., -
0.51 057 0.53 0.54 0.55 0.56 057 1. zs 1355 136 1365 137 1375 138
| al(GeV/c ) Mal(GeV/c )
We tested the following mesons listed in PDG 2012: f2(1270), fo(1370), f2(1430), fo(1500), .,‘_'.(l.';'_’f»l. F2(1565), f2(1640),
fo(1710), f2(1510), f201910), f2(1950), f2(2010), fo(2020), f4(2050), fo(2100), f2(2150), fo(2200), fs(2220), f2(2300),

f4(2300). fo(2330). f2(2340).
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J/U — ynn; a typical BESIIT “PWA”

 Amplitudes constructed in the covariant tensor formalism
* Use a Breit-Wigner line shape to describe the decay dynamics
 Add intermediate states according to some prescription

1. Choose some (not quite arbitrary) set of amplitudes as base model
Add an additional amplitude
Fit or scan likelihood to determine masses and widths of resonances
Take likelihood ratios to determine significance of amplitude

L x LD

Throw away amplitudes with less than 5o significance
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J/U — ynn; a typical BESIIT “PWA”

 Amplitudes constructed in the covariant tensor formalism
* Use a Breit-Wigner line shape to describe the decay dynamics
* Add intermediate states according to some prescription
1. Choose some (not quite arbitrary) set of amplitudes as base model
Add an additional amplitude
Fit or scan likelihood to determine masses and widths of resonances
Take likelihood ratios to determine significance of amplitude
Throw away amplitudes with less than 5o significance

S A DN

Iterate until solution converges
 Repeat and keep the most significant amplitude
» Stop when no additional amplitudes are significant
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Partial wave analysis of J/{ — ynn

Red: extracted intensities for amplitudes

Events / 20 MeV/c?
& = = 5 M
Events / 20 MeVie?®
q88888.7;.52
=Jents / 20 MeV/c?

. Results
(a) M_(GeVicH)

anvenaans TP sy o v The fo(1710) and o(2100)
P> hn 2™ ‘ 3 ,
i ,'{ i i are the dominant scalars
Stk b} S o0 N :
- R § § The fo(1500) exists (8.20).
E { “M > N >
o oWJJH Wy . - ‘q'w . v : . .
TRV R RV YT} - T TR T R 214 181820222426 2830 D 0 es EA 28 28 30 L BranChlng fractlon Of the
(d) M fGavich () My Govic) (f) My fGavic)
E o3 F* [ $- ~
3 i g 10x larger than that of the
E ERyy fo(1500)
72 1418 uznuu ’: 12 1.4 uuozzuo 121418 u The fz’(1525) is the
() M [GeVic) (h) M (GeVich) (i) M (GeViH) .
dominant tensor
Resonance Mass (MeV/) Width MeV /) B(J/ — yX — ynn) Significance
fo(1500) 14681332 136° %35 (1.65°935 103 x 10°° 820
fo(1710) 1759 = 6% 172 = 10* 32 (235'01 3D x 1074 25.00
fo(2100) 2081 = 13%3 273438 (L13'40RNs x 1074 13.90
£1(1525) 1513 = 54 75412416 (34208434137 x 107 .00
f,(1810) 1822433+%¢ 229 3%% (5.40°952434) x 1073 640
f2(2340) 236225283 33480 (5.60°982%237) x 1073 1.60

PhysRevD.87.092009 (2013)
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*How many amplitudes are needed?

* A set of amplitudes can be “sufficient”, how do we know it is “correct”?

« Common practice: Throw away amplitudes with less than 50 significance

Somewhat arbitrary - why not 30, 407

Often combined with other criteria - contributes >1% of events, size of
interference with other amplitudes

Really only a valid statistical criterion if the background model
(i.e. all other amplitudes) are correct

Get "fake" 5 sigmas more often than in truly Gaussian statistics
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*How many amplitudes are needed?

* A set of amplitudes can be “sufficient”, how do we know it is “correct”?
« Common practice: Throw away amplitudes with less than 50 significance
 Somewhat arbitrary - why not 30, 407?

« Often combined with other criteria - contributes >1% of events, size of
interference with other amplitudes

* Really only a valid statistical criterion if the background model
(i.e. all other amplitudes) are correct

 Get "fake" 5 sigmas more often than in truly Gaussian statistics
 How do we know if we found the global minimum?
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*How many amplitudes are needed?

* A set of amplitudes can be “sufficient”, how do we know it is “correct”?
« Common practice: Throw away amplitudes with less than 50 significance
 Somewhat arbitrary - why not 30, 407?

« Often combined with other criteria - contributes >1% of events, size of
interference with other amplitudes

* Really only a valid statistical criterion if the background model
(i.e. all other amplitudes) are correct

 Get "fake" 5 sigmas more often than in truly Gaussian statistics
 How do we know if we found the global minimum?
 How to judge goodness of fit?
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More technical challenges

 Requires many many fits!
* Must consider additional resonances as a source of systematic uncertainty
* These fits also have many free parameters
* With ever increasing statistics, this becomes a computational problem
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More technical challenges

 Requires many many fits!
* Must consider additional resonances as a source of systematic uncertainty
* These fits also have many free parameters
* With ever increasing statistics, this becomes a computational problem

* Usually neglected: phase space dependent systematics
(e.g. momentum dependent tracking efficiency)
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How to treat detector resolution?

1. Very narrow states (e.g. Ks, J/U): typically force to nominal mass via a kinematic fit
2. Extremely broad states (e.g. p): resolution does not really matter
3. In between (e.g. ¢): width and detector resolution are comparable (tricky!)

0.012 012/ ﬁ

0.01 01—
0.008 0.08—
0.006 0.06 ;

- N\
0.004 - 0.04 .
0.002}— 0.02—
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How to treat detector resolution?

1. Very narrow states (e.g. Ks, J/U): typically force to nominal mass via a kinematic fit

2. Extremely broad states (e.g. p): resolution does not really matter

3. In between (e.g. ¢): width and detector resolution are comparable (tricky!)

Cannot convolute BW with a Gaussian because interference happens before
resolution

Can cause significant deviations in model parameters

Some ideas to deal with this if the effect (e.g. KK mass for the ¢):
computationally expensive Gaussian sampling near measured phase space point

No obvious extension to a high-dimensional phase-space
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Breit-Wigner Parametrization of a Resonance

« Commonly used parametrization: (interfering) Breit-Wigner model
« Only valid for isolated, single resonance decaying into a single channel above threshold
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Breit-Wigner Parametrization of a Resonance

« Commonly used parametrization: (interfering) Breit-Wigner model
« Only valid for isolated, single resonance decaying into a single channel above threshold

/2

T(m) = mog —m — il /2

[simple Breit-Wigner (non-relativistic, constant width)]

(C/2)
(mo — m)? + (I'/2)?

