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Nucleons at finite temperature
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The nucleon mass shift is calculated using chiral counting arguments and a virial expansion, without and
with the A. At all temperatures, the mass shift and damping rate are dominated hy. Ber results are
compared with the empirical analysis of Leutwyler and Smilga, as well as results from heavy baryon chiral
perturbation theory in the lardé, (number of color limit. We show that unitarity implies that the concepts of
thermal shifts are process depend¢B80556-282(96)03317-6
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I. INTRODUCTION Hence, pion-nucleon collisions in the heat bath may be or-
ganized in terms of the pion densityirial expansiof. To
In dilute many-body systems, particles undergoing mulleading order in the pion density, the nucleon pole mass re-
tiple rescattering behave as quasipatrticles. As a result, theireives a coherent shithmy(p) and damping ratey 1,(p)
mass and width depart from the vacuum values. While varygiven by
ing widths are a direct measurement of quasiparticle absorp-
tion, and may be important for transport properties, varying . 3 43K 1 T%(p.K)
mass shifts may have fundamental consequences on thresi, (p)— ! Y (p)=— D J' (p,
old behaviors, and particle specirH. N 2 N =) @2ur)PexT-1 2w
Nonperturbative model calculations at finite temperature (2)
and/or density support the idea that hadronic masses and
\'/I'v;ldeﬂ}gece??r?e?teaaihilzg?ncg?Hoomggnspﬁlr?;ljeri:g%r?iirﬁri]te)éliu r\T/1vhere7ela is the forward pion-nucleon scattering amplitude,
— (L2 2 . .
[3], may be key in understanding the excess of dilepton and wy = yk*+my. Throughout this work, we, respectively,

S . ;
(CERES[4]) and dimuongHELIOS[5]) below the rho mass denote t?e pion ][”0”1;]22“?“ tkyanld(glm ]Ehe laboratory land
in present relativistic heavy-ion collisions. center-oi-mass _fram IS avaliable from pion-nucieon

The definition of quasiparticle masses is, however, pro—S cattering dat9], and was used by Leutwyler and Smilga to

o R assess the shift in the nucleon mass at zero mome[iiim
cess dependent. At finite temperature a quasiparticle ma i . o
' . ere, we will instead rely on on-shell Ward identities and
can be defined by using the free ener@nergy mass

spacelike correlation functior(screening magsor timelike chiral power ‘?‘“‘U“”g to derive an expression for £1.at
; ; . tree level. This will help us assess the various thermal con-
correlation functiongpole masgy to cite a few.

The purpose of this work is to investigate the effects Oftr|but|ons to the mass and width of the nucleon, as well as

temperature on nucleons in a heat bath of pions. In Sec. If,he importance of thé.
we exploit a virial type expression for the mass shift and the
damping rate in terms of the forward scattering amplitude.
This amplitude is obtained following arguments based on
chiral power counting arguments and on-shell Ward identi-
ties[6]. In Sec. I, we give a full account of the role played
by the A resonance. A comparison with results based on
empirical data is achievef]. In Sec. IV, we discuss the
largeN, limit of our results, then compare with recent re-
sults from heavy baryon chiral perturbation the@rBxPT) (a)
[8]. In Sec. V, using a variant of the Bethe-Uhlenbeck argu-
ment, we show that for the nucleon its mass shift is distinct
from its energy shift. In general, unitarity implies that the
concepts of thermal shifts are process dependent. In Sec. VI,
we summarize our conclusions.

Il. WARD IDENTITY

A nucleon immersed in a heat bath of pions undergoes

rescattering and absorption. For temperatufesm_., the b
pion mean free path is about 2—3 fm. As a result the pion
thermal density is aboutl/3)® fm~3. The pion gas is dilute. FIG. 1. Nucleon-pole contribution to pion-nucleon scattering.
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We note that the pion-nucleon scattering amplitddsan T=Ty+ T+ Tan, 2
be reduced using Weinberg’'s formJl&0]. Taking (k,a) as
the incoming pion andi,b) the outgoing pion, the ampli-
tude, associated to the scattering process of Fig. 1, reads where

i
7=+ 7z ke AN(p)|V},(0)[N(p)), 3
b_ mfr _ 0N b
7% T 5ab<N(p)|0'(O)|N(p)>conn_+_f2_ %, (4)
T+ 17 kK | dixe AN, 0130 NP eomn ®

