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Soft gluons versus data
Z boson spectrum at Tevatron (A. Kulesza et al., hep-pn/0207148)
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CDF data on Z production compared with QCD predictions at fixed order (dotted), with ALMA
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resummation (dashed), and with the inclusion of power corrections (solid).
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Higgs boson spectrum at LHC' (M. Grazzini, nep-ph/0s12025)
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Soft gluons versus data
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Predictions for the g7 spectrum of Higgs bosons produced via gluon fusion at the LHC,

with and without resummation.
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Soft gluons versus data

Jet shape distributions

(E. Gardi and J. Rathsmann, hep-ph/0201019)
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LEP data on the Heavy Jet Mass distribution, compared with resummed QCD prediction,

and with power corrections treated by Dressed Gluon Exponentiation.
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How can PQCD work at all?

e In a world of hadrons, we compute with quarks and gluons,
which do not exist in the true asymptotic states of QCD.

e Perturbatively: the QCD S-matriz does not exist in the Fock
space of quarks and gluons, due to mass singularities.

e Frample: a massless fermion emits a massless gauge boson

(7 + %)

—  —igu(p)d(k)tqg ——————
gu (Wt Lo

2p-k =2poko (1l —cosbp,) =0,

ko =0 (IR); cosfpr =0 (C).

e QCD is worse than QED: the KLN theorem cannot be
applied, the true asymptotic states are not close SON
enough to the Fock states. o

UNIVERSITAS TAURINENSIS
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The Strategy of Perturbative QQCD

Infrared Safety: cancelling mass divergences.

e Compute partonic cross sections with IR regulator

Q? oy Jm*(1?)
Opart — Opart (,LLQ , Qg (/14 ), uz , € .

e [dentify IR—safe cross sections, having a finite limit as
regulators are removed (e — 0, m?(u?) — 0).

s (G0 o ({2 )

e Interpret opar as perturbative estimate of hadronic A0
cross section valid up to corrections O ((Agcp/Q)P) At

UNIVERSITAS TAURINENSIS
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The Strategy of Perturbative QQCD

Factorization: neutralizing mass divergences.

Quantum incoherence in the presence of different scales
coupled with gauge invariance implies, to all orders in PT for

inclusive cross sections,
2 2 2 2\ P
m ~ Q° ug m
Tpart =/ </L%> Tpart (/12 ’ /1/2> - ((ufw) )
Combine G, (perturbatively finite but process—dependent)
with universal f (non-perturbative, measured, universal) to

derive hadronic cross section.

Use the arbitrariness of pp to derive evolution
equations for the y - dependence of f(m?*/u2.),
computable in perturbation theory.

1404-2004
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The borders of perturbative (QCD

Power Corrections

o Factorization theorems apply up to nonperturbative
corrections suppressed by O ((A?/Q?)").

e In the presence of several hard scales, power corrections can
be enhanced.

Example: DISasz ~1 = O (A?/(Q*(1 - x))).
e Power corrections can be phenomenologically significant

even at LHC. They compete with NLO (at LEP) or NNLO
(at LHC) perturbative corrections.

o All-order results in perturbation theory encode information
on the parametric size of power corrections.

1404-2004

Techniques: OPE, Renormalons,
Sudakov resummations.
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The borders of perturbative (QCD

DEVELOPMENTS

Large Logarithms

Multi—scale problems can have large perturbative corrections of
the general form ol log" (Q?/Q?), with k < n (single logs) or
k < 2n (double logs). Examples include

e Renormalization logs: o2 log" (Q*/u%).

Collinear factorization logs: o log™ (Q%/u%).

High—energy logs: a”log" ? (s/t).
Sudakov logs in DIS: a7 log”" " (Q%/W?).
in Higgs production: alog™ "' (1 — M%/3).

e Transverse momentum logs: o’ log”" " (Q% /Q?).

