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Quuantum. Frebd Theary
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N Cb; so that spectum of known partichn /
states (S Ytpmolu&cl
( Note : -YL?.EIJS /2/ Par{r(&;; )

e L = I ;00 field products at
| L same % ( Cocality)

Makes it ensy to salisfy Loventr wvanance
+ vdadioeste Camsality
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Suantun = [y, liep ), = £S5 9@

Nad urallness Prtrir.:;ip{g,_ ( @» fundamentad than above )
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Fandamental vs. effective theovies

Relativity + fnm?ﬂ:y "= Sum over uitrmediate stakes
ontans sum over spectrum of arbitraily high energies .
Technically
Amplitude (p1) ~  § d* T0ep
AL k
Usually di‘.urgm{ =»  ryenormaliation

Fundamental. :

0 Adjust a finite number of
couplings A, to expenment
+ M ¢ Then L PTDU‘[&S an
exact descnpiion up to
fran®y high enerqres
. arbitranty high q
hlieuib& - far beyond E,
emrgpcnh




Fandomentol vs. effective theories

Relativity + focality = Sum over uilermediate states
ontans sum over spectrum of arbitrarily high energies .
Technucally
Amplitade (p1) ~ ) & T(e,p0)
AL k
Usually diverqnt = vtnormaliation

E{i{m‘a{w_ .
* A E?dﬂ? o  Adqust a finile number of

ouplings to expenment (or: to
a {undamental theory )

+ M ® Then £ prosides an Qpproxima-
te descriptin 0n fong as
Lo Ea e -
hu oY The approximadion Can be um-
eneray ok proved systemakially by adding
move couplings .

o For E_ 2 M must rewse the
} dencripkion and {utn to  a new
0 EFT  ( eor: -fundamtnhl {hwy)




Super- , non-, and venormalizable wnteractions

Per turbodive analyscs

Resafy alt foop momenta ko= Mk, .
: $§§ Take N = o

I — >P7(1:+ (%))

Sup&.rL_':‘.a‘-.ft@_ l‘-‘.frr' i C -L

dw{r{uﬁ_t.
e Y I
'k 3 D=0
g k™ Lpeamt " ogotithmy
% =} =¥ dl\fﬁ'?ﬂ-’k .
D>0  Duagram s certauity diverqent
L = kinedc terms r L 3\.}:}‘“ o;
(3P, Firy,.) LM
L = % of Cops
I, = w of wtenal Cines of futd type
E‘ = externall
V: = % of Verbices of typet
a = & of denwakivey wn Oy
g = % of futds of type § v Oy
Propagador of § =~ _—— for k»m

(@)



Yo spm-y futd
4 massi vedor fiétld  ( general axe )
N caue prob&m:-. Exdude this case .

‘[ 0  Scalor fubd, massluns vedtor fietd
'S; =

D - I{: L, (2s-2) ¢ L VGa; + 4L

L= LTI -7TV;+1  for conntcled
_ : diagrams

II“_ + E‘ = I VL Nyg

d' = q+ i g (1+sg)
f P g——
Mass domension of {wctd {

( net valid {or mossiwe uecr
fetis)

n

= D= 4-T E(ss) + T V;(g-¥)
§ ¥ -:

Superrenormaliaable wiferackon - dy< 4
D! wth neeasing V; - only a {fnilt number
of dragrams s devergent

Renormafizable wnferackion - d;= 4
D  idependmnt of V;
D <0 for deagrams with suffccientty many exkrnal mes
- oty a fwile number of counkrlerms / couplingy
(S neaded.



= Theovies with dp <% W (= ¢ dimensionbors or
positive mags dimension ) o candidalkes for
{undomendal theories

Non - yenormalizable tnkeradions = dp > %

Dingrame with gny aumber of ecienal &nen  are divergent
f werlex U occurs sufficently ofien.

- must uiclude all Oy an coantecterms / conplings
up to arbitrary drmensun

L = kinte & 75 %‘q Q;

Consicer  ScaBlering amplitude with mam> dimension A and
o dogram m{h n tnserlons of Op with d;>% . Then

the c(onmbudion s ( ue dimewyiond vegulowadron) of
& oA (B n-(di-4)
O AL+ Bw (W) E = sl of
exdernal momanio.
= onlyo (incle  number of non- venormabiacble \nkesactions
is veally velaant for Ep<«<M
E{feckive theovies are non- venarmaliaaide theovies whuch
con be used as fong 0 E <« H = sl of non- venermalable

mieraciions .