Here V is the quantum vector current; the quantum scalar density, aj@# the quantum one-pion reduced axial-vector
current. Their form can be found {16,11] for QCD ando models. In the forward amplitud®), the isovector charge of the
nucleon(3) drops, and one is left with the-term contribution(4) and the one-pion reduced axial-axial correla@r Thus,

3 3
z 782—3 f2 + f2 k,U-ka d4xe ik XE (N(p) |T*]A,u X)jzy(o)lN(p»conn- (6)

a=1

Inserting Eq.(6) into Eq. (1) we obtain, for the mass shift and damping rate,

i T d*k 1 1 . wl v 4y, A—ik-Xx * -a

AmN(p)_ E ’YN(p)_ 3nﬂ'(T) _2_ E (277)3 2(1)k ewk/T 1 f_2_ k#“k d*xe <N(p)|T JA#(X)JAv(O)|N(p)>conn’

(7)
where

3
d®k 1 1 d*k 1
= _ _ o 22
3n,(T) azlf 2m)° 2o e T—1 aglf 2n)° 2w o(k mw)m 8

counts the number of pions per unit energy and per unit volume in the heat bath. For massless pions, tfi§4s Jisassess
the role of the one-pion reduced axial-axial correlator, we will use power counting jna$/ discussed if6,11] with and
without theA.

In the absence o, the one-pion reduced axial-current at tree level rd¢ad$

1
—z) ) 9

72
JA,u, gA‘I”yM’YS 2 ‘I’+ 2 d (11” 75Taqr)+0 f

whereg,=1.357 is the nucleon axial-vector coupling aMlis the nucleon-field. We take_ =139 MeV andmy=939 MeV
for the pion and nucleon mass, the empirical vailjg=45+8 MeV and the pion decay constant=94 MeV. Our expansion
is on shell, so all the parameters in our expressions are set at their phigsigalss-shell renormalizatipriThe corrections
follow from pion and nucleon loopgl1]. Inserting Eq.(9) into the scattering amplitud) yields

w

+0

Ty(v)= 2, Taa=—

(0n—gamy)? [ 4v 4v
& PAAT Ffr 49a(20 n—0gaMy) — 2my V—VN+V+VN

1
f—4) , (10
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where v=p-k/my=(Eqw,+q%)/my and vy=m3/2my. If
we note that to this order the pion-nucleBiwave scattering
length is given by

Ao ar= 2 L (11)
f2 3 N T

m
1+ —
my

then the nucleon mass shift and damping réteread to
order O(1/f2), in terms of real and imaginary parts of the
scattering amplitude

m’?T
Amy(0)=—=3n,(T)| 1+ —|4ma”
My
f d*k 1 1 - o
- (2773) 2_(1)k ewk/T_l q: N(wk)
—T(m)] FIG. 2. The various contributions to the nucleon mass shift
NA (a™,N,A) are plotted in solid lines. The dotted line exhibits the
1 sum total of these contributions.
" portance in the axial-axial correlator, we will try to approxi-
and mately assess its contribution in this section. We will assume
that theA has a zero widtliexact argumentand then assign
- d’k 1 1 by hand a width in the final resulapproximate argument
VN(O):ZJ (27) 2w, €' T—1 Im[ (i) With this in mind, the pion-nucleon-delta coupling will be
taken to be pseudovector with strength
1
—Tu(m,)]+0 f—4). (13
This is an exact result of chiral symmetry. At the tree level, % (aﬂwa)(\FQM'% H.c), (14
A

and in the absence of the isobar, there is no absorption and
the damping rate vanishes. Each contribution from both the
scattering length term and the nucleon is displayed in Fig. 2. A ) )
For temperatureS<m,_, they are opposite in sign and of the Where 7" is the quantum PCAQpartial conservation of
order of 1 MeV resulting in a nucleon mass shift which is @xial-vector currentpion field[6,11], andQ** is a Rarita-
negative and less than 1 MeV over this range of temperaturéchwinger field12] with vector indexu and isospin index
a. The (omitted Dirac and isodoublet indices are contracted
over with the nucleon field. The transition matrix element
between the nucleon with momentymand isospinb, and
The role of theA with a finite width cannot be assessed the isobar with momentum’ and isospirb’, induced by the
uniquely in the formalism developed j6,11]. Given its im-  one-pion reduced axial-vector current takes the general form