Note: Sudakov logs originate from mass singularities: Ty -3bly

ALMA

they are universal and can/must be resummed. UivERSITAS TAUMINENSES
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Factorization leads to Resummation

All factorizations separating dynamics at different energy scales
lead to resummation of logarithms of the ratio of scales.

e Renormalization group logarithms.
Renormalization factorizes cutoff dependence

ng> (pia A./go) - H Zil/z (A/M/g(/’b)) ng) (pl, ,u*g(:u’)) )

i=1

(n) o (n) n
dGO -0 - d 10 G Z %
dp dlog 1

e RG evolution resums o (1?)log" (Q*/p?) into ay(Q?).

1404-2004

Note: Fuactorization is the difficult step! . .
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Factorization leads to Resummation

e Collinear factorization logarithms.
Mellin moments of partonic DIS structure functions factorize

. 2 . )2 . 2
F2 <N3Q27(ys) C(N,CJQ,(X?> f (N',W?(ys)
m "

2
P m

dFy dlog f
L) - —=4 _
dur dlog pp

=N (as) -

o Altarelli-Parisi evolution resums collinear logarithms into
evolved PDF’s.

Note: Double logarithms are more difficult. Ordinary
renormalization group is not sufficient. Gauge invariance g

ALMA

plays a key role. Or: use effective filed theory (SCET).  vswmuns fummens



INTRODUCTION RESUMMATIONS EVENT SHAPES DEVELOPMENTS

000
[e]e]e}
(e}

ooe (e]e}
000 (e]e}
000000 [e]e]e}

Tools: dimensional reqularization

Nonabelian ezponentiation of IR poles requires d-dimensional
evolution equations. The running coupling in d = 4 — 2¢ obeys

oa R . _9 o0 —\ "N
M(r)iz = ﬁ(eaa) = —2ea + ﬁ(a) ) ﬁ(a) - = % e bn <::> .

The one-loop solution is

a0 =) (%) =1 (1= (%) ) feotd)

Note: da(u?,e)/dué = 0; a(p?,0) is the usual finite a(u?).
At two loops one can expand

—1

a (527 6) = £—2€ + az f—/le % (1 o £2€>

1404-2004
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The quark form factor

Consider as an example the quark form factor

F;L(plapQ;,U'Q)E) = <P1:P2|Ju(0)|0> = —leeq ﬂ(m)wv(pz) r (szﬁ) .

In dimensional regularization /R and collinear singularities in the
form factor factorize as

%
o
NN

°« T(Q%e) = J (B ) S (5 m) B (2521 )

. . H . dlogl
e Gauge invariance implies Tloatam = 0-
OlogJ; __ _ _QOlogH  _ 9JlogS
dlog(pi'n) —  Olog(pi-n) dlog(B;-n) *

Note: the r.h.sis sum of a finite
function G ;(Q?,¢) and a pure -

ALMA

counterterm KJ (6) . UNIVERSITAS TAURINENSIS
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The quark form factor

e A similar equation holds for the full form factor

, 9 2 . 1 . 2 .
Q26Q2 log {r (%,asoﬁ),e)] =3 {K (e asu®) +6 (%,mm,e)] :

e Renormalization group invariance of the form factor requires

aG dK

2
L = —pu— =% as(p N
S " an ,K( s (k ))

Note: vk (o) is the cusp anomalous dimension of the Wilson line
representing the quark pair trajectory in the eikonal approzimation.

e Dimensional reqularization provides a trivial initial
condition for evolution if e < 0 (for IR regularization).