[ Noe: non-renevmakaatle theories according o this andlyscs may be
fundamental ({ thuy haee UV - fixed pouits “ . The problm i

non- perturbadme . )



Remarks

o The effect of wilermedrake states with Ez M (s
€ocd (n expenments at enerqies < Ey

Change n change N
(1Y . # . )\ = .
Ubtiraistolat Physics * coupings A n
T Mg,
L ME

Suice L wicludes afl possibla O and since
A (s defermined from dala , the descnplion s
UV - unsensidive

Jn thes sense , the high energy (Cuctuadions axe
" unfeqrated out”  and venmik ' the values
of the N\,

8 Can decide theovehizally whether o theory wn be
{fundamentsl ( se above ).
But @n never detide by expenment whether nature
s veally dencibed by this fundwmnial theory
at all energes.

Fatse fundamental theovits connot always be
falscfied  ( siice E-=e )



Histoncof note

0fd - {fashuoned. renormalization paradiam
( £ 19%0-4%30) )

©Good theories axe venormalizable
Non- venormatizable theories are BAD  ( unpredicicve - )

Modern venotmalization /EFT  paradigm (2 4390 -4330)

Most theories are probably effecte theones and
non- renormalizable .

Super- renormalisads interactions ave BAD and should be
forbidden by symmetves.

Exampte :  mass term for o scalar {ic6d

L5 ~  q= M

%
Carge scale
E.?:d‘l
—> Scalar mams ts O(M) , but then
s not cluded as dynamucal
R L
=2 A« unnaturol

Y Line - tunnq “
Line q



Fundamental Fundomental
theory not +heory knawn.
knoun :
u N tn -
3;%?"' dofm. 3
Why ts this usefud 2
| ) Lmdqmtn{a.l.
Egﬁ(..l.‘.\;ﬁ. fchtor‘f too duffuedt
Theory (aCed)
. erntrgml: Sy mmeniey
The Standard. Moded at E<«<M
Einslein fm“"-tym ° Sum
Hgher - dimeesy -
9auge theavies (’\Eﬂa E/H)

-

@n be farge ewen

=. for Xt



Jntegrating out top- quarks v OCD

5
T = —%GSVGAW + 54V C-m Y,

+ ROP-mR Q  top fuetd
Assumption : Piop; < M  for all external momenta
= no exiemal & Rines

A (L) m (W) :
$\ - AM * ?m {ow - and high frequencies
| -!
i (R TR YRS
Zlaad = N {D[A%H6eR) <
_ 2 Sﬁx ( Toge + ]“A:':‘*-'-l“éa* G&“‘q)
= N (D[RS Y] e

with
(G [AY Y ] LS[AJ%‘E;&E-]
el%* % ¢ - _E' SD[A % ,q’lﬂ)&@] e
oo
w m{ggm{mg out the htu\rsf

tds and hugh energy modes
(on be expanded he 3 ¥
m Cocal optraim

Jn most casen  Segy can be constuckd only pecturbakively



Al Choose N, O,
A" 50 that ’chts L
Ls tue

Consider gtuon 2pt funchion

I, WU 3 S ....(P-u»

EXACTLY rcprodumcl -FG" 1:{,‘ = - %Gz"' % Q{_(LB"I'({)‘P‘_
Nok: venormalize X and Loy o HS afler using
dimennional  vequlanzadion
No exgticit high- frequincy cut-off

High frequancy moden of A, Yp  appear only
dipgrams  with Q- Cines +that Contan the Scala my

+ (Ounierterm
ExPan sLon q’ymz.