I(m) = |T(m)|* =

Intensity Argand plot Phase
- , ' T T
E 1 s |
25+
0.8 :
2
0.6 :
15}
0.4 [
1|
0.2 |
05| m=Imo
ol i
[y P P PR La sl s s oL .. . )
08 1 12 14 16 18 06 04 -02 0 02 04 06 08 1 12 14 18 18
m [GeV/c’] Re(T) m [GeV/c’]

K. Peters, arXiv:hep-ph/0412069v1
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Breit-Wigner Parametrization of a Resonance

« Commonly used parametrization: (interfering) Breit-Wigner model
« Only valid for isolated, single resonance decaying into a single channel above threshold

* In reality resonances can
« overlap in asingle channel
e can decay into more than one channel
e existin the vicinity of thresholds
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Breit-Wigner Parametrization of a Resonance

« Commonly used parametrization: (interfering) Breit-Wigner model
« Only valid for isolated, single resonance decaying into a single channel above threshold

: Example in scattering:
* |n reality resonances can

two hypothetical overlapping
resonances decaying to

ma = 1275 MeV/c2; A = 185 MeV
mg = 1565 MeV/c?; g = 150 MeV

Intensity Argand plot Phase

« overlap in asingle channel
e can decay into more than one channel
e existin the vicinity of thresholds

I RARE RALS RARE RARE RASE RARS RARE RAN ™) 1

E12f %1.4~ ] 6+ ]
| =49 & | Breit-Wigners

K-matrix

0.8 4|
0.6 3l
0.4 ;
0.2 2;
0 il
02+ b . ‘
R L 1 | P I PP NI BN S J
0.8 1 12 14 16 18 0.8-06-0.4-0.2 -0 0.2 0.4 06 0.8 08 1 12 14 16 18
m [GeV/c’] Re(T) m [GeV/c’)

K. Peters, arXiv:hep-ph/0412069v1
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Mass independent approach

* Instead of modeling the s-dependence (eg. with a Breit-Wigner), make minimal
model assumptions and measure the amplitudes independently in small bins of s

* Construct a piecewise complex function that describes the s-dependence
of the hadron dynamics

* Provide useful results for model development

18000

16000

14000 (a) 0“ *&i? {
gl i

Events / 15 MeV/c?

lI|III|IIIIIII|III|III|IIIIIII|III
!’10

g 3 1 g [ -
; 2 = :‘ }Ih’fﬂlgf‘di ifﬂ g } H l

qc, - ¢ I | L -

z :I}I (a) It Eﬁzﬁ? ll .%T"ifﬁ Gl 3 3 e

%. 1 = oo%c at b ] W%Q% &Wﬁiﬁ f‘_l. o .%o + ‘»r
ol i WY b
£ L E L |

w =

& 2 =

L 8 == XS ¥ I} S

Mass(n®n?) [GeV/c?]
PhysRevD.92.052003 (2015)
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Mass independent amplitude analysis

e The decay J/p — yn®n® factorizes into

radiative transition TITT Interaction
Zyerrikk.... < Hep [ V3, X115> <Xj35 [Hoep [TUT> A 05

« Absorb the nit interaction piece into the (complex) fit parameter

e Goal: extract the function that describes the interaction so it can later be fit to any model
that describes it dynamics
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Mass independent amplitude analysis

The decay J/Y — yn®n® factorizes into

radiative transition TITT Interaction
Zyerrikk.... < Hep [ V3, X115> <Xj35 [Hoep [TUT> A 05

Absorb the rut interaction piece into the (complex) fit parameter

Goal: extract the function that describes the interaction so it can later be fit to any model
that describes it dynamics

* Assumptions:

* Only 0** (E1) and 2** (E1, M2, E3) amplitudes (check the significance of the 4**)

* The function describing the nut interaction is constant over a small range
(15 MeV) of center of mass energy (Vs)
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J. Bennett

Mass independent amplitude analysis

The decay J/Y — yn®n® factorizes into

radiative transition T Interaction
Zyerrkk.... <I/W I Hem [V X)12> <Xjq5 [Hoep [TTT> A, 115

Absorb the nut interaction piece into the (complex) fit parameter

Goal: extract the function that describes the interaction so it can later be fit to any model
that describes it dynamics
Assumptions:

* Only 0** (E1) and 2** (E1, M2, E3) amplitudes (check the significance of the 4**)

* The function describing the nut interaction is constant over a small range
(15 MeV) of center of mass energy (Vs)

Rescattering effects, KK - mrt for example, have the potential to produce phase differences
between the different components of the 2** amplitude

* Below KK threshold, the phases of the 2** amplitudes may be constrained to be the same
* Above KK threshold, rescattering effects introduce ambiguities
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Solution 1 (physical)
Solution 2

/ E852; PRD 64, 072003 (2001)
10 CeV' /S

D.O01<=t50.10 GeV*/¢&*

*Are there ambiguities?

* An ambiguity arises when

. 3 N 0
multiple sets of parameters g”’“ 3
: 93¢0 T e !
vield the same overall value = & e .
. . . :2:000 ' ™~ lGol- 4
for a function (in this case Zoowol 2o |
the intensity) growo | N $ o | I
* Ambiguities are present in | n‘m] | - {Id*
. o""om‘o “
many ampIItUde analyses ° :; 08 O;OY:‘ 2 '_cll% 1B jl 22 R R T T R 12@ 1R 3T,
] 00 M., (GeV/c?) T M (Gev/ST
°c1mp 9 e n (E852) - 0.01<-t50.10 GeV' /&' 0.01<~150.10 CeVv' /¢!
* Barrelet ambiguities %‘w’ W 2 %: 0. ’+ :
] 1608 - O + R
* General idea: g oo | o g b
< Qe . on:wo}
- Publish both solutions N Sool  at? *+
. . & .‘5 %0 ' °
« Alternate interpretations may § o * g oo
: € ool € 0o |, ot
also be used to fit data ; ¢ NP
oo . el b
00 o 0’0' {I 20 | b b ot ’q,,.
. ‘“'"::::' 1 L“W' ’}I 5 E,...'.::,; 51’ L o }m’%b!
04 06 08 1 17 14 16 1x 2 22 o4 04 03 1 13 14 14 A 2

M (CeV /) Mee (GeV/c")
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Events /1

Events/ 15 MeV/c* Events / 15 Me W¢*

Events/ 15 Me W¢c?

J/Y — yn®n®: Nominal Results

Intensities

18000 —
16000 -
14000 % @o }{I 113
12000 g
10000 E l{ If 1;4{;'}‘:}1 {Hﬁi
8000 E'_— i& s &“ « -OII ‘_"ﬁvh#f;‘
ook~ i % .
2000 E.; s I . "4*‘ . %%' :
o os 1 15 2 25 3
Mass(n®n®) [GeV/c?)
30000 —
25000 =~ (D) 2+ E1 ;;3?
20000 = & 13
= H 5
15000 = 3 L
10000 ;'.— *.2! K’I
mé_. X 4"'%...?1‘ i Al g X S
e 0s 1 5 2 25 3
Mass(x°x%) [GeVicT]
16000 /—
14000 B~ (C) 2" M2 04
12000 £ P41
10000 ¥
8000 :'_— '
6000 E— FL 3
4000 ;— j&* l&l .
2“!0, E b aa i sasa™ x""?‘”’{!’% L . -*%M .mm
as 1 15 25
Mass(x’x%) [GeV/c)]
4500
SE_ (@2 E3
3000
2500
2000
1500
1000
500
0

Mass(x"u") [Gevic?

0" 2" E 1 Fhase Difference [rad)

[ I R - N R

2"W2 - 2 E 1 Fhase Difference [rad)

2"E3. 2"E1 Phase Difference [rad)

[T O

B M M D a N oW

. Solution 1
o Solution 2

Phase differences

|

T

W

= |
=7, (@) %‘fﬂi}liﬂ“?ﬂr 3 W&
‘4%‘ : iz mﬂ%ﬁ%m 5
%‘3:- b &’;"}Plﬁ[ﬂ } ;q?q‘ I!‘ l %
23 l
=
o 0?5 1f0 1l5 2lO 2..5 3.0
Mass(x°x%) [GeVIc’]
— i A
x A waﬁf e
? ;ﬁo‘ﬁ' . 1{‘. 1
= R
== 0:5 ’ ! 1:0 ! ! ’ ! 1..5 ’ ’ ’ ’ 2?0 ’ ! ! ’ 2.'5 — ' 3.0
Mass(x°x%) [GeVIc’]
= © 3R i b i
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E f‘ %"i’ (AT ¢ W He e ﬁ U‘ : Mw_l
= " f Tlte o,," el 18 ML
— - 1 t‘vo
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PhysRevD.92.052003 (2015)
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*How to deal with backgrounds?

