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Tetra- and Penta-quarks conceived at the
birth of Quark Model

Volume B, sumber 3 PHYSICS LETTERS 1 February 1964 841 9/TH. 41 2
’ — 21 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS *

AN 38U, MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

M. GELL-MANN ) . ? 11 *)
California Institute of Technology, Pasadena, California
Received 4 January 1964 G. Zweig
. CERN~-Genevsa
A simpler and more elegant scheme can be

constructed if we allow non-integral values for the *)  voreion T is GERN Lt 8182/TH.401, 7. 196
charges. We can dispense entirely with the basic srsion L s preprin <401, Jem. 17, 1954,
baryon b if we assign to the triplet t the following .- as
properties: spin 3, z = -}, and baryon number 113
We then refer to the members ui, d-7, and s-3 of 6) In general, we would expect that baryons are built not only from the product

the trlplet as ""quarks" 6) q and t.he members of the

of three aces, AAA, but also from I.AAAA, TAAAAAAA. etc,, where I
anti-quarks g. Baryons can now be

denotes an anti-ace, Similarly, mesons bouicf be formed from IA, AL

(aa q) (qqqqq] etc. ., while mesons are made out etc. For the low mass mesons and baryons we will dssume the simplest

ete. Il: is assuming that the lowest possibilities, AA end AMA, that is, "deuces' ahd treys",
igurdtion (gqq) gives just the represen-

ta.uons 1, 8, and 10 that have been observed, while

» Searches for such states made out of the light
quarks (u,d,s) are ~50 years old, but no
undisputed experimental evidence have been
found for them
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e.g.
Z*‘s,

Pl L,

Two waves of past pentaquark claims (wit

PDG 1976 Baryons

Zo(1780), Zy(1865), 21(1900):
S=1 I=0 EXOTIC STATES (Zo)

Fensrn LR ermmenen

Z (1780) 95 14001780, JP=1/2+) I=0
0 SEE THE MINI-REVIEW PRECECING THIS LISTING.

EEEFEES TS 21

—ﬁ WILSON 72 AND GIACOMELLI T4 FIND SOME SOLUTIORS
WITH RESONANT=LIKE BEHAVIDR IN THE POL PARTIAL WAVE.
THE EFFECT SEEN IN THE 1=0 TOTAL CROSS SECTIGAS,
1F A RESCNANCE, MUST HAVE SPIN=1/2, BECAUSE THE
INELASTIC CROSS SECTION IS VERY SMALL ANO THE TOTAL
CROSS SECTION 15 ABOUT &#PI/K#=2.
95 Z#0(1780) MASS (MEV)
L?an a 10.0 cooL 70 CNTR + K+P. D TOTAL L/7L
o COWELL 70 CNTR K+BaD TOTAL 1470
o SEE ALSD DISCUSSION OF LYNCH 70 /10
w ) WILSON 72 K+N POL WAVE 3/72
W ESTIHATE OF PARAMETERS FRCM BH + ouanunxlc ancxaaouuo FIT TO POL. 3472
1 t CARI L 73 N'VR KN I=0 TCS.FIT 1 9/73
1 lle l cAnauLL T3 CNTI KN I=0 TCS,FIT 2 9/73
1 FIT 1= Flr OF SINGLE L=1 BW+BACKGECUAD TO 1=0 rzs FROM J&=-1.1 GEV/C  9/73
1 FIT 2=FIT OF L=1 AND L=2 8WS5 rai;éue DaTA, SEE Z0(1865) FOR L=2 PART 9/73
(1T40.0 CMEL 74 PHA «38-1.51 GEV/C 10/ Ta®

Last mention of baryonic Z*’s PDG 1992

Z BARYONS

| (§=+1)

NOTE ON THE S = +1 BARYON SYSTEM

The evidence for strangeness +1 baryon resonances was

and has also been reviewed by
4,5

reviewed in our 1976 edition,!
Kelly? and by Oades.® New partial-wave analyses® appeared

in 1984 and 1985, and both claimed that the Pj3 and perhaps

Last mention of 2" pentaquark wave: PDG 2006

Found/debunked by looking for “bumps” in mass spectra

}'(JP) = 0(??) Status: >k

OMITTED FROM SUMMARY TABLE
PENTAQUARK UPDATE
Written February 2006

In 2003, the field of baryon spectroscopy was almost revo-
lutionized by experimental evidence for the existence of baryon
states constructed from five quarks (actually four quarks and
In a 1997

considering only wu,d. and s quarks, Diakonov et

an antiquark) rather than the usual three quarks.

paper [1],

However, the results permit no definite
The standards

other waves resonate.
conclusion — the same story heard for 20 vears.

of proof must simply be more severe here than in a channel
in which many resonances are already known to exist. The

skepticism about baryons not made of three quarks, and the
lack of any experimental activity in this area, make it likely
that another 20 years will pass before the issue is decided.