= 1(g9,,-9.4.) 8 Tgy)



L 2
T&q‘) =+ dlgks dexu-x) n '"t"x(:"‘)q
e M
0
el
U A NI b T L
3 f*\l 15%¢ l'ﬂf' m,*
A AL AL
G =-¢6" g, - GDP'E
- f -LcT{;tm“\ ch g
:'fe. I"l' ( *"‘f' not
- O o dsTe oA n2eAp
' 7 ,P( oy ¥ (rm:¢- e +
d;=t term t
h;:,begn di=6 non-renormalizabla
o fred mterackion has bean
qenerated

Restale gluon field to vecover canonical kindic term

;ﬁ = f"-le‘ B My o A =3 - l i::'-:?‘
Ex J VC +
bu‘l: = s, T
3;]{;“‘[’* = 3s "V;ﬁ\v‘_
4- 3sT5 po Mt
bx AT
L T_ J
"



y 3
= 3
e near m, velae  dg = s (¥)
my d-gr s,
FZ:T;lfL = #23%1*' % ¢y = - B
Bo= M- 4(5

e far belos m, MUST use Soy
Othertstse for pov pcmy ottt oo ﬁ:‘
and perturbadion theory brels down. d
P JIn ;feﬁ these hrgh-energy foas o abserbed

Lh ds(?)
sdue_wnormabizadion group .
P?'ﬁl: ~B@D  with
(wiral comdidron O

A c
\C’yf — Sm';l fncspveﬁieu

Pﬁ‘ & N .s

Belew “.3_‘/' two  options

° no external boHem Cines =  repeat above
Pmcedurt

Y external botom Cipes
must be Conserved belows my

—>  Non-vlodwistic BCD, heavy quark effectwe
theory



Effl_'-&r.*.im. theovies (,1{, QD

[ ao ]
/ s

non -

erturbalive
o B fooiching
KA
\wenklu Stroncfu ‘ﬁ news (ebde |
Couplad ouplad |
. o exploitadion of
(PINRAD HBET Symmelkries
{or top o effeckve 'theow
\weokfy ugled
(PYNRRD
XET
_ Chiral Lagrangon
Hlﬁh' temperadure Sk & HI.L*M ﬂ)t‘or\/

High- density



: ; : al) detols 0 Buros’ .
Effective weak uiteractions : Pecture Noks hep-ph/ 930643 |

Heavy quark decay due to weak wieractions.
my m, << HV

=  Lw ™ Lo re * Lo

g.
g cive weak
wnxractions

a
—9—-/\,,(' ﬁ} I)JD’ E { dJSzbJE:F':t* }

-
~

.-.D “< uJU’ e {u,l:)'l:, VE;VH:UT]
u:

« mMuon- decay
e neubkon-decay

* b-> cbyv Semy - &P'lon[c heauy qtlﬂ.fk dECO.\[
b= cdi  hadronue "

Traar- Goel matching

AL
T <
! < e ¥
(-i) 2
(prm™-h2




»  The foding term (s non- renarmalizably  (d;=6) .
This explains why the weak wikrackons ave weak
at b energies . Effectrve coupling is

s {E Y‘
™ \w,

—'EQH. s % L Voo u' Tu(* -§)D D‘Fu(“ gl

Fermdi’s theory

- o I 1 ; m, & o
Hugher dmensional operaders Qivt (Hw) &« 1%
comeckions to b decay =  usully neglacled

Beyond tva tovel

" Add all gange - vivanant operaton up to dimension b
with undetermmied ouplings (i

{tg = -6\(—; 2': G G

o Determine C; by maching Suitable amplitudes
!

A\fm = Alﬂwnq*

in rbakion {heory



q " [ &_&Du-] Y-A [ﬁLU.L] v-A

0, = [Eubb]w-n [BLU‘:JL]V-A
+ A

(.ufour

; m D 6L To, (gD,

D g [Q8] (DD

with varisus Dirac madnies + (oleur
conbractions

4 1 : 4
hea + 4\ d'k Ty Lpok) ._/‘:{/

& onnot  sumply e ‘ -
Lmply in M, ; nee- ¢
pond ) fr mw’ M.,

om

H?.
-~ ’1-!-45&]___"%

P
- H\nl AI &\ Mz ) * =
= (44-&.5&1})( + dg —‘;-1
non- AL
{\"Dm k~ W)
. 9 E This Boop 15
Cw ' I\'e c'l(utP ent
independent o ‘5‘?1“5335" ﬁ&
ependen .
Cow - enerqy scaln widependent of My
P G Bog &°

Fl



Exphicitty

Cuo= A+ bw (g Hu‘_‘% « OW)

()

Gy = *sun ( 3t Hw + -i.) + 0y

’

ﬁl

Wont o evaluale ot u~p o that —{-( wntains no
r
f.’nrga &lj M/P‘

ﬁt‘f;(,;un = ‘535@5) Ciuw ()

anomolons
dimension

Soloe this to delrmine C(ay,) giten Cllgn)  from ().

