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X. AFPL;CGA'.LOM.S of SCET

The forwalisue we have developed iw Hus course
hos  widespread applicatiows i collider plysics
heamy-flavor plsics aud other fields. Sowe (wporteud
Q\(wup\,es are showw below (alom.a with Some k‘ﬂ n{ereu\cesl

Collider p‘n{gs:cs .

e p ot
X
p e
p
DIS -\'-or X— 1 DY PVOAMA{OW ?fev—> Z(ib{’s
MY = QX aqh | soft addifowal | eveur shapes
X radiakvon
Becher, MN: Mep-p‘/\/OGOSOSO Becher, MN, Xu: Lee, Stermaic: W-Pk/oeﬂom
Bechew, MN, T’ecjak’ «/o0cot11¢ hep - ph/0F10.0680 | Becher, Scuwsarty: 0803.0342

Flavor p'vuaslcs:

Inclusive decays B> ¥ ¥ and B> X, 07 in the kinewakc
reqion where My « m2

Bauer, ?;Vjot, Stewayt: ke,p—pL./O'IOﬁO"fS'
Bosch, baumge, MN, Paz: hep-ph /0402094



Tn oll of these procesces foe relevat uodes are  colliwear
or Wra-soft aud {here awe of wost +wo colliuens
directiows (Wond W'Y, Jet processes ot lhadrow colliders
are wore Covplcated | since they requive iwtvo diccing
@+ n ) collinear divectons n; , where He F}s{' fuwo
refer bo He beaws.

Tu Hus leckure we descuss e process

de - 2 jd's
W wore defoul. Rather than definiung tue 4eks Huough
some Cowplicoted ieA- aljorﬂ-ku

we Cowstder o evend dhape, which chavactenies He
qeonetry of aw evend and wessues how “pucil-Like’
Wols. The protobypical aveud shape is Hocust :

Here Q= V5 =3 P2l is Hhee dokl CHS euergy (uassless
packides ). The evenk shape tHuust vanes bdhween
Tuw=1 (porfect aliquuad of two fefs) and Twiu = A
(Cou.n.[)‘,dl(ﬂ 5PLm'coL avewt),
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_ =
— =
T=0.998 (T=0.002) T=065 (7T=035)

Oue defines T =1-T 4o weosue the deparfure frou
He porfect 2-jeb Livat. Ve are derested i fhe
reqion where T<ed.

Thrust is  soft aud collinear cafe , wmeamug Hat its
volue does wot chauge wwder exackly colliuenr qntil(-«'ugs:
F:’ — F::,)G. ¥ F:,B ) inq- I Fr‘:)b

Qnd lu{riuﬂ—da soft euussious:

F-’é — F:;q. ¥ F:'«,b ) lﬁnbl — 0
This pro Pex* Y emopures Hot the cross seckon de/ aT
15 -(-wec of IR Af.uexse,ucs However R te Z'JU"

Uit Tl the ceoss sechion r&ce,we,s Lavge double -
logaritlunic Comeckons ~ (87T) ) which ueed 4o be



reswmmed +o ol ovders of Pcv+wbm41fow -l—heorg, A
reaiow aalysis shows flak the celeyauk vaedes axg :

2

hasd Q — iu}ejra,ﬁ out
(ahs) collivear T Q"
wldra - SoH‘ T a*

We choose fhe Huust oxis to defive e velerence

V&C«“’Df Q.

} SCET with A=T «1

o (4, Ry, " (4T

fBb de fLuition, Horust s addohve aud we caw %pam:@b
e swue over parkcles iuto sums (w Hhe various sechrs
o(; SCET:

;?T‘F::>° WT'F::“’

TAa = 2 (\ﬁ;\- \WT-F:-l) righd wovers  left movess
v |
v v

= 2 WPyt 2 Pyt 2 '”'l’:é ¥ Z.R'(’;i

I I !

Collineawr  ombi-collawear  sofk particles

particles Pa.rh‘cles
- R - L
N A Y Py ~ A~T

L : R Ps
I

\ | ‘
P: R \ ! ' ‘ Pe
>@< iir
| ! |
1
I




The &zﬁuﬁ-ﬁou\ of He Huust oxls enmsures tat e
bohal trawsverse ot o eadk lne.uds‘dtcrﬁ vaushes :

L)L 4 L
Fx = Px£+ Px's = 0

L I Rib
Px = Py *Px, =0°
N A\

»
)

Wiy

\

L
= PXG =0 = P;E
up to power o rechons
It follows +hat | ok le,aAa:uﬂ powexr:

_ (F R _ T - R
X, t Fxs) = Px, ¥ MPx NPy *

= K.(}xc (K.ch.\. he Pts) r ...

