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QCD@ILC

e Like LEP before it, ILC will be a wonderful machine for
precision QCD studies

e Precision meaurements of

e Event shape distributions, jets.

e Hadronization effects

e Heavy quarks

e Precision QCD is necessary for many new physics studies
(and for precise determinations of .y, mw)

e Our understanding of QCD is incomplete, new studies and
more data are important
e LEP unfinished jobs — GigaZ
e Hadronization beyond modelling
e Universality of power corrections, shape functions 9
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Grand Unification

(from: P. Zerwas)
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Controlling QCD effects for SM/BSM physics

e Multijet final states are commonplace
e Trilinear Higgs coupling via e™e™ — HHZ (up to 6 jets)

e Top Yukawa coupling via ete™ — ttH
e SUSY final states (it — jets + missing energy)

e Understanding jet definition and dynamics is necessary
e Jet algorithm, size dependence, hadronization corrections.
e Flavor tagging crucial <= Define jet flavor (Banfi et al.)

e Precision observables require refined QCD analysis:
resummations, effective theories

o Mo, from threshold scan (see A. Hoang)
o My, from W production (see G. Zanderighi)
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(Non)Perturbative QCD after LEP/SLC

e Theoretical progress in QCD has continued after LEP/SLC.
o Achieved: NNLO event shape distributions, jet cross sections
e QCD models: non-perturbative corrections to event shape

distributions, shape functions

e N
kl
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(Non)Perturbative QCD after LEP/SLC

e Theoretical progress in QCD has continued after LEP/SLC.
o Achieved: NNLO event shape distributions, jet cross sections
e QCD models: non-perturbative corrections to event shape

distributions, shape functions
e Experimental analysis has almost stopped (LHC beckons ...)

e Existing data not fully exploited
e More precise future data (GigaZ?)
— powerful constraints on hadronization models
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(Non)Perturbative QCD after LEP/SLC

e Theoretical progress in QCD has continued after LEP/SLC.
o Achieved: NNLO event shape distributions, jet cross sections
e QCD models: non-perturbative corrections to event shape
distributions, shape functions
e Experimental analysis has almost stopped (LHC beckons ...)
e Existing data not fully exploited
e More precise future data (GigaZ?)
— powerful constraints on hadronization models

e Do we need power corrections at ILC?
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distributions, shape functions
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e More precise future data (GigaZ?)
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e Do we need power corrections at ILC?
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e For permille accuracy: we do. p
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(Non)Perturbative QCD after LEP/SLC

e Theoretical progress in QCD has continued after LEP/SLC.
o Achieved: NNLO event shape distributions, jet cross sections
e QCD models: non-perturbative corrections to event shape

distributions, shape functions
e Experimental analysis has almost stopped (LHC beckons ...)

e Existing data not fully exploited

e More precise future data (GigaZ?)
— powerful constraints on hadronization models

e Do we need power corrections at ILC?

- 2
(M) ~0.00093 , =9SZ. ~ (.0005.

T

e For permille accuracy: we do.
o Much larger impact in selected regions in phase space
u.*fvul,>\
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NNLO event shape distributions
(from: T. Gehrmann et al., arXiv:0709.1608)
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Resummation and power correction effects

A fit of LEP data for the heavy jet mass distribution with a shape
function from thrust (Gardi, Rathsman).

T T T
il Decay scheme (udseb), o, & SF fixed
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Different observables behave differently, understanding necessary
(M. Dasgupta, G. Salam).
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On event shape distributions

Ezamples

e Thrust: 7T = maxy %‘%T‘ o oT=1-T.

— 7 is used to define several other shape variables.

. _ 3 (pi p;

[ ] - = .
C-parameter: C' =3 — E i i0) (0;0)
— does not require maximaization procedures.