Ill. A RESONANCE

(N(p,b)[j3.(0)|A(P",b"))=u(p,b)(F(K*)g,,+G(K?) 7k, + H(k})k,k,+il (k?)opkyk,)U"3(p',b"),  (15)

where k?=(p—p’)? and U is a Rarita-Schwinger spinor. the one-pion reduced axial-axial correlator in the nuclébn
The general structurél5) follows from Lorentz invariance, can be evaluated using E(L5) and theA propagator
P andT invariance[13]. At tree level, the form factors obey

a Goldberger-Treiman relation ab, [ qab_ L ap 1 _ 1
A,uv(p)_ 63 3 T p_mA gp,v—’_ 3 7#71}
Orna _ FHG(my—my) 2 1
2m, f : (16) am?Z PePrt g (VuPy Py | (1)

In Fig. 3, we exhibit the scattering process considered in the
whereF=F(0) and G=G(0). The contribution of theA to heat bath. The resulting amplitude is
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FIG. 3. A-pole contribution to pion-nucleon scattering.

4
L(n)=-3p A(v)( ~GA(v+my—my)

2
gA V+mA+mN 1
+2mN — +(v—=—v)+0 ﬁ),
(18)
where v,=(m3i-mZ—-m2)2my, gi=[F?—G?(m,
—my)?] and
(myv+m?)?
Ap)=mi - — (19
A

This is to be compared with the nucleon contributid®)
discussed above.

In terms of Eqs(10) and (18) the contribution to order
O(1/f%) to the isospin-averaged pion-nucleon scattering am-

plitude (6) reads

3
> (v)=12mra”
a=1

1+%)+[th<v>+TA<v>—TN<m,T>
My

—T(my)], (20

where theS-wave scattering length now receives a contribu-

tion from the isobar through

O N 1 1
= S+ ST+ 3 Ta(m,). (2D

4'77'3.Jr f2

m
1+ —=
My

5539

and the damping rate by

N d*k 1 1
w=+2 279 2_wk ek T—1 IM(Ty( @) + Ty (wy)
1
~ (M)~ Ta(M)+ 0| =z (29

This result relies on the choice of the interactid4), and as
such is not unique. Since the sits in the continuum, Eq.
(22) diverges. In natureA has a widthl'y and Eqg.(22) is
finite. To account for this width, we parametrize the resonant
part of the scattering amplitud&7) in the P33 channel by a
Breit-Wigner form.

To this end, we decompose the amplitud8) as[14]

Ta(r)=3(Ay p+vBy o+ AL ot vBL o), (29)
where the pole parts
gi 1 1
+ _ At + _
AAYP( V)_AA,dp(V)+AA,Cp( V) 9mN al( Va—v + VA+ v ’
(25
2
di 1 1
+ _pt + —
Bap(1)=Baap(#) +By co() 9Imy '81( va— vV vpytv)’
(26)
and the nonpole parts
493
AZ,np( v)=— om, (Ea+my)(2my—my)
G2
+mf,(2+m,\,/mA))+—2—9f 2(my—my)
,  Mgr+my )
X +——
m’?T mi ’ ( 7)
49% mNV 16G2 vam2
+ _ o
Ba gl )= 9my my,  9f2 mi 28)

with
ga=(F2—G?(my—my)?)/f2,
ay=3(my+my)(EZ —mg) + (my—my) (Ex+my)?,

B1=3(E5—m})— (Ex+my)?,

In terms of the real and imaginary parts of the scattering

amplitude in Eq.(20), the nucleon mass shift is given by

(p=0 is understood

Amy=—-3n,(T) 4ma”*

mﬂ'

1+ —=

My
d®k 1

(27°) 2wy ek'T—1

Re(Tn(wi) + Ta(wi)