To summarize, with the exception described in the previous
paragraph, there has not been a high-statistics confirmation of
any of the original experiments that claimed to see the OF;
there have been two high-statistics repeats from Jefferson Lab
that have clearly shown the original positive claims in those
two cases to be wrong; there have been a number of other high-
statistics experiments, none of which have found any evidence

for the @1 and all attempts to confirm the two other claimed

Nothing new at all has been published in this area since
our 1986 edition,® and we simply refer to that for listings
of the Zp(1780)Foy, Zp(1865)Dys, Z3(1725)P1, Z;(2150), and
Z1(2500).

pentaquark states have led to negative results. The conclusion
that pentaquarks in general, and the ©T, in particular, do not

exist, appears compelling.
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Charmonium and Quark Model
*November revolution 1974: discovery of J/y and other charmonium states convinces
remaining skeptics that the quarks are real and mesons are made out of qq.

« Discovery of the super narrow (I'<1.2 MeV) X(3872) state (—J/yn*n-) at the DODO*
threshold in 2003 by Belle renews hopes for establishing tetraquark states
(molecular or tightly bound), but x.(23P,,,) is likely in the mix.

« Discovery of the charged Z(4430)* (—y'n") in 2007 by Belle provides “smoking gun”
for 4-quark effect. However, not confirmed until the last year.

« 4D amplitude analysis by LHCb of BO—y'n*K-, w—pfu~ with interfering K —»mtK-
and Z(4430)*—y’w" contributions confirms Z(4430)* and provides evidence for its

resonant character via Argand diagram: m )
(25
rules out o= ves)

w5+ 78 M(Z) [MeV] 1 .
- BO Do T
172 £137%5  T(Z) [MeV] M 2 —m _ DS (2S .
590+09°3%  fr [% z l//'ﬂ'+ ‘ »n20
— — T T T T T T T T ——— T = T . b)
S =
3 LHCb - data - |
I ] = [ R
S 2001 10<mi, <18GeV? ~total it - gk (e ] 20.04
P ~Zz(4430) ] € r \ rescattering |
g ~ [ \\ | model /
E 100f ¢ - < b g
o L ‘E’ [ N 1 YA SO S———
_ 5 20.63
I " P. Pakhlov, T. Uglov
0 .**-h;g_. 20.62 . PL B748, 183 (2015)
LHCb-PAPER-2014-014 M T66V)  oplei i b L ] g
0.6 04 02 0 02 -10 0 10 20
PRL 112, 222002 B AZ Re(A,). arbitrary units

See also LHCb-PAPER-2015-038 LHCb has 12.5 times more events than Belle with better purity thanks to...
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LHCb detector at LHC ==

- Advantages over e*e — CMS-— I I LHCDb
B-factories: ‘

— ~1000x larger b
production rate

— produce b-
baryons at the
same time as B-

mesons
' e Fvent 251784647
— long visible lifetime [
Run 125013
of b-hadrons (no Thu, 09 Aug 2012 05:53:58
backgrounds from i

the other b-hadron) Ab: | IO

Advantages over 2
GPDs:

— RICH detectors for
n/K/p discrimination
(smaller
backgrounds)

— Small event size
allows large trigger
bandwidth (up to 5
kHz in Run 1); all
devoted to flavor

physics

pp

collision point

VELO



LHCbH Pentaquarks, LHCb, T. Skwarnicki LP2015
| Y

LHCb A.'— Jy p K

LHCb-PAPER-2015-029, arXiv:1507.03414, PRL 115, 07201

—

= 6000
)

T
® 5000
The sideband
distributions are flat 4000
— No major
reflections from the 3000

other b-hadrons
after the selection

LHCDb

Run |
3 fb!