ZieHzr |17i><m
232, Ipil

— select or combine hemispheres.

e Broadening: B/, =

e Angularity: 7, = ézi(pj_)ieflm\(lfa) )

— recently introduced, one-parameter family. "&r‘}%
9
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e Definition: 7, = ézl (p1);emil=a)
Also: 1, = 521 wi (sin6;)® (1 —|cosf|)' ™,

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

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

e At one loop, with the thrust axis given by particle 4,

—x; 1—a/2 —a/e a .
7o = U= (1= ) (1 = 20) 2 4 (j = B 8

il
o
/
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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 = log C' ;...) enhance finite orders
— need to resum.

e A pattern of ezponentiation emerges
> ak fo” CrpLP — exp [Lgl (asL) 4+ ga(as L) + asgs(asL) + .. }

e In general the Laplace transform exponentiates. For thrust

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

v [ )] 2
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Resummation for angularities

e Sudakov logs at one loop have simple scaling with a.
) 1)
2 2 Qg 1 2 do
=545, C0rFIn (?) =374 dr llog -
e Resummation is intricate. To NLL accuracy

1 u@?
_ du dg? -y o
Gq (V) =exp {2 /? [ / qTA (as(q?)) (e (/)" _ 1)

0 u2Q?2

do
dTg

log

+ %B (s (u@?)) (e*u”z/(zfa) - 1) ] }

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

(5] &

g1(z,a) =

In(l—ux)
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Scaling for the shape function

An analysis of power corrections for angularities using the shape
function approach (Berger, Sterman) shows a remarkable scaling.

e As done for thrust, focus on small 7,, large v, set IR
factorization scale 11, expand in powers of /() (soft),
neglecting v/Q? (collinear). In this case

-#2

sQe/@m =2 [ i)

Jo Jq2/Q? u

1 oo 1 v n 5
e 2 () Mo

a/Q g
VT du (Cfu“ﬂfu(q/cz)“ _ 1)

e The full result suggested by the resummation can be
expressed in terms of two shape functions

5-(1 (V) - (}a,PT (l/, /L) .]E{L,NP <6~/1> .éu,,NP <#~/1’> 5 Q .
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e Leading power corrections are described by f, xp and obey

o (56) = [ (5]

e Scaling can be traced to boost invariance in the eikonal limit.
A renormalon calculation breaks boost invariance but scaling
survives in the Sudakov limit. DGE (Berger, LM) yields

BZO&(V7 U) _ _1 [2 e5’u,/3 Slrﬂl—;n'u F(—QU) <1/2“' o 1) 2}

l—a u
e (Collinear contribution shows an intricate structure of
fractional power corrections in DGE, but they are suppressed
by v/Q% ¢, consistent with resummation.
e Scaling is a testable prediction with existing
LEP data. ILC, GigaZ provide lever arm, precision. 9
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Testing the scaling rule

The scaling rule is a prediction waiting for data analysis ... in the
meantime, it can be compared with PYTHIA output (Berger).

KE . 0

Shift in the position of the peak of 7 distribution,
between NLL result and PYTHIA, after rescaling by

1 — a, vs. shift for @ = 0 computed from data.

30 40 50 60 70
v

0 20
The leading shape function for different a, PYTHIA

output (solid) vs. scaled result (dashed).
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Hadronization for jets, in hadron collisions

M. Cacciari, M. Dasgupta, LM, G. Salam

e Consider the single inclusive distribution for a jet observable
O(y,pr, R), with an effective jet radius R = \/(Ay)? + (Ag)2.

e Measure the effect on the distribution of single soft gluon
emission by each hard dipole at power accuracy.

e Define R-dependent power correction

dé - -
INGFAIE /idn;/“f ar$i?) o (;#”)k;T

T Jpe

Ak
5, (13)
Ok

Pi P

— LB 50% (kpym,¢)
pi - kpj -k

e FEzxpress leading power 12 dependence in terms of (universal?)
moment of coupling A

ug o dk

.A(,u,f) :/ ag(ky) ki

0 ki

e Note: only the final state dipole would contribute in e"e™ Q
annihilation don

./,
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Radius dependence: pr distribution
Let O =& =1—2pr/V/S. In this case
o In-In dipole
Atr1a(R) = ;—gﬂdngmm%m cos 6 = — = Alup) <R2 - ’f—z + %Z +) .

