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Abstract

These are notes of 7 lectures whicl, I gave as part of the "Cours du Troisiéme
Cycle de 1a Physique en Suisse Romande” during January and February 1989 in
Lausanne. They provide an introduction te chiral perturbation theory and its
application to low energy processes in QCD.
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M =\ pa — a :
AT = q s Yq- LT-R" RN =i Foo (M, A T qee) ;
9“ VHQ = Dp A-“q’ = O (Qaq-) . |
9, A o1 q(g)\'m,?\;”sq(x)
We will also include the ninth ‘ wlure G-’°‘°)
Conseryved \JQC'rO‘i‘ current in this \is{) | "M « (u;umudi )
b o wg :
\/}"Q-_.__.Eixn?_‘;q ; Qa0 ..., ¢ ‘o \ff..uL qu&rL Y Ma/Lr;—rJ ctrio! L
qoai—--/ﬁ —> < N> =2 lAB] « AB-BA

A B = ABLBA
Convenkov‘

lu M caet wiy= wig = wig <o, Ha wine
lo awodh mHLg T TV pww 2q. (2.00):
Mu=Md=meg = > MTMaem A

\_“,o\q] =0



40
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3.\ Ge.nera%ing -(lunc’n'onal

We wish to discuss 'H«.a proper{—ies oc

G(-Qen.(.unc\—(ou'a in QCD at [ ow enerqgies . .,

’ Consider c. 9.
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(31
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therefore apparently the Kame,

ln Chapter 2:
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Consider e.§. Lusw Hial we Lowe to f.f_.m Yo Ln,Qd |
ik to(x-v) P threnc g Has |
\p\,(\o)-_-,-_ Lxdxe— LoVT Ay Ay (wtoS .

hy I T, -

Fow = WF - L E LTI ; IT=RL

LULV\CL. erlefvﬂwt as *
[ ]

% "‘L\l— -Hn_eor* we coulol weite s I T +

! there would be vieo warless particles
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The quaolra(-{c piece iw Z s s

2 = ¢ {dx CELOFRMS g, Xd*@ﬂ.‘.} FHEY

Next we iwvoke S'awwtehﬂ-x wunoly par“-tz

*roms ?»or malions
P

— R ? R "
<F,o 7 D o«ws 5 7S LGl

which reciu.ires C‘=Qz ‘-'—"Q)

2 =C Rdx“(‘ﬂﬁ FHYRN <a=#‘;,¢”"‘-3‘ Aeeeee e
(.8)

The doks 1w .(‘5.?) deuote conkibuk ne
Q-row\ S, and/se coulnbubne whicl

Aumpofee  wore powers o} +ha hed
S\a-eua“«s :Fj\, oc

wore deanvalives .

Notke Huak %\o\oa\ qowgr wvaiaunes
would allqw o Lerm A, QTMQW‘R.* TEF4Y) Au

(3.%),

vel{x-9)

H Y x
L\o\xe Zo\'v Ny (x)\!:(y)\0'>=c'g (p“p,-zwp)w(:
| o (%-9) L % e 2
‘ i&dx Q‘p <o\V AL ) A (G)N0D = ed (Pypu-j,vp )« O
| (3.9
| Theref}ore.:

l 3 constants Ci,Cp, Ca v (3-?)}(’
3 " foc <oV VLN, 10D

l Chiral sy mme\-nj

C: A constankl

e C not bixed by sywweby cequirements

N C\n'\r-al Stawweh-uj poles vecrwy %\-roua
Conitraing ou Yo Coint Lumc_l-:n.._
( ou G\A_'Qen Q—\mcLM P %ﬂneral)

F\_ﬂ.: d.oes v_\_o_‘\- have e ghruchkue diplayed

A (21) tw Yae real wo\*\d) he cause

QCO couteains piendoitala Gddilone

\3050‘\43 uu'nler



P -y

. L 493
u\clse. Zo\T A)‘(‘e}A,‘;‘(y)\o)-_— b *:

d—oH cleno\-e JrerMs

— ik

O‘ovious\\) IMU does viot admit a Shmp\.e.

Ta-ylor 3eries xpansSiew n tlo Lifecnal

fmomenta .

3.4 CounLiv\c; Vow ener gy dimensious

Lek
by
A

L(Auz iAW)
u_JL\'Ic,L\, \nque -H«e Q,ouow:uj mal-n'.t e!emenk

+
LolA, @1 T (e =cip, F,

'S | A‘p (@ 10> = Lp,F,

in e chical limak Wy = Waa Wg = ©
{?mcaﬂ Haat

4y o ) .
ints _ﬁ[m‘u‘\nw] k

ACCO"C’L;"‘ﬂ bo 'LL'Q u;r.u.o,u-\_.e.L\wauw répre ~

sentabow, one hag

-

i %ﬂ_nerat) gor v«u.md.ws.ﬁ

t.
. 1p(x-v) - + - !
t{dxe LVTAL A, (Mo> = PuPy w2 4

= k8
i

Hece T, Hoe Pion cdcay econylant va*

(Y

vpowuav\‘ns\nhnej quar‘: masses,

)
<olA, l‘tr*(p)‘>=..;.ka‘_ ]

K_%\na“ see Vaker ’r\na‘: :Fo= :‘:‘

\U-lu -l = \.l.lslno -l

-

The po\e-'\"@_rm Q“\;_p")_‘ in (3.10) heas two
?Q-gec‘-?ai

b

+he two point ‘?-«mcl-nr

Cowv wot be expawded Ay o power series

v Du

2) \} oue turns ow Hao wasies Yue posihr

¥

of ‘e pole moves from ,‘
Pi=o

Fo o p*= Mt Biq perturbadion!



wc\-) oul- d{— dilewwa: :{5

Trea{— N: ol- aame ocdo as p"'

LR

Sivee M“, ~ (mu+md) onwe hasg

mu,md = O(pt) = Mg

Keep pole terms!

Leading teem v (3.10)

O(PMP"’) = O(A)

a

Ex\-ﬂm.o\ C-oun'l-'mj -\-o -lr\ne .e_;;km_aj &Q—st
N, Ou, S, ©
as folows.

i) \/ﬁ Count ay order 4 , e 0(p°)

- Waro\ 'nol&nk‘-\'.l.s OV\\,\) liv\k Green LAMCLCWS
Uf Hu. Lowe OLiwLeu%ion,.

2) Dp\/i count as O(e) 1

3)  Qu, N, " v Ole)  see(32)
4) SII3IM u O(p") , Lecaute gl
5) P (<) v v 0(p"), see (3.3)

Nole: This counking s dulferent (o usval

cAimensional analysis:
A

bub G = O(p*) = L in low=2ueray

Lxrpandiow

Counking fn 2 -
Conaides teem in 2 which Veasts Yo (3.10),
Lek

Then

2 - FT:‘dedy ip(x) D: D?, AQ(X -5 Ht\t’) “v(j) s R
(3.0)

Low euergqy diwensionl

dpak = O(p?) . Mo =0(f*) —» Z =0(pY



Cowpare (3.3): 13 35 Geuerahm] g—umckow»f ‘o ordae ‘oz

. 8
$N\’ ~ a}J "U'v... O(p") :‘-|
ln thig po.raamp\-» we coushuel o

~ 2 4) 4) | ‘ L..,. |

in (3.1) s O(p?) | %Qhef‘al‘\\nj cbowal with the .f-ollow,-nj ]

. FTootTNOTE ‘ i

Now recall (3.4), (3.5) proper{I953
Z < 2, . Z i) W has Low enerqy divueusion pz'

T ’ ti) W is invariant under
O(p*) | SV = SLs), |

[ We disreqard gl Vo
Anormalies o not om‘-ec(- Leao(imﬂ low It %ﬂ% et vee ‘b
and axial currenls and put

i) Z eproduces the 2-pont henchow (3.10),

energy conhbution to 2 |

Teerm ol order p?‘ must be invariaut

Unde, SUl3), x SULs),

For this we considw Mg nonlineas G-moole) :

The Lerm (3.1) is obviously nek qouge coupled to arlernal f»-'z(ds. Let ;l
mvariant. One has bo add terms to (3. U(x).e SUls)
such thal piece of orde p? bec owmes be a (spaet- e depenctemt) 3x3 pualtir
nvariand, which way be parame b by ‘t
See below how thatl & done. Ulx) = exp “i-cL:?‘:

b

where &%) ar 2ight psuclorcate falts
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as The cule 15 now ’ro %o\.ve. -\—LL equa'—-'cms

UG = NgGa UGN G N, & SUB) R mekion for P Quld UGe)
R

+ 4 R X + 04

The covariant dadiabive T,9"0UT_y0MQ,UT LUXLXUT L CUX XU =,(o
L 2,13

X =28, (s+10)
VP U= QpU_'.Q\)P.,qh)U AtV (wu-au) l e
‘rams loems Like U, - This fires the waatrix U Au terws of
. , * :
VP’U = ‘Dp U,_L(IU-’;-QQ;J)U'.&“\)‘(NL_QF)“\JRVPU\'L ! ‘\'(A-L }-'(‘-Q.rwa«o st)

The %e\nera‘—?\m} g-«mc!—\d‘uaj at leadawuj U = U("U)q) S, e)

CX>Y
ordu 19 Haan %,.U‘f—w ‘O\) i EUO‘LUO./“.'AA-j 'HAL athrn (312) at oo
" golukow (3013) Haus resulbs v a
2 4 _ A .

