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Two sources of violation:
* Electromagnetic interaction
* Lightest quark mass difference » Window for probing quark-mass effects

Nucleon mass difference

(1 )
; O : &' AM,, = AM,,, + AM,
Proton / \
u -0.7 + 0.3 MeV 2.05 + 0.3 MeV

MU (from QED + dispersion theory)  (AM,,— AM,,,)
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Two sources of violation:
* Electromagnetic interaction
* Lightest quark mass difference » Window for probing quark-mass effects

Nucleon mass difference

(1 )
; O : &' AM,, = AM,,, + AM,
Proton / \
u -0.7 + 0.3 MeV 2.05 + 0.3 MeV

MU (from QED + dispersion theory)  (AM,,— AM,,,)

Link between quark-mass efects and hadronic observables
from Chiral Perturbation Theory

7N scattering length, e.g., a(m°p) — a(m°n) = (AM_, ) (Weinberg 1977)
However: — No direct measurement of m°N
— Large e.m. corrections in mN
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Isospin Symmetry Breaking
Dominated by pion mass difference Am_— e.m. effect

a

Charge Symmetry (CS) Breaking
Symmetry under the operation of P**® - Am_ does not contribute
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Isospin Symmetry Breaking
Dominated by pion mass difference Am_— e.m. effect

a

Charge Symmetry (CS) Breaking
Symmetry under the operation of P“>% - Am_ does not contribute

1. np—-dm° forward-backward asymmetry A_ [1]
AM_ = (1.5 £ 0.8 (exp.) = 0.5 (th.)) MeV (LO) [2]

[1] Opper et al. PRL 91 (2003) 212302
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Isospin Symmetry Breaking
Dominated by pion mass difference Am_— e.m. effect

a

Charge Symmetry (CS) Breaking
Symmetry under the operation of P“>% - Am_ does not contribute

1. np—-dm° forward-backward asymmetry A_ [1]
AM_ =(1.5+ 0.8 (exp.) £ 0.5 (th.)) MeV (LO) [2]
2. dd—-*Hem®

CS=0=0 6S=> 0z20,0x M |P= [M+M,+..[

CSB

0., measured at treshold [3] — result cosistent with s-wave
Chiral Perturbation Theory
Information about higher partial waves in dd — *Hem® needed
— Constraint of the contribution from the A resonance
[1] Opper et al. PRL 91 (2003) 212302 [2] Filin et al. Phys. Lett. B681 (2009) 423

[3] Stephenson et al. PRL 91 (2003) 142302  [4] Adlarson et al. Phys. Lett. B 739 (2014) 44
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Pellet line TOF detectors

Tracking detectors / \

mil
I

Range hodoscopes

Solenoid

s |

Thin plactic scintillators

Electromagnetic calorimeter
50 cm
—_—

s
‘U'_ Cyclotron

CSB with WASA-at-COSY:

2007: Measurement of dd—sHenmo
goal: description of main background, input for initial-state-interaction calculations

chaft

2008: First measurement of dd —+Hemo (2 weeks) @ Q = 60 MeV
goal: O

2014: New measurement of dd —4+Hemo (10 weeks) @ Q = 60 MeV with modified detector
goal: angular distribution
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Analysis of dd—°Henm’

28.11.2017

Benchmark for ‘He1r° :
* clean selection of 3He - 11° coincidences

#) J0LICH

FORSCHUNGSZENTRUM

* final step: kinematic fit to ensure overall energy and momentum conservation
* 3.4 x 10° fully reconstructed events, nearly full coverage of Dalitz plots

Pellet line
Solenoid :

N2

Tracking Detectors

I

=

TOF Detector

Thin Plastic Scintillators

50 cm

@ 5000 — 2 coincident photons
S a000 in calorimeter

L}
PR TR I
0.1 0.15 0.2 0.25

M, (vsy) / GeV/c?

0 0.05
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Analysis of dd—*Henm’

Luminosity: ™ data

dd —3*Hen —me
- based on G.Bizard et al.,
00 Phys. Rev. C22 (1980) 1632

120/

=)
=]
T

L. = (350  25) nb"

dN/dcosGCM /a.u

Luminosity determination:

* two-body reaction dd — 3Hen

interpolated data from
Bizard et al., PRC22 (1980) 1632:

perfect match of expected angular distribution

Phys. Rev. C 88 (2013) 014004
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Further analysis

— 3-body final state, unpolarized:
9 -4 -1 =4 independent variables
|\/|3Hen’ ep’ eq’ %

— two-fold model ansatz:

» quasi-free contribution
dd — 3Hetm® + n

spec
» partial waves decomposition of the

3-body final state (limited to L<1)
full model = incoherent sum

170
- beam

R
n direction \(P/ 3SHe
7
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o V. | =
= 30.4
o] =
o | B
8 0.1 4

¢ [rad] MaHe,: [GeV/c?]