5
10 E Data —
— Backgrounds from J/p decays to yn(') Exchusive MC -
- ] Sig
— | are small, but could affect the results of [ Misreconstructed background ]
«|_| thefit near the fo(500) and fo(980) —— P 1 _
10 E [z b, = £
— . , . o - =
— Must address this background in the B Ofher Bacloromda ] E
. — fitting procedure 4 E
S | S 10 g
% 10 é e Decay channel Number of events g
3 Iy e J/w = ya'z" (data) 442,562 S
— O eTe” = ya'z" (continuum) 3,632 ) 2
£ 10° T/y = bias by — y2° 1606 107 @
@ : J/y = or’0 — ya° 865 >
i | A SRR S AR J/y — pn%;p — ya” s E:
i il (T Misreconstructed background 608 @
= = ! < ll_l JLI l = m
: N 0 -3
1wl J/w = ynin = 3n 903 10
10 E i =
: [ ‘ f l | J/w = pisn' = nnz%n = yy 377
| J/y = or’2’; 0 — ya° 775
| \ l J/y = b2’ b, - o’ 0 — ya° 578
1 ' | Ll I T T T B R el e € 0 209 104
05 1.0 15 J/w = of5(1270); @ — yx 299
J/w = m.in. = ya°zlorn® 22 7° 255
Mass(i
Other backgrounds 507
Total background (MC) 7,960

PhysRevD.92.052003 (2015)
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*How to deal with backgrounds?

e 4500
F 4000 = - . :
F oo O++ Intensity » With background subtraction
10 N — . .
EE g 3 2000 = o Without background subtraction
;'10"—" | g é s 2 %0
I S o 2500 0
2 v - - - s Ve et %s
o'l : 3 00 «8° RS 2
: i 5 1500 Toee
> — " .
10 Ww 1000 — L .
| = : . * ? . e * ! 8 -
500 f— ¢ . | ¢
‘ Ob 0 ;;.M l(.”v'c:lzo 25 ‘o : A ‘ l A A ' A l A A A A 1 A A A A l A A A A l .l. .J .AA f . .l. A A .l. A A A A 1
| 0 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

Mass(r’r°%) [GeV/c?)

« Add background events with a negative weight (MC or data sidebands)

rsig arbkg
N data N data

L@ = || f@z) || f@z)
1=1 7=1

PhysRevD.92.052003 (2015)



Amplitude analysis at BESIII J]. Bennett m

115 MW

Cverts

o

o

*How to deal with backgrounds?

5 4500
: = .
i ;gé O++ Intensity * With background subtraction
3 g N§ = o Without background subtraction
at__ QD 3000? o &
T = gpIty
i § 3 20001 PR R 22'3959 2
e T
10 W 1000 = s *s Sl . )| . o
| 500 ¢ * SR ; 1411 ¢
IR Wl BEPEEER TEPE R SR SEPEEEN I Y54 5. RV SOV 4T SRS ) R
el 0 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Mass(r’r°%) [GeV/c?)
« Add background events with a negative weight (MC or data sidebands)
\l bkg rbkg hk bk
Va, 13-;'1 Ng, n&l N da:q 'd: uk. \|<g
ch"f Hf o) 11 f@ @)™ Hf'f?‘ Hf'f?‘“‘
1 k=1 X

PhysRevD.92.052003 (2015)
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*How to deal with backgrounds?

5 4500
IOE 'E_ .
i § :gé_ O++ Intensity * With background subtraction
3 g 2 = o Without background subtraction
ok g -
e = 3388
-§102 : ;20005_ egr T :3.39;9 g
~ |2 e s
10 I.I>J 10002—. s *s ¢ ¢ . )| . o
' 5005_..1....1‘...1....1.,.1‘10...4..-{-"0;-1°1....L‘l
el 0 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Mass(r’r°%) [GeV/c?)
« Add background events with a negative weight (MC or data sidebands)
\l bkg rbkg hk bk
Va, 13-;'1 Na. n&l N da:q 'd: uk. \|<g
ch"f Hf o) 11 f@ @)™ Hf'f?‘ Hf'f?‘“‘
1 k=1
rbig
e H /1Ndat.a/ data Nuc
c(a) = LI r@#|I] @)
data- \ i—1 =1

« Resultis signal only likelihood

PhysRevD.92.052003 (2015)
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What have we gained?

 Experiment independent information about scattering amplitude
* Minimizes systematic bias arising from assumptions about it dynamics

* Permits the development of dynamical models or parametrizations
(no experimental knowledge is needed)

 Combine results with data from other experiments in a common fit
e Controlled study of coupled channel effects

I — L —
Fit (preliminary) Hunting for poles

Our parametrization is fully analytical,
so it allows us to continue the function
onto the unphysical Riemann sheet, and
looking for poles

] This is a preliminary
version of the fit, just to

N ’,"" check if the model is
o - f {\ elastic enough to fit the
w f W ) ¢ Syave deta For example, with this preliminary fit we get
| i TINY
B . W My = 1362MeV M, = 1810 MeV
of Vs I; = 150 MeV I, = 55 MeV

The fit qualitatively reproduces the o region and the higher resonances, These look fairly close to the fo(1370) and fo(1710).
9 AL € ¢ The improving of the fit will lead to a more precise determination of these two poles,

but as expected fails to describe the f,(980) region: 2 ) =3
an alfoctiie KR thrashoid kas to ba Incladed and likely to the finding of the higher ~ 2.2 GeV state.

11

JPAC results from MESON 2016
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What have we lost?

« Still has drawbacks
 Ambiguous solutions
* Large number of parameters

J. Bennett

* Potential bias in subsequent analyses from non-Gaussian effects

* Validity and precision at a level sufficient for model development, but extraction of
rigorous values for model parameters only reliably obtained by fitting directly to

the data
T
Fit (preliminary)
: i
ol { This is a preliminary
| AW/ version of the fit, just to
- W ’1\ check if the model is
o [ elastic enough to fit the
— ’ A S-wave data
W N\
1Y L
wr ""'\,r il { A

The fit qualitatively reproduces the o region and the higher resonances,
but as expected fails to describe the f,(980) region:
an effective KX threshold has to be included

11

Hunting for poles

Our parametrization is fully analytical,
so it allows us to continue the function
onto the unphysical Riemann sheet, and
looking for poles

For example, with this preliminary fit we get

M; = 1362MeV M, = 1810 MeV
Iy = 150 MeV I; = 55 MeV

These look fairly close to the f,(1370) and fo(1710).
The improving of the fit will lead to a more precise determination of these two poles,

and likely to the finding of the higher ~ 2.2 GeV state.

Amplitude analysis of J /¢ y

JPAC results from MESON 2016
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Try both? PWA of J/{ — ydo

* Similar mass-dependent procedure Resonance M (MeV/c?) I (MeV/c?) B.F. (x10™)  Sig.
as inJ/y — ynn n(2225) 22163317 18541HY (240 £0.10%513) 286
: : : n(2100) 2050339175 25015518 (3.30 £0.091948) 226
* Amplitudes in covariant tensor X(2500)  2470+15H100 230464436 (0,17 +0.0210%) 8.86
formalism f0(2100) 2101 224 (043 £0.041033) 240
£>(2010) 2011 202 (0.35 4 (),()513_-13_;q ) 9.56
« Data-driven background subtraction £2(2300) 2297 149 (0.44 +0.0710%) 6.40
f>(2340) 2339 319 (1.91+£0.145072) llo
—In ‘Csig — —(]n ﬁdata — In [:bkg) 0-* PHSP (2.74 £0.151)42) 6.80
 Resonances parametrized with 2500 [ PR e e
relativistic Breit-Wigner with constant % - 0" model dependent
. S 2000 . = 0 model independent
WI d t h [¢)) [ 9_'# *’*': s 0" model dependent
= - : :¢-: 2"" model independent
8 1500 :_ 5;-: :*-E*'---- 2"" model dependent
. . D N pt :’L
* Also perform mass-independent analysis 2 1000 b twm
c i ¥ by
« Fit for each amplitude (JF%) in bins of W : S N
' i 500F . Ty Tea
¢ invariant mass r
N 5,--‘:‘".’91'-".'-"’"-"';.‘.“_ Ty ¥ LT »
* Results of the two methods are OLow ™ . 1 ¥ A henppnaiaiyiidl
consistent 2 2.2 2.4 2.6
M(6d) (GeV/c?)