2‘;% Rdx( VU Q%0 L 2B (s UL Uis-ie}> Rumcl—{cmcup 2, (v,a,5 ) which is

3. ,

312 ‘ %Ut%)ax Suls) ‘wvariant by cqushuch ne
whare B, s a wal coushant  and |

omd tuy aabkshbus candik m CL) an p.}g.
7,05 = |l akisfe
. '%:u.r#\u..w;oce, COMnL‘.nﬂ U(x) al grolu oWk,
As 1+ 51—ands, '2| (S a {-—gm.cl-iouaj o“ Ha
£

3 | 2, is of ordas pz' (condibian 0)).
wakiees U on_o(\’rla\.a. elenat Sields ntats

We need ko cheek tii) : Does Z reproduce
9 and © \’U}.‘)G# occur in the covariant

| Yoo corcect value (2.10) lv the oo priut
decvahve Q;u U 1. h qumclﬂ'.m éalA; A.‘f (0> 2
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3.6 Terms quadratic i g™ 34 The cule s bo solve (3.u5) with fhe
To verify Haat Z, reproduces (3.10), usual €- preseriphon fon dhe PPOPQ?RLR ,
su“ﬂces ‘\'o C‘—Ohstder‘ -Lerms quqdrq]-m Ada and to demand "t"ﬂa{‘ l
L I
Thece it
‘ Q—ore.mue:, o Accoral‘;na lo ('3.“..‘»)J b Yt sberks  ab orole
=16 u = '
=) ( Z:dujs> i Vi=p =0 B Tl Lv.?ld.- vrel, termsg can +L.9_re_f.¢r<. !
. e Al + ok conkibute ot mele O(a?) in the |
> Somwe the cquakiows of mokin i we Fuckhermore, ta higle orde bemes
ex pand U(x) .
iv (3.16) as well as Hu couglaut piece h
UG = 4 uidbix) 4 O(b?) ;= Z 4% -~ a3 ™M may be deoped Lo our
’n'u_ " | Purpole. US\\nﬂ IRy eclu.q{—-m d‘£ o b m (‘SISJ
fquakndg d‘e' mokon become Ho aek o Z, becomes a;'
ad +B_\4n,¢,}_§13, <Mad>4 =za"q”*o(4>'§¢lq_,¢a‘) 2, = :;-5? gdx\<d?3xa“>+z<qpa">} 4
(315) | (313,
and 2, is | where Hae dols deonoke \mﬁ\ner order ferms i

Zt= Eﬂl \dx<(apé-20,;)(au€b-?_a“)—'*Bg{franplf> o O

\"" rémvmains ‘\'O 50\,\;6 (3"5) gﬂ"_dD and H
tvngerk Aanm (3.1y), Vo dAa%omliu e masy

Tt (dx[4BM 1 (a4 da >¢ah)]
(3.16) teem we wmboduer ¢ haceless 3x3 malaces |

4

b

R

Ch

g R
:



A, Daey e, D

with Yhe properkies
1
BA ™M, Dot - 2B. <M = P32,

AQP';LQ/B: 23‘?9/
Exelicitly,

LI . 1
A /)Tl" =—‘-T‘-'i' (’) ‘\'ll>1) B f>|“_ =%Li(,)‘—|’>\ )

=_.L 4] s ’>i —-:.L. f)\‘-\')\(
A+ ﬁ(’)-&?‘), v 2( )

. —
)uo‘ _‘f\'—i (’)‘.4|,> )) ’)k,=

()

L
K
’)“,,_ ’)3ccnﬁ+ ')«‘slnf- 5 r>"___r}3““,é+ )'COSQ.
{_.ui"t\.

Hze-“‘% My - My &

A 3

= .\z.-(mu+md)
g -vn

T Ju‘..-zLL v asses b.-\; ace %iverj below.,

Now write
b= ZMde, au=Zal e
Thew Hu squakioes of wolin freome

(D+Mp)bo = 2 9als

3

and He adfirw o

2, ~Z{dx B 6 T (x-y) Apl) ey

—_— - y _
| \f\, = 2?:' \3:'3., D, (x-y; Mp) 4+ %“"% (x-,))}
Tiwally we

]
S/
)
4o
by
3

and  Find
2,2 1 (dx D00 (T T ) Fordy
Since M7 - M (see below)

we find Haab 2, Audusd reprodueen Hlu
pote keem Au (200) with

2 o57

\wu;UJde. Uty =0

We \ave Haus veribhed i)



5:_t '__QAu?rlc mass 2xpansion of O~ g5
Led us qo back ‘o aq. (3.2), b lelly us
Yat each ol the 8 4two point funchions

[Relk P +
‘dx(’. LotV AF () AP,; (v 1od B'P-.IJ...)S’

\hWas a pole at \:1;"1'& spechum
of te wnon-\iveas G -model twy conltains
€ owe-particle slates of nagy \\o'\:; (at

this ocder in Hhe Low enerqy expawnsion).
Explicitly , ocue {Z—lwds Ls6]

e 2
Mvi = (mu*'md) Bo

o

M;i = (mu.c.fYIs)'Bo

] ° 12

M.::o - M\}_‘o o= (md+m5) ’Bo

° 2

M'no = (mu*'md)Bo - %(NS"‘:;‘)BQ' S'MIE-/COSZE.

o .1

My = 5 (Fha2mg)B, + 4 (mg-i)Bo: 8in'€/agg 2¢

(3.9)

LT Audey o r‘u..(:lp '3 bo r@mind us that thoge
g—ormu\oe Y—q-r Yoo wastes hold ouly at Lead.'uj

ordw. Tha coccee hous a‘ﬁ ocd M may {e ﬁouﬂd
Aw L5061 & is atven ow 0 33}

3

Qema r‘cs

L)

i)

Eowq i ltkeqr AL uu)md Mg . ot

My = Ml = ‘/\¢1¢'-~D =0 ) Jt‘L\.O_ & pSQuoLo.Sea[qrs

become wais lesy (Gold.t‘-ohe bo:onSJ_

Le‘l‘ WMy = Wy = V?ﬂ . TL\.P_\'; owe gﬂ‘V\C‘J crom
(3.9

M‘l T
T2 = 20<-M _ .54
ME

lwith M, 2 495 Mav, My = 35MeVv ]
COrr?cl-\'ons due o Lecmsg oﬂ. orcler

ma inw the Expangion (1319) were
evaluated in (5,6 | with e cesuld

ey T
—_—

~

vy,

= 250 * 2.5

The (man)” of the 9 prevsloicalass LBE o e

i

i



Lh)

) Foe ™My =g, the @nergylevels ot the

1S0ipiv  pactners @tT\") cund (I(tlz‘) gplit:

o2 ME-M sin®e @ (mu-wa)
Mﬂ-{' -H“o = £ MT Co'sz.
MZ-Ho, = (my-ma ) B, (3.20) |

The T-1° wots Jifference i3 o} orotn @yu-wd)
amd  Fhus tiny ‘_us‘.mj E o100 L), one

I
_!
\has M“+_HT° = O.44A Mev Q.‘—om (3.20) }. ;

The bulk part of +he 1-7° man cliffermce
s due to elechto ma«zneh‘c interackons.