1

<
o e
[

Q (n.fxc + h P;‘:s ) + ...
N Q A\'Q

MU = (ot b)) = Py (R # opg ) o

- L
Q (“‘FK; + K‘Fxs) + ...
*a e

Up b potoer cotsechous , we Huus dotaii :

(8

1 2 1
TR = ML + H’R = ch+ P;E + Q(v\-‘):s+ K'P)'(;)

*at vat N N0
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The fack b Houst 15 addibive w He colliuear arnd
who-soft coubrbubious (s (wportud 4o estalelish Cacto -
Atakion. The differential cross seckion (S a{veu loy:

de _ 1 i | M (e — Y — )()I (UL)“ Sm(Fx-‘)() B(T"'C(X))

4T @
X !
LI“’ H Horust of
et (B q o flual state X
Y X \.qﬂ'okfc 42«%0“
— P v
‘ 2 n d Ltw z (?4 P t PﬁrPn = Pa'Pz ﬂ’w )
Q= =95 9

(@e,= quark elechric charge)
T‘v& WK{‘C "'wor .‘5'- VCC"OTC‘LW&J'

Hpe = 3 <ol Jo@ 1 XXX 03 (0" §9p,-9) B(T-T )

We wish 4o compude the differakial cross sechouw 1w e
angle © of the thust axis T with respect b Hee wououbune
of He eleckon. To do s0, w2 lwserk :

i
{ - de_\., 8(3\(_5 T) - j&‘fflcose 8(1)(m1.)

T
conkams & (|Rl- 1)

- (@) fdeso 0pL) 5 B 4R uph
V‘Qy@r&d ‘03 Az{l\hil-iou
o¥ Horust G.\(l‘s



Couloiujuj Ms 3--\1:-\«:&:0“ wikle H*c S’-Fh-uch‘.ok -Fro%
ot cOuLsu\ldwfow a;vc_s:

(%)

i) 59 CpL) = 8 P+ Pag t Prg-9) 5 Cp,)
= 2 3(Repy,-@) Sn-py, -@) (pt) §Cpp,) -
\Je F,u.uj luboduce  wew vanalles

o~

1 ° 2 R - L
M = Py, M =Py, , W= hpy ¢ APy

8

> TQ = M°+H;+aw

lon "*“'u':'(’tll.‘“ﬂ He hodvonie 4emsor Lol +he c&o.wt.‘ id-csm‘.:

{ = chn: S(ho-pt) [dHz 8(Hz - px.) jelw SCw-n-ri-ﬁ'ri...)
This leads +o:

TK)
do m 2 2 2/ 2/ M2 + M? + Qu
T rooeg — g L [OV(=Q7 =10, 1) / dM? [ dM? [ dwd(r o )

x j«u SO XN (Xl X 10) S(M2 — p%) 8@ (pk )5(n - px. — Q)
XC D

><i<0| Xe 4 (0)|X2) (Xz| x§ 5 10) 6(MZ — pX.) 6P (px,)d(n - px. — Q)
X,

xj«ﬂ [515a] X0 (X.| [S18u], [0)6(w—n-pE —7-pk )
X

x (2m)* (V])ap (V1)s

?8



e X, = w(o)f I(o) ad Yo wtow Zios e He Jouge-
tawvariawk  collinear ‘autolmﬂ blocks ofter dp.cpu.pb,uj of
He uhta-soft gluows, amd S Sz are the soft Wilson
Lines .

M His etage, one defines gt aud soft funckous via
He abnix elewents iw He differewt secfors of SCET

Jet_funchowns:

2<0| XE5(0)| Xe) (Xel X, 10) 8(MZ = p%,) 6P px,)6(R - px. — Q)

Xe

R

T \

LO(.OV CO'A/WVQJ'UOM 5WlC«C gh =0

Note Heat Hus (s e spectal representation of a collinear

wk psropa.gad-or (c.f. Seckon H1 i Teskin & Schroeder ).
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M lowest order, X are single quovk states and we fiund:

_op = ab t () 3
jw - S vasles) B (P,i 5 5(H1) 5°(p,) S(2-@)
Wi {8 AN
(L' ¢ Lf)sd-(l)Sq“P

:” (i)& S(H?)

T 20 \2

I“' J‘:ol)lpws Ha,c.,‘l'
Ty = S+ O(us)

This jd {lu.uch‘ow 15 Kuoww 4o S—Loop order n QCD.

G Becker, MN: hep-ph/0603140  (2-loop)
Briser, Liu, Stahlhofen: 190%.09%22 (2-Loop)

At A-leop ovder; oune fds: (hep-ph/oko203y)

M 2\ o 1\
M* M Ces [7-%‘) S(He) + 4 (R -3 — ]
]( ) 8( ) * 4 ( ) ' ( M )u (H’L)*

+ O(«d) \ /

Jeneraliyed plies
a\A‘s('\ri Btdm'o us

The fet fouckow iw the ark- collwear sechor 1o defiued as:

2«)\ T (O X)Xl X 5 10) 5(M2 — pc) 5@ (p%. )6(n - px. — Q)

= !?] N J(M7)



At Hus Poid‘ , we obtaiw He Qouowius dvece over Divae
M‘*\'{(Lﬁ‘.

o A A R

4

Also , the four color indices in +he wltvo.- soft weatrix
elewent qet coutracked W podrs.

