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‘Experimen‘r & PWA < Theory

Data >

PWA > Datad +

> Predictions

L

Theory

- Database = Every experimental data set (points + errors,
statistical & systematic) published in a regular physics journal
- Theory = As model independent as possible theory input

PWA is a special expertise in hadronic physics (e.g. TN, NN).
It should not be forgotten for antiproton physics at PANDA@HESR
[Cf. A major US laboratory below the Mason-Dixie line...]



Experiment & PWA & Theory

(Our) PWA is a high-precision tool to:
- improve models for the NN and NN interaction
- study & improve the database, plan new expt's
- study the long-range interaction V,
- search for resonances

Input into the PWA:
- the "raw” database (~5000 pp, ~5000 np, ~3500 NN points)

- theory (model independent): EM interaction, OPE + % TPE

Output of the PWA:
- S-matrix: phase-shifts, inelasticities + errors: § (E), n.(E)
- correlations (x?-hypersurface)
- parameters in V|, e.g. the pion-nucleon coupling constant
- resonance parameters
- "true” database + rejected data sets




Group |Reaction |Observable p. (MeV/c)
PS172 | p+p—p+p |Gsp, do/dQ, A, D,,  |200-1500
PS173 | p+p—>p+p | Oumn . do/dQ 180-600
p+p—h+h |o,,, , do/dQ 180-600
PS185 | p+p—Y+Y|do/dQ, P, C;, Dy, K, |1435-1900
PS198 | p+p—p+p |do/dQ, A, D,, 440-700
PS199 | p+p—n+n |do/dQ, A, 600-1300
PS206 | p+p—n+n |do/dQ 693




The database of the NN PWA (below 350 MeV)‘

Proton-proton

Neutron-proton

Type # data| |Type # data
O:ot, DOy, Aoy —| (G401, Aoy, Aot 275
do/dQ 947 | |do/dQ 1475
A, 816| (A, 1213
A, C. 876| |A,,. A, 327
D, D, 114 |D; 122
R,R, A A 237| (R, R/, A;, A/ 162
Rest 36| |Rest 78
All 3026| |All 3652

High quality
(~157% rejected)

Reasonable quality
(~257% rejected)




The database of the NN PWA (below 925 MeV/c) ‘

p+p—> p+p p+p—> nh+n

Type LEAR| rest| LEAR | rest
Oiotr Oann| 124 - - 63
do/dQ 281 | 2507 91| 154
A, 200, 29 89 -
D, 5 - 9| -
Total 6102536 189 217

Reasonable quality; 177% rejected

PWA has y°/N,,:, = 1.085 with 30 parameters
Only ~257% of the data comes from LEAR

R. Timmermans et al., PRC 50, 48 (1994).
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Amplitude analysis vs. PWA

In a single-energy Amplitude Analysis one must determine five
complex amplitudes a(0), b(6), c(6), d(6), e(6), for every angle
at a fixed energy. Therefore one needs to perform, for each
energy, 9 experiments, at all angles! This was never done...

In a single-energy phase-shift analysis ("kid's stuff”) one
needs for each value of the total angular momentum J:

- 2.5 parameters (on average) for pp,
- 5 parameters for np (2 for J=0),
- 20 parameters for pp (5 for J=0).

In order to perform an energy-dependent PWA, one needs
much less: 21 parameters for all pp scattering data below 350
MeV, and 30 parameters for all pp data below 925 MeV/c

Cf. R. Timmermans et al., PRC 52, 1145 (1995).



_ The darling of every PAC, worldwide...

Proton-proton PWA below T, = 350 MeV, # data = 1787:

\

- do/dQ , A, : # = 1381
- "spin data” : # = 406

- XPmin/Ngata = 1.00

Now do a PWA of only the 1381 “non-spin” data:
- szin = 1404 , or xzmin/Ndata = 1.02
Use this PWA of the "non-spin” data to predict the “spin data”:

- for Ny, = 1787 we get ¥%/N,,, = 1.23 |

How many "spin data” are actually useful ?
- 406 “spin data” with %2 = 800

- 64 points (8 sets) have Y% = 477: 342 points have Y2 = 321!