On the obher hand , the (mass)® of +he
neulrod aund charged kaon differ by

a tecm Linear in (W~ Wy ).
\V\C-LU.OUVLC) \ni%lqer ocder Yerms (utle pan-

S0wm (%.t‘a)) Lhe vwia 3$ 5p|1“—incj (.or LVaous 18 [G]

U"w«- H“"]Qco -~ _528+033

V)

T™he contributions gmm e\.ec‘-ro- 8
maqne He tntecackons have '\-\ne'\urona'
Si%‘(\ 5

\Mk'i-"Mko.\ =

.27 20,30 MeV
QeDh A

The combined elfect of QCD ana Q€D
%ives Yhie obseryed value

\-H“*-“H""]exp e - 40110 \3 MQV

The rabio md/.m“ is rather accurth)a

Wrnowwn | 651,

Mmd  _ Wbt ond
™My

I V)  The constauk B, in (3.19) is relaled bo

in the chiral Limit)

the condensate <o\Gulod. lndeeal | the term

Linear in 9Ge) jn +Lle a.c.‘-.a'h (242) I

Zl = :Bo;Faz g d4x. »Lr Six)

£1"DW\ where ( sae ()5_63)
b

LolGule) = dolddlas = valEalan . =™ T T



3¢ Where are we ¢ 89

Leb we sumwarize bl state of affairs.
V) The %e\nerq‘%nj Q-WHC“OMGJ Z(fvaSp))

Fi A )
2 (W, a8, n)

e =

<o\T exp i{dq fu (0" f50*) q-324 417 {5 pajio>
q;(}i) ; Q}“}Q"/ S, P exlernal g-ie(ds

covtaine all the inlormakion ou the
(Green Q—umc\ﬂ'ons bult fom yechs, acial,

scalar and pievdoscalar curcenks in QD

2) Z mas be Spli\~ inke a plece whieh
'S ivvarciant under SU(%)Q&SU(S)L

%mnsco-rmai-imns oand a piece which i3

ok ,

Z =-2_+2A

with SZ, g ver in (3.4)

3) The SCJNNQ\-r'g propecty

5)

Z (v)a!,8h0) = Z (,a,35,p) (3.21)

ivcorporates \al\! (nonanowmalous) War
id?nk‘h‘es U{- Ha Green gwcl'-imnsl.

lu)als,p’ ae delined A (3,37

A) The conshreinky (3.21) are Sobued in

CHPT by expanding Z in powers a'f

He evteenal (elds V,a s, p amd JrLa.tr,;

L

derivahkves. Tle Low O.M.Lray ol»iMuSicm.I;

are

Qp, "N ga O(P)
Sy, PG O(pz)

Addibowe decivabves coumt o ouzld—.tll

Powefs .,rf P, ey agqu = 0(p").

Pony F-ii(ol teory
Lox £y

with

A Ho booe



\) SUK%)R x SU_(3)L sywwebey ( "[I =0) 94 3
2, =" gdx LU U x0T US>
2) Spont. Symm. breakdown — %U(-:})v “ |

which hag to be evaluated a+ +he
o b
) cola,tmE> o aoluken Fo thae clowicat Qquaka-u a-f)
4) No othar wasiless parbcles in theoey ‘ o B o
5) I»r Same one-pa.r'{-ide waliy elenients | QFO)'UU+_ UD,,WU+ n U’)(“A_"KU*,.ééLJ')(*—’YU*').ﬂ:

at —ﬁfm::‘

Sawme L—rcw-s@q-rmakrn propecky as ~3Mq 1 2, evbodi2s in o very Cempocet manner
Lthe Veading lecms ol all Green funcho
builk o veekw, axiod veeky, seala

andl pmd-o&m(m Currents in termg

L

I

gives ise bo +he sawe lLeading terms
as n QCUH, [3] |

6) The rene Loneas S- wodd) coupled bo | of Hthe 2 comskanH To awnd B, whick
tlernad currents, reshicked bo b | are related o the pion decay cem-
diag ranus, has threse propeckies, alant and the condensak  Hirough
Mﬁaamj beerw Am Hue Low 2uargy _
expansion of Z (s of oole p” and Vo = Ml ey g -0

Z-O‘GU(OB = dol;dtoﬁ = éo\§310> :‘:FO‘LBQ

e oy
i T

chiral Linat value.
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Appendices {o Chapter 3

Appendix A . LSZ-reduchon formula,

Apcpendix B : Simple version for

Sechkons (3.5,3.¢)

A pprendix C

Generah nqg funchonal

(:or harmonic 0seillator

P A )

e



APPENDIX A

LSZ - reduchon Qormulo.

q% aq

Consider the perturbative expansion of Green functions in')(?A-theory.

The Gell-Mann-Low formula

Ty, ¥ ) = L0VT @ x) . Pl )lo>

= LOVT O (). Y oAx ) S0 JeolDios )

allows the evaluation of the Green function r'C(x],...,xn) in a power series
in the coupling constant ‘A . ( (-?° denotes a free field. 1 disrecerd 211
‘ complications due to renormalization, like Z - fectors znd the like.)
How does one calculate the scattering matrix element for e.g. the
elastic process py + p, 2Py + Py 7 According to the LSZI-reduction foraula

{Lehmznn, Symznzik and Zimmzrmann)
. 4 -
£pa, Pl ©-11p,, 05> = LTS (TL TP, 0,,P2)

i A E(P4YA4F5Y5‘F=’1-H’1)
! ’ .4—(—-
‘r :.:P‘e::;::_l. L L'L‘G,ul_P-:L) &d)ﬂ;@l{ﬁdl’zd\(‘e

x £ o\ T @e, ). . U{xa)I0>

- (AL2)
: " Therefore
i 3 L(P4X4+P3X5 -ptyt‘P.n) _
v &d)@d\%d\(ze— (O“w(’{l)“'@(’ﬁ.)i{))
= R($;£/MJ'P:)P:,P:)P?) &= (P~ Pz)L
= ‘ ‘ .
.T‘j‘\_(wz-pzz) S 1=~ )2—
- o= (PA‘pl )

i (2.3
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Tre scattering amplitude is obtained by putting all momenta on. the mass
shell:

_ Tt 2
\ (P4}PSJ PUPL)= R(S,,C/NjP4)P3)?2';Plz)|?:._—_—m2. (A{')

kccording to this result, the Fourier transform of the Green function
Lajr P (xq)... (? (x]) o> has a fourfold pole - the residue of this
pole is the T-matrix element.

Note that we need not tezke (P as the interpoleting 7ield to caleculate

the T-rmatrix element - zny field with
LO\PIp> # o
does the job (see e.g. Lrzki znd Fazzg 1$67). Ke might consider for instence

V(PeXas PaXs-0pyy-0,%) . o
Pldx,dxdy, e <oVT 300y 0l ) bly JO UL 10

L W
m_gi_l Ris, L u; 08 05, 60,00)
T (whp{)

1=
where E{ is the same function &s before. -

How does one calculate e.g. elastic ﬂi--SCattering in QCD ? The pions
carry isospin, and we define

w 1 . 4
£3(pa) e\ Sl Tl T(p)' > = 1@1)Y ST (R P

e 0 L il ke Ty
S5 M AR B B TAL g+ ST 8 AL}
(A.5)
From chapter IT we know that

s ‘%
COALDNT 5 = ipu® Ty

4¢:

see n. 54 The Fourier transform of the four-point Green function

v
has therefore a pole in each leg, 4
" i (Pax4 +Pa¥s = Pa¥z-0X1)
Bldx,drydy, e x
m 2 " i
40‘ \ A}-b (B(ABA’, (X5)Ag (Xz)Ao(xu) \D> '<'__'
— i e
(P T7 ] 2y
= (Pi'u (P% )y (P:)g ''s B E} A(S,LU i Pu---)PAv ) L
2 :
;\:- (MH"‘PE.) T
L
1P ke :
2 5
+o & Alysujeh.. o))
ik
2 T
* 6 é Aluit)%i pu"‘)PJv) ]l :
{A.6) ;
The scattering amplitude is easily obtained from this eQuation by. putting .
all momenta on the mass shell, .
‘.1%:
] L
Als,tw) = Als L u; el .., ph )\ e |
Po ="
(4.7}
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APP ENDIX B

L 0 \ncDJteQd ox proceeol{ng as deseribed ov
- : K (3.5, 3.
Snmp e version O$ Sechons / p-18-%4, one may do a %\norl~ cud ()—of

e eva\.uakom o-{ Scau'erfwg oy Q\fwt’u/:f

awnd og wasses:

%ca\Ler{ng makeix elements (or the

Erocesses ‘
/ PN
Pa o
o , psevdoscalar
- Pa
e, el Mesous on\,\)

or wasies o£ pSQUCLbSCalar mesonsS may be
evaluated ol be.odinﬁ ocrder in the Vow
enecgy expansion (CHPT) by evaluakin

tree diajro\ms in the wnonlinear %Cﬂma
wodel.



