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Wigner and Serber symmetries for the two-nucleon systewigeainiqgue examples of long dis-
tance symmetries in Nuclear Physics, i.e. symmetries ofrthgon exchange forces broken only
at arbitrarily small distances. We analyze the lakgepicture as a key ingredient to understand
these, so far accidental, symmetries from a more fundarnéetapoint. A set of sum rules for
NN phase-shifts, NN potentials and coarse graggk NN potentials can be derived showing
Wigner SU(4) and Serber symmetries not to be fully compatiélerywhere. The symmetry
breaking pattern found from the partial wave analysis daitgh) quality potentials in coordinate
space at long distances and thdig,k relatives is analyzed on the light of larddg contracted
SU(4)c symmetry. Our results suggest using lafgepotentials as long distance ones for the
two-nucleon system where the meson exchange potentialgistjustified and known to be con-
sistent with largeN; counting rules. We also show that potentials based on af@dnsions do
not embody the Wigner and Serber symmetries nor do they poaperly withN.. We implement
the One Boson Exchange potential realization saturatdd tvéir leadingN; contributions due
to 11,0, p and w mesons. The short distancgrd singularities stemming from the tensor force
can be handled by renormalization of the Schrédinger egmath good description of deuteron
properties and deuteron electromagnetic form factorseérnirtipulse approximation for realistic
values of the meson-nucleon couplings is achieved.
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1. Introduction

The standard point of view in Particle Physics has often been that imogahs energy implies
a higher degree of symmetry. In QCD, for instance, scale invarianghhpsgets in for momenta
much higher than the quark masses. In Nuclear Physics the situation magdbly &xe opposite;
some symmetries such as those introduced by Wigner [1] and Seaibeunveiled at low energies
where the wavelength becomes larger than a certain scale. For obvésosiseve call therhong
Distance Symmetrie@.DS) [3, 4]. In the meson exchange picture this implies the presence of
arbitrarily large symmetry breaking counterterms. We analyze these, aodaental, LDS in the
two-nucleon system below pion production threshold corresponding to¥0iientgp < 400MeV.

2. Wigner symmetry

The Wigner SU(4) spin-flavour symmetry corresponds to the algebrasgiisT 2, spinS and
Gamow-TellerG®? generators in terms of the one particle spjpand isospirt Pauli matrices,

1 1 . . 1 .
Ta:f;r,i S = 720,& G'a:f;cf,'gﬁ. (2.1)
2 ’ 2 ’ 2

The two-body Casimir operator Sgy4) = TaT,+ SS + G2Gj,. The one-nucleon irreducible
representations is a quartet made of a spin and isospin doublet

4=(pT,plinT,nl)=(S=1/2T=1/2).

Two nucleon states with relative angular momenturand total spinS and isospinT fulfilling
(—1)S*++T = —1 due to Fermi statistics correspond to an antisymmetric sextet and a symmetric
decuplet which, in terms dfS T) representations of theUs(2) @ SUr (2) subgroup, are

6 = (1,00®(1,0) L=02,... — (1%,39),(*D2,3D123),(*G2,3G123),... (2.2
10s = (0,0)®(1,1) L=1,3,... — (*P,3Po12), (YF1,3For2),. - (2.3)

In particular, one obtaingg (r) = Vig, (r) which seems verified far > 2fm (see Fig. 1, left) for
high quality potentials [5], i.e. having?/DOF < 1 for 6000 data !. However, one might think
that since a symmetry of the potential implies a symmetry of the S-matrix one shoaltizals
dig,(P) = &g, (p) at low energies, in total contradiction to the data in Fig. 1. (see Sect. 4).

3. Serber symmetry

A vivid demonstration of Serber symmetry is demonstrated in Fig. 2 (left) wihergn dif-
ferential cross section at low CM momengas 250MeV, fulfills to a good approximation

dopn

dQ

suggesting no interaction in odd L-wavesmag0) = (—)-P.(1— 6), a fact verified by NN poten-
tials in the spin-triplet states for> 1.2fm, see Fig. 2 (middle) for the P-wave case. This assumption

= [fpn(1T— )% = | fon(0) 2, (3.1)

1There is no reference. According to R. Serber [2] the name "Séslms" was coined by E. Wigner around 1947.
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Figure 1: Wigner symmetry. Left:NN potentials in th& and3S; channel. Middle"S NN phase shift.
Right2S; NN phase shift. Potentials are similar for- 2fm but phase shifts are differeeverywhere
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Figure 2. Serber symmetry. Left: pn differential cross section takem an average of the Nijmegen
database (nn.online.org). Middle: P-wave spin singletspid triplet potentials. Right: Deuteron photodis-
integration as a function of the photon energy based on kamjSP-wave interactions.

can also be tested by looking at Deuteron photodisintegragtbr; pn, dominated above thresh-
old by theE; transition®S; —3 P. Neglecting tensor force and meson exchange currents (MEC)
the cross section for a normalized deuteron sigte) with binding energyBy reads [6]

Oa(yd — p) = 5 (9 + 2| | (1) ruse(r)| (32)

with E, = Bg + p?/(2Upn). For a free spherical P-wawep(r) = prji(pr), the agreement is good
usinguq(r) from effective range (ER) theory [6] or from a potential [3] (PO3¢e Fig. 2 (right).