1404-2004
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a2 =0,e<0)=0 Hr(o,as(;ﬁ),e) =TI (1,@(0,¢),¢) =1.
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Results for the Sudakov form factor

In dimensional regularization (¢ < 0 — d > 4) one can solve the
evolution equation in pure exponential form

1 —Q2 dg? [ v 1 re? da? N
log [1" (Qg,e)] = E/o 2 |:I\ (6)+G(u (52,6),E)+£AZ VA'K (u (A2,6>)]

o All mass singularities are generated through integration over
the scale of the d-dimensional running coupling

e For ¢ < —byas(Q?)/(47), the Landau pole moves away from
the real azis. T(Q?,¢) can be analytically evaluated to the
desired order in resummed perturbation theory.

e The ratio of the timelike to the spacelike form factor admits
a simple representation

(Q%, ) T i _ (02
log {m] = 151(((,) + 5 /0 {G‘ (a (c 0@ ) 7(,) — Tids-2084

ALMA
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Parton level Drell-Yan factorization

Cross sections for electroweak annihilation can be similarly
factorized near threshold

Up to 1/ corrections
e w(N,e) = [Hpy|* (N, €)* U(N).

* Y(N,€e) =R(€e) Yr(N,e€) ,
U(N) = Uv(e) UR(N76) ;

Virtual contributions reconstruct the form factor

2
W(N,e) = ‘prR(e) UV(E)‘ (N, )2 Ur(N,e)
1§04 -2004
- |F | U}R(N 6) UH(N’ 6) : I'wl-.]zn'['r.:\\'l.{}:llmxm.\rh
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Collinear factorization in the MS scheme

For collinear factorization one needs the MS quark distribution.

e Up to 1/N corrections, it ezponentiates

—1

n% de? . 1 N-1_
d3rg (N, €) = exp {/“ B {—2 <B(5 (6(524,6)) +/0 dz ZIT

A (a(EZ,e)) )}
Note: A(as) and Bs(as) are the singular parts of the AP kernels.

o A wvirtual contribution can be defined to cancel virtual poles.

02 p 2 p
v (©) :cxp{;/o/ i ‘%Z[K(ewé(a(sz,e)) s /;z "?—; K (au?e))]},

e The function G(«.) can be defined recursively.

Glas,e) = i i Glm em (ai)n ,

s

b1

2 1404-2004
& (1) (1) b5 ~(2)
Garat = M1 — Gy — 4G, +16G1\  t+

— ALMA
UNIVERSITAS TAURINENSIS
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The MS scheme Drell-Yan cross section

The factorized Drell-Yan cross section in the MS scheme is the
product of separately finite real and virtual terms.

2 e‘ 9)?
oo (29

One recovers a generalization of the usual Drell-Yan resummation,
including N-independent terms (e. Laenen, LM)

1 N—-1
-1
Fygs (o) + /d/—
0 1

—~ T 2.c
B (N) = | 755,

2

exp
-z

aMb ‘(/)v Q2 €)
(1-2)2Q% ;2
{2 / A (0(p) + D (o (1 - 7Q7) H :

2 I

ALMA

Similar results hold for all EW annihilation processes. — Uvewsms s
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Relating EW annihilation and DIS

DEVELOPMENTS

o All threshold logarithms for Drell-Yan are determined by
e The quark form factor.
e Virtual contributions to the quark splitting function.
e Lower order singular terms in the Drell-Yan cross section.

Alas) = vr(as)/2,
Diay) = 4Bs(as) ~2G(a,) + fa) - Figs (02)

e An identical formula applies to Higgs production via gluon
fusion, after integration of the top loop.

e The gluon form factor and splitting kernel replace the quark.
e Up to three loops the result is obtained simply by
replacing C'p — C4.

1404-2004

ALMA
UNIVERSITAS TAURINENSIS



INTRODUCTION RESUMMATIONS EVENT SHAPES DEVELOPMENTS

000 000 (e]e}
[e]e]e} 000 (e]e}
(e]e} 000080 e]e]e}

Finite order results
e At one loop: A® =cr, p® =o.

o At two loops: (E. Lacnen et al., A. Vogt)

1
A = 5CaCF (* —¢(2 )) - 7'”ch
@ 101 1 14
D = (_?_'_74(2)_,_ C(3)) CACF+(f—*C(2)> nyCp,

o At three lOOpS.' (S. Moch and A. Vogt, E. Laenen and LM)