34, Nonlinear G- wodel

The \,og rangian (S given

i(\‘) = ?_Z_

where Ue) is a space-+ime dependent

4

UpuN 28, MULUh)D

unitary makir with determinanit owve

U6y Ut

We can parametnze Ulx) as

UGe) =

=/“.) OLEFU()C}-"

it Q) /E
ecb)/t:)d)=d3+,(d>>=°
f 15 invariant under (:tr‘ fm:o)
U - U = \/RU\ILJ' Vﬁte%U(a)

- AL oonserved curcrenlty

B2 Expamdlnﬂ in &

\02

‘ U_.4+l.<:b/F___¢,

Expand the \:ag rangian n powers of l-l«.L

P(-,e,\d D,
¢4

2?7’ 241-‘4
{ - 143,0'¢23. M >
A w,3 Tyl M 4 Ih
+4—F—°2< 33”&g¢ 4‘2 apcb a¢ + -I—Z_Cb >

+ teems wikh d»é) &

J..! I

. \ograngian L contains an inknile number

OQ- Ler MS!

desaribes ntecacliont of— mesons

2~ 2 2 24 2— &

What can one do wikbh it? i
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\irduce the fields

D) = V2 _
T -%r_;_,(%
K- WP

with wt ..@“)J"J M+=(\£“)+,

-~ d s, £&> =0 V

where. 104

i
™M+
z

M\c* = QMU.* We, )%a

403 |
= (mu*w‘d) Ba

“ M:o = (Wgiwy)B.
K ® } Mv‘r\ ~ (Muwa) B,
2N o) The inleracking piece f_;h‘. Lo
u?{xzv)* Lint = 2% %@)«-----
6 Lelds

LG‘)= L

\ -y - + e + -+
(,F}‘\ I T T T 29,10 YT

LTI L

a4 teems wiith \Lao‘nsjl" .

\Ur;‘\-&
d“ = ik‘m + £i\n‘\:
L,‘.m conlaing -l-erms GIuaOlral—ic fw +he

Lelds
oo -

T T M T

2 Y oM
N BMKOD;;Q"D _ M:° vd L-ZD
A \E(Du“"?“ﬂ.-— N\z““) A li(gﬂn")“q’ﬁ: r'1) ™

B4 What do we Vearn ?

Caleulate every thing ab hree level,

:FFOYVI Ik;m
Ceolt crH maiies | .|

ot = Hn} = Qucwa) Bo, see 0 350§

kN



Teorm L&

’D N 405 1 |o‘
eSCri hes + +=° |
cvne M2>< Mg \ = DAL U+ ALy )+ Alus,L)

= 25"““!.
™M M3 F b
\ ¥ %Cat&zrihg ’
M1+M1 — M3-\-M4 Eeo.sl—\‘c J‘m“erina r{ "TI:o\ = 32'“02/ \len%‘-‘-w
mesons T,k n Huesbolat
Nokle - .ﬁ(“ Conlins 2 decivalives o <
N —a, = ™M _ oo Exp. 026£005
— Scalering wmakit element ~ p 5”‘:;'\ |
—D ':‘s\mal\ a’«- Vow Qnergies_ %‘ we““\"e"j:{?p'i‘ ‘}('q“’»‘t
el
Exawele : " Exawele
e TS >< T e 0~ Tro- 7 |
. p |
Pr ¢ i} sz ;

A (s = 4::3_ My-wmd  S- 5 My

Ve o Pus i ¢ Pu ¢ M v F:
T = E: é A(S,{:'u) +B‘ & wA(“:,SttA) r“

-&,Si‘u é\cpA( ru,l:, s) | rq_,'n"‘"n- e = tev Exp. 19}t29eV

A\ yt20eV

_ S-mp - |
AOG I = = =% « > '

T
Z
S'(PI""O‘L)L

Hi‘a\f\er order terma § *
L= (o) ‘ |

T



APPENDIX C

Harmonic oscilakror

10}

To luskak the useQ«lness ol AC
generan'ncj gumch'omls, Cousioder -H«e.

\narmcmic. Osel \\a*or 1% ’tlne Qrame-

| work of quawntum mechanics.

H = —P—+ mwtx® [P x]=L
(o =4)

1) For analogy with QFT, inkocluce

opecators in the Heisenbergpickure
(W SR TR
x)ze xe | phze pe
which sakisly
dY L W) k(+) = O
et

COWpare_‘.

A0 +m) Yiez) - o
bes Lo Lots



2) Cowsider 3rouwo\ stale creJ(L\e

S vslerm
o> with !l-llo>=&%>lo>

- &

\ (58

WV () = S w(mwy)? g T
() = {x\o (}_) e

3) Define two-point g-unckoh.

<olwlk)x&) 10
<o\ T (k)2 k) lo> = * >

<ol 2 (') %) lo>
E’xphci% Qormula:

"‘lCGF (A-L') 2 <ol T »x)xk') 10>

-t

GF(U = .l__ .\Qu:)e_ 4 BGh)e

2mw

e k)

>t

109

'

AAQ
4) How does one evaluakte n-point
Lunekions
KOVT by % (k) 10> ¢
" - point .-Q-uwcl-.‘ou "
i \vboduce qewera'r-inﬂ x;w«e'-{owaL
Lot ;2(3; }ggluxt&;d&
e = LolTe™ oS (C./l)
£t | _-
| ordinary Operator
32"""“‘*“‘3 C-number tunchon
Yunchonal
~ i l{]
|
| or
i%‘l‘:& //
-
= = —
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S) \\_)L\\) aeneral‘iv\% z L) How s \Lmomkad}e 0‘{’ 2(g) used? Aa
RBecaule Z(ﬂ) f}amera{-es all w-point Expand leli- and riﬂ\nl-\'\auol Side in
.eruncx-iows . eq (C.q).

Z(9) known ———> \T (). ¥, 10> Lelt-hand =ide:
known
see welow | 44‘.2(%) __\_‘2(3)1'4_“.
| 2!
Why Pumckowal'? y dhdb]
vy funchiowa =44 (G LOG )9 ) - LI (4T Ge (bt g4,
(BQCQUJL iL prOd-‘.AQeg a_ number : ,\gﬁ%—i({ --‘LL‘)j“_'l)i
. | 2 t
g-rom e ,Q-u.MC‘.lna'w- ‘3({), fw the | ¢
+ 0(4°)

pcesent cose
s Q\ﬂh’r—\namd side

2(q) =} \ \d&c\k'q(t)GF (k-9 9&) (¢ (leque) % o)
o oo o0\Ve ' (6> = Lol Bl

[_ Ouly qucdra’r;c in 3(4)/ bhe cou i B4 (dhlu)*tt)‘a‘_‘(d{dv"_{‘j“‘/#(*/ 2L

poJI&ALia( i3 quOter !'\‘('_‘k

]



3(&)!(-&)1({:’)*({‘} o4/
A) %(Uxtk) 3(k')x(t’) .
que)xt) g »te) t'>t

= %U«:)j&')_\' # (k) k')

Cowneclusions

1) No Tecr linear ow LUS

D Lolxwk)lo> =

2) Cowpare term quadrake iu 9
— Lol T x &,) %k, ) loy= JFGF(JC;-*L) /

3) <OITX<U=.)---' 3’((£4)l°3= (":;)l{élzéa4 -{-6!3624
-{-C':"|4 621 }
G\,z_ = G!-F ('E\-'Ez)

4) Lol T 2 &).... ¥k, )le> =0

Ar3

i

AR4

5) l \t s useﬁul to Lnow 2(3)!

(Vol owly g—or \r\arvu..om.\c_ o?ciua,-wr")

6) Cawn C}P_nerql-e_ o'\-\aer QK eeen -

Lumckons:

Suppote we with Yo kuow

Lol\T xz(k‘) x<7‘(t,_) Rity) .... 10>

Y Cowsider

[ zv:(g,k)
e

ele,

!