A further hint for Serber symmetry comes from the late 50’s Skyrme padg@dkto introduce
a pseudopotential representing the NN effective interaction in nuclei ifothre

Vefrective(P', P) = to(1+XoPs) +t1(l+X1PU)<p/2 + pz) +t2(1+x%Ps)p"-p+... (3.3)

with P, = (14 01 - 02) /2 the spin exchange operat®; = —1 for spin singletS= 0 andP,; =1
for spin tripletS= 1 states. Serber symmetry corresponds to take —1 in the P-wave term,
p’-p. Mean field theory calculations fitting single nucleon states yigld —0.99 [8].
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4. Renormalization and L ong Distance Symmetry

In the meson exchange picture [9] the NN interaction can be decompotssl s1.emn

where the short range and scheme dependent piece is given by distrdbgontact terms
Vshor(r) = Cod(X) +Co{ 0%, 3(X)} + ..., (4.2)

whereas the long distance piedgng(X) is scheme independent and usually produces power diver-
gences~ 1/r" at short distances. We introduce a short distance cutzoffhich will be removed

in the encd?. LDS means that even g (r) = Vg (1) for anyr > rc one hasCy1g, # Coas,. We
analyze the implications by looking at finite eneigywave scattering states

Up(r) = Up,c(r) 4 pcotdo(p) Up.s(r) — cog(pr) + cotdo(p) sin(pr) , (4.3)
wherep = \/m is CM momentum. Fop — 0 thendy(p) — —app and zero energy states are
Uo(r) = Uoc(r) —Uos(r)/ao — 1—r/ao, (4.4)
Hereupc(r), ups(r), Uoc(r) andugs(r) depend oV (r) only. Orthogonality inre <r < o requires
® 1
O:/ dr [uoyc(r) - aouoﬁs(r)] [up,c(r) + pcotdo(p) Ups(r)| - (4.5)
e

Note that the potentia¥/(r) and the scattering lengthp are independent variables Thus we
assume Wigner symmetry for the potenWad (r) = Vsg (r) but experimentally different scattering
lengthsong, = —23.74fm andasg, = 5.42fm, yielding from Eq. (4.5) the structure foy — O,

g (p) + B(p) _ 35 (p) +B(p)
B R M RO

showing that a symmetry of the potential for any r¢, rc — 0, is notnecessarily a symmetry of
the S-matrix. The result for+ o exchange, while not exact, works rather well (see Fig. 1).

(4.6)

5. Sumrules

Based on the LDS idea we have recently derived the sum rules for phifitse[3, 4]

S (p) =0 (p) allL O (p), 6 (p)=0  oddL (5.1)
Wiérner Serber

where we have defined the multiplet cendg¥ = 1/(3(2L + 1)) 357 ;(23+1)35. From data
Fig. 3 shows that one has Wigner fevenL and Serber for triplebdd L. The LDS character
accommodates the symmetry for increagirandL; what matters is the impact parametex, L/ p.

The previous sum rules have a parallel long distance potential analog) aranalso well
verified forr > 1.5fm [4]. This suggests that a coarse graining of the interaction using e.qg.
the Viowk potentials [11] works and justifigger sethe symmetry obtained phenomenologically
by fitting single particle states [8] for the Skyrme effective force, Eq.)(34. We find that
V3L,|0Wk(p7 p) <<V1L,|0Wk(p7 p) for (_1)L =-1 andV3L,I0Wk(pa p) NVlL,Iowk(pu p) for <_1)L =1

2The constant€y, C, etc. are scale dependent. The equivalence with momentum spaceatination is shown
in Ref. [10] where the limitc — 0 implies the irrelevance &, in the presence of a singular chiral potential.
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Figure 3: Phase shifts sum rules based on spin-orbit and tensor foeedihg to first order. Wigner sym-
metry is verified only by even-L states while Serber symmistmerified only by spin triplet odd-L waves.

