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Why test QCD and measure a?

* With the start of the LHC we hope to discover
life beyond the Standard Model

* The pp cross section is many orders of
magnitude larger than the interesting new
physics cross sections

* QCD backgrounds are dominant in many
processes

. Calculations and precise tests are hard as « is large
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Outline

« Measurements of O

- How can one measure «”?
- Low-energy (t, Y) + LEP measurements

- Averages

e Other precision QCD tests
- What one has to worry about
- Selected results

e Summary
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How to measure “s?

- Obvious?
— 3 colours lead to leptonic BR of 20%

— QCD corrections lead to:
e: (17.85 £ 0.05)%, u: (17.36 £ 0.05)%

- From this extract O R I’ (T — hadrons)

- I'(t—Iv,v.)

T_

— Using properties of hadronic system leads to further
improvement:

Refs in S. Bethke

O(S ) 0.330+0.014 EPJ C64:(2009) 689,

arXiv:0908.1135
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Running of &,

* Running coupling satisfies renormalisation
group equation(RGE):

d o
; dui :B(a5>:_<3oaé+ﬁ1a?q"'ﬁzag_l_”')

- 1-loop approximation (f3,=0)

“S<Q2>_ s (1)

- 2 27 2 or S :
I+ (u)ByIn(Q7/ u”) (0
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LO, NLO, NNLO and all that
 What is leading order (LO)?

. Usually defined as lowest relevant order in o
- In this talk NLO means calculations to «

 NNLO = next-to-next-to-leading order: N-LO
* NNNLO = next-to-next-to-next-to...: N°LO
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LO, NLO, NNLO and all that

 LO: calculations exist (by definition) for all
processes

« NLO: exist for many processes
- but not always in the form of a MC

* NNLO: few results mostly for inclusive
Kinematics

 N°LO: very few, e.g. 4-loop running coupling
« Summing/including leading logs helps
precision:
- NLL etc.
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July 2009

A 4 Deep Inelastic Scattering
oe ¢'¢” Annihilation
0® Heavy Quarkonia

o (M ,)=0.1197+0.0016
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How to measure “s?

- but significant theoretical uncertainties

* Look at ratio:
BR(Y(1S) — ygg) / BR(Y(1S) — ggg)
- Slightly more obvious?
- Many systematics cancel:

o (M,)=0.119" 0 NLO

N. Brambilla et al.

Phys. Rev.D75 (2007) 074014
arXiv:hep-ph/0702079
CLEO Collab.

Phys. Rev. D74 (2006) 012003
arXivhep-ex/:0512061
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How to measure “s?

* Adjust u,d,s masses to give correct light mesons
masses

 Let lattice gauge theory do the work for you!

o5 (M ,)=0.1183+0.0008

C.T.H. Davies et al., HPQCD Collab., Phys.Rev. D78
(2008) 114507; arXiv:0807.1687 [hep-lat]
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Refs in S. Bethke
EPJ C64:(2009) 689,
arXiv:0908.1135

How to measure “s?

 Measure event shapes in hadronic events
o (M ,)=0.1224+0.0039

e Include a_ In the electroweak fits

S
I' (Z—had
R, =1 £~hadrons) (M ,)=0.11932%% 10,0005

Cr(zZ-1M)
 Go back and re-analyse JADE (PETRA) data

including latest theory
o (M )=0.1172+0.0051

15
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How to measure “s?

 Use PDF data and its development as a
function of O?
- See also earlier talk (K. Lipka)

& (M) =0.1142%0.0023

J. Blimlein, H. Bottcher and A. Guffanti
Nucl. Phys. B774 (2007) 182; hep-ph/0607200
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Jets and Kinematics at HERA

 Measurements in both DIS and
photoproduction (PhP) are used to determine a

e e

= =

7 Jet

Jet Jet

» Cross-section ratios are a good way to reduce
systematics
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From jets to a,

 QCD factorisation theorem allows perturbative
from non-perturbative contributions to cross-
sections to be separated:

do,= Z fdxfa<x’uF).

a=4q,q9,8

_fa:

—do,.

02/09/10

do,(x,o5(pg), Hg, M)

parton density

subprocess
cross-section

_65
?%LO & 0
N I— O ¥ 3 q
q
4 )
i
:/Q: > a b O
\—/ B

Precision QCD tests - lan C. Brock

18



proton

roton P
P Pemnant  Tet remnant

Boson-gluon fusion QCD Compton
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Jets at high 0*

ity

* DIS events with 1,2 and 3 jets and their ratios
 Compare cross-sections as a function of Q-

Pt and & with NLO predictions
e Normalise to NC cross-section

@5 pb, Event: \

150 < 0? < 15000 GeV?
0.2<y<0.7

Jet:
P_.>7(5) GeV
-0.8<n,<20

\\ k. algorithm in BF /

02/09/10

1

Ot/ One

107

e 1.0

Normalised Inclusive Jet Cross Section

- H1 a)

i

) HERA | PLB 653 (2007) 134

° H1 data
- [ NLO ® hadr
1.2
W ‘wﬁ% ¢¢
0.8 I Ll |||$¥\||
10° 10
Q’[ GeV?]
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1.2_—

E=xy(1+M ,10°)

Normalised 2-Jet Cross Section

E H1 b)

* H1data
I NLO ® hadr

i [ ° |
c 10 ¢ ¢ "
0.8_ 1 L L Lo | I 1 L L |¥w |
10° 10*
Q%[ GeV?]