PhysRevD.93.112011 (2016)
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Amplitude analysis with three-body decays

 Most commonly performed using the isobar model (and extensions)
 Express the total amplitude as a coherent sum of quasi-two-body contributions

Apo(@, @) =  aoAo + Y aaAa(T)

P R I
'''''
- -

/ 1 1 3
\ 2 [12]/\< , < . [23] .
3

Often include (complex)
non-resonant term
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Amplitude analysis with three-body decays

 Most commonly performed using the isobar model (and extensions)
 Express the total amplitude as a coherent sum of quasi-two-body contributions

Apo(@, @) =  aoAo + Y aaAa(T)

P R I
—————
- -

/ 1 1 3
<< [12]/\<2 <. 23],
3

Often include (complex)
non-resonant term

* Fit can be binned or unbinned, but with
inherent model dependence

 Need to input strong interaction dynamics
(line shapes, barrier factors, etc.)
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Amplitude analysis with three-body decays

 Most commonly performed using the isobar model (and extensions)
 Express the total amplitude as a coherent sum of quasi-two-body contributions

Apo(@, %) =  aoAo + Y aaAa(T)

P R I
—————
- -

/ 1 1 3
\ 2 [12]/\< , < . [23] .
3

Often include (complex)
non-resonant term

. . . . 200
* Fit can be binned or unbinned, but with - D+ — Kgr©
inherent model dependence o 1 Y,
o “
: : : : @ - .
* Need to input strong interaction dynamics £ o . eI
. . e RS
(line shapes, barrier factors, etc.) qooT *

« Alternative approaches to avoid model 1 5
Mass(Kn) (GeV/c?)

dependence usually involve binning

PhysRevD.89.052001 (2014)
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Xc1 — NTUTC

 Amplitude analysis of xc1 = nrt*t decays
« Potential exotic amplitude (J?“ = 1) - lowest orbital excitation of a two-body
combination in xc1 decays to three pseudoscalars

« Several candidate exotic states decaying into different final states, such as nm,
n'm, f1(1270)m, b1(1235)mt and pmt have been reported by various experiments

N

G

Baryon Meson Hybrid

@

o
9




Amplitude analysis at BESIII J. Bennett

250

\ - " (a -— a,(980)n L (b —-= &,(980)w

XCl nT[ I E : @ — a,(1320)= i ) — a,(1320)n

%) 200 N e (xn)an 100} o (m:)ﬁ"l

. . o I -— £,(1270)n - | —- (1270
 Amplitude analysisof X, ® 450!
* Potential exoticamg £ :
L ¢ 100
combination in xa1d 3 :
* Several candidate e» 50f

n'm, f1(1270)m, by(12 oE ) ,
Yy, Sec - s o 0 - - 5
0.5 10 1.5 20 25 3.0 35 05 1.0 15 20 25 3.0

M(nr) [GeV/c?] M(nr) [GeV/c?]

* Another interesting state, the ag(980)

* Four-quark state? ordinary qq state? dynamically generated through meson-
meson interactions?

e Just below KK threshold: strong coupling generates cusp-like behavior in
resonant amplitudes — line shape distorted so mass and width parameters do
not correspond to the pole parameters

 Use dispersion integral to describe line shape and extract information useful to
determine the quark structure

PhysRevD.93.112011 (2016)
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Xc1 — NTUTC

* [Influence of thresholds is apparent (virtual channel influences distribution)

1400 - e
: b <---2,(980) (C) oo /o,m (d)
> 1200¢ o 600[ +
> w00 K B = ++
g : M?(n’n) % 500 :—+ + M*(K K) t it f,(1270)
;6; gool- ,* § 100 y +++ ++
-~ B ' wn N
» 600 [ ¢ ool ~ 300 J ++ t# ++++ +++
o) ; | 0 - t KX t 9
= B v 4 e g Woulott i biks
. B LR T $T4he
S 400~ ;‘. Q@ 200F ++H g 3t X
o i : E .o... -, *-----32(1320) o E i
200 » B o 100_—0
o i 00 g00ge0ettene™ 000000, toety B
—ll.lllllIlillllllllllllllll.l~l..lIlIIll O-IIlllllllilIIIIIIIIIIlllllllllI
05 1 16 2 25 3 35 0 0.5 1 1.5 2 2.5 3
2f . - 2
Mz(nﬂ:) [GeV/C2]2 M (‘E TE) [GeV/C ]2

PhysRevD.93.112011 (2016)
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Describing the dynamics

* Isobar model, helicity formalism

0.4 @ —ImIT,(s) 0.5¢ } —Rell(s)

* Background subtraction using \ —Rell,,(s)

sidebands from data °-3j / /N
* BW line shape for most resonances o2} | |

0.1}

« Dispersion integrals for ag(980) and 85 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
s [GeV?/c?] s [GeV?/cY]
TUT S-wave —

 Amplitudes respect unitarity

. 3h
* Accounts for differences between o —s0,
. : . c 2.5 1
the rut production in scattering : 2 i Z;"
and decay processes § - st
' 2
* Also add a phase-space amplitude c 2""
. : . = KK
taking into account all possible helicity ~ 05
amplitudes 051152253354 45 0051152253354 45
s, [GeV?/c’] s, [GeV?/c’]

PhysRevD.93.112011 (2016)
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Xc1 — NTUTC

* First nonzero coupling of ap(980) to n'nt (8.90)

Data my [GeV/c?] G [GeV/?)? gik/g,zp, gf,,‘/gf,,
CLEO-c [10] 0.998 +0.016 0.36 £0.04 0.872 £ 0.148 0.00 £0.17
C.Barrel [20] 0.987 + 0.004 0.164 +0.011 1.05 +0.09 0.772

BESII 0.996 + 0.002 + 0.007 0.368 + 0.003 +-0.013 0.931 + 0.028 +0.090 0.489 +0.046 +0.103
BESII (Rgl =0) 0.990 + 0.001 0.341 +£0.004 0.892 + 0.022 0.0

* First evidence for a3(1700) in this channel
* Only weak evidence (non-observation) for the m1(1400)
* 11(1600) and m1(2015) not significant

Decay F %) Significance [o] B(y., = nx*zx~) [1073)]
nxtx” 4.67 +£0.03 £0.23+0.16
ay(980)* =~ T28+06 %23 =100 340 £0.03£0.19+0.11
a»(1320)* =~ 38+0.2+03 32 0.18 £0.01 +0.02 + 0.01
a»(1700)* =~ 10+£0.1+0.1 20 0.047 + 0.004 £ 0.006 £+ 0.002
Sxin 25+0.2+03 2 0.119 + 0.007 + 0.015 + 0.004
St 164 4+05 +0.7 =100 0.76 £0.02 £ 0.05 £+ 0.03
(7" 7" )sn 1784+ 05 +06 ‘e 0.83 £0.02 + 0.05 £+ 0.03
f>(1270)n 78+03+1.1 =100 0.36 +=0.01 +£0.06 = 0.01
f4(2050)n 06+0.1+£02 9.8 0.026 + 0.004 + 0.008 + 0.001
Exotic candidates U.L. [90% C.L.]