= <o\T@

;

(cliglore s s hwnder )
M
0%

new Piece
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vZ2(n,as,p)
e

(ql fun ) fsa” - sriels]
éolTegq x ’ ) 10>

4. GENERATING FUNCTIONAL

2)

(a4
Z = + ZAJrZ) + Z(e)*---

Z(
e
i T
O(p*) O(p*) O(e®)

AT ORDER p*




Ocder pz :

2, in 302) (343)

Z(z)s £|E gol{!f(z)
Order 04: Con\-n'.bu\-{ owvg gﬂ:m

ZA _; 2(4)

'ZA . not inwariant under chical Jtransgwm,)sec(m),i
E xplicit cons e hon ‘oy Wess and Zumino 4],
ZA does m*‘ coml»ain QM) C—OMS‘\"Qn"S d‘f—

nature 2xcept h and ¢

ZA = gd#- IWZ (<)

. 29 C‘nirally mvariant | of ocder p4_

AN}

Green I\;Umc\r{ous sbtained F«om

Ohe C‘,\asi Ofp co\n\-n‘.bu\'idu,! \'D Z(AJ is dol-ained

‘O)) evalua(—iv\c]‘ "'ree_ 3mp|—\s a‘l‘ ordqr p".

4.4 Vree qraphs

e adds tecrms og ocder P‘ Lo Ha

dassical ackon 2

2(4) _ ?d* ,C(4’(,<)

12,
i@) - -Z LLPL

=t

where

. 2
GRS CEVRVAL TIVEY
P, = £,V U><IPUTTVLY
Py = <OQPUTQU RTVNY, U
V= <VPUT T ud<xtuaxuty
Vs = <9'0Y YU (xtus Uty

AAR

Pl <xtuaxuty?

X2 B, (s+ip)

P <ty -xuts®

o= xruxtu 4 xutxuts

Pq = _1<TS QPUITULES V0t vruy
= <O*FER UFYLy

? - <FM§ THVR q;M\; THvES

P,o= <P X>

(@)



A .L'U.u wwarks are in ocder: AA3 i} The contact terms (L“ avna L) are 4
wok directly accessible Yo expeciment.

T‘AQ value 0£ \-‘2 i’:- o’f -\-\A.Qor‘el—'.ca.{ inlecest

becauste i+ occurs iw Ll ququc rna sl

) Each reem P in this Lisk is chically
nvarianl ?\'?\1 exhouat the chiral

wvariant counlerterms alowed by Loren& expansion of khe coudknsabes Zorgalo:
]\nvarian(‘.ﬂ.,? and C Sjmme‘«ry [47. [lh e L4 1.
evaluation of 2{4), he Leld Ute) is needed \ i) The 2 off-shell couplings lg,Lgand b

ouly o \.eaolivua ocder — -\'\ﬂﬂre(lure ‘the determine the rako ;:k/F,)H“' meion

clharae radii and ke decaywidith
o_quaLious o(’- mokon (3.13) have been 3 L " |

T - evy cespechvely Ou Yhe other haud,
uted ro reduce the nuwber crf’v lerus, \

W expecintental inlerrmakion ow bhere quank-
Tolo.j dauerg,ences are diScarded.] | les alows bo pin down e value 0(_
2) Al \Je.Qolini ocder | o Couns banky TF‘,) B, Ls,La aud Lo wi Hlaiuw rathw Swall

WM—:QQ Lo delermine +he Low Ruargy be- CrrocS.
Wavisur of ‘e Green Q—umc.l—-‘.uns. AL Licst

new \rQad-.'uﬂ orde Oue weeds 12 addikonal

(i) The rewmaining 1 on-shel coupling
constauts contibule ab order p? tn ke

Low Q@rtjy RxpansSiow o@ %Calen'nj wa bt

Low ewnergy c.ouplinﬁ coushanbs L, . L. elements. | Ter Vyzdy,=p=0, 5= m,
ovly P -y survive iw rle lisk (4.1).

3 L, b n be dividad inbo three
) iz Can e e " ’ ‘ '-Turl—Lo_rmore_)-'rLo_ equakonl ot ~mokon
ditferent classes (3] -3 on-shell couplings, oty Heat 6P5_Py43Tp & a toted
3 of] -skel couplings and 2 contact +erms . diyecgenan © only 2 of He Heree

COQ(D[qu C—O\AS\-&MH \.5,\.1 o Lg are
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\,'\ﬂear\'y imole penclent o ovn-slell processes ]

4} e coup\(wj constanks L\)--, L, are neeodled
Lorewormal°:1-t o O’J.UQ_I'?LMMJ whiele aceur
in Fae loop calevlabious diseuned balow.

As an exawple consider the conhibuhow-
0‘( 2(1) o ‘o qu.ark wialf L. xgan Simm d“
H‘TZ) F"\: angl Hnl FQ'( Nus Wd pmA t}

(.
ME = 28801« 28 Wy 4 Ky}

ME = (Rams)B,d s (hams) Uy 4 Ka |

2
My = %(vﬂdw.‘)&,"/\«- %(fa42ws)‘(a+u4$ +¥Xg

- e e ———

w‘aere.
Ka’ = g__'__: (2 L?- LS)
Vo

W, = (z&+w5) 1L 8. (2le-Ly)
Tk

Ky = (ue-d )™ 128 Ba™ (3ly L Lp)
3 12

z 2
Note Lhat M, _5‘3_(4“1 ~M7)

(o Mot Do vy et v e e b e A

4.2 LOOQ$
Up to here:

z®
z®

122

Teee 3rqpl«$ with wonlinear
G-wodel

What abeut %rap‘n& with VYoops?
Two Vviewpoimk,
t) Disregard loops — Unitenty violated k
or
o) nelude Voops — conbibukons not well -
ciac-‘\molJ becouse nowlinea G- model ;s "

not cenormalizeble | )

| DiLeMMA

Solubion [Weinberq(2] ]:
Consider- one-\Voop %raplas . Use dimensiongl ﬁl
reqularizakon whicl presecves chire! Sywiefry. P

Countelams weeded are ol order 4
= They vutk have g 8 bruehae of Hw
Yerwmy Aisked au (41) |



- With aswilable cenornalizabhne 4423
Lo, o, b £ o f}p_l-s bnite Grean-

Q»umakoms at owne LVoop level.

The uwecessary revworwalizabom d‘e L
was defermined Au ref.t41; 1

L, = LLrJt.\"L')\ L=l
~2 d-4| | ‘
D =G m ‘{d-_-‘l—_%_[lumr.w(.)mﬂ l
= 2 = >
[ = S‘z*r’*_\_ﬂ"'"

(4.2)

b +L\g_c_owpl.q\.e gt o(- \_;’s see \.A(']

Mo S JrL\L %QAZL i broduced by dimensional |

reqularizabo. The divergent pleces

LA o+t cancelled by correspouding

divergencies in oue-loop inlegrals, Nole
tHhat the reworwalird <ouplings LS

dre Scale ~ depevdent !

A\ . pd D =~ do R atd=a.
(4-.3)

’?W quanhtas e Seade Ay o -
penoltnt, The teate olepewclines of Hu
couhibutious frrm L i3 cowpensoded
by the teade do pemoltnes cr*f QemcwH‘

bubkons. As aw Qx.owup\,e cownsider

Hue e\ec\.f;c_ c:,\ncu'%C. cadius of‘- 1) Pion,

[} C 1
Le*>, = 2ls ) {2_\.n_‘f‘_ﬂ_+‘£nl\1l<z_|.3j
2 3Rt U Jut

e S

Using \“3=\2 L is easy to see that

4r7‘>:r e Scale iwdependent

The Qars% hwo kerms in the bow energy

ex pansion of the <je,nera1cinﬁ

gunckonq‘- are Obtained lo\)

evq\uqh ng
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4.3 Palh inteqrals \
L) Teee and owne \oop %rqp\ns with
e nonlinear G- model &lgranﬁiam Ver\) Com pack olQSCnp\-\on W Ferrug oﬁ-
f("’ 2/ Uv;uu+ + ’XU*+’X+U> Paj"“\ ‘m*Qgral. T ?LM.«?L'.\A% e-«wcl-{mo-e’
= M _
4

is evalualkd as bollows, Oue elarts
with an elleoclive Eaciravxc_]iqw

eff @) @
i = i -+ u[v +£WZ de -

UU[AQ.rQ dols dews e l—e_c-wu a‘f orcles ?:Pé. '

i) Tree geaphs which contain one

VQH‘QK Uﬁ l@) ot ufwz

Compact deseripkon:

@aj'_lﬂ 1n¥e.3rat% 2 al fictk on LQa.au.ng orde is Yt |
2 a%dxiw" P -freld i

2_ - R\_o[ vle | —\-L\em\) (4_4)‘

16 [of'p) T TTT T T s '

whaere iv\Le%roj rve Ha LLQQ( Oley i
caleulaled in v Loop approcimabm:
Venote solokon bo clowical cquakions of .
wolkow (313) by U, omd expand k
Ulx) around He soluking



J

(R 2
U=uveu, v =\, !

l-ull‘eg Qisi*‘) x> = O. UQ 11 oun 2% Hemum

OL \ol:r- ‘E.@)) awnd \-L\R_re@qﬁ_

@ ¢
(@ L% 2 (de L oo -3 (dx <3 D3> L 0GY)
T 4 Jecond grder AAQ—Q—Qren‘ﬁ'a\ OPthﬁ’

which contains -LL.L 2 ko nat @Q(G‘S.
Rosult c‘f Qowsian \‘uLegrql—-‘cm i (4.4)

= ¢
efll
' L‘d:c,t _
e _ e lue \clet D +
and "cvus

2 = (£ 4 An oD

L
Z

ded D emtbains U ivergtuceswhick art
H‘}b((a.riw \9-) ‘}OWLJ 1'0 d i weensiogus ., T\’LL
pole! whicll ptewr as d—od  wre cewoved

b\) renOrmalii-iuj L, as shown ih,(4.2.)