Sums all
I ‘sk-1 (45&1 ' )n
n [T
if anomolous dimemnion s Compukd 1o k oeps
Example
iituwy Ci(my) = 1.2
o) - Goed
G - 0
G, Ge0 7 afwe -d
+ 1 foop
anomalou s

dimension



weak
{&(1351- * i‘-ﬂ
QED

can be deried once and {arever
THIS  effective theary s itself
the starking pouit for derturig
{urther  effective theories BELOW
the scafa My

— HQET

SCET (s applied i heavy
qQuork physics )



Heovy Quark
= Hecjci.ve Thecrry

{ Reviews Neubert  Phys. Rop. (A99Y%)

Manohar , \Wise

" Heavy Quark Physues =
(ambn'dge Univ. Prenn ]



Bmcling due to strong  interackion

JF X dsguyv A (e,
L Moo
&
=

HEAVY quarks : Mg » MAacw
'E(p:-)
p= HBV Pq = MgV + k [\fz: "l-!
i
sm.'uu_ ® vesldual  momandum
kv Ngp due to witeraction
with Cught quarks and guons
A Lo t L
T mﬂ.: ‘S‘( ) bed
Perlﬂ! (LN
l maiching.
Agen Madnx elomnants of HRET
Operatery Qe "mg - uidepenchnt

HBET applies to

®  Spectum 0f heovy hodrons
( bm’il‘ng)

o  Decays ( or production ... ) of heavy hadrons
provided thet exists O frame ' whidy alll

Pth+ degen of {vadom have momgnia << Mmq !



Effective propagater

Small.
. 4 ‘
(pemg)  _ ((mgUesdek) PV
pi-mg +ie mg (Vi) + 2mguk+ k* 1 Vvktie
p=mgi+k LT'- ‘ Pa
small
E{fective vertex
L L?f iy 100
. 44;«* A (gt T _;,_.,- (g T

L-——~(—* -
0

1;_—)-‘-' L‘q,;xr“Tp‘ phiad

= I = —&(fD'-MQ)Q vy TQ“_ =

Lm}h g l’\\f = hq
Leading order HRET
'.fLC_\'!Tlﬁ{uhn

gpm . {:"_n_\ ouf SYm m.r_l_n,,

e no Dirac matnces
invanant under Spin - Q) '\v - Rhy

&S ;4 ; S 9 = (e sk
Rz % SL*- -1-‘55"}'-': [
etLw
Nw _ . o
e no dependene on Mg T W ovDhy Lrivanant

L=4

h ivDhy +0(%)

ander flaveur - AN hi\, = Uiih:}‘ even '¥°" ma;*"‘&,‘



) T
Twer = hivDhy + Losqut

L5

” %(-311- T §LiZ-mqlq

Cight quarks
Does not include :
4)  Some 1/"!& effects dropped above
) Henvy ant-quarks
; Umgy L(ptmg)
pr- mgr (p%- [ (w00 [Ymptee] )

4 Y
—Z_ porticts pke onti - parkicty pale
| -2 dmg
i time- ordered PT

a
3)  Heavy quark €oops i

k((l'ﬂ'& g

4)  Short - distane.  §fuctuakions  axe wrong

9 e
é}?\ Loop witeqrl ncluden reqion

Kvmg hoe the propagalor
and Wﬂm D{- :Hugr at

plawnty Wrong.