A®) 002(245 67c+ LGt <)+c2 (55+1c)
_ 2 or - - ny (=22 42
oA\ oe 3 2 FE\ "6 T 27?
e ( 200 5 () Lo
n -+ — - — - — ny .
FEART \Tas6 T 18 2 2 108 e
RO ( 207029 6139 187 4(2)4(3) 6(@) 2
- 23328 | 324 AE
N (31313 1837(( . <2<2) 4(3)) oo
- — - — n
11664 324 30 36 fFrAxE
1711 1, 19 R
+ (o - 5¢@ - 2@ - 2e®) ) nyCh i ok
ALMA
2 UNIVERSITAS TAURINENSIS
+ (7ﬁ n —<(2) + —<(3>) nCp .
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Features of Sudakov resummation
e Non-—trivial. Reorganizes perturbation theory in a predictive
way. For threshold resummation, let L =log N. Then

k+1

2k
Z ok Z CrpL? — exp [Z ak Z dpp LP
p P

k k

e Predictive. Resummation extends the range of perturbative
methods. Fixed order: a,L? < 1. NLL resummation: a, < 1
suffices. Scale dependence is reduced.

e Widespread. NLL soft gluon resummations ezist for most
inclusive cross sections of interest at colliders (NNLL now
available for processes which are E'IV at tree level).

e Non—perturbative aspects of QCD become accessible.
Integrals in the exponent run into the Landau pole.

1404-2004

ALMA
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On event shape distributions

Picturing the final state of high-energy collisions

o Thrust: T:maxﬁw; T=1-T.

— 7 is used to define several other shape variables.

o C-parameter: C' =3 — 5 Zl] %
Di J

— does not require maximization procedures.

o Angularity: 7, = éZi(m)ie"m‘“‘“) )

— recently introduced, one-parameter family.
e Transverse Thrust: T| = maxy Lyl
’ 1 LD T

14032004
— defined for hadron-hadron collisions s

UNIVERSITAS TAURINENSIS
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Resumming Sudakov logarithms
Infrared and collinear emission dominates the two-jet limit

e Large double logarithms of the variable vanishing in the
two-jet limit (L =log7 ; L = logC ;...) enhance finite
orders — need to resum.

e As before, a pattern of exponentiation emerges

> ak fo” CrpLP — exp [L g1(asL)+ga(asL)+as gs(asL)+. . }

e In general the Laplace transform exponentiates. For thrust

Je'e) 1
/0 dTe*”;lTi:eXp /Od*u(e*“”—1> (B(as (u@?))

u
u@? d
vof T )| s
2 QZ q Univ |-.u.~.'r'r.;\\'l.\"[::| RINENSIS
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Reaching beyond perturbation theory

FExponentiating power corrections
e The exponent is ill-defined because of the Landau pole
regularization — ambiguity — power corrections

e Focus on small 7, large v, set IR factorization scale p, expand
in powers of /@) (soft), neglecting v/Q* (collinear).

w? dq2 /Q o
Swev/Q = 2 [ afae) [ e o)
0 q 2/Q? u
= - A /\n 2 )
Zn,( 5) )

e Non-perturbative parameters

1404-2004
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Parametrizing power corrections

Shape functions
e The parameters \, (%) build up a shape function

exp [Snp(v/Quu)| =[5 dee™ 9 fr(e,n)
e The physical distribution is recovered via inverse transform

o(T) ~ fOTQ de fr(e, ) opr (T —€/Q) .

e One recovers the perturbative result shifted by the soft energy
flow, and smeared by the shape function.

e Universality of power corrections is in general lost, however
specific observables still related (1 —T, ps, C, ...).

e Assumption: smooth transition to -y

ALMA

nonperturbative regime. UnvERSITAS. ThBINENSIS
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Angularities

(C.F. Berger, G. Sterman)

Definition: 1, = é > (p1);eImili=a)

Also: Ta = ézz wj (Sin 9%.)“ (1 o |COS 9i|)1—a 7

e Some properties
e 0o=1-T; 11 =8.
e a < 2 for IR safety.
e a < 1 for simplicity of resummation (recoil negligible).