7, (1400)* =~ 0.58 +0.20 3.5 <0.046

7 (1600)* x~ 0.11 £0.10 1.3 <0.015

7, (2015)* =~ 0.06 +0.03 2.6 <0.008

PhysRevD.93.112011 (2016)



Amplitude analysis at BESIII J. Bennett m

Amplitude analysis in charm decays

* Decays of a heavy meson into three or more light mesons is ideal for CP studies

* Large number of light meson resonances — lots of phase motion in a
non-trivial distribution over Dalitz plot
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Amplitude analysis in charm decays

* Decays of a heavy meson into three or more light mesons is ideal for CP studies

* Large number of light meson resonances — lots of phase motion in a
non-trivial distribution over Dalitz plot

3— 7‘ L B A | l L A A I L L L [ L ] L B l-
. BaBar: D+ — r1+r1m© fl“s
* For the special case of decays to three 2o, =40
pseudoscalars, the phase space density i 1 {35
: : . . 2 -
is uniform across the Dalitz plot ST 1 a0
.. : : o T .
* Visible structure is a direct S 15 oy A 125
consequence of the dynamics % i 1 |20
of the accessible amplitudes i . M
: 1810
0.5-_— —
i e V38 4‘ e, T
00 | - 10-5l il 1 | I - l1.51 L1 l2 | I - 12.51 | Y 3 0

m?(r* n°) [GeV?]

BaBar; PhysRevD.93.112014 (2016)
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Amplitude analysis in charm decays

* Decays of a heavy meson into three or more light mesons is ideal for CP studies

* Large number of light meson resonances — lots of phase motion in a

non-trivial distribution over Dalitz plot 2

1

L B B | | I B A L L L LA B B | L B B
| | | | |

BaBar: D+ — m+mmm0

2.5/

* For the special case of decays to three o
pseudoscalars, the phase space density 1 s
is uniform across the Dalitz plot s “H E =
* Visible structure is a direct 5%1 5 1s

consequence of the dynamics % \ |
of the accessible amplitudes 1 "

0.5
 Amplitude analysis provides complete

lllllllll

- ...- - .. . ..;i‘, :':"'.1 .
L &7 SRR

a; N -
PR o

description of data N P W s st s i
0 0.5 1 1.5 2 2.5 3
 Measure decay amplitudes and phases me(n* 7°) [GeV?)

 Enables accurate measurements of branching fractions
* Environment to study the effects of final state interactions

BaBar; PhysRevD.93.112014 (2016)
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Running at threshold

e Quantum correlated D mesons
 No additional hadrons

« Effective background suppression
with double-tag technique
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Amplitude analysis of D* — Ksmt*m”

Isobar model of six quasi-two-body CF
amplitudes plus a non resonant term

Golden mode to study Kt S-wave
in D decays

Cross check with a “quasi-model-
independent” analysis to test the Ksmt®

S-wave

o Still use BW form for K*(1430)

* Assumes ho interaction with t*

i Binned S wave wio K, (1430) (MIPWA)
C ¥ pole + NR (Model D
Binned S wave with K,*(1430) (MIPWA)
w 15 — —— ¥ pole + NR +K,*(1430) BW (Model D)
= i K,"(1430) BW (Model D and MIPWA)
E ¥ pole (Model D)
S [ | S —
£ S T
~ ™ pant # * &::-" —— e . o
= C R S S o3 PN
1 5 . v . ’\ﬁ” - "“\(—‘ Yl
- N\ 4t 4
- -"\ 4’/ . ’3‘
200 | S
7]
© e
£ O 2 . ‘... ot - '_.I . )
=T eerttdeeseestoteesiry
= .- | a0—¥
-_“_:::8-—>i!_- g : ‘
-100 :_-,_-"" i )
A R 1
1 1.5
Mass(Kr) (GeV/c?)

Events/(0.05 GeV’/c*) Residuals

o

f m?K: . (GeV/c?y

K*(892)

w0 /
b W
400 4

@ = Total S+B

i ~.= All coherent (S)
-+« Background (B)

--= NR

p(770)

-~ p(1450)

- - K(892)°

- %,(1430)‘

- - 31600)’

—— x(B00)

:

Events/(0.05 GeV?%/c*) Residuals

== e 2
m2. , (GeV/c?
s NN g
200 Vﬂs"h i

Events/(0.05 GeV?%/c*) 3esiduals
N
3§ 8 Bt

(=]
T v
)

2
2
m"’Kg _. (Gev/ic’y

PhysRevD.89.052001 (2014)
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PhysRevD.63.092001 (2001)

2.0 1 14 11 1 ] 1 1§ 1 ] 1] | 1 14
CLEO: .
DO — K-r+7710

Fake interference?

 Heavy p mesons, p(1450) and p(1700) both lie ts:—
outside Dalitz-plot, but are wide :

* Tails extend into region of interest ;31.0'_

* Both have large fit fractions <
=

e ... but have a small net contribution (9 + 2) %

0.5
« ... and have nearly 180° difference in phase :
2 " | ] L ] ] | ] |
N BESIII: 0 T 2 3
L HEEINNNL. DL o M (K")* (Gevic)
> TOF L Phase Fit fraction
(3} | smssenEBessesesstersnrnrinse sae-
s [ p(1700)* [49<3 75 18
B[, . |
TSI, | ¢ Probably a misrepresentation of the contents of
R e the Dalitz plot
0 1 2 3 * Choose one (best goodness-of-fit)
m2, , (GeV/c?? . . .
Ksr * Consider other as systematic uncertainty

PhysRevD.89.052001 (2014)



Amplitude analysis at BESIII J. Bennett

PhysRevD.63.092001 (2001)

Fake interference? Efﬂ IREK e

CLEO:

R — K-71+710 |

 Heavy p mesons, p(1450) ante :
outside Dalitz-plot, but are .

« Tails extend into region o )

* Both have large fit fractions

e ... but have a small net contribution (9 + 2) % :
« ... and have nearly 180° difference in phase 3
2 P i R ;:. .l l '_.-l_.- l' l,.-_ l -'; 1-‘ | .:
. BESIII: 0 2 3
: - M (K"7*)? (GeV/c?)
Y [ ik Phase Fit fraction
O
S i NG, p(1700)* 149+8 75+18
3 e | v —45+10 34+11
L . . ... | e .
B G Y i S i | A sentation of the contents of
Slﬂﬂ -.m goodness-of-fit)

THE NEXT GENER. Tlﬂll

gy AULAM BLCC AY-C E.PRVJ ANN
MODO<T

, systematic uncertainty
PhysRevD.89.052001 (2014)
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Amplitude analysis of DY = K'm*m*m

* One of the three neutral D golden modes (large BF and low background)

e Accurate knowledge of substructure is important to reduce systematic
uncertainties for analyses that use this mode as a reference

* Absolute BF measurements of D hadronic modes
* Along with strong phase measurement can help improve precision of y
* Theoretical studies of D°-D° mixing

Decay mode

* Complicated due to nonun?lfc)-rm phase space of DIS| = ViV, Vi = PiPy. Vs = Pop,
four-body decay and possibility to have two D[P| = V,V,, V, = P,P,, V5 — P3P,

separate intermediate resonances contributing D[D| = ViV,, Vi = PPy, V; — P3Py
D — AP, A[S] = VP,, V = P;P,

D — AP, A[D] = VP,, V — PsP,

[34] 3 D — VS,V — P,P,. S — P3P,
3 [1X l)—-’V]PI.Vl —’Vzpz. VZ_’P3P4

\/2 5 D — PP,,P — VP,, V — P;P,

[12] D — TS, T— PPy, S — P3P,

PhysRevD.95.072010 (2017)
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Limitations on amplitude models

 Model dependence (again...)
* Lineshapes (coupled channels, threshold effects, etc.)