sideband

o

—= data

— total fit

— signal

+ ----- background

0 .
A, signal

0
R
.
o
o
o
.

""""" sideband

| 26,007+166
A2 candidates

The background
is only 5.4% in
the signal region!

o
XY
.
K
.
o
.
3

5500

5700
my., ok [MeV]

« The decay first observed by LHCb and used to measure A.° lifetime:
— LHCb-PAPER-2013-032 (PRL 111, 102003)
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AL— JypK-: unexpected structure in m,,

yp_
S S\~ ®
3 26 LHCb - W E UK 1%
S - b A\ | 8 1" 2
2241 5 E Ag{u cebe | 2 1e€
oS [ d — >—d ]
o2t - 1o
20f e P> JWyp I
18F ? e I
16__| Ll . L AU TIPTL FPPT POV PO PRPT PRPPL PP PP IOTY: [~
2 3 4 5 6 % é § § <
mi, [GeV?] (AOW GL)/s1uong
A(1520) and other A’s > p K™« Unexpected, narrow peak in m,,, ,
I
<~ 3000 . PR
E 5 l LHCD y Ma‘r}y c.hecfs done tq ensure it is not
> 2s00f- b%é W an “artifact” of selection:
\gz C A{),{u S _ -K+ 0 -t
2 000k d%u} K Veto Bi—>J/yKK* & BO—J/yKn+ after
3 ' i d changing p to K, or Kto &
. 1500 - — Clone and ghost tracks carefully eliminated
N — phase space .
o000k — Exclude £, decays as a possible source
: « Could it be a reflection of interfering
500F A’s 5> p K ?
Ty R — Proper am'plitude analysis absolutely
PRL 115, 07201 (2015) My, [GEV] necessary:
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Amplitude Analysis of A °— J/ypK, J/\pau?

» Follows in footsteps of the Z(4430)* 4D amplitude analysis in B%— J/yn*K-
, Jy—prpe
« Analyze all dimensions of the A,°— J/ypK-, J/y—pfu-decay kinematics:
— to maximize sensitivity to the decay dynamics

— to avoid biases due to averaging over some dimensions in presence of the non-
uniform detector efficiency

— two additional dimensions (6D) because A% has a spin

A, rest frame

¢ _ 6 independent data variables:
K K

\ ‘//gj‘/ 1 mass (myy), 5 angles
10)

 Test frame P, A rest frame
(N 4-6 independent complex helicity
A, couplings per A, resonance to fit
lab frame depending in its JP

« Use 6D unbinned maximum likelihood fit of the matrix element parameters

« Two different background subtraction methods:
— parametrized m,,, , x sidebands (cFit) or sWeighted log-likelihood (sFit)
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A’ resonance model

GED ZEVFE i) (5l

Helicity LS couplings _ No high-JP high-mass states

couplings In A* decay: Py = Py P (—1§D limit L | All states, all L
State JP My (MeV) T (MeV) # Reduced | # Extended
A(1405) 1/2= 14051118 50.542.0 3 1
A(1520) 3/2~ 15195+£1.0 15.6=+ 1.0 5 6
A(1600) 1/2* 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2- 1690 60 5 6
A(1800) 1/2- 1800 300 4 4

ALknown - A(1810) 1/2* 1810 150 3 4
A(1820) 5/2F 1820 30 1 6
A(1830) 5/2- 1830 05 1 6
A(1890) 3/2* 1890 100 3 6
A(2100)  7/2° 2100 200 1 6
A(2110) 5/2* 2110 200 1 6
A(2350) 9/2* 2350 150 0 6
A(2585) 5/2°7  As2585 200 0 6

PRL 115, 07201 (2015) # of fit parameters: 64 146
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Fit with A"—pK- contributions only

—a— data
= 5000 t —— LOtaL fit P
ackgroun
2ok t @ LHCDb - A(1405)
D ' --{53-- A(1520)
= 1600 g ---&-- A(1600)
o ¥ A(1670)
u>.| 1400 , _______ A(1690)
1200 i -==4¢== A(1800)
P ---g-- A(1810)
1000 Py -te-- A(1820)
: :l‘. ---¥--- A(1830)
800 i ceede-- A(1890)
600 i ---f>-- A(2100)
o weepe=r A(2110)
400F-& 1 0w i+ Wy e A(2350)
-=-4--- A(2385)
200
02 1.6 1.8 2 25 2.4 2.6