—In(mz) —Ta(my)) +O

1
f—4) (22

1
Eyxmy=g - ((my= my)2—m2). (29)

The procedure for introducing the width of thefollows the
approach if15] and is discussed in details in the Appendix.
Using the empirical valueso,=45+8 MeV [16],
a*=—(8+4) 10%m_ [9], and the S(B) relation
O.na = 39.,nn/ V2, the Goldberger-Treiman relatid6) and
expression(21) of the scattering lengtra®™ in terms of
threshold amplitudes allow for a determination of the isobar
axial-form factors= andG. We have examined the resulting
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FIG. 4. |n(az and (b), we, respectively, display in full line the FIG. 5. In(a) and (b) we, respectively, display in full line the
real parts R&A" and ReB" opposite to the experimental data imaginary parts IPA* and ImB™ opposite to the experimental data
points (dotted line [14]. points (dotted ling [14].

amplitude opposite to the experimental dgitd] and noticed  [7]. Overall, we can observe that our chiral counting argu-
a very poor fit at low energy. Instead, we rely on the empiri-ment for the scattering amplitude allows us to reproduce
cal values at threshold oA*(q=0)=227.3 GeV'! and quantitatively both the nucleon mass shift and damping rate
B(q=0)=—-1639 GeV™. The results arec=1.382 and up to temperatures of the order of_. As already pointed
G=4.235<10"* MeV L. The first is to be compared with
F=3g,/2v2~1.31 from largeN, argumentg§13]. In Figs. 4
and 5, we display both real and imaginary parté\6fv) and
B"(v) opposite the empirical data from4].

The mass shift of tha follows from Eq.(22) after insert-
ing Eq. (20) and reexpressing the phase-space integral from
the nucleon rest frame, to the center-of-mass frame. The
various contributions to the nucleon mass shift, stemming
from the scattering length, the nucleon Born term, the
Born term(with width), and the combined sum, are shown in
Fig. 2. In Fig. 6, the total mass shiftmy (full line) is com-
pared to the onédotted ling obtained from the empirical
scattering amplitud¢l14]. The rise in the nucleon mass at
temperatures of the order of the pion mass is conditioned by
the resonance. The width of tieyields an imaginary part to
the mass shift. Nucleons in the heat bath undergo strong :
absorption throughrN—A. In Fig. 7, we display the damp- T (MeV)
ing rate yy, (full line) opposite to the empirical onglotted
line). We point out that the nucleon mass shift was obtained FIG. 6. The nucleon mass shift is plottéll line) opposite to
in the same manner by Leutwyler and Smilgd. For the  the one obtained from the experimental data poidistted ling
damping rate, use of the totalp cross section was made in [14].

A my (MeV)

150
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FIG. 7. The nucleon damping rate is plottédll line) opposite FIG. 8. The pole p) and nonpolenp) contributions to the mass
to the one obtained from the experimental data pdidtdted ling shift are displayed. The short-dashed line represents the sum of the
[14]. pole and nonpole contribution and the long-dashed line the mass

shift from chiral power counting of Fig. 6.

out in [7] for higher temperatures, we would expect other

contributions like theN* to play a role. In this regime, how- A = — T? = xdx 3
ever, the pion gas is no longer dilute and the use of the first N.np™ 4772f72T 0o e—1 TN
two terms in the virial expansion is no longer justified. )
4 F
-3 X2T?| —2G?%u+ —) ) (33
IV. LARGE- N, LIMIT M
In this section, we will examine the forward scattering The pole part reads
amplitude in the larg®N, limit. As we will see below, the
S e 1T . : 2F2 uT? (= x3
contribution of the width being subleading M., we will ==
) - X s X c Amyp 2¢2 X 57— - (39
ignore it in the discussion for the mass shifny . With my, P33 L Jo T X pf T e -1

My, 0on» Oas £2, F, andG all of orderO(N,) and denoting
pu=my—my=0(1/N.), we can write, for the forward scat-
tering amplitude for the nucleon,

Both pole and nonpole contributions are of ord@¢N?).
The mass shift obtained can be compared to the result quoted
in [8], where heavy baryon chiral perturbation theory
(HBYPT) arguments were used. The nonpole term is absent
O(N9) (30) in [8] and the result quoted for the pole term has2/3
substituted byyng%/12 where yy=15 andg=3(F+D)/5.
This mismatch in the factori?/3 and the absence of a non-
and, for theA, pole term may explain a mass shift with essentially the same
trend as ours, however frof@], Amy is larger than zero for
4 F2  F2 2myu T>80 MeV. In Fig. 8, we display the pole and nonpole con-
Ta(v)~ 3z V| —2G%u+ —+ — 2 :O(Ng). tributions to the mass shift. The short-dashed line represents
m My My o= p the sum of the pole and nonpole contribution and the long-