-

\Z
\!er\) economic way to delumine e

coumbelerms  which are necessany o rendar
e %,szrahmj (—«mcl-:oual Lonite oA
o Loop. | refe o (41 udiere Ha
eyyoduokioe of AUD o ditewtkd Au
sowe daterd .

Summary u‘( M s

{o\Te oD

§axdqpulntigsatla - a6-se)al

|

L &d" i.ecz [ul n,a, s)p]
(duie

Leu _ %('n . .f.@)4, Iwz ..

G- wodel
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44 Values OF (,ou) Qnerj*) QonSJan?lS

To evaluate nume.r;cauy physical
aluaulril-{ei with above machivery we
need the valuer of +he low enerqy

CoupLiwg constanks L.,...JL at

sowme scale. Value gl any otler tcale
fom (4.3) . Ly, Ly “L‘lialn -enerqg conslanls
conven hon dapendent,

ln princiole  L;(u) fbixed by dynamics
ol QCD n terms ol A, me,my my .. .
Nok patible to calculate with present
—H—:»clanic’ue. For several atlemphs see
(e].

\n absenre of caleula bonal scheme:
deleemine Li(p) ﬁmm informatiou on
low euergy dalq_, JLD}OJ-LU with Large

No - argumemls:

O(Ng) « Ly
O(—NQ«) : LtJL1,L$} LS; LJ) La) L'-o) U‘Jul
O(1) +2Li-La, La, L

| NE——
~

13

aisuwmphkon: alio tupprened at g

-» Table .

' Shall see in next chapter how the

value og- L: (p) can be e,xp\a{ned_

TanLE |

Values of the low-energy coupling constants (running scale taken at p = M)
Value ; Source n
! L] . (09+0.3)- 1073 = D.waves, Zweig rule &
: Ly (1.7£0.7}- 1072 wm D-waves &
Ly ) (-4.4£25)-107? ‘ w7 Dwaves, Zweig rule 0
L (0£0.5)-107* Zweig rule i
i L (22205)-107* . Fe: F, i
5 L (0£0.3)-107* Zweig rule _ =
! Ly (-0420.15)-107? Gell-Man-Okubo, L, L, 0
: L : (1.1£03)-107? K°-K* R L, &
L . (7.4£07)- 1077 ) m, i
Ly (-6.0£0.7)-107? Ty -1

2. (41
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4
4-5 SOW\e appl-"lcal"lo\f\% A(SI‘\")U") = %;_(S'M;) _\.BfS,{:Ju)_;.CfS"t,u)*O(‘o
W Leubwyler ¥ ————
| 1.6, T |
4.5\ Elastic W-—Scaﬁermg NG Ca
P33 A Ps - o /l,(:)
T — T @
Ak j T Y T
P P O(pz) O(PA) O(P“)
2 I
S=(Pi+p2) t o= @ +Ps)T M= @4 Pa) Treela) Loop Polyn.
Described in terms of 0vne invariant l Blstw = #00) 3(s) 4 ?@)(t,u}3(£)+?@(mtl-)3(%)

awmplitude  Alst w)

RIC TG URE T W\ DY A
A(S,‘:) ) & T Zo\T[A“AyAf AG]|o> { \ 1 }

o - (-amye)™ "Loop'
E xpansion around
pL“ =0, Myxc My > O Wy % 0 R"“‘ed C(S‘L'u) = @an{:ﬁ‘)_ { : (F‘Q%J(S_IH:)L
(SL) x3U(2)) A (F, %)\s"« tw)t] 12 Mis e s M4 }
Qesult: "Pol.jnomiq\

.
S = R A

4 fow ewrrqy counstauts




2 o 2 T 3 7 7

F/Mz)‘plapz - 'i¥tJM|u ‘eupt/'szIA}
— s
O:Jq?; é‘-z)s

Where

Lp’\ Guadtd Vp> = %—‘(o)[u_a—) &

A33

%C‘.aueri\nj \aemglqld awnd. &F—ﬁec[—:ue rauges :

laospin  auwplibudes
g, TOsA)w 3AGE ule Aly,S) « Alu st )

Parbal waves:
T (s L) = 32"}2(294-) Py (0 ) {I (s)

t =-29*(4-w8) ; S=4Myaq?)

WAy =9 {af 1 qtbf 4 09 }

\

) Scalering “QQ-QMLWQU
fPenta“«. rav«?.

S- and P- wave Hareslelal parameters:

T=
| \0 = (32m) 2 IEDY (144 112 2
"Pl‘-’ '
q(MZIG'iznzF')(IS@ - 353)]

E +¥miEd +2a3) +0(8),
8 =(1/aaFYy (142 $MEGWT + 8 MR
+10M2 (@3 + 5a2) + 0(ard),
= (13 1167F2)[1 +4 142 a7
+(M214807°F2) (15T, — 107)) |
+3 M9 +203) + 065,
‘bg =—(1/8nF1 (1 +as2 ] — 5 ML)
+10M2@9 + 1 ady + o),
p“ /'/“{ =!(:/2‘:”F3)(1 +3'M3(r2);' +~s'—.fa—M§j;;2[:’2T)
P M@ ~Sad) v oqrt,

=7/216073 1o
T F4 + (‘12 “"02)1‘0(11{2)

Nuwerical result ' Table Q"’Q Lis)



Table |

Comparison of the predicted threshold paramelers with experiment.

\35

Soft

Experiment Improved Size of Chiral logs only
pions low enerpy carrection
theorems 3:) # =500 MeV = 1GeV

P 0.16 © 0261005 0.20 £ 0.01 1.29 0.19 0.20

9 018 0251 0.03 0.24 £ 0.02 1.37 0.23 0.26

PE ~0,045 ~0.028 = 0.012 ~0.042  0.002 0.95 -0.042 -0.041

P " -0.089 ~0.082 + 0,008 ~0.075 £ 0.005 0.84 ~0.079 ~0.073

20952} . 0.534 0.657 £ 0.052 061420018 1.15 058 . 0.60
> o) 0.030 0.038 ¢ 0.002 0.037 2 0.003 1.26 - 0031 0.032

sl (5 3x1073 0.5% 107} 0.5% 107

o3 17+ 3% 1079 input 1% 1074 15% 1074

a (1.3 3)x 1079 input 3% 1074 6x1074
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O(4)
Suthecland’s Hreorem -
3o =©
Compace.: ( - auM ( )/&u 111
" -(1 11
¥
M =0
Hzi- - HT:-Y‘I- 3 M:: =0 {21

M:+ _H:., -_-_@-_3-}.. 0.2 )MeV exp. 4.6 Mev

ML -Hg, - (2y20.3) MoV

ex@ —4.01 MoV
[47 Das el al, PeL 18(19¢})
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Lz] Dashen PRev 123 (1949)
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Sl o puzzle.

Tnoogrg- = 66eV

Tree resuld |

Correckions ol order % have been

evaluatediflSevecal low enerqy constanks
gruvu £% conkribute. Excepl Yo« Ly they

can bhe exprested in tecws of Ty, Fp M

My and H,\_ For large Noe, Li can be

related lo 7T Scauen'\nﬂ Leug“ﬂs.