My, [GeV] myp [GeV]

« Use extended model, so all possible known A’
amplitudes: m,, looks fine, but not m,,,

« Additions of non-resonant term, X’s or extra A”’s
doesn’t help

PRL 115, 07201 (2015)
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P+ Matrix Element

A, rest frame o -0

P rest frame

(P.* production angles must be defined relative to the A,
reference frame established for A,— J/WA™ decay)

1 mass (m,,,), 6 angles
all derivable from the A" decay variables

lab frame

A, rest frame )
A rest frame

2 additional angles to align the muon and proton
helicity frames between the A" and P+ decay chains

p rest frame also derivable from the A" decay variables

3-4 independent complex
helicity couplings per P *
resonance depending on its JP
plus its mass and width to fit

PRL 115, 07201 (2015)
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Fit with A”s and one P_*—J/yp state

% 2200 —a— data

S 2000 t —eo— total fit
background

L0 1800 ¢+ (@ LHCDb R~ g
> L --afp-- A(1405)
£ 1600 & -em3-= A(1520)
) T A(1600)
7} 1400 He A(1670)
P --oxe-- A(1690)
1200 -~ 3= A(1800)
. -eeite- A(1810)
1000 : 8 ---te-- A(1820)
goof- ! 'Q‘ A(1830)
' BNGE: )
600 ¢! * l"'ﬂ ceedre- A(2100)
; . ceebe- A(2110)
400 ;o ceesens A(2350)
ce4e-- A(2385)

200

PRL 115, 07201 (2015)

22

2.4

26

My, [GeV]

(extended A" model)

 Try all JP of P, up to 7/2* ‘
« Best fit has JP =5/2%. Still not a good fit

12

—
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Fit with A”s and two P_*—J/yp states

% 2200 —a— data
2 oo H —e— total fit
background
w a
©ie00f ¢ @ LHCb e P(4450)
= L —u— P(4380)
= 1600 4 ---- A(1405)
o - A(1520)
7) 1400 A A(1600)
1200 | A(1670)
¥ - A(1690)
1000 ; = --3%-- A(1800)
! ,“ —-£3-- A(1810)
800F- iy A(1820)
600 @ ! A
- A(
400 - A
ceeteee A(
200
02 16 1.8 2 22 54 3.6

(reduced A" model)

« Obtain good fits even with the reduced A" model

« Best fit has JP=(3/2-, 5/2+), also (3/2+, 5/2°) & (5/2*,
3/2°) are preferred

PRL 115, 07201 (2015)
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it with A”s and two P_*—J/yp states

> 400 BEE ' A(1670
S | pr<1.5ﬁ GeV | ) fﬁj l Hsggnc;?v' :foi:‘l‘ G Agmgcg
S| NMM * | | —background'i:'ﬁgg?gi
TP WAL T B
o é* O | <= P(4380) A(1830)
- t"“w{ﬁ"ﬁ | | -#-A(405) . A (1800)
s | e S b e g | -©-A(1520) ... A(2100)
o e g | ey A(1600)  -a-A(2110)
§ (c) 3127832?\/ (d) 2.00 GeL\:I;g’)Kp . Need for the ond
% ﬁ ' | | broad P_*state
T : becomes visually
apparent in the
region where the
A —pK-background

IS the smallest

PRL 115, 07201 (2015)
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Angular distributions
AIIdata S P. enriched region

LHCb pr>2 GeV
- data A(1670
-@- total fit «- A(1690

—background - A(1800

)
)
)
1810
5= P (4450) QE 1320;
)
)
)
)

LHCb all mg, |

- data A(1670)
-@- total fit =»¢+ A(1690)
— background ~

-3 A(1800)

< P,(4450) " iggég;

< Po(4300) A (1830)
-#-A(1405)  __ A(1890)
-e3= A(1520) -4+ A(2100)

A(1600) . A(2110)

<u- P((4380) --u--A(‘ISSU
-+-A(1405) . A(1890
©-A(1520) -4 A(2100

A(1600) -4 AQ2110

NN e&%ﬁi&

e N s Tt

o 05 0 0.5

2 ¢ [rad] cosO 2 0 2 ¢ [rad]

Good description of the data in all 6 dimensions!