' Pt defects concern chort distances (x~ /m )y and
con be vepaived by perturbakive.  mosching . .
!r,nf\— distante phupuc ('fhf_r“l[ vepvodused -



‘1. R COYYY _r"_l_' 1one

Mg
Din-5 opevators he [y (DD hy
%;.N:G-Mq [.V"Diﬂq = 0
by L0 eq.0f molian
s T\, (ED_Q?' hv r‘v ﬁ'm'isGw hy
b ]}:. = D*-wvD VM
Denvation D{: the Lagmngmn /. {Qucduote only on sole Ngeop
- LmpN-X
&(ﬂ = e e (kvﬁl*Hv(‘.‘v)
i.t. B\:M = M e {m&“.“@.[ﬂ

Hq Ly Z

5 L= QA(r-my)l
= R’t\r-bh\, - Flv(i\"h“'lms)Hv

o _ N
+ kv L,B;HV + HV I:D_i"!v Eﬁ?ﬁ:s (almask )

non - dynnmiatl
- i ) ‘
L}st Lom. = heivDhy + hy O amg + iv-D (B hy
(veD +2mg Yy |
= PDhy | 1 C&LCR»I;: ?.xptmdui \n
o {uf H, operaton)

= E‘ i‘.V‘th *'Iv (.'_l.:_b'l_le'i\r + .ij_s. ‘F‘Yﬁ" le hv
am@. tmg = MV

Y,
yJ.D:L = DJ. - ?;-_’FMGN + 0(1/“‘&)



——

Liger - hy v-Dhy + I&'gh!:

+ h, ((D)*h, + 35S EVG;NGM hy # oo

dmg Ymg,
Y Kenedic en “ chromomagndi
i il Interaction ©

28 o ot frame

o lsed the clossil eq. of. molion
Valid oaly at tva - Gl

o Effect of Coops changyy Coupling constants ( se below).

Heve B
= - 3d ) mg _ 13

Kinettc energy not venormalized | becawx bilinear terms

—

N hyhy most reprodaa the ACD dispeston velation
P = (mguek)? = mg

. ’I/m& corectlons  break  spui - {lavour symmelry
but can be treated as perturbadions

Work ' the wnieraction picture  ath

—_—

Hg - hyﬁ\t'bl'\q s H"l'&‘“‘
H";{ ~ 4/".!{' terms

=5  Hadron states av agenstates of Ho and
are classified mubkcplel of the
spwi - {Cavour symmetry



Evalunting hadronc matnx elaments

EY'}- M:l l FV‘ 5 hv l H\,)

- comPh{d.;S non- pertucbative
- con onby exploit symmetnes

IMy?> = IMgn>

L skates ofa favour
S\Irnrnuf‘f rnul’.h

Focus on U symmt’m/

Wawt - funckion of B, B
T — (s unknown , but (s

1 Ses" Loreaty trans formadion
5 B property (s that of
-]= ='1 T —

'(. 0) (] J k U) (U'il ‘\f,f,&]\&(\(js‘))dp

J—

Sa=t3,Se=th providuy tha
four staler of tha B B
muﬂ.{ip[ﬁt

Jnstead of these four fake @inear Combinetions wath well- defined

ungudot momantum J=0,1

(1) = B

= 0
M- 1, acd (&) e3=(

. : B* qmm{m
_ 204 n me
W ﬁ{;o{éir else Ev=0

o)



Thus
M, 00

<H:{"Ew{‘rh\,lhq7 =

[ Ml J“lu,a.,\-l Ao Ypa
/3
Lénk&om 'gh;?ccb (= mh(n{» of
independent Of hmuy qunrk
mass and 5pm

Most (ﬁmﬂl form

¢ o A= A AR AN+ Apex’

(‘) ‘tT((A.‘*PV_N’*PgM v A\*W})‘E; 1'%!',[1 4—?—(311 )

— ( A-\“ A;_"A;‘ P\q) tr ( R(U’,‘E,: )r. H'L";En))

AN pap= = A g, Y
T A = 5 e e
= - v g, =
7 N
. ik . .
MRl MY = = gtevy Tr(MenPHm )

ONE ( Jsqur-Wise ) form facter for all
and all ge*D,0* — B,8%D,D"