* “Sum of Breit-Wigners” model violates unitarity (especially for broad,
overlapping resonances)

* Difficult to differentiate S-wave amplitudes and non-resonant terms
(can lead to unphysical phase variations)

* More robust methods
« K-matrix (e.g. for S-wave): elegant way to consider unitarity
* Scattering data to constrain phase variations
* Input from theory (chiral symmetry, dispersion relations)
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KTt S-wave parametrization BaBar: B - DOK®), D - Kerr

 BW line shape for the K*(1430) plus a
parametrization for non-resonant component

. _—
from scattering data o
S~
N
e.g. Crystal Barrel data: pp annihilation %
into mn’m in liquid D2 O]
S
+
130“} n' Aﬁl' ; mL *P*“ %
wocor-| /| i /o
[ | 8000} / |
4 1 [ 7 g
2 "% \ 2 7
§ X § 000 f \
ﬁ m:_ ‘*\ Il>l i w\ . ||
i 3\ Y Ve
s \J"\\ N/
.‘;“ .ois....;A.‘.s...;...zfsA‘\-s %'ols;'lslzz!s‘\; m?(Gev /c )
b)  M(nx) (GeV?) a) M (=) (GeV?)

* Initial state propagation into final states by S-wave scattering process
 Describe using scattering data

F (s) = >[I = iK(s)p(s)] P, (s)
[

 Assumes two-body system isolated

Eur. Phys. J. A16, 229-258 (2003) PhysRevD.78.034023 (2008)
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Amplitude analysis of DY = K'm*m*m

_I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I |l 1 l_l ax]]_l 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 L Sm:l 1 1 l 1 1 1 I 1 | 1 I 1 1 1 I 1 1 I:l
>200 - o - (b) - >-400:— (C) —:
§ 7 (5 B 7 L) N 2

] = 400 1 = smf =

12t 1 - :

3 1 Z r 1 2 F :
5 100 -1 5_r 1 5200 =
- - ’ L — - L -
£3) | u::l 200_ ] = - ]
I i i 100 g

N | R I R I I I PR B ] ot ol S PR R -

0.8 I 12 14 08 I 12~ 14 0.4 0.6 08 _ ]
m(K ) (GeVic) m(K ) (GeV/c) m(mi) (GeVic”)

_I 1 1 I 1 1 1 I 1 | 1 I 1 1 1 I |l 1 '-. I_I 1 1 l 1 1 1 I 1 | 1 I 1 1 l_l i 1 1 l 1 1 1 1 I 1 1 -Il

I ] 4o i = - .
> 2001 -1 = - U 1 = b _
- N N o - - D <
= _ 1 = 300 4 = r 4

- 1 2 _
S 1 € r 1 % + -
= f 1 2 200 4 & :
2 100 1 2 - 1 2100 —
= i 1 m C 1 X 3 .
- — lm__ _..- - -
0— 1 l-l 0: - lI 1 I 1 Il I l Il 1 l:‘l O— 1 II Il Il Il 1 l -ll

0.4 12 ~ 14 1.6 1 ) 15

m(K'r') (GeV/ch) m(K'r) (GeV/ic?)
_l 1 1 I | 1 1 I 1 1 1 l 1 1 | I 1 1 '-. :r 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I | I—-'l —l 1 1 1 I 1 1 1 I 1 1 | I 1 | | I-l
00F (2 i 1 el mmtmiee H ]
> F 1 2 _F 1 = } .
2 [ i 200— 1 = T i
Ezoo— r E 5 1 2 «f ]

- 1 = [ 1 © L i
Z r 1 2 | i g i i
2 {1 2 100 —~ - .
= 100~ . @ T 4 = 20+ —

B I l 1 1 1 I L 1 I- § 1 1 L I 1 1 L l 1 1 L l J J ! l d ] N A

0 0.6 0.8 I 12 1.4 0.8 1 12 14 1.6 0

m(rt*r*n) (GeV/cY) m(K n*n*) (GeV/cY)

PhysRevD.95.072010 (2017)
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Amplitude analysis of DY = K'm*m*m

B L NN RN IR P B LR LR NN NN NN R o 00 l R |
- 1 (a) ] . d (M 1 0ok
> : Z f
- * Goodness of fit: = 30f
S E:
5 100 * Four-body phase space completely 5 200"
(3] . . . . = -
described by 5 Lorentz-invariant variables | 1o
0 * Divide 5D phase space into bins, calculate N
m(m) (GeV/c?)
T8 i Tt T
[ N NCXP -
> 2001 2 200 -
>~ -
§ _ exp g
= i = .
2 100 2 100 —
@ =0 -
: | I“l!‘-,; | : E : X :
0 06 o8 1 0 12 6 0 15 '
m(m'w) (GeV/c?) m(K" n‘,*rr) (GeV/c’) m(K') (GeV/c?)
- RN BRI B B e 1T NN N N Wy LN NN N R N N A
00 E i 1 60N wan-roe-00 H (i)
> T 1 2 20l 1 8 [
Sl 15| 12 o
5t 1 5o 18 [
;;'_]IOO:— —: u::} 100_— 1= 20-
I LA AAANTIITTN ¢ B
0.6 0.8 | , 1.2 14 0.8 1 12 14 , 1.6
m(rt*r*n) (GeV/cY) m(K n*n*) (GeV/cY)

PhysRevD.95.072010 (2017)
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Amplitude analysis of D’ = K't*m*m-

Component Amplitude Significance (o)
D" — K*%° D°[S] = K*9p° >10.0
D°[P] — I—('Opo >10.0
DO[D] - K*0p° >10.0
D° = K~ay (1260), af (1260) — p°z* D" — K~aj (1260), al (1260)[S] — p Ozt >10.0
D° = K~aj (1260), a; (1260)[D] = p°z* 14
D° = K7 (1270)x*, K7(1270) = K"z~ D° = K7 ( 1270);z+, K7(1270)[S] = K9z~ 4.3
D° = K7 (1270)z*, K7(1270)(D] = K*“z~ 9.6
D° = K7 (1270)z*, K7(1270) = K~ p° D° — K7(1270)z*, K7(1270)[S] = K~ p° >10.0
D’ = K~ n*p° D° = (p°K~) n*, (p°K™),[D] = K= p° 9.6
D° = (K= p°)prt 7.0
Do (K 0 )S—\\a\e/) 5.1
D’ = (K p +)V7[ 6.8
D° - K%zt~ D" - (K'Oft‘) nt 8.5
D° - K*(zta~)g 8.9
D = (K72 )ynt 9.7
D— K atntn D’ - ((K~=* )s.wave® AT >10.0
D° - K~((a*n=)gmt), >10.0
About 40% comes from nonresonant D(:,_’ (K ”?ﬁwm(’f”_ )s >§%O
four-body (D0 = K-trr+) and three-body D 5] '*_(K; 7 vz T v '
(DO—=K-rt+p0 and DO — K*-tt+r1-) decays D" = (K°2")s waye (7" 77y >
D° = (K~a*)y(n*n™)s >10.0
D? = (K~ n*)p(a*n™)s 6.8
D = (K %) yuve (@ 7)1 9.7

PhysRevD.95.072010 (2017)
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Amplitude analysis of D’ = K't*m*m-

Component An
DO - I-(-O pO DO [ S]
D°P
D°[D)

D° = K~af (1260), af (1260) — p°z*
D° - K7(1270)z*, K7(1270) = K%z~

D° = K7 (1270)z*, K7(1270) = K=p°
DO - K—-ﬂ.+p0

DY = K%zt g~

D— K natntn

About 40% comes from nonresonant

four-body (D% — K-tr*rt1t+) and three-body
(DO—=K-1ttp0 and DO — K-tttrt-) decays

D’ — K~ay (1260
D° - K~a; (1260
D° - K7(1270)n*

D° = K7 (1270)x*,

D° - K7 (1270)x*
DO — (/)OK-)AII-.-
D° —»

The amplitudes listed below are tested when determining

the nominal fit model, but not used in our final fit result.