6. Large N; nucleon-nucleon potentials

As it is well known, in the largé\; limit with agN; fixed, nucleons are heawvyly ~ N¢ [12],
and the NN potentialk N; becomes meaningful. The amazing aspect is that the symmetry pattern
of the sum rules for the old nuclear Wigner and Serber symmetries largalglies to the largé\;
and QCD based contract&t)(4)c symmetry [13, 14] where the tensorial spin-flavour structure is

V(r) =Ve(r) + 11~ 12[01 - 02 We(r) + S1aWr ()] ~ Ne (6.1)

Other operators ar€(N:; 1) and hence suppressed by a relatiydld factor. One has the sum rules

Vi (1) =Va (1) = Ve(r) =3Ws(r) + 0(Ng L), (-t =+1 (6.2)
Vi (1) = Ve(r) +MWs(n+0(N: Y, (-)t=-1 (6.3)
Vo (r) = Ve(r) + Ws(r)+ 0N Y, (-Db=-1 (6.4)

Thus, largeN; impliesWigner symmetryonly in even-L channels, exactly as observed in Fig. 3.
Serber symmetry is possible but less evident (see [4]). This suggeste targeN. itself and

its contracted spin-flavour grodflu(4)c as a long distance symmetry. Actually, the energy inde-
pendent potential may be obtained in a multi-meson exchange picture cothgigtiém large N;
counting rules [15f. Retaining one boson exchange (OBE) witlor,0 andw mesons one has

2 —Mgr 2 — Mgl
_9onn € 7 Gunn €

V. = 6.5
e(r) amrr amr r (6.5)
_ 2 _
W(r) — G e ™ T M e (6.6)
48 N T 2am NG v '
_ 2 _
Q2N M &M 3 3 fonn M5 e mer 3 3
= o 1 _ PON_p 1 7
Wi (r) 48T N Y + Myt + (Mpr)2 48T NGt + Myl + (mpr)? (6.7)

where/An = 3Mp /N andgonn, 9mins Fonn, Gonn ~ /N andmy, mg, mp, mg, ~ Ng. To leading and
subleading order itN. one may neglect spin orbit, meson widths and relativity. The tensor force
W is singular at short distances 1/r2 and requires renormalization (see [17] for thiecase).

3The LDS character implies relaxing the contact interaction piext¢o be of the same form as the long distance
potentials, i.eVshor(X) # (Cc + T1 - T2[01 - 02Cs+ $12C1])0(X) avoiding the extra symmetry,g; — —T1a0; [16].
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Table 1. Deuteron properties for renormalized lafge OBE potentials. We usg = \/m with By =
2.22457%9) and takegmn = 13.1083,m; = 13803MeV, m, = 770MeV,m, = 782MeV. A fit to thelS
phase shift givesn; = 501MeV andgonn = 9.1 [18]. mopw usesfonn = 15.5 andgunn = 9.857 while
nopw* usesfonn = 17.0 andg,nn = 10.147. Experimental or recommended values from Ref. [19].

y(fm~1) n As(fm™V2) | rm(fm) | Qu(fm?) | R (r b
m([17]) Input | 0.02633 | 0.8681 | 1.9351 | 0.2762 | 7.88% | 0.476
o Input | 0.02599 | 0.9054 | 2.0098 | 0.2910 | 6.23% | 0.432
nmopw Input | 0.02597 | 0.8902 | 1.9773 | 0.2819 | 7.22% | 0.491
nopw* Input | 0.02625 | 0.8846 | 1.9659 | 0.2821 | 9.09% | 0.497
NijmII([5]) | Input | 0.02521 | 0.8845(8) | 1.9675 | 0.2707 | 5.635%)] 0.4502
Reid93([5])| Input | 0.02514 | 0.8845(8) | 1.9686 | 0.2703 | 5.699%| 0.4515
Exp. ([19]) | 0.231605| 0.0256(4)| 0.8846(9) | 1.9754(9)| 0.2859(3)| 5.67(4)

Deuteron properties are shown in Table 1 for parameters alwaysdwepng thelS, phase shift,
Fig. 1 (middle). Space-like electromagnetic form factors in the impulse ajppation [20] for
GE(—9?) = 1/(1+9?/m3)? and without MEC are plotted in Fig. 4 (see [21] for thease). Over-
all, the agreement is good fegalistic couplings*. The inclusion of shorter range mesons induces
moderate changes, due to the expected short distance insensitivity echbgdenormalization,
despitethe short distance singularity amdthoutintroducing strong meson-nucleon-nucleon ver-
tex functions. In practice convergence is achieved for 0.3fm. Our calculation includes only
the OBE part of the leadinly; potential but multiple meson exchanges could also be added [15].

For largeN, the central potential is leading, Eq. (6.5). Energy independent pdsensang
power counting within Chiral Perturbation Theory (ChPT) [22] yield atc@riorceVEM T only to
0(1/fAMy) i.e. N°LO and ChPT potentials do not scale properly witfsincega ~ Nc, f ~ +/Ne
and there are terms scaling\g§""" ~ g3 / 4 ~ N2 and not as- N, even after inclusion of [23].
Moreover, Wigner and Serber symmetries are violated at long distanoes sin

e 2myr 39'4& m%

6.8
1024fAM\ 2 (6:8)

VETPT(r) = (14211 - o)

These features might perhaps explain why renormalizing ChPT potentiaiferedt schemes a
mismatch of 18 at p = 400MeV for thel'S, phase shift is persistently obtained [24, 25, 10, 26].