For negative a, high rapidity particles (w.r.t. the thrust axis)
are weighted less: better collinear behavior.

At one loop, with the thrust axis given by particle i,

—p;)tas2 —al/s a/s .
7o = U2 (1) 21 =) 2+ (o B)] . (343

ALMA
UNIVERSITAS TAURINENSIS
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Resummation for angularities
e Sudakov logs at one loop have simple scaling with a.

1
()—QEC%Ini—Qd—”(U
“2-aT, Fx Ta )~ 2—a dtllog °

do
drg

log
e Resummation is intricate. To NLL accuracy

1 u@?

_ du dg? -y, o

Gq (V) =exp {2 /? [ / qTA (as(q?)) (e (/)" _ 1)
0 u2Q2

+ %B (s (u@?)) (e*“”z/(%a) — 1) 1 }

e General a-dependence of Sudakov logs is nontrivial.
42-aAW |12
Gol—a =z 2—a

140y -2004
_ <1 — 2) h’l (1 — 9 > . '['\Wil-.]lN[T..\\'il.\"[:TN RINENSIS
—a —a

g1(z,a) = In(l—ux)
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Scaling for the shape function

e As done for thrust, focus on small 7, large v, set IR
factorization scale i, expand in powers of v/Q (soft),
neglecting v/Q? (collinear). In this case

2 2
(@) g M A 2 /"/Q du [ _ul=ay(q/)
S w/Q.m) fz'/o A (e >).qZ/Q2 = (e 1
-

> - (—é) A (42)

n=1

1—a

e The full result suggested by the resummation can be
expressed in terms of the shape function for thrust

Ga () =T (v, ) TN (%y,u) _ {f(l)\lp (é#)} 1/(1—a) '

e The scaling rule can already be tested with
LEP data. R

ALMA
UNIVERSITAS TAURINENSIS
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Recent developments

Joint resummation (pr and threshold).

Automatic resummation (Caesar).

Non-global logarithms.

Subleading logarithms ((log” N)/N).

Resummed parton distributions.

Dressed gluon exponentiation (DGE).

Resummation with effective field theories (SCET).
Power corrections in hadron collisions.
Resummation in Susy theories, towards AdS/CFT.

1404-2004
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Resummations, supersymmetry and strings

Supersymmetric versions of Yang-Mills theory and QCD have
remarkable properties.

Example: N =4 SYM is conformal invariant: Ba—4(as) = 0.
Ezponentiation of IR/C poles in QCD amplitudes simplifies

log [F (Qz,e)} _ 7% i <(¥5<Q2)>n o—imne |:2’:%7:2 n G(">(6):| '

n=1 7T ne

Note: at most double poles in the exponent.

Thanks to AdS/CFT, N =4 SYM must ‘be simple’ at strong
coupling. Can this be seen in perturbation theory?

Ezxponentiation has been observed for amplitudes with up to three
loops or five legs (z. Bern et al).

A stringy calculation at strong coupling is consistent VB A
ALMA

with the perturbative result (L. Alday and J. Maldacena). UNIVERSITAS TAURINENSIS



INTRODUCTION RESUMMATIONS EVENT SHAPES DEVELOPMENTS

000 000 [e]e]

000 000 [e]e]

[e]e] 000000 000
Perspective

e Sudakov resummations are a very active and rapidly
progressing field of study in QCD.

e They are necessary for phenomenological analysis of data in a
variety of processes.

e They provide a window into nonperturbative contributions to
many high energy cross-sections.

e The boundaries of IR/C nonabelian exponentiation are still
being probed.

o Dimensional reqularization is a powerful tool. Bypassing the
Landau pole it links to non-perturbative effects.

e Remarkable results in quantum field theory link
resummations in super Yang-Mills with string theory.

1404-2004
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