PRL 115, 07201 (2015)
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No need for exotic J/\VK Contrlbutlons

m2,k [GeV?]

J/YK- system is S L@ m<1.55GeV 1(0)1.55<m, 3
- ° 1 1.70 GeV
well described by — 2,.] I j’w# _
the A* and P.* . S " #'% ‘]
reflections. | ST \ |
_ iw | "w.bq o
= L L LB R B L R B %
2221: o E 2 L (C) 1 (d) ]
20F S | 1.70<my, LHCb
19F 9200~ <2.00 GeV t 2.00 GeV<my
18F i j | P
17F _ il .
16 T~ A *'
15F Ny A PPl 5NN
3 : o oo
! 1 1 L L e -@- total fit -+ A(1690)
2 3 4 5 6 0 -
Gevl 5T = Pl 7 e
3 < P_(4380) *ﬁg ;
L -d- A(1405) o A( ) T
o -9-A(1520) .. A(2100)
T A(1600) - AR110
s

PRL 115, 07201 (2015)
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Significances and the results
« Fit improves greatly, for 1 P, A(-2In¢)=14.72, adding the 2"
P. improves by 11.62, for adding both together A(-2In¢)=18.72

« Simulations of pseudoexperiments are used to turn the
A(-2In) values to significances:

— significance of P,(4450)* state is 12¢
— significance of P,(4380)* state is 9c
— combined significance of the two P_+ states is 15¢

« This includes the dominant systematic uncertainties, coming
from difference between extended and reduced A" model
results.

Parameters of the P_* states (and F.F. of well isolated A*'s )

m Mass (MeV) Width (MeV) Fit fraction (%)

P.(4380)* 4380 8129 205+18+86 8.410.7+4.2
P.(4450)* 4449.8+1.7+2.5 39+ 5+19 4.1+0.5%1.1
A(1409) LHCb-PAPER-2015-029, 154146

A(1520) arXiv:1507.03414, PRL 115, 07201 19+1+4



£

LHCbH Pentaquarks, LHCb, T. Skwarnicki LP2015
| Y

Argand diagrams

18

PRL 115, 07201 (2015)

P+ amplitudes for 6 m,,, bins between +I" & -I" around the resonance mass

0.1

-0.1

-0.2

-0.3

'LHCb

-0.3 -0.2 -0.1 0

Re

0.2 0.3
Re

« Good evidence for the resonant character of P (4450)*
« The errors for P,(4380)* are too large to be conclusive
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Different types of tetra- and penta-quarks

.@ 11 H tH] . @
° @ plain °.©
triquark
diquark model
model

hydro-charmonium
model

molecular
model
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Conclusion
« Two pentaquark candidates decaying to J/yp observed by LHCDb with
overwhelming significance in a state of the art amplitude analysis: they will
not go away!

Frank Wilczek’s twit on 7/14/15: “Pentaquarks rise from the ashes: a phoenix pair”
Pentaquark candidates rise from the ashes
for the 219 time.
* LHC resurrects them: should not be a
surprise given baryon cross-sections!
cC pair inside:
» @Given the history of Quark Model should
i ) not be a surprise either.
e ) « Hopefully true July 2015 revolution!

« However, what kind of -quark effects are they? 24 paper published in 1
month. Loosely bound meson-baryon molecules? Tightly bound
(diquarks,triquarks,..)? Can we decisively rule out rescattering effects?

* Need more statistics for more sensitive tests. Need to identify the other
elements of the new periodic table.

— LHCb expects 8 fb! in Run 2 (-2018) followed by the detector/luminosity upgrade which will
bring ~50 fb! by 2028.
— Other experiments/colliders should be able to contribute (photoproduction?)



LHCD ’

BACKUP SLIDES
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Efficiency is smooth

(a) efficiency

LHCb

=7}
=

M
2 6 5
my,? [GeV]

[
(%]
=Y

—

« The Dalitz plane contains the dominant efficiency variations
« Relative changes in efficiency smaller for the other fit

variables

« Smooth, cannot be responsible for peaking structures.
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Complete set of fit fractions —

Table 3: Fit fractions of the different components from cFit and sFit for the default (3/27, 5/27)
model. Uncertainties are statistical only.