3gamy vy
)~ —z— P

w

(3D) dashed line the mass shift from chiral power counting of Fig.
I _ 6.
The contribution from ther term is In order to examine the damping rate in the laNje-
limit, we first write theP33 wave for the direct term in the
3o0,N forward scattering amplitudéesee the Appendix
T(»)~ 5~ =O(ND). 32 9 amp Ppend
T FZ q2

P

38 4o 2 - (35
Setting m,=0, we express the mass shiimy=Amy y, 12wt va—v

+Amy , where the subscripts np arm respectively, indi- - ging 5 Breit-Wigner form to describe the width of tie
cate nonpole and pole contributions. The nonpole part i‘ead%md keeping in mind that this is valid at resonance, the

imaginary part of thd?33 wave reads

Ty T2

'Note that the termu/T in Amy ,, is subleading in M, in our 1A
2q (vy—v)*+(Ta/2)*

power counting and should be effectively dropped. We have kept it
to make the comparison wifl8] immediate, since./T was counted
of orderNY. where, in the largeN, limit, the width reads

(36)

P _
Im fo,=
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2

F
=gz n*=O0(ING). (37)

100 |

Because of the order df, in Eq. (37), we can further write
the P33 wave

r
P=on mo(q—p). (38)

Im f55= 2q

7 " (MeV)
w
o
|

It is remarkable that the leading term M, for Im f5; is
exactly the result obtained from the pole approximation ap-
proach to the width of thel as a narrow resonandéd7].
With this in hand, it is not difficult to obtain the leading term
in N, for the imaginary part of the forward scattering ampli-
tude. The result is 0

,
/
/ chiral

0 50 100 150
T (MeV)

47 F?
Im T3(k) = —- 77 w*(k=p). (39 | | o
- FIG. 9. The damping rat&0) in the largeN., limit is displayed

. . in full line opposite the result obtained from chiral power countin
The damping rate follows from Eq23) and is of order (Iong-dashe%plin)e P g

O(1/N?):
2F2 p® 1
‘YN:T%W- (40) + dk Wy
i, € AEN:fo ?2 (2|+1)5|"|(k) kT (42

Again, if we attempt a comparison wifB], we need to sub-

stitute 2F%/3 by xyg%/12 in agreement with our observation where § , is the phase shift of a pion partial wave carrying

in Eq. (34). In Fig. 9, we display the damping rat¢0) (full angular momentum and isospinl, expressed in the rest

line) opposite the result obtained from chiral power countingframe of the nucleon. Equatigdl) is just the thermal zero-

(long-dashed ling point energy if we recall that in a spherical box of sRethe
The present largét. results for the nucleon mass shift boundary condition on thith partial wave is

and damping rate, can be effectively tested in the Skyrme

model. This point will be discussed elsewh¢gid]. kR—I E+ 8, 1(k)=nmr, (42
V. PROCESS DEPENDENCE wheren is integer. Hence, the change in the number of states

o ) ) per unitk is dn/dk= &/ |(k)/a. Hence Eq(41). In terms of
The above definition of the mass shift relies on the polene partial phase shifi§ | , the scattering amplitud (k) for

mass definition. Is it deﬁnitio(proceS$independent? In this fixed isospir“ (Our’]ﬂa above, is given by the conventional
section we will show that in general unitarity forces the con-gpnerical expansion

cept of thermal shifts to be process dependent, weakly when 5
“perturbative” cuts are involved and strongly when “reso- _ . £m 208 (K -
nant” cuts are involved. Our argument is generic, although nik=i Kk §|: @+ O-1)P(k). (43
we will use the nucleon for illustration.