1.24 -
122 Oy = (2.89£0.01, +0.06, £0.29 )b
> 12
S
w18 Model used for simulating
116 the dd — 3*Hent® background
| in the dd — *He1® measurement
14 141 14.2 14.3 144

M3,.., [GeVZ/c*]
Phys. Rev. C 88 (2013) 014004
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Status after calibration:

PeIIe_t line FVH

dE(FWC1) [GeV]

50 cm

Background
* dd— (pnd,pnpn,tp) + ° g S,
 dd—°Henm (3-10%higher o) § §o
* dd—*Heyy (physics bg) A o
:
Overall kinematic fit [ g0
— 2 hypotheses fitted: o I i
dd — “Heyy and dd — sHenyy % 0102030405 060.70805 1 % 0.10.2030.4 05 060.70809
p-value for dd — °*Henyy hyp. p-value for dd — °*Henyy hyp.

— Optimized cuts on cumulated probability distribution (p-value)
— Suppresion of dd—sHenmo about 104
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Missing mass of dd — ‘HeX
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Four angular bins

% 805— -0.9 < cos6* < -0.6 —
= 708 E
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within detector acceptance £ 5oL — + dd - Heme sim.
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Missing mass [GeV/c?]

WOOFT T T T T E
> 80- -0.6 < cosB* < -0.3 E
= 705 + Data E
g 6oL 9 “Heyy sim. 3
= E — + dd — *Henn® sim.
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40F E
30F -
o | -
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0 0.05 0.1 0.15 0.2
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No Fr- T T T T T T
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] 405_—+dda4Hen° sim. 3
30t } E
20- | 3
106 + | i, H+ =
: e f W ,

0 0.05 0.1 0.15 0.2

Luminosity determination using dd—*Henm®

M. Zurek - CSB with WASA

Missing mass [GeV/c?]
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Differential cross section

14}

12k —+— Data, part 1 i
— L F —+— Data, part 2 ]
» 10 -
o) S Fit, a + bcos®0* .
2 8 — ]
a - .
S 6 —
5 - .
© L & .
4 : ]
B | | | | | | | | | | B

0 05 0 0.5

—h

|dentical particles in the initial state
— forward-backward symmetric cross section
do/dQ = a + bcos? 0* fit result:

a = (1.55 0.46(stat) o522 (syst)) pb/sr
b= (13.1+ 2.1(stat)f%:(7)(syst)) pb/sr

Common systematic uncertainty of 10% from
external normalization

28.11.2017 M. Zurek - CSB with WASA 14
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Differential cross section
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@ Identical particles in the initial state
190 4 —4— Data, part 1 /41 - forward-backward symmetric cross section
= 1of k —4— Data, part 2 y - do/dQ = a + bcos? 0* fit result:
n L ]
8 F 3 Fit, a + bcos®6* PO 0.3
=~ 8 Y A a = (1.55 £ 0.46(stat) T 3”(syst)) pb/st
s 6F E b = (13.1 £ 2.1(stat) T3 (syst)) pb/sr
o - . :
4 -
oF ::: E Common systematic uncertainty of 10% from
N i . external normalization
C | P R T S R R | il
2 0.5 0 0.5 1
COSsO” p-wave
o Pro 2
Considering only s- and p-waves [1]: b = ——— 3 |C\2p72To
P

* p-waves contribute with a negative sign —» maximum at 90° in angular distribution
* Observed minimum at 90° — explained only with d-waves in the final state

Data establish for the first time presence of sizable contribution of d-waves

[1] A. Wronska et al., Eur. Phys. J. A26, 421 (2005).
28.11.2017 M. Zurek - CSB with WASA
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Including d-waves, terms up to fourth order in pion momentum has to be considered:

d 02 . . ) .2
50 = 725 (140 + 2Re(45.42) Po(eos " )pZo + | Ao P (cos67)pio +|C7sin® 0°p,

+ | B|? sin* 6* cos® Q*pio)

28.11.2017 M. Zurek - CSB with WASA 16
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Quantitative results
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Including d-waves, terms up to fourth order in pion momentum has to be considered:

s-wave s-d interference d-wave p-wave

d 2
6= o3 <|Ao|2 + 2Re(AfAz)Pa(cos 0% )p2o +|| Az|*IPF (cos 0% )pro +|C | sin® 6% pZo

d_Q_pS

+||BJ?