Particle  Fit fraction (%) cFit Fit fraction (%) sFit

P.(4380)* 8.42 £+ 0.68 7.96 £0.67
P.(4450)* 4.09 4 0.48 4.10£0.45
A(1405) 14.64 £ 0.72 14.19 £ 0.67

A(1520) 18.93 £ 0.52 19.06 £0.47
A(1600) 23.50 £ 1.48 24.42 4+ 1.36
A(1670) 1.474+0.49 1.53 = 0.50
A(1690) 8.66 £ 0.90 8.60 £ 0.85
A(1800) 18.21 + 2.27 16.97 £ 2.20
A(1810) 17.88 £2.11 17.29 £1.85
A(1820) 2.32 £ 0.69 2.32 £0.65
A(1830) 1.76 & 0.58 2.00 £0.53
A(1890) 3.96 £ 0.43 3.97 £0.38
A(2100) 1.65+0.29 1.94 +0.28
A(2110) 1.62 4+ 0.32 1.44 +0.28
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Extended Model with Two P. Resonances

% 2200 t —a— datal‘ f % 800
—e— total fit

< 2000 LHCb background =

o F , @ e P,(4450) L2 700

z : S e P(4380) =

% e00 ¢ --ep-- A(1405) £ 600

S i e 0

S >

z LLI 500
400
300
200
100
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Data preferrence for opposite parity P.* stat'?
> 400 e T T ~< P, (4450
(@) pr<1'5ﬁ GeV | ’ﬁfpc( 4380)
<= Pc(4380)

f

Y

Positive interference
between the P, states

(display before efficiency)

44 Combined P, 7
P,(4450)
—— P.(4380)

of
T

Corrected events/
g
T

@

o

o
T

1.70<my,, 1 (@) 2.00 GeV<my;, 1
<2.00 GeV ¢ LHCb

n
o
o

-
o
o

=

7
7 7

7000

75707

700000

7 7
7 7
7 7
7 7
7. 77
7. 7
7

- -1 -08 -06 -04 -02 0 02 04 06 08 1
/ COS(SPC)
< Negative interference
between the P, states

NN
NR.

A

I

NN I

A T

\‘-\\‘\““““

AR

display after efficienc .
(display ' m,, [Gev] m,,.,, [GeV]

« This interference pattern only for states with opposite parity
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Systematic uncertainties

Source My (MeV) TI'y (MeV) Fit fractions (%)
low high low high low high A(1405) A(1520)
Extended vs. reduced 21 0.2 54 10 3.14 0.32 1.37 0.15
A* masses & widths 7 0.7 20 4 0.58 0.37 2.49 2.45
Proton ID 2 0.3 1 2 027 0.14 0.20 0.05
10 < p, < 100 GeV 0 1.2 1 1 0.09 0.03 0.31 0.01
Nonresonant 3 03 34 2 235 0.13 3.28 0.39
Separate sidebands 0 0 5 0 024 0.14 0.02 0.03

JP(3/2%,5/2 ) or (5/2%,3/27) 10 12 34 10 0.76 0.44
d=15—45 GeV~! 9 06 19 3 029 042  0.36 1.91
Li@ AY — P+ (low/high) K~ 6 07 4 8 037 0.16
Lp, P+ (low/high) — J/p 4 04 31 7 063 0.37
Ly AY — Jhp A* 11 03 20 2 081 053  3.34 2.31
Efficiencies 1 04 4 0 013 002 026 0.23
Change A(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 25 8 19 421 1.05 582 3.89

1.0 11 3 046 0.01 0.45 0.13

by ]

sFit/cFit cross check

« Uncertainties in the A" model dominate
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Additional cross-checks

« Many additional cross-checks have been done.
Some are listed here:

— The same P_* structure found using very different
selections by different LHCb teams

— Two independently coded fitters using different
background subtractions (cFit & sFit)

— Split data shows consistency: 2011/2012, magnet
up/down, A /Ay, Ay(pT low)/A,(ps high)

— Extended model fits tried without P, states, but with
two additional high mass A* resonances allowing
masses & widths to vary, or 4 non-resonant terms of J
up to 3/2
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Matrix Element

