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Why are jets important?

» In high-energy collider experiments detectors measure hadrons.

> In perturbation theory however we make calculations at the parton
level.

» Assuming local hadron-parton duality, the degrees of freedom that can
be used both in experiment and theory are jets.

Jets can be used to
» measure the strong coupling as.
> test the standard model.
» search for new physics.

Most popular process to extract ag: three-jet

production in ete™ annihilation.
as 2
0= A+ O
o + O(as)

The increasing precision of experiments
require accurate theoretical predictions!
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Jet rates

Relative production rate of n-jets
— Ue*e*%njets(d')
R,(d) = ——— =

Oe+e— —hadrons

where @ is some set of jet resolution
parameters.

» Jets are defined according to jet
clustering algorithms.

» Two type of jet algorithms: cone
algorithms (usually infrared unsafe) and
sequential algorithms.

» Widely used algorithm at LEP/LHC:
k. /anti—kl

Figure: ete
three jets captured by the OPAL
experiment
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Fixed order calculations for k; and anti-k, are available at NNLO and

next-to-double logarithmic resummation is known as well but no matched
predictions for either at \/Q? = 91.2 GeV.



The general-k | algorithm for ete™ colliders®

Originally developed for hadron collisions, but can be adapted to eTe™
colliders.
Two jet resolution parameters: ycut and Eeut

1. Calculate the following measures for every object i and j:

min(E>", E?p)(l —cos0;;)

Yeut

dij =
dip = Efp

Repeat until there are no objects in the list, then go to Step 4.
2. If d;; is the smaller one, combine object 7 and j and go to Step 1.

3. If d;p is the smaller one, object ¢ becomes a protojet, remove it from
the clusterization list and go to Step 1.

4. Every protojet with E; > E.y is considered a resolved jet.
p=1: k, algorithm!, p = —1: anti-k, algorithm?

1[Catani, Dokshitzer, Olsson, Turnock, Webber ’91]
?|Cacciari,Salam,Soyez ’08]
3|Cacciari,Salam,Soyez ’11]



Fixed-order predictions for the three-jet rate

The three-jet rate is defined as

RS(—» ) _ U3—jet(aa [L)

Otot

In perturbation theory up to NNLO accuracy

REO (@, ) = 229 4y, ) + (O‘S(“))QBS@ W+ (O‘S(”))303<a', p

2w 2w

> d = Yeut for k1 and @ = (Yeut, Ecut) for anti-k |

V@2 =91.2 GeV and Eey, = [0.077,0.0385],/Q2

> Previous NNLO results:
[Gehrmann-De Ridder, Gehrmann, Glover Heinrich 08|, [Weinzier] "11]

Results presented in this talk were obtained with the MCCSM [A. Kardos|
partonic Monte Carlo program based on the CoLoRFulNNLO method.
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The CoLoRFulNNLO method

CoLoRFuINNLO : Completely Local subtRactions for Fully differential
predictions at NNLO accuracy

» Local subtraction terms, based on the universal infrared factorization
properties of QCD squared matrix elements extended over the whole
phase space via phase space mappings.

» Integrated counterterms: partially analytic and numeric.

» Poles cancel analytically.

> General for any number of colored partons in the final state.

» Implemented in the MCCSM partonic Monte Carlo code [A.Kardos].
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Fixed-order predictions for k| three-jet rate
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Fixed order calculations using the CoLoRFulNNLO method compared with
previous prediction [Weinzierl ’11] and OPAL data.



Fixed-order predictions for anti-k | three-jet rate
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Fixed order predictions using the anti-k, algorithm with E..t = 0.077,/Q?
and Feue = 0.03854/Q2.



Fixed-order predictions for anti-k | three-jet rate
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Fixed order predictions using the anti-k, algorithm with E..t = 0.077,/Q?
and Fcut = 0.0385+/Q%.

In the rest of the talk we will focus on the k, -algorithm only, however the
same steps can be repeated for anti-k; .



Resummation of logarithmic terms

In small ycut regions logarithmic terms become dominant and spoil the
perturbative convergence, hence all order resummation of leading and
next-to-leading logarithms is needed!

as(Mz) log2(1/ycut) = 2.5 for ag(Mz) = 0.118 and ycur = 0.01

as(Mz)log(1/yeut) = 1.09 for as(Mz) = 0.118 and yeus = 0.0001
Next-to-leading logarithmic accuracy (NLL)

RNLL(L) =exp(Lgi(asL) + g2(asL) + ... )Fnrr(L), L =1og(1/ycut)

Next-to-double logarithmic accuracy (NDL)
RNDL(L) _ Z ol (Gn,2nL2n + Gn’2n71L2n—1 + O(LQ"_2)>
n=1

For jet rates Fyrr is not known, only NDL resummation is available both
for k, * and anti-k_ °.

4|Catani, Dokshitzer, Olsson, Turnock, Webber ’91]
5|Gerwick, Gripaios, Schumann, Webber ’13]



Resummation of logarithmic terms
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Resummation provides physical behavior in the small yc,¢ limit, but does
not describe the data. We need to combine the two kind of predictions!



The R-matching scheme

Combine predictions in a simple way:

FO+NDL NDL NDL FO
RFOTNPL — RRPL_ RIDY 4+ RO,

where ) 5
NDL _ Qs as as
Remp - o Aez‘p + (271’) Bezp + (27‘[‘) Cea:p
Unknown subleading logs can spoil the expected physical behavior due to

the remaining logaritmic singularities.