(1) Cascade amplitudes
(a) K7(1270)(p K" )x*, p" K~ D-wave
(b) K7(1400)(K*°x)n*, K*%2~ S and D-waves
(c) K (1410)(K*“z " )x™
(d) K5~ (1430)(K*z~ )", K5 (1430)(K—p" )n+
(e) K*~(1680)(K* 'z )x*, K*(1680)(K—p" )+
() K5 (1770) (K=~ )z *, K5~ (1770)(K—p" )n+
(g) K~a; (1320)(p"x")
(h) K-z (1300)(p"z")
() K=ay (1260)(fo(500)z™)
(2) Quasi-two-body amplitudes
(a) 1:<'0f0(500)
(b) K™ £0(980)
(3) Three-body amplitudes
(a) K*(n*n")y S, P- and D-waves
(b) (K—n*)yp" S, P and D-waves
(c) K3°(1430) ("7~ )s
(d) K2(1430)p"
() K*f,(1270)
(f) (K™77)sf2(1270)
(8) K~ (p’n")y
(h) K~ (p'z)p
(i) K= (pn),
0) K__(/’()”+)T
(k) (K72 )pnt
) (K-t
(m)(K¥z"),n*, K2~ S and D-waves
(4) Four-body nonresonance amplitudes
(@) (K #n")p(x"n")y P- and D-waves
(b) (K—n")y(xa"x~ )y P- and D-waves
(c) (K n")y(n"n")y P- and D-waves
(d) (K= (7777 )g)am™

PhysRevD.95.072010 (2017)
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Common challenges for amplitude analyses

* Requires many many fits!
* Must consider additional resonances as a source of systematic uncertainty
* These fits also have many free parameters
* With every increasing statistics, this becomes a computational problem

* A set of amplitudes can be “sufficient”, but how do we know it is “correct”?

* Usually neglected: phase space dependent systematics
(e.g. momentum dependent tracking efficiency)

 How to treat detector resolution?
* Difficult for unbinned fits
 Not a worry for broad resonances, but what about narrow ones?
* How do we know if we found the global minimum?
 How to judge goodness of fit?
 How to deal with multiple solutions?
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Summary

 BES Ill has impressive data sets for light hadron spectroscopy,
charm at threshold, XYZ physics, etc.

 Amplitude analysis plays a key role in the BESIII physics program
 Many new results, with much more to come!

« Especially with increasing statistics,
challenging and interesting problems

* We have beautiful data that are
extremely hard to fit very well
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Summary

 BES Ill has impressive data sets for light hadron spectroscopy,
charm at threshold, XYZ physics, etc.

 Amplitude analysis plays a key role in the BESIII physics program

 Many new results, with much more to come!

« Especially with increasing statistics, e A
% : ""“~‘".' \ s, [GeVZ/cY)
challenging and interesting problems ‘ "

* We have beautiful data that are
extremely hard to fit very well

« We need youl!
...to come up with unique solutions
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Go Penguins!
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BESIII at BEPCII

 The physics goals of BESIII cover a diverse range:
« Light hadron spectroscopy,

g ] ”;'}I """"" | Partial wave analysis of J/v¢ — ynn 2z 22

2 ;Z ﬁ SR Mass dependent fit with éfg éig

2 gm Breit-Wigner lineshapes §:§ §:§

g P y M . ?tudy existence and dominance of 5w $ =

2 AR Qf:e j iscoscalar scalar and tensor states L7 .. P [ .00 AV, .
(a) My (GeVie) (h) M(Gevic) (i) MyGevic)

- Amplitude analysis of the z'z" system produced in radiative J/y decays

§ % f%;: (@) 0~ PO . Mass independent fit to extract a

S 2 mE : ) piecewise function that describes the

g 2 EE dynamics of the TP system is

g 0 oawg determined as a function of Moo

0 ] : — nm;:/obocwﬂdil § 1o

8 fw e J/Y = nomtm $ T

§ %: . Observed Y(2175): possible strangeonium § . -4‘_‘.»

e counterpart of Y(4260) B e vt

é o A e Observed n(1295): existence is questionable S L | *;_

M(o 1 (980))(GeVic’)
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BESIII at BEPCII

 The physics goals of BESIII cover a diverse range:
. charm physics, t physics,

Precision measurements of B(D"™ — u° V)
B(D* — u*v,) = BESII:PRD 89, 051104(R) (2014)

—— L

o « N " —4 ]! 'y, - -
3.71 £ 0.19(stat) £ 0.06(sys)| x 10 & Precision Measurement of the
. Using |V 4| from global SM fit, r !-mm Jr— Mass of the T Lepton
fy, =(203.2 £ 5.3 £ 1.8) MeV & F
, , o s 3ESIII: PRD 90, 012001 (2014)
. Using lattice QCD prediction for f,,, 2 '
|Vl =0.2210 £ 0.0058 £ 0.0047 ~ # | I-U
* In either case, these are the most precise LI L AL LR
results for these quantities 10+ 2 . " o A ARGUS 17763075
i " I(.;\ " BES (96") 1776.967 %
__________________________________ o CLEO 1778207 2
OPAL 17751052 .
Measurement of the relative strong-phase BELLE 17766155
CP Even Tags Y Projection: K% . KEDR ‘776'8‘3@02?
R ] Lo Model indepe BABAR 17766855
ik < i | measurement PDG12 1776825,
I This work 1776915
's strongphe . . et M
- IR difference bet Preliminary 1766 1768 1770 1772 1774 1776 1778 1780
T B i D2and D° decays to KOs+~ T mass (MeV/c9)
X Projection: K% n* Mass?
T i b e Significant improvement in a previously
: Bk statistically limited measurement
. f‘ f * 1 | .’ { . t
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BESIII at BEPCII

 The physics goals of BESIII cover a diverse range:

. charmonium physics
Figure by R. Mitchell
+ XYZ physics: (]
e Z:(3900)* to r*r)/P (2013) resy| e
Y(4260) | N-(3'P1) | Xe1(3°P1)
. Z(3900)° to nonf:/q) (2015) 42| e
« Z.3885)*to (DD*)* (2014
ZC(3885)° i (DD*)O(ZOIS) T «EREm
° e )° to ( )° ( ) 8 [zew) — xmxa(zepa)
. Z(4020)* to T he (2013) 2 s8] — Ew
- I
. Z(4020)° to n°r°h, (2014 s ™ . —
el ) c ) - T

. 7.(4025)* to (D*D*)* (2013) s s

« Z.(4025)°to (D*D*)° (2015) aa - 3eol1°P3) =
e Observation of X(3823) (2015) N
e YstatesinmntnJ/P (2017) 32 | predicted, discovered
and rt*rth¢ (2017) (1%S:) predicted, undiscovered
. .. 30 F s ] unpredicted, discovered
0+ 1— 1+ 0+ 1+ 2+
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Summary of Z states observed at BESIII

Several Z states have been measured in c€ and open charm final states

Isospin triplet appears to be established for all of them

Masses and widths are comparable in measurements to J/y and D(*)D*

Events / 0.01 GeWic?

Events / 4 MeV/c?

PRL 110,252001 (2013)

100
80" #+ oot
| o
60 + )
T
O e as 390 40
M, (=) (GeVie?)
ete =)/

3.85 390 395 400 405 410 415

M(D'D*%) (GeV/c?)
e'e—»n (DD')

Z.(3900) *?

Events/(10 MeVie")

PRL 115, 112003 (2015)
. (a) 4.230 GeV, 10917 pb'

ete —-»n°n®J/ Y
PR 11O, 222002 (2015)

— et !

h)'—

e'e »n®(DD’)°

Z(3900)°?

Events / ( 2.5 MeVic’)

B" - = comb. BKG ~+- data
b eeens oo — total fit
sol- Z (4025)
PHSP signal
. WS
40 ++
a0

PRL 111.242001 (2013)

+ 120f
-
S 100
$ o
é - '
& B :
. .
...
m’[-,, 5
— 72
Fox 00 4085 410 414 40 a2

M (GeVie)

e*e =i h,

402 4.04 408 408
RM(1t ) (GeVic”)

ee - (D'D'Yy

Z.(4020) *?