— Pacaweter [ree predickon:

U~ mta-ge = 460 2 50eV («5)

Expecivent ¢ Normalized with N—2y. '

Old data on N~z¢ (Primakolf effeck)

Thozy = 324t 46 eV [an)

F,\_ﬂw-“» =191 +29 eV (4.6
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A
Data on photeproduchion >3 A4
\r\\cz\aer order conkbubons
Cqmzy = 520%30eV  Li2] ol
\, Ae-ne = DI L 20eV (43)
ST 0
! - 31} eV = bhev- LA+ 3.8]
| '
2.
(4.0) s cownsislent with o precdlickon [_4+ 0.5 + 0.69]
(4.5) , the wore recent experimental result / ’t\ \

(4 %) 13 wnotr consishent, , Tcée Aloop 2 Loop®
Conbrbukions erom 2 Lloops would have
l—o be \/arﬂer Haam C_oh\'ﬁbul'-'oms o—@

order p4 which we have caloulated |
Qemar‘z:

Predichon (4.5) based on low ewergy
expandion ‘o ocdec pf ThWe wain eorrechm

of— ocrder p‘4 skem c-mm nT- g—ihal slate

'\v\\—erac‘r{ ons

@ O(p*) r /
A - -3/ [ o
(50 =45 2t 6.—%)?:4« U006 ~0.03 +0.14 I’]_,.‘n““ﬂ T
Aeo ‘ o e Conleun experiwental oliserepancies s a
prow ¥, chiral c,oup\-‘wg ‘ . |
Loors  Loops  Uoqs  cowSlemh piky , becaute is tesk of isospin
skructure .

Uncerlrain)ry n (4.5) based on eskwales |

ol O(p") f.ro\m piow Voops. |
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N2y =

\ worin higher order correchons:
PRERALY

-

\r\_‘ 2y = \'—\«OQ‘_V < ZA

Penaly ais d'% corceclivns  Olwg) dalen up

recenlly Liv].

\-eaoL:ng beem  in r"l-*?-}( s beme L«-rm
West— 2umino chgranaian ~ Correchng
Qre ofL O(p"). New CoupLin3 conslaun s
appear. Mayhe Hhatl eshwals of L. L,
(ve Ak claptn) cau de evlewdon Fo
e relevaut @oupling Cowitaut rf-i,@).

\"‘_‘?_k = \Yoe\ &> [_SZOiSO]eV

Exp.

n

Branchi ng ratio Tn-3w0) 14z
F(r]-, T )
= T(n>371°) |
l“(n-ﬂﬁn*n“) t
+
Current atgebrq, Cm 1.5
CHPT Cx LA4AD
TOG (§2)
ndicect measuremenl = 136400 *
l.’u
direct " L3444t
. 0.05:
. . al dala = .20 10.14
lV\CDKSlS"f;ﬂ'
old dala 2l 4L+ 0.1 :

CHPT agrees with . 1.3¢20.06 al owe

slandard daviakon leyel

Current alc}zlor‘a (ealgi): 2.5 G
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483 Cabibbo a,uj,& L Fe /T,

! CHPT | \ies enerqy Haeorem :
Leubwyler aud oot Uave aua by 2eof +he twap L ow enecqgy "

wWa l"n-'r QL? wenk

V. ~ o’; +T_ 02 -I-l -~
. _ (= 'r‘u- i 2wm - W= oM 4T .15\440(1‘43}—*0(4_“‘
LRANP TS respontible [ K% T, Me-Pr M W22 »
- Wox e [
K )
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\SOSpiY\. \oreab.;na aHecH ( due ‘o u-‘u*Md) | Old \JOLUGS ‘_reg, b C)nqp&?r 3]
A
ace of sawe size ag SU(s) ‘oreouhj effecks | Ws-w a3 5+2.2 %_a 25 %25

due to wg @ | | Wd-Wy,
Resull: | Oue gets with thete values
o Vu:,‘ = .220 % 0.002 @.e) .

3 -3

Sewmilepltonic hyperon decay are in ((‘]'Jr&_o.lﬁ)-{o- = L1310
J

per (—ec‘r aareewtevﬁ wi “-U,see[m]
With (4.8) | leuwluyla aud oot oblein l

Yo/ = 122100

\_g,u\—u,-)(et ,?-c-os
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\,Oﬂrcmﬂian.
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ww
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+ III'N + Im -+ ‘fmu - et & new

awplitude at low Quergies  caleulate -

A-Loop 3rapln$ wh bl

M
Lo = Vi O L (b 2el oM}
- ggi‘"p(yﬂgsg,,@lp (5.4) .
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A amplitudes

DF (s,4) Bi(s\{)
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% parameters qt one \oop

+ M, Ga, Ty, My
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6.3 Available data

No claim Q—or completeness

See eq. M. E.Sad ler
'Proceeolimjs TN(2) u)orlenop
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b.4 Qonge o—c \lql.icL'.L\) of CHPT 6.5 Qesu{#s' |

un gorjrunolel\) N il— "-urhs out J:-Lwa’c (95‘ D_-OMQ‘.; \rude.

correchons which arise f-rom J'wo-—\-oo.o

3 Lree parameters dey ,de , day
%(‘Qp\ﬂs are ‘Ia;cje_ clr6ad9 near

Mareshold. — celakbions, e.q.
at | o
| (2+5 dryap +Q7 = ~0.21m(4- )

i

7
- Z.M: ( C\neng-u&slnen (s

‘ ‘ / point )
S
[/ /S

~ There are reasons (not delailed l-\czre)r
/§?§< i bo believe thal \el 25%

N = TN
THm May compare with determinakon of
lelb hand side n phose shifk
{ avalyses (vno dale al threshold!)
outside V7) : 2-loop corcechions | Yadsruhe- Helsink; 1’2 O ~0-2l |
are large Carter et al 1933 ~0.2) ? &=°
Zidell et al.  tago ~0.23 €--0.25 h

d

Contradict CHPT :



6.52 D-awplitude AbS

Ve b
3 g—ree_ par‘ame\ﬁn d:,_,dl:) ol:\-
T
L Suwm rule A\g
2 ; s . ! ) \_ AN .
Mol M Bhrzaeal) = (T YY) [ N
-~ |
. . . = AR
— g
0.A65 O.Mb4 1 - = g I
Koch 1496 ? Z < ©
(53) ’ = =
| o
2. Awp\.'h.{d.e. at C‘nenj-'DasL\en poinl J:
-
T awplitude ol Ho Chenﬂ-'Dad‘Luzu point o e I-E
1} &
S =u, . zH;‘ 13 par*-icuLarLy ?u)-creSJ-ihjl | < ,_"'l'l' L v
| 4 . | cLE > C
because Hie volue of D' atl thal point > o)
o e
is celated lo tie baryOn "-SPQCI"‘UY'H, o~ .(rg
L_..
.. e. LoMNJMI) M_, ML, see_ below . | -g
, A "2
}\‘L b 3
1 " T
My ¢ CO — 6
> V)
\ / N
TpafN \\// //T\N-.nm Z N < )
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‘ ) 4 . (6}
2L = :F“_ D at CO point

The qu\.i\-ud.n_ > was ‘een eval ua ted
very Care_Gu“y g-rom Aala, \D_x) e
Karlsruhe group  with Mo result

Koch 1422

2 - (64'3-3) MeV Welter 1923

Note: New dota (21982) wot included
w this avalysis.

tn CH‘PTJ Z caw not be evalualed -
it can however be celated bo other

uankities e q. the scattering lLenglhs:
q . &9 j verg

+
2 . T, | (44 2x4xay, - apth,, vixptay |
+ 2L,

(5.4)
Y |
TCHPT T
Tom ~\26Mev
T = 60 MeV 16 AR

Lelabions of the type (5.4) had been 164

proposed =arlier by Allacelli et al 193

Oluow, Oiypowte: (are
(No Voops) -
i

6.53 The G-1erm

TYhe griov- nueleon %‘lwa term s
de%&necl |:>9 g wma kirelement

G = <pl@(ou«dd)Ip> (2M,) ' @ = Muswe
s

6.5
wliare P> o a owe- proton glale of

momentkum B, spin index suppresied.

CHPT dlows b relakle G with the
}

awmplitude T evalualed in H‘N-J‘Ca’eru'uj: A

2 =G+ (4~5)MeV

]

¢,

This resuld s valid bo 4 Loop i CHPT.
‘_ .G 1qp4, M Laulwyler, 0.6, 1982 . l
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\‘- appears Hnajc 2 \,oop cor(ec\—io\ns

lo Fhis result may e subslankal
q-L.t

(i-e. oL the sawe order asove-logp

conlnbubion of (@a-5) Mev ). Tl

problem 15 uunde <hudy.