One can try to fit the coefficients of these subleading logs from fixed order
predictions, however too many coefficients for jet rates.
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R-matching: NNLO vs. NNLO+NDL accuracy

10 Frrrm T ll""l T ll""l T lll"ll T T 1T
VQZ =91.2 GeV = NNLO
as(Q?) = 0.118 === NNLO+NDL
£r€[05,2]

<& OPAL

Ry (yeur)
T T T T T T T T T

-

NNLO+NDL(+K)
NNLO
=
o R RAA AR LA B

0.6

T EEETRETTT AT R T
10-% 102 10!
Yeut

= Bl
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Unphysical for yeut < 10™% due to sensitivity of the R-scheme to
uncontrolled subleading logarithms.



R-matching: (N)NLO+NDL accuracy
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Unphysical for yeut < 10™% due to sensitivity of the R-scheme to
uncontrolled subleading logarithms.



R-matching: NNLO+NDL+K accuracy

Include the cusp anomalous dimension to the resummation
[Nagy, Trocsanyi "98]
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Note that the improvement of the NLO+NDL+K prediction is only

accidental below ycut < 1073,
NNLO-+NDL+K is still unphysical for geu: < 1074, 13



The log R-matching scheme

Combine the logarithm of the predictions, such as
log RFO+NDL _ Jo5 RNDL _ (log RNPLY 4 RFO

where

Bes 29 AewpClesp — B2,
(log RNPE Jeap = 10g . + log Aezp + — s Dexp (%i) pLexp »

2w Aezp 2A2mp
+ % Bgzp - 3Aea:pBezpCezp + 2A§zpD€IP
2 SAgzp
and
2 2
as BFo as 2AFOCFO — BFO
R¥© =1log == +log A -
og + og Fo+2 Aro <27r> 242,
as\’ B}o — 3AroBroCro
+ oo 3
2m 3A%5
with

eRFO_)%AFO_’_ as QBFO_'_ as CFO
2w 2w o

Multiplicative matching instead of additive, it is less sensitive to
uncontrolled subleading logarithms.

Becomes unphysical in the LO kinematic limit. 14



R-matching vs. log R-matching

Lo LR DR RLLL IR LR ALL B AL
VQZ =91.2 GeV — NNLO
2 ===- R NNLO+NDL
== logR NNLO+NDL
© OPAL

208

0.6

10°° 104 1073 1072 107! 1
Yeut

Both the R-matching and the log R-matching provides consitent prediction
for Yeur € (1073,3 x 1072)
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R-matching vs. log R-matching
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Still both the R-matching and the log R-matching provides consitent
prediction for yeur € (107%,3 x 1072)
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Summary

» We calculated the three-jet rate at \/Q? = 91.2 GeV using the k.
algorithm and the anti-k, clustering algorithm.

» We matched our fixed-order calculations with resummation at NDL
accuracy in the R-scheme.

» We found that including the cusp anomalous dimension into the
splitting kernels improves the prediction up to yeunt = 1072 with NNLO
predictions as well.

» We presented a way to match fixed-order predictions with
resummation for jet rates in the log R-matching scheme, which
provides good description for the data over a wide range.

To improve further resummation for jet rates at higher accuracy would be
necessary!
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Thank you for your attention!

18



Backup slides
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Resummation of next-to-double logarithms: k| algorithm
The resummed three-jet rate is
Q
R = 28,@F [ dalu(Qua)dy @), Qo= V@
Qo

[Catani, Dokshitzer, Olsson, Turnock, Webber 91|
Decay rates up to NDL:

rq(Q”,Q’)—@O‘S(QI)[l Q 3]

T Ql Oga - Z
@', @) = 22 s &~
r/(Q) = ;L:rasc(;?) .

Sudakov-factors:

1"

Aa(Q") = exp ( - /Q AQT,(Q", Q’))

Ay(Q") = exp ( - /QQN dQ' [y (Q", Q") + Ff(Q')]) :
0 20



Resummation of next-to-double logarithms: k| algorithm
The resummed three-jet rate is

Q
RYPE = 2[A,(Q)) / AT4(Q.0)0(a) . Qo= /@

Qo
[Catani, Dokshitzer, Olsson, Turnock, Webber 91|

At NDL accuracy it is sufficent to use the one-loop running formula for asg

no_ as(Q)
os(@) = 1 —boas(Q) log g

where by = Bo/(27). To include renormalization scale variation.

no_ OCS(:U/) — OCS(M)
as(Q) = 1 — boas (1) log & T1— boas () (log % +logér)’

with € = 11/Q.

20



Resummation of next-to-double logarithms: anti-k | algorithm
The resummed three-jet rate is given by

K A
RYPY = 2[A, (k, ,\)]2/ df-c’/ ANT (5", N, k) Ay (K, N,
0 0

|Gerwick, Gripaios, Schumann, Webber 13|
with

k=1lo Q, A=1lo 1.
g g

cut Yeut

One-loop running similarly to the &, case, but expressed with x and A

as(:‘i/,)\/) = as (k) .
1 %as(u)2(k — &' +1og€r) + X — X

The decay rates up to NDL accuracy:

C 3 -
Ty(s', N, &) = %as(/{',)\') (1 — 3¢ )

Ca 11 -
Ty(s", N, k") = 70@(&/,)\')(1 - ﬁe'@ )

’

T k") = g—fas(/i/, /\')enlinl
™

The Sudakov-factors defined in the same manner as in the case of k.

. 21
resummation.



R-matching - anti-k; algorithm
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Figure: Matched predictions with NLO
fixed order calculations using the anti-k

algorithm with Ecut = 0.03854/Q2.
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Figure: Matched predictions with NNLO
fixed order calculations using the anti-k

algorithm with Ecut = 0.03854/Q2.
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log R-matching: anti-k, algorithm
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Figure: Matched predictions with NNLO Figure: Matched predictions with NNLO

fixed order calculations using the anti-k fixed order calculations using the anti-k
algorithm with Ecut = 0.077/ Q2. algorithm with Ecuyt = 0.03851/Q2.
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