Sol4 %m\{om:

1 _
S(w) = ﬁj«n [STTLST“L] ab | X ) (X [S%Sn}ba|0> d(w—mn- pf(s —n- pg(s)
s

The prefactor 7N, has beew iutroduced suck tat of
\.ea.Aias ordes:

S(w) = S(w) + O(w) "shape fuuchou

T
calewlable oul:]
l‘- w>> Agep

Thas {-u-u‘,‘{ow 5 kwown ok Qo(oap ordesr 1w waou, 'H;.(oez
Note M for W ~ Agcp ; v.e.
’U"' Aacp

o He  shape .fwcl\bu 5 o qenuinely nolpertur -
bakive deject, which wust be extracked frowe daka
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Cross ceckow:

Coua.biu.iua oll pieccs , We defain He cross sechow:

ds ¥ Qo .
AT dcosd % e qOL (1+ Cos 9) ICV(-S-{O,,L)Iz
Y g e T 1
J j& ;SJ(» S(T- M,,+H:+w/§w)
0 0 0

0 Jlhe,p) M, L) Swy)

This 15 @ p&radiamaﬁc exoumple of 4ee destvation of
a QCd g@ﬁe&‘ou forwula U.siua SCET. The scale
depundeuce of Hee vavious fuuckious axises after
renorwalitakon of He SCET cuwred opescdor, see fle
Lost Leckure.




Resumpeation of large l,o:(ax‘t'“«aucw

The Heeorcheal Prcd.u‘ol{ou for e croes sechion 18
‘mdf,\uwéw of fue  reworuallration geale M However,
for eadh fxed cloice of p dere are lowge (ogs
ok leagk cowme of e conponewt funckows €y,

1 amd S. The "a’wd-egg 15 '\'WCGGC $o calculote {luese
funckons ot fele  “ateval’ sca‘es, aud Heew
evole ("run') Heuwe o @ Coweweon (and arbitmry)
scale o by tlving deir RE equakious:

A

Q=\/§ T Cv('S—:a)/-») I ’*h

M~ TQ mlg(n; )& J (Mg, o)
AT S S— -
w~ a4t I‘SI S (w, p

For Hhe laud m&cuuﬁ cocffeient we have discussed
te solublon of Hee RE eguakiow (e He previous
\ectuce (gee (oges 15-31). The RG e.?.«.a.({ous for
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tee fdb oud soft fuuckous ake wore couplecated,
e.q.: ( Becher, MN: lnep- ph /0603140 )

o :7 J(P:’a) = [-Zr‘cus()(ds) 2‘4—-,%-23/3(“3)] J(Pf)-b)

+ ZPcuSP(us) “A«("l J(P}F) - J(P'}"')
o pr- p*

and similarly for the soft fuuckiou.

The forw of He crose sechow ow p.9L owmd te RG
equakions Sluplify wn Loplace zpace ; where oune
ACFJU\.CS:

-~NT 0‘.6'

dT e —
dT

S (v)

n
O & 3§

2
® V’Ha

t 2
T Qg * TS *
T [Clesiopl” Jamd &0 g0l

0

= . _VH; o _Nw
X X&Hz e ° ;](H;,rb) j&w e ©® S(w,p)
0 0

= %i IQ:(‘S“:O,}L)'1 j(%;/‘) j(%,/") ’é(%:ﬁ)

~ ('175)"I ~ (T )'1

In Laup\ue, space We obtaan a ProAu.d’ rater fhaw o



cowvoluhon. Alse, He RG e.q,ua.h'ous }oke on a local
form  (Becher, MN: lepopl/0005050) and oue oleloiis:

f o 105 ) = [ - Loyl (% %) - zx;,<us>] (5w

They con be solued  using the savse fedouaques as for
e havd {—u\dn:oo\. The fact that the cross sechon s

RG :V\.VM.WM.{’J rj‘% ?(\l’\ =0, ;u_q:(..:e,s:

2T (85) Qu,,% + 2%, (xs) |Col”

a—R
a_lQ

- Cuep(ss) (ﬂu%, - ¥ ) = 4 ¥ ()

b 2Cougg(vs) (ﬂu%} ) () = 0 S

= Xs (Ns) = 2\‘3 (0(53 - XV (dS)

This consistency condibon is sohisfied to ol orders i w.



: . : region where nouperturbahive
Cowparison with daka: HQ% o b gortond
W0

SR S - 20 v
N resummed and matched

o fixed order

15 4™ order
I 3 order NNLO
1do ||| 2™ order NLO
o dT 101 1% order LO
i } ALEPH (5= 91.26eV)
3
(()).0 0.1 0.2 0.3 0.4 0.3 0.4
1-T

(Becher, Schwarte: 0203.0342)

The "umd-c—uua“ of a resuvuved SCET predichon (valid §or
T«1) owto a predickon obtained 0-5(‘%3 'FC\(CA - ovdler Pe)c'l'uv -

bakiow theory (valid for T =00)) is performed o5 follows:
SCET
4< _ (4 e
(ﬁ) wwadched B (A’t ) reswmued °Fh s P edichon 'Far T«
X [(ae) i (as)“ﬂ ]
dT fived ovder AT / resusmmmed reex painded

0 i powers of otg
subdrackion +o avoid douldle wwd-iua

ophual predickon for T=0(1) (vowishes for T+ o)