The 35,-3D; mixing parameter &, after the PWA
6 . . .
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1 Fixes the strength of the  tensor force
00 l 5|0 | 1(I)O l 1é0 | 2(I)O | 2é0 l 3(|)O I 350
Tlab (MeV)

Note: multienergy (with errorl) vs. single-energy



Analyticity of the S-matrix

- PWA is impossible without theory input
- Need good theory for the energy dependence of the amplitudes

Forces = "left-hand cuts”? miTa)

TPE
e OPE VP inelasticity

—— C* prpug >

. - “5610" TR

-3RR

Rapid energy dependence < nearby cuts « long-range interaction
Slow energy dependence < far-away cuts < short-range interaction

Strategy: Coulomb 1/r

(i) Calculate long-range interaction |Rel.corr.+2y |1/r?
V_ from field theory Magn.mom. | 1/r3

(ii) Treat short-range interaction Vac.pol. exp(-2m r)/r3/2
Vs completely general OPE exp(-m r)/r

TPE exp(-2m_r)/r5/2




PWA: Implemen’ra’rion‘

b
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Do not parametrize § (E) directly

/“—TPEP'F X

Instead, parametrize a boundary v()
condition* at r=b:

BC = b[dy/dr]y-! lr-:b ‘ .. .. .-i— Heavy Mesons + « o «
as analytic function of energy:
Vs = Co + Cop? + Cpp* + ..

Regularization

Explicit long-range interaction: # BC parameters e.g. pp PWA:
Vi(r) = Veu(r) + Vope(r)+ VxTPE(r') 1S,: 4 3P, 3 3P 2
Vem = Ve +Vo, + Vip + Vuu ID,;2 3P,3 g2 3F,01 3F;: 3
16,1 3F, 2 g4 - 3H, - 3Hg -
Inelasticity n (E): complex BC T.: - etc. Total: #=21

* Cf.R.L. Jaffe & F.E. Low, PRD 19, 2105 (1979).
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The details of the short-range interaction do not matter (cf. EFT)
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Annihilation:
Complex boundary condition
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‘ Long-range EM effects

Magnetic-moment interaction: _,\jlpo:)
Vi = —0[1,2S1,+(6+8x )L - S]/4m?r3
- Charge & magn. mom. — spin-orbit

- Magn. mom. & magn. mom. — tensor

o

.03 [~ o =]
44
7
0.02 - -
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0.01 [~ ] —

- In pp: AYZ., & +400, so 20 s.d. N

/ ec_m. (deg)
L 1 L l 1 1

-0.01

Vacuum polarization: 0 30 60 %
Ve = 'I(r)/r & ao'exp(-2m,r)/r3/2
- Enhances Coulomb force V.

- Long-range: 1/2m, # 200 fm

- Relevant in proton-proton 'S, wave

- In pp: AYx?in ® +215, so 15 s.d.



Strong interaction: Vi (r) = Vope+V, 1tV

One-pion exchange (x= m_r):
Vore = f2m [0, - 6,+E(X)S,,]exp(-x)/3x
- Charge-dependent:
- m(m°) vs. m(wt)

" f(ppn®) vs. f(nnn®) vs. f(npmt)

Best value: | £2 = 0.0750(9)* |

Goldberger-Treiman relation: fyy./m =g,/F,
i.e. the “discrepancy” is only 1-2%

* Or g2/4n =~ 13.6

n

17



“Seeing" one-pion exchange ‘

The coupling constant
f2(NNr) is determined
at the pion pole from
the long-range OPE

We can also fit the
pion masses from the
pp and the np data:

m(n°) = 135.6(10) MeV
m(n*) = 139.6(13) MeV

No significant evidence,
yet, for isospin violation:
f(ppn®) # f(nnn®) = f(npnt)
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‘ How the connect nuclear physics to QCD: A pipedream?

2N Force 3N Force 4N Force
0
QX | Lattice QCD =
e low-energy constants of yPT
& Xk p
NLO [~ | A
- A
‘ { """ NN & few-nucleon systems
; }H = xPT: controlled expansion
Q

*ﬁ:ﬁ:‘ H U
NNLO ---
+... } >< X NUCIear' structure =

N?L: ﬁt:% HJ[X [PH via many-body EFT?
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With long-range OPE+YTPE, an
excellent y2/data ~1 is possiblel
(no need for the “sigma-meson”)

NNt coupling constants:
c; = -4.78(10)/GeV
c, = +3.96(22)/6eV

Pion mass from long-range TPE:
m,= 128(9) MeV

M.C.M. Rentmeester et al. (1999-2005).
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OPE + (charge-conj.) TPE
provides an excellent long-
range NN interaction.




Lies, damned lies & statistics!