28.11.2017 M. Zurek - CSB with WASA

d-wave
sin® 0* cos” Q*pio)
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Including d-waves, terms up to fourth order in pion momentum has to be considered:

s-wave s-d interference d-wave p-wave

d 2
d_gl — p;O 3 <\A0|2 + 2[Re(Af Ao)Pa(cos 0% )p2o +||Aa|*IP3 (cos 0% )pte + |C|%sin? 0% p2,
d-wave
+|| B|?[sin® 6* cos? Q*pio)

Assuming that amplitudes do not carry any momentum dependence
— simultaneous fit of angular distribution and momentum dependence of total cross section

D0 87T< o\ 2l A2 o 1 20 4 2 2pd

Otot = — — (|| Ap]“ 1+ o|C o + —| A2 o+ B 0

or = P (140 - 3O + el + 75| B
800 ]
700;— e Stephenson et al. (2003) _;
600 = This work E
- E E
2 5008 .. Fit E
¢ 400 E
&% 300= b 3
s - $ E
2001 E
100/ E
0: | Ll - ' : L S

0 0.2 0.4 0.6 0.8 1
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Including d-waves, terms up to fourth order in pion momentum has to be considered:

s-d interference d-wave p-wave
d —
d—g Pro (\A0|2 + 2|Re A*Ag IPQ cos 0 )p2o +|| Az |2IP3 (cos 6% )pto +|C|?sin® 6*p2

d-wave
+||B|?sin? 6* cos® Q*pio)

Assuming that amplitudes do not carry any momentum dependence
— simultaneous fit of angular distribution and momentum dependence of total cross section

2
15

B24>
3 5 "pﬂ'o

D0 8T 2 1
7ior = 22 (Aol ICTpR0 + g AP +

:Zz o Systematic check of the fit:

= e Stephenson et al. (2003)
600 = This work * |BJ? — consistent with 0 within the fit error
so0f . Fi * |C|? — consistent with 0 within the fit error
400 » Other parameters: stable within the fit error

— Assumption about |A |* momentum

independence reasonable
— Relative phase 0 between A and A,: 0 with a

statistical uncertainty in the range £(1.0 — 1.6) rad

300

PP, Gyoy [PD]

T
[l
—e—
—e—
—

200
100

IIII|IIII|IIII|I‘III|IIII|IIII|IIII|IIII

IIII|IIII|III

L
o
[\
o —
.h
=)
o
=]
[
—h
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Including d-waves, terms up to fourth order in pion momentum has to be considered:

s-wave s-d interference d-wave p-wave

d T 2 * * * : *
Ao = 2002 (Lol 1 alRe4g dn)Pateos )82 | 4a 3 eos 07t 4] (0 072
d-wave
+|| B|?[sin® 6* cos? Q*pio)

Assuming that amplitudes do not carry any momentum dependence
— simultaneous fit of angular distribution and momentum dependence of total cross section

2 87T< 2| 2| ~d 2 1 2| 4 2 2| 4
oo = 222 2 (1 40121+ i 1A B )
Otot > 3 | Ao +3‘ ‘]%04‘5‘ 2| PW0+15‘ |0
800 1 Final result of the simultaneous fit:
700 e Stephenson et al. (2003) 4 B-—fixed to 0, phase & — fixed to 0
600— - i —
75_ 5005_ ::IS work 31 |4 = (5.77 =+ 0.35(stat)f8:g§(syst)f%%(norm)) (pb/sr)l/2
—_— s i -

g s00f E b/sr)!/?
G 400; . A 255 + 59(stat) T4 (syst) 737 (norm (p—
oF %00 * __________________________________________________________ + £ Ao = ( (stat) [gs(syst) D1a( )) (GeV/c)2
) 200 { E IC| = (44 38(stat) ) (syst) "1 (norm)) M

1001 - 1012 GeV/c
s 05 0'4' XY i~ Obtained total cross section:

Oror = (76.9 & 7.8(stat) 52 (syst) 732 (norm)) pb.

28.11.2017 M. Zurek - CSB with WASA 20
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Conclusions

* First measurement of contributions of higher partial waves in the
charge symmetry breaking reaction dd — “Hem?

* Angular distribution with a minimum at 6*= 90° can be understood only
by the presence of a significant d-wave contribution in the final state

* Data are consistent with vanishing p-wave contribution

a

Role of the A isobar ?

a

* Deep insights not only into the dynamics of the nucleon-nucleon
interaction but also the role of quark masses in hadron dynamic

28.11.2017 M. Zurek - CSB with WASA 21
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Backup
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Leading diagrams of CSB reactions A) J0LICH
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Formally leading operators for p-wave pion production in dd —*He®.

x — occurrence of CSB
e — LO charge invariant vertex

N

K— — — —@ ——— — nucleons
— —A

Leading order diagram for the CSB s-wave amplitudes of the np—dm® reaction

28.11.2017 M. Zurek - CSB with WASA 24



	Unsere Ziele
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 23
	Slide 24