Terom (5.6) we 32’(_

arlsruhe-Helsink)
phase shily aro

+ CHPT

G . 60 MeVv

\N\n\) is Hhis result inkecesh g
(Q‘V\d Whated o U.V\OLQr'Slde)g

.54 G My, Mgz M. ™,

As wenkoued a‘oovo_) G 'S also related
bo the wmosses ol ‘he baryou octet.
The ceason Q-or this is e ?thwan-

LLQ“ wan - Hﬂeorem :

¢
O = &aHP -f¢ﬂ= My +Wd
DA ’ 2.
Me n
/TG
Mo "
A
, >
s5MeV
Ewplicitly:
G - 2& 3,

A
2maeMg

The rabo mb/r';\ = 254 2.5 is rather well

Ywouww E—-rom e meson 5peclrum ( Uleyl-
wyler, 1.6 1972) . The parometer ™M,

is nor Lixed by CHPT alone~- it is the
nwucleon wias! in the chical Limik

mu=McL.- W.S = O,

The ca ther Surprisiuj Conse quence af



the value G = boMMeV s e

bolowing resuit: A1 32

Where could we eyl ’

1. Two-loope in (5.6) under study

G=060MeV —mM> Mo =440 MeV 2. Dale on tu~IN Ny 2

’ This second slep (exlapolabou of dala
b
to the unphysical €D point) ie a highly”

The wucleon mast ivw Hhe chiml Vimst nonkivial procedure | see H]. on next page.

would Lave to be 3urpri8inglg swall, I parkcular the duscussion of error

~l£ G ndeed Lurns R \'O ‘oa 60”6\/. | propagal:ion s very ol.‘ﬂ-icu{t, :
! ! ’ Note: Fl
The ove-loop correchions 3.6, (4Pl Extapolakon data — threshold can
Whave ‘veen worked out : M. Leu huyler, 1.6.72 not be done on the basis og an [
e?-@eck ve range lormula
0- = C')O MQ.V ' . 28
o Th M, < 600 MeV { Re ‘Q/e = &:ﬂzéﬁ = 4*%(a,, <qtby 4...) )
E or | :
KH PO - .
2<p'8slp> L 0.4 ' becayie this Formulq —[?a.'h lD?Fore the
<plGu+adled : . .
| expecimental region is reached. 5
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Rel. p. 405 H Leubwyler, M. P Locliog
M. Sainio, 1.G. TLB23
(1a%8)gs

We propose a method which alowe 4o
‘ celate (forthcoming) experimental low

enerqy inlormalion with +the amplibude
Ji at the Chenq-Dashen point, with the

21 Methods of partial wave and 2mplitude analysis

G-term aud with S- P- waves.

Basic avalyheily conaheink are iwncor-

porated.

.\-lou) does l"r u)Of‘r_?

‘g-:‘_‘m e TLLQ L(_Q.\) wor d s are awa Ly "_; C{ '_? vl

Fig 1.71. Flew diagram of the KK 1§ peniial wave anzineie

d,iS(JerSion rela!—%ohs.

Teom: G. U3lier. Prone pubioon Consider « f»u.mct.‘on ‘Q(t) of Hie

SLrQuuuz‘ s Landolt -Bornghein

Siwgla (Cowptex) varia'(ote E 5 avnd +he
Vol . 9 ba (1443) (o Ar

avalyhcity domain
AlwmE
[ > Re E

I'y'\
branch point . cut tr B E SN
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£ Le) lals off as [El—es, one hag the \* slep: Seb  fwlle) o 0, E<E, -

£0"0L05V11 relak‘ow b?LwEQn FQQL- aud fwan'Mry :FT'DW{S.:‘) , we can O‘OLQ.:V\, o ?—-iral"
DML op _c(E)) thpr'osc-'.wc!l’ian o Qe.(',(_e) f,,,-..- ol g
- Re ey o LRIE (., tee)
Rel(e) = L@Q’_E, Le") (5.1) 1 Tief.e w t
g A ELE ;

The conda b (5.9) ?;ves then an
Led'c assume .Eur-l—lder}uor& Haat Lle) ful-

Ll a uniterity- hype' relakion

improved qua%iuary part lee al E

\w Q‘LE) = \.Q(E)ll

wie) = (e (5.1) 3
= (Refte),\wi(e)) VE

Claim: 1§ twi(E) iy Luwowu b E>E,

we Can reconshucth _((E) cowplelels. 2hd Hleo Evaluale Qe%_, lwi 'g; g”"-"” iwproved
Alw e ’

imaaimry g:arl— in xl\rﬂ- sles
I et U € - ’

| =, Ref, (£) « L £ 1wl (€Y
— W) Luocwn v )yete

a

\wf, () - (&)}
We do ‘Hﬂi reconshruchon ‘05 ilerabow: HF

Conkinue uukl procedure converged.
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Tl«e e wvper, YUEn J«:uj u.)eu e_wotore_ok reﬂiow,
w‘nare. bol»‘n 'HA.Q_ cL}Heren\—;al and 'Hae Lo*d,

cross sechions are wmeatuced , beging at

Wing ~ Yo MeVf | ToopoMev o Revam

\n L\Ae reﬁwn ‘oelow «H«us enerj/ @ns

dominated b? { par’rlal LA Ues :
I I I ~
-Qo'r,«eu, -e\— ; I=% (5.9)

We thecefore mneed to apply +he procedure

[exolainest above Fm a %ingLe fumchon J}(E)]
lo the & packal waves P .

Tor thia lo achieve b is best to consider
6 wwvaciant awpliludes  with simple

analybc properkies | aud which can be

expresied in ferrus of ﬂpri . We have
c\nolen,
a* ot L
q =o
& Y 1
E = ._a_ A L - + !
% ( wB ) w={an+klaﬂ

i1
lw'e

from phate shilt

analyses

fﬂ?z £2

The ava Lykc proper‘-ies d‘# B'l: 'D-}_anc\ g? Leaol

*“0 o vwownlinear ivﬂ-eﬂl"al o_quakows (4)!‘ -\-L-Q (A
parkal waves (5.3). They can be sebved by
becabon iw \-erms ol two subtrackon contlan
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+ 4 e
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Fig. I. The value of the Z-term as a function of the parameters
a5, anda;, using eq. (10) and Zy=8MeV. The rectangle on
the left shows the range in the scattering lengths quoted by the
Karlsruhe group [3 ]. The error band on the right reflects the re-
sult of the 7~p atomic measurement ag;® =ag, +ag, =0.059+
0.0064¢7" [24]. The crosses with numbers refer 1o the curves in
fig. 2.
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Fig. 2. The differential cross section for n*p scattering at
ki \g=79 MeV/e(T,=20.8 MeV), The solid line gives the
Karlsruhe solution (KH.80) (number 1 in fig. 1), the dashed
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lo the cross 3. The experimental points are from ref. [26],
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Te A = Z ZntATRS
| ;]

where n> = 1o>, (>, 2>, ..

IP)) -, \J/q.),...

\&)\nal- i S LL\Q Conneckon with, the \32
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1.3 Chiral SLAM\ME‘L{-‘J ancl <593

For

3w all quarL masies and \ow dempera-

kures | chiral S'—JW‘\\MCLﬁJ conshaine the

Tewperalure dependence ol <gq> , 2:

Exawple:
89> = L Cop (T (T24a7)"
r‘,swll,z‘...

T

LTUS = zo\aulo>{ A_TC
T

+ 0T

(3,4,67
The cerQ—icj\en-\rs Ceg <an be worked out

g)q-om chiral perturbabon theory USin g

5f\«\e Same larﬂrangiqn as wal usted

befloce .
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, iel‘—t— = LC”—& L(‘)-t »f(éj-e

@
£. {;d’anua,,u**m"(mu*»
Ue SU(ZJ J Mz=(mu+md)3

{ continued 4o the euch clean reqiou | [s5)

+The \.ow-e\qerj\) Hicocem (3.2) can be

j decived on the same lovel of rijour as
|
| the corrent algebra cesollt in Clhoat -
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1A
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1.5 Olther qpp\}mhons

The QLame Jcec\nniqua may be used l—o

evalualre_ L\ﬂe. parl—%\-ﬁom gunc\-(ou, lee

O.omd.nvlgal.a, .. o a gin':\e bo = x*

T
L*\_‘A\_:ﬂ_\__ N T:— / 5
T

AN
J x4 4‘/——/L

This it v parkcular relevaut loc
lathice caleylakons, which are done v a
Lnite box ab iniho. CHPT may thus be
used lo erbmpolale ko L —s oo .
| refer ko the acrkcles by Leubwyler (4]
loc o recent account of the tlate of
e art.
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