Eveats(0.01GeVic))

Everts] NV C

PRL 115, 182002 (2015)

PRL 113,212002 (2014)

ssussss

R

v A;S _: 4;‘.‘ l.l' -
ML (GeVieh)
e‘e = n'n’ h,

e‘e—»n®(D'D")°

Z.(4020)%?
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Amplitude analysis

« Use the Intensity function to calculate a (properly normalized) probability to find an
event at some position in phase space x, with model parameters (/:

o @I
0= @ n@n

and fold in Poisson statistics to obtain a likelihood:

. (e ™) ) (730) ~ & T =N gt
L(7,0) = N Hf N I(F0)dE Whereu—/ﬁ(x)](x\e)m

* Take the natural log of the likelihood and cancel like terms
(drop terms that are constant in 6):

lnL:ZlnI(fﬂﬁ)—/ )(2)[(Z]0)dx
i=1 \

This term is approximated using a
phase space MC sample
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Hadron spectroscopy with charmonium decays

« BESIII has world leading samples of J/ and {’ decays
e “Glue-rich” environment

 Thel/Y and Y’ masses are below
open charm threshold, so OZI
suppressed processes dominate

* Suppression factor on radiative

decays due to fine structure s CD
C R
constant only about a factor of 10 L|) \@i Q
* Radiative decays about 8% of the < T
total cross section -

* (Naive) Flavor-tagging with decays to
light mesons

//
x
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K-matrix (for S-wave)

Use parameterization in

. _ e
Reconstruct 00** wave based amplitude analysis of D = Ksm*m

on several data sources BaBar: B — D™K®. D — Ker+m- and KskK+K-

r fll ————— T S 0 T -
'm’:" ; ',‘ 'Q 30000 -~ 1 (a)' Qo oo (b) f A - ey 'R (C)-
oot / i 3 | b ,’\ AR \ ?

2 L ‘?,' l" b ooook '? ) 8 4000 - ,! 4 " - 6 <000l 4

§ o [ 5 » 5 4 !l s 2\

@ N # \ ) = ' S P\ ] % | o | | b
sl ¥ fu,f . 5 ol ! | 3 ool | { vl ]

- s (1 ] Y e |, f
2000 >

:,' t Iﬁ '-/ \ li ' ' w | ‘

ald NP I I . — } | j

\'o 05 1 15 2 25 3 o..,ll‘...zrﬁ-—. \;_ 09..;..A.21.A..3 00,.‘.01.3...‘;,...;5... >

ol el ok m2 (GeVic*) m2 (GoVicY) m3 (GeVicY)
Crystal Barrel data: S AR T 1 U e N )
— -y - . . o o a
pp annihilation into 3 s N IR A f" 13
m'n’m in liquid D2 2 N A4l 3 R '] § ||
T hgd o Ber N SR |

- ; Y - CoN ST
'm}r! Jﬁ' s 500 |' lb" 5 <00 f’ *_ g |

JAWA & Y @ & It
10000~ | L/ | \ T \ 7
s000k- ll( °ﬁllf4’ BT T B Y R T 0%y \1\2'_ T EEET R

2 ™ m? (GeV3icY) md (GeV/cY) mg (GeVicY)
> 6000 5
w E \‘
-t \/\ Sum of fit fractions with K-matrix (isobar)
2000
5 \ model of S-wave: 103.6% (122.5%)

PP PP PP IPUPEPIP ISP |
% 05 1 1.5 2 25 3

b) M (r°x) (GeV?) XZ/DOF — 111 (1 20)

Eur. Phys. J. A16, 229-258 (2003) PhysRevD.78.034023 (2008)
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Could also extract S-wave information from ] /s decays?

« Extract scalar spectrum from J/Y — yPP (eg. yn°n®) in a model independent way
* Easily produced in e*e” collisions

* No interaction with final state photon o Y ;
A "\!'\'\'r\"\: ' [l
* Very clean neutral channel JI0 S
_J/TOD00CTTo000
(backgrounds ~2%) R 0
and relatively simple amplitude analysis
(JP¢ = even** only)
* Results may be combined with those of similar reactions for a more
comprehensive study of the light scalar meson spectrum
18000 —
o —
o 16000 =" V BESIII: J/Y — ymOm0
o 1400E= O+ Intensity i R VY
S 12000 E— R 395 g
v 10000 ;— st IR + o 3;;*r
T 8000 E— ; 3:6‘-"03 0N 9
.g 6000 = P 3 ”{:’ 1178 oa;,
© 4000 B Pe i 4 3 .'.
I..I>J 2000 z A o&”o %‘%oo?" %t’?\‘_;i;,» _
- 1 il T 1 1 . . 1 . M‘l«
0 0.5 15 2 2.5 3

Mass(n°n?) [GeV/c?]
PhysRevD.92.052003 (2015)
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] /P — ynOnY: Alternate Results

* Nominal results include onE- @ e
subtraction of yn(‘) % 3600~ . Atternate Resuits
backgrounds 2 2;3'";;5: jpiif

 Repeat analysis without %ﬁ;: EERER :3"-‘*;2!. :
background subtraction @ twE- .t ] .s” ,
(assume only signal E. io; - . . ,of.?.L-.e'leg_-L.; KA LI 10
events) Mass(x%x%) [GeV/c?]

e Difference between the T o — s — .
nominal and alternate & ,E © Il 1004 '
results gives a very £oof o b e 1t at| 7] e
conservative estimate § sE e 1RERY 2
of systematic effect = o
from yn(‘) backgrounds & osE- ¢

é 0= ‘0.23 T .0.:4 — .0.; — 10.]6 T IO.EI — .0.18: - ‘0.19 T II.O

Mass(n’x’) [GeV/c?]

PhysRevD.92.052003 (2015)
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Note on background subtraction

 Not all events in the data sample are signal events!

« Approximate the effect of backgrounds using a MC sample or sidebands (better
description, but comes with challenges) and remove with a term in the likelihood

 Parametrize backgrounds and include in PDF

. o IM(x.y) (x,v) B>(x.y)
P(x.y) = fs— + /B
j IM(x,y) ] e(x,y) (I\d\ j B, x,v)dxdy J B,(x.y)dxdy
fstrimtfp=1
BESIII: D+ — Kgm+m©
- 2000 - —— Total p.d.1(S+B) 3000 I —— Total p.d.1.(S+B) —— Total p.d.1.(S+B)
4 i —— Background(B) ‘; i —— Background(B) —— Background(B)
g — — . Signal(s) as - - - - Signal(S) —— - Signai(S)
> 1500 ? l
o [ G 2000
2 2 "
o 1000 = I
g [ - I
2 i 2 1000
§ 500 g:, i .
w | w } )
0 I 1. P LA B il 2 1 Y- T U P I S A itk A

mZs . (GeV/c?)?

o

Tail of signal distribution

PhysRevD.89.052001 (2014)
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Importance of final state interactions

2
Long distance strong interaction effects can ; .. B—I’ESK|S|7|';+T[O
cause significant changes in decay rates and o 15[ I
phases of decay amplitudes o 1
* Rich substructure in Dalitz plot spectra & fE

indicate complexity of FS| T pEEEELESSS

® os{ommii R,

Use weak three-body decays of open heavy  EpRE et i
flavor mesons to study interference between PR K e S
intermediate resonances m2, , (GeV/c?)?

 More kinematic freedom than two-body final states

* |Intermediate resonances dominate and cause non-uniform distribution of
events in Dalitz plot

Better understanding of final state interactions in D decays is important to reduce
uncertainties related to D°-D° mixing parameters and of the angle y

PhysRevD.89.052001 (2014)