P(X?)
25 Pl(xz) Pl.a.cul(xz) Pl.analysis(xz)
Y 1.000+0.072 0.882+0.061 0.883
|/ P1,analysis T 3.000+0.050 2.24+0.32 2.24
T 15.0+5.1 8.8+2.0 8.5
20 ™ 105+72 44+14 40
2 2.00+0.38 1.46+0.23 1.46
s 8.0+3.9 4.3+1.3 3.9
™ 60+55 21.9+8.7 18.3
15

We apply rejection criteria based on
standard statistics. The reason is very
simple: to make sure that the database
Pro.cut is a statistical ensemble and thus that

10

05

QJ’ | errors we quote are really statisticall

2 L g 8 x2

We do not determine if expt's are right or wrong, but we do
decide whether they are statistically acceptable, yes or no



Problematic data sets ‘

do/dQ (mb)

cost

-0.5

173




The charge-exchange reaction p+p— n+n

do/dQ in mb

Plab = 693.0 MeV/c
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Spin effects in
c scattering

679 MeVic

Dyy 3
/]
05 \ +
|
[ |
| :

n

L]

\
J | \J
n B = st
p. (MeV/c) | 6,4 (mb) | Acr(mb) | Ao (mb) | Act/0yy (%) | AG /Gy (%)

200 314.8 -91.0 -19.4 -28.9 -6.2
400 194.0 -45.6 -51.8 -23.5 -26.7
600 151.8 -31.5 -58.6 -20.8 -38.6
800 128.5 -25.8 -54.1 -20.1 -42.1




‘ PWA: Hunting resonances

do
dg [mb/sr] ddog (mb/sr]
{cos © = -0.994) 0 (cos © = -0.994)
| — — LE — —

1.0 NN

o Peopp | prp—>T+n

fN 03 F \

L
Ty 1=0 RESONANCE

03

I=1 RESONANCE

-

400 600 800 00 600 800
Plab [MEV/C] P[ab [MEV/C]

Including a resonance in the !!D, partial
wave, with E;=1934(3) MeV, I'=6(4) MeV

P. Timmers et al., PRD 31, 99 (1985).



Parity: o,,, and dc,/dQ(180°)
o,y ISOSpin: do./dQ(180°) Oug 0
w}]  Spin: elastic polarization s |
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Caveat: A structure in the backward cross section is not necessarily
accompanied by a pronounced effect in the total cross section!



PS185@LEAR

p. MeV/c | AQ | AS

PP 0 0|0
nn 100 1|0
AA 1435 1 |1
A>0 ToA| 1653 1 |1
Ty 1853 0|1
Y030 1871 1 |1
y-y- 1899 2 | 1
=050 2582 1 | 2
-a- 2620 2 | 2

O [ub]

001
14 1.5 1.6 1.7 1.8 1.9

Momentum [GeV/c]

Coupled-channels PWA:

Long-range interaction:
Charge-conjugated version
of the Nijmegen YN model

Short-range interaction:
Complex boundary condition

R. Timmermans et al., PRD 45, 2288 (1992).
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Good description of the initial-state interaction




V dalefd in ub - do/d) in ub
= 1436.95 MeV/ic p-b = 1445 35 MeV/c
c =086 MeV 1 - E=x35MeV
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i &

Piv (MeV/c) 1435.95 1436.95 1445.35 1476.5 1507.5 1546.2
e (MeV) 0.24 0.59 3.5 14.5 25.5 39.1

0.89 1.36 2.9 4.2 4.3 4.0

0.01 0.05 0.7 4.0 6.7 8.9

1.2 4.0 9.6

0.01

0.1 0.1

'S, 0.08 0.12 0.3 0.5 0.6 0.7

P, 0.01 0.1 0.5 0.6 0.7

Y 0.01 0.04 0.5 2.9 4.5 5.3

P, 0.01 0.03 0.4 2.1 3.7 5.1

3D, 0.1 0.2 0.5

‘D, 0.2 0.6 1.4

D, —_— — 0.4 1.3 3.2

3 3F33 ‘ pp — A A ‘ 0.1 0.2

S,—°D, 0.1 0.3 0.8

P, —’F, 0.1

J=4 0.2 0.9

Singlet s =0 0.00 0.01 0.0 0.1 0.1 0.1

Triplet s =1 1.00 1.60 4.9 16.1 27.3 41.3

Total 1.00 1.61 4.9 16.2 27.3 41.4
ol 0.84(20) 1.44(32) 4.86(42) 13.8(5) 26.6(7) 44.6(1.5)

Strong coherent tensor force due to K- and K*-exchange



"Seeing" one-kaon exchange ‘

oinub

From the Pp—AA data:

total
S-waves
P-waves

f2(ApK) = 0.071(7)
g2(ApK) = 15.4(1.5)
m(K) = 480(60) MeV

R. Timmermans et al., PLB 257, 227 (1991), NP A585, 143 (1995).
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- A high-quality database should be available
- Model-independent theory is needed as input
- The rules of statistics should apply:

- Input = “"raw” database

- Output = pruned database

Unfortunately, ~15-20% of the data have to be rejected

A coupled-channels antiproton-proton PWA below
2 6eV/c exists & could be extended to HESR energies:
- Provides a very good initial interaction
- Resonance-background separation
- Search for glueballs/hybrids
- Antihyperon-hyperon production