Applications of HOET

Meson. masses ¥ Reo)
M
m“& g iHﬂ,ll'( “'Ia,) = mﬁ_ - <Hv| H!ﬂle'? " U(}’m;)
{HglHg> CHYIHGY .
t V(tﬁ.urr_)
@

mg + < Myl heivDhy 1M,

i

- 4 (Hv‘iv[(f%\l* %,!G'“‘Gn“]'l'\vlﬂq'? .-

al'l'lg_ @ @
" @0 . o

‘t‘f‘( e\ _H-tv,e,.}ﬂi\hi..)) = (AA) tr ( o 1:;! E’n)' o< tr (ﬂ:fn) = -4

At Ay [ 2= v¥s) \nde pendent of n
© .
™ -1 2

tr ( q:*;:, Mgt Hiven) = { e } (AR  for  C

A G ¥ Als;u"’ * A} ( Vs VyTad 1
= A +3N 4
mH&- = fn&*l-ﬁ_ - -—ji-ﬁl 0-( /m&) B,D_, s
my* = m&+_‘f7\_ B B*,ka_*
8.
amg

4 g Dl
= <h\f \ l’l\;(lb_ol'h\; IHS} >

M
Mz d <HP L hyq 6h M5

\ndependent of Mg, !



® The B and D mavwen differ by my-m :

=Ryt = Mpme f 0( !m.,)

( {lavour symmebry )

& Ho and Hg become degenerate as mg—» o
( Spir symmelry )
My - Ry = A, v O(Y J
a &
mb-i = mB - _"}_t_
mDi o~ II'ID mb

oM, 45 GV
144 MV W 3GeV

Sem( - feptouc B > D¥ev decay and |V |

Effective weak nieraction

T‘< e % A (iab)w (E?)‘,_A

© had irivial
™ maiy clameat

~

(D | T -y b 1 Bepy>

= (feay (oo '““'"" T) /fofq f‘"“‘ My g
L t0 form -fﬁﬁm’.s -~



<Dy | €50 b ] B >

: Aﬂ("f? ) A’t{‘f?.— A, (4%, Vgt

HRET
* o
{DY | @bhal B ? ¢ <My lhelhy My
—  Jsqur- Wise fom fador  €(vv
. |
i
Ag4,2 — €vvh
- V
Tia up 1o 1/mb,c comecdrons
(40 unknown
form facton )
& €(vv') s knoun at one pont gy =1

M hyythy [N 2 =

AV
[ from e (R MY ]

N= (& hyh = he k
g 4 Mﬁﬁfqﬁm{w
== dgmv®-V = <M INTHE S
= <HO M, = WV
[ { “V"‘Hg) = 1\'0 (1"33 SB‘(F“F.) 1
> € =1



) 2 2 2
wevv' = PP o MetMp-q
MaMp Qmamp

0¢ ¢ = (pp)% (mymy)

momentum transfer

In B rest frame thy boost of the D meson s

¥ = By = wv! < Mgemp® o 4 <« Ma
"o amgmp Mo

=>  typicd momenla of C€ight deqrean of {rerdom e skl
O(Asw)  and HBET does apply

= o
dr’( ?:le v ) = N\ . (w) \!wl- 4 El(w)

harder ?{ﬂ'
measure

4 ‘) \

knoun E

data for kinemakic & w 1
w1 phase spaca W24
acton ( heavy quark,
‘F EimTtY )q
=>  Heaswement of Vol
3% exp. error
v
- NG E@) = (326:09) » 4073
( HFAG)
IVl F) = (42.2+33) » 40°3
X

Ry = 4+ 2



Leading ordes not enough for precise Ve | determinadion

cl'b = Cp(‘s) Ewr‘\"lv

- 75 D{@,},ma TR, ™ s

comprensates {or Y n  ehfeats
mmd Short =
destanee behawour

Ce e b e en) (A @ \
deder -
mines
QP q;“

|
C - atw=A1
- Rw) = Mo+ 0(1/mg*’f

Fo = e+ 0(,)

A= 1+ i—i(“‘bi'mcenmb 2\ .+ O
1 e ) (<)
v (.96

R = 0.9« 0.05
1 $ €~ twror from modd- dap.

ower Contclion
/'m1 nedion from P
Cuthue. - not small

l
N
22

5% ewor on |Va!



Rodiative coyvechions , momentum reqions and factorisadion
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HRET : Hl.m_mw'

#» EFT for heavy quarks ( near mam- sht)
uﬂtrﬂc{(ng with  soft quarks /gluons

( momentum ~ Agg <«<mg )
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