A, rest frame

b, A rest frame

Y rest frame

VoA
A,
lab frame
4-6 independent complex helicity 6 independent data variables:
couplings per A, resonance 1 mass, 5 angles

D, Ap( 0)* Ru(scy) D, s, (800 0)"

LX
40 Lx
, P\ " aw
R V= B D.Dn. d BW I B’ o, d
x(m) = Byx (p.po, )( ) (m|Mox Tox) Bt (¢: 4o, )(MM) Breit-

/ BW (m| Mox, Tox) = 1 Wigner

Blatt-Weisskopf functions ' ﬁ;fgxz —m? — 'ifl-fuxF{'m}
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Matrix Element

A, rest frame

b, A rest frame

Y rest frame

YA
A,
lab frame
4-6 independent complex helicity 6 independent data variables:
couplings per A, resonance 1 mass, 5 angles

D, Ap( 0)* Ru(scy) D, s, (800 0)"

LX
40 Lx
: P\ " pw ,
R V= B D.Dn. d BW T B .y, d :
x(m) Lj‘;’u(p,pn. )(; ‘_b) ( Tox) B (4,0 )<MM) Breit-

/ BW (m| Mox, Tox) = 1 Wigner

Blatt-Weisskopf functions ' ﬁ;fgxz —m? — 'ifl-fuxF{'m}
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A Plus P+ Matrix Element

—

2 additional angles to align the muon and proton
helicity frames between the A”and P+ decay chains

also derivable from the A" decay variables
2

y‘y\y :l Ady +ezﬁl@zd,\?ﬂ)~ M Ap0: APe AN,

A, rest frame

—— A rest frame

P. rest frame

p rest frame

Without this realignment can’t describe A™ plus P * interferences properly

They integrate out to zero in full phase-space but present in the differential 6D fit-PDF
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Unbinned 6D maximum likelihood fit

6D j - Fitted parameters (helicity couplings,M;,I)

Pig |j) = ﬁ—) | M (mpcp, .Q|I})|2 O (mpp)e(mpy, £2), (69)

where ®(mp,) is the phase space function equal to p g, where p is the momentum of the
Kp system (i.e. A*) in the A} rest frame, and ¢ is the momentum of KT in the A* rest
frame, and [ (j) is the normalization integral.

[(J) = f M (micp, 2| ®(miy)e(miy, 2) dmu, dS2

Nuc

x 3w M(mgy 5, 2@
J

I

Corrections improving MC simulations
—2InL(W) = —2sy Z WinP(mg i, ;| @)
i T
sw=y Wi/> W i

T

Possible data event weights (see next).
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skit

W- sWeights based on the fit to m_,,« distribution
The data in the extended m,, ., range passed to the amplitude fit.

Since the events are weighted in the log-likelihood this is “quasi” maximume-likelihood fit

—2InL(W) =—2sw Y WilnPag(my i, 2|T)

=~ Zsw Z Wiln | M(mgp i Qz|j) > + 25y In f(j) Z Wi

No need for parameterization of the signal efficiency
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cFit (default)

W.=1 no event weights; true maximum likelihood fit
Data only in the A,° peak region passed to the amplitude fit.
Sideband data used to construct 6D model of the background: P (mkp 5, £25)

P(mip, 2|&) = (1 — B) Pag(mip, 2| + B Pore(miyp, 2)
o] 1L 5.4% background fraction
—2InL(W) =

| M(mgep i, £24] I, )|‘2 D(my i)e(mup i, 2)  Prwg(micp i, £2:)
- E —p B
’ i . l(l 7 I(?) T Ihxg

5] I(?) Pﬁfkg(mffp i §2;) ]
(1= B)loee Dmrcy )elmrey 5 2)

— —QZIH |:|M(m'f{p o 12| +

+ 2N In I(&) + coplant,
Piie(mKp 5, £2%5)

(mKp j)e(miyp j,525)

Ibkg — /pgkg{'n?'ﬂﬁ1 Q)dﬂl}{p df2 o ZRJ;IIC(I}
. J

The background term is then efficiency-corrected so it can be added to the efficiency-
independent signal probability expressed by | M |2. This way the efficiency parametrization,
e(mgp, §2), influences only the background component which affects only a tiny part of

the total PDF