7. Conclusions

Wigner and Serber symmetries in the NN system are realized as long disteexamd are
largely compatible with the largi. picture. When largé&l. NN-potentials are saturated boyo,p
andw exchange and subsequently renormalized, we obtain satisfactory festhis deuteron and
central partial waves. This suggests that lageotentials might eventually provide a workable
scheme, less directly related to ChPT but closer in spirit to the common wisddoctdar Physics.

4The Goldberger-Treiman relation givggyn = 0aMn/ frr = 12.8 for pions andjgnn = M/ frr = 10.1 for scalars
for f; = 923MeV andga = 1.26. Sakurai’s universality and KSFR yietihnn = Qonn/2 = mp/frr/\/g =2.9. From
SU(3) we havegenn = 3gpNN — JgnN = 8.7 using OZI ruleggnn = 0. p—meson dominance yieldgnn = KpGpNN
with Kp = Hp — i — 1= 3.7 with pp = 2.79 andun, = —1.91. Addingp’, p” states yields, = 6.1 and thusfynn = 18.
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Figure 4: Deuteron charge (left), magnetic (middle) and quadrupddgé{) form factors. See also Table 1.

References

[1] E. Wigner, Phys. Rewl, 106 (1937).
[2] R. Serber, Ann. Rev. Nucl. Part. Sd4 (1994) 1.
[3] A. Calle Cordon and E. Ruiz Arriola, Phys. Rev.78 (2008) 054002
[4] A. Calle Cordon and E. Ruiz Arriola, arXiv:0904.0421 pih].
[5] V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen and J. ISdart, Phys. Rev. @9 (1994) 2950
[6] H. Arenhovel and M. Sanzone, Few Body Syst. Supgll991) 1.
[7] T. Skyrme, Nucl. Phys9 (1959) 615.
[8] M. Zalewski, J. Dobaczewski, W. Satula and T. R. Wernéy<? Rev. C77 (2008) 024316
[9] R. Machleidt, Adv. Nucl. Physl19, 189 (1989).
[10] D. R. Entem, E. Ruiz Arriola, M. P. Valderrama and R. Mizdtft, Phys. Rev. @7 (2008) 044006.
[11] S. K. Bogner, T. T. S. Kuo and A. Schwenk, Phys. R&886 (2003) 1 [arXiv:nucl-th/0305035].
[12] E. Witten, Nucl. Phys. B60 (1979) 57.
[13] D. B. Kaplan and M. J. Savage, Phys. Lett3&b, 244 (1996) [arXiv:hep-ph/9509371].
[14] D. B. Kaplan and A. V. Manohar, Phys. Rev56, 76 (1997) [arXiv:nucl-th/9612021].
[15] M. K. Banerjee, T. D. Cohen and B. A. Gelman, Phys. Re85@2002) 034011
[16] T.D. Cohen and D. C. Dakin, Phys. Rev68(2003) 017001 [arXiv:hep-ph/0303142].
[17] M. Pavon Valderrama and E. Ruiz Arriola, Phys. Rew232005) 054002 [arXiv:nucl-th/0504067].
[18] A. Calle Cordon and E. Ruiz Arriola, AIP Conf. Prd©30 (2008) 334 [arXiv:0804.2350 [nucl-th]].
[19] J.J. de Swart, C. P. F. Terheggen and V. G. J. Stoks, anxil-th/9509032.
[20] R. A. Gilman and F. Gross, J. Phys.28 (2002) R37 [arXiv:nucl-th/0111015].
[21] M. P. Valderrama, A. Nogga, E. Ruiz Arriola and D. R. Hp#, Eur. Phys. J. 86 (2008) 315
[22] N. Kaiser, R. Brockmann and W. Weise, Nucl. Physs25 (1997) 758 [arXiv:nucl-th/9706045].
[23] N. Kaiser, S. Gerstendorfer and W. Weise, Nucl. Phy83A(1998) 395 [arXiv:nucl-th/9802071].
[24] M. Pavon Valderrama and E. Ruiz Arriola, Phys. Rew432006) 054001 [arXiv:nucl-th/0506047].
[25] R. Higa, M. Pavon Valderrama and E. Ruiz Arriola, PhysyRC77 (2008) 034003
[26] M. P. Valderrama and E. Ruiz Arriola, Phys. Rev/€(2009) 044001. arXiv:0809.3186 [nucl-th].