Let AE,, be the shift in the energy of a single nucleon Using Eqg. (43), we can rewrite Eq(41) in terms of the
immersed in a dilute heat bath of pions. To first order in thescattering amplitude, a procedure known from the work of
pion density, the shift is Bethe and UhlenbecKl9]. The result is

d®k Re7(k) 1 w, exT [ d3k , wy
AEN_+EI f (277)3 (ewk/T_l_?(ewk/T_l)Z)_gZ (ZT):%(/ZTZI* _ﬁﬂ)(k)_/ﬁ

2 wy evk
(44)

A comparison between Egél) and(44) shows that the real cient. Hence a thermal energy shift becomes a pole mass
part of the mass shift is in general different from the thermalshift (their difference being an entropylike terrboth of
energy shift, for compleXZ. This is always the case if the which are real. This argument, however, is incorrect given
amplitude satisfies unitarity. At low temperatures, howeverthe nearness of th& resonance to the pion-nucleon thresh-
the pion unitarity cuts are suppressed by powersTdf ), old, and we conclude that the concept of mass shift for the
and one may argue that the tree calculations may be suffaucleon is process dependent.
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VI. CONCLUSION and

We have analyzed the effects of temperature on the
nucleon mass, using the pole-mass definition. To leading or- A7 (s)=
der in the density, the mass shift and damping rate were

determined exactly to orderfH using chiral counting argu- The respective expressions fBrz (s) and B3 (s) are ob-
ments with and without the isobar. For temperatlireelow  ;,inqq fromAZ(s) and A3 (s) with ey B, All other

the pion massn,. where the validity of the virial expansion pigher waves vanish. Furthermore, we now write the partial
holds, the role of the\ resonance has proved to be the Cru-yayes of the spin no-flip and spin flip of the full amplitude
cial contribution in the mass shift and damping rate of the¢ (the s dependence is understdod

nucleon. Other effects, like tHe-wave scattering length and

the one-pion coupling to the nucleon, yield small contribu- 327 S N N

tions (of the order of a few percentompared to this reso- 3 Vsfa=+(E+my) (A +(\s—my)Bg)

nance. This result, is in agreement with a virial calculation

using the pion-nucleon scattering d@fd, and sum rule cal- +(E—my)(—A] (Vs+my)B]),
culations[20]. A larged, investigation of our results has

confirmed the results obtained for the mass shift and damp- 327 b . N

ing rate in a heavy baryon chiral perturbation theory 3 Vs =(E+my) (A} +(s—my)B;)

(HBxPT) [8]. We have shown that unitarity implies that the

concept of a mass shift is process dependent. +(E—my)(—Ag +(/s+my)By),

2) G2 0 (A3)

1
-1/ 18my 3 @29 VA=V
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APPENDIX = S 1Bi= (E-my) (- A{ + (5 +myB)).  (A5)

In this appendix, we elaborate on how we introduce theThe width of the isobar is constructed through a Breit-
width of the A resonance. We adopt the notations[dff] ~ Wigner form for theP33 channel: namely,
throughout this appendix. We start with the partial wave de-

composition of the direct term in (/,— v) in the pole part of () f34Q) (A6)
the invariant amplitude in Eq18): 33 1-iq- fg’a(q) '
1 . . .
oy + With this in hand, we reconstruct the pole part of the ampli-
A (S) f—ldz R(DALgp(S1), (A1) tudeA § 4p(»)[B 4 4p(¥)] by inverting the equations for each

channela in f, Eq. (A5). In turn, we can combine these
wherez=cos#, 4 being the scattering angle in the center-of-terms with the crossed terms of the pole part
mass frames andt are the usual Mandelstam variables andA { . (v)[B 1 cp(»)], the nonpole parA; ,o(#)[B 1 np(¥)]
P\(2) the Legendre polynomial of ordér We can also write  and the nucleon contributioA 3 (»)[By;(»)]. In Figs. 4a)
a similar expression foB"(s). We note that thé¢ depen- and 4b) we, respectively, display in full line the real parts
dence in the amplitude is kept in order to correctly projectReA™ and ReB* and in Figs. %) and 5b) the imaginary
out the waves. This requires the respective changgarts ImMA* and ImB* opposite to the experimental data
a—agt+ast and B— B+ Bot in Egs. (25) and (26) where  points [14]. Our procedure is artificial in the sense that it
@,=3q3 — (Ey+my)® and 8,=3/2. We obtain mimics the data in the low-energy regime. For instance, the
o2 width of the A turns out to bel’,~90 MeV with the mass
ooy A _ 2 m,=1220 MeV. This is in contrast with the known values
Ao (S)_( —1) Tamy 201 2e20) = (A2 1l 114 VeV andm,=1232 MeV.
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