e In-Jet dipoles

31

/ ( ) Kt cosge 2
A\ 7] O<< Kt) —— kKt ———3"
n?+¢2<pr? 27 rt (coshn — cos ¢) 2

= Aup) (2= 2R+ mtt )
B \/§ PIO\R ™ 8 1536

e Jet-Recoil dipole

AT 15(R)

Aerr(R) = ZAg) (B + 3R+ R +...)
e In-Recoil dipoles

Aérn(R) = =2 Aluy) (gR"‘ — 2R — ST RS 4 )
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Radius dependence: mass distribution

For comparison, let O = v, = M?%/S. Now only gluons recombined
with the jet contribute, and one finds nonsingular R dependence.

e In-In dipole
Avgia(R) = deAlug) ($R* + g RS + 0 (R'2))

o In-Jet dipoles

Avyj(R) = deAlug) (R+ 5 R® + 425 R° + g BT + 0 (R%))
o Jet-Recoil dipole
Avyjr(R) = JeAlug) (R+ 535 R° + 0 (R%))
e In-Recoil dipoles

_ 1L pd, 3 56 169 B8 10
Avgar(R) = 5 Ay) (ER + o856 B” + ggosa B + O (R' )) : 9
/ Cal
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Power corrections by MonteCarlo

The analytical estimate of power corrections provided by
resummation is valid near threshold. It can be compared with
numerical estimates from QCD-inspired MonteCarlo models of
hadronization.

e Run MC at parton level (p), hadron level without UE (h)
and finally with UE (u)

e Select events with hardest jet in chosen pr range, identify two
hardest jets, define for each hadron level

( (h/u) T (h/U) _p(jg)1 _pgg?z) _

Ap{H®) —

2
u—nh u h
Ap(T >:Ap(T)pr<T).

o Compare results for different jet algorithms, 9
hadronization models, parton channels. 2
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MC power corrections: comparing jet algorithms
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T T T
| Herwig qq->qq i
0
R

T T T
| Pythia qg->qq 4
| ’ s_iscone EEEE R

) ) ) ) mldpolnt : .
0 02 04 06 08 1 12 1.4

R

Ap; [GeV]

Ap; [GeV]

4

T T T
| Herwig gg->gg J
B A hadronisation b
L 4 | | L L |
0 02 04 06 08 1 12 1.4
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MC' power corrections: quark channel

Tevatron: qq channel, 55 < p; < 70 GeV (bin 04)

4 T 4 T
3 | kt PP 3 | cam e A
2 E 2t VE -7 g
S1F R S1E E
[} .- [} .=
S o . S0 =
Sal - gal i
2 - 2k 4
AL Pythia - --- | AL i
3 Herwig —— 3
4 . . . . | . | 4 . . . . . . .
0O 02 04 06 08 1 12 14 0O 02 04 06 08 1 12 14
R R
4 — 4 — —
3 | siscone .- 3 |- midpoint s 4
2t E 2 1
St 4 St E
[o3 .- [} -
S0 = S0 =
At eeeeo--- E Sat
2+ R ] 2k
3+ y - -3 F
4 L . . . . . . "
0O 02 04 06 08 1 12 14 0
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MC' power corrections: gluon channel
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e ILC is very useful for QCD (even more so in GigaZ mode)
is

for

«O>r «Fr <

N
it
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e QCD is a necessary tool for ILC
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o ILC is very useful for QCD (even more so in GigaZ mode)

e QCD is a necessary tool for ILC

e Hadronization matters even at large /s
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Perspective

ILC is very useful for QCD (even more so in GigaZ mode)

QCD is a necessary tool for ILC

Hadronization matters even at large /s

LEP left unfinished work: analytic hadronization models
make testable predictions.
e Scaling rule for shape function for angularities

e Singular R-dependence of hadronization corrections for jets
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Perspective
e ILC is very useful for QCD (even more so in GigaZ mode)

QCD is a necessary tool for ILC

Hadronization matters even at large /s

LEP left unfinished work: analytic hadronization models
make testable predictions.
e Scaling rule for shape function for angularities

e Singular R-dependence of hadronization corrections for jets

We should be ready to take full advantage of a wonderful
precision machine for both SM and BSM physics.
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