H1 Collab, Eur Phys J. C 65 (2010) 363
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Jets at high Q- @

* Plenty of statistics even in 3-jet channel
 NLO uncertainties at 10% level

 Good agreement with predictions over whole Q-
range

Normalised 3-Jet Cross Section Normalised 3-Jet to 2-Jet Cross Section
10" E H1 c) - H1 d)
* H1 data 0.2—
o I NLO ® hadr o
= ()] 5
© [
) I S— o LT ' !
F R B 0.1—
bm H b“’ * H1 data
102 el - =1 NLO ® hadr
:. L [ R A | ] L [ T A | L L [ R T A | ] L R T T A |
1.2_ . 1_2;‘—
e 1o 4 F O ° . } e tox , * ¢ s $
0.8 L \ A 0.8 L \ Ly
10° 10* 10° 10*
Q? [ GeV?] Q%[ GeV?]

H1 Collab, Eur Phys J. C 65 (2010) 363
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o, from Normalised Inclusive Jet Cross Section o, from Normalised 2-Jet Cross Section o, from Normalised 3-Jet Cross Section

b)

a) c)

e H1data e H1data e H1data
o fittoo, /o o, fitto o, /o o, fitto o, /0
jet’ ¥NC . 2-jet’' ¥ NC . 3-jet’ ¥ NC

Theory uncertainty Theory uncertainty Theory uncertainty
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 Inclusive jet cross-

sections:

Q% E_ (BF)
e« Compare with NLO

Jet:

E

6
10 ZEUS (prel.) 300 pb™
—— NLO ® hadr ® 7

Jets at high 0°

107

ZEUS

do/dESy (pb/GeV)

W

125 < Q* < 250 GeV?
(x100000)

250 < Q% < 500 GeV?
(x10000)

o 102
p red ICtI O n S o 500(;2;; 1000 GeV”
* Good agreement over ,
whole measured range 0
10 ? 2<ng<1.5 Q* > 5000 GeV?
3 lcos v, | < 0.65 b
10 : , .
300 pb—1’ Event: \ jet energy scale uncertainty
O* > 125 GeV? NLO 5 10 15 20 25 30 35 40 45
|cosy, | <0.65 E'ls (GeV)
+0.0036
E >8Gev o (M ,)=0.1208+0.0007 (stat.) % (exp.) +0.0022 (th.)
2<n,<15
ZEUS Collab, ZEUS-prel-10-002

k. algorithm in BF/

02/09/10
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Dijets in NC DIS

_O predictions using

NLOJET++

uon fraction

substantial up to
Q? ~ 500 GeV?

e Theory uncertainty

~ 5-10%

> PDF sensitivity

674 pb', Event:

\

Jet:

125 < 0* < 20000 GeV?

0.2<y<0.6

E_>38 GeV (BF)
-1<n,,<29
k. algorithm in BF

<N

/

02/09/10

dotdlog, (%) (pb)

o

¢ ZEUS (374pb™hH

| D jet energy scale uncertainty |

[ 125 <Q*<250 GeV* T
| M| P | I |

2000 < Q° <5000 GeV> T
L 1 PR IR

5000 < Q% < 20000 GeV> |
L

-2 -15 -1 -05
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-2 -15 -1 -

0.5 0
log (8)
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Dijets in NC DIS

* NLO predictions using
NLOJET++

e Gluon fraction
substantial up to

Q2% ~ 500 GeV-?

e Theory uncertainty
~ 5-10%
> PDF sensitivity

ZEUS
o T L B I L I B R B
|.E£' 0.4 « ZEUS@374pb™) T NLO® G, ® C -
?I:Ta 0.2F - [ et 1 R ]
Ngf ;{’ LT, S
g ° B / / E
2 L ]
s —0.2:— ]
% _04 125<Q*<250GeV -
T 04 o -
0.2 ]
of ATy -

yyyyyyyyyyyyyyyyyyyy

yyyyyyyyyyyyyyyyyyyy

674 pb!, Event: \ 02t + T E
125 < 0 < 20000 GeV? of e /{/k/k-
02<y<0.6 . — 1 L g

Jet: - T ]
—04 2000<Q <5000G V + 5000<Q <20000G v
ET > 8 Gev (BF) —IZ —15 | —1 —0.5 | ‘0 2 —15 | —1 -
-1<n,<25 logm(&)

\\ kT algorlthm in BF / ZEUS Collab, ZEUS-pub-10-005
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Inclusive Jet, 2-Jet and 3-Jet Cross Sections

* H1data
! NLO ® hadr

—
<

* H1 data
' NLO ® hadr

[ pb/GeV]

T

Q2[ pb/GeV?]
3

e (@) (b)

jet

je
dc _ /dP

do. /d

Q%[ GeV?]

e H1data
! NLO ® hadr

e H1 data
—— ! NLO ® hadr

/d(P_) [ pb/GeV ]

(d)

o
§
]
-
o
™
o
z
3
&
L]

d02-|et

Q%[ GeV?] 1 (P)[GeV] %0

* H1idata
| NLO ® hadr

* H1 data

| NLO ® hadr
e

-
o

/d(P_) [ pbiGeV ]
o

2 2
do,/dQ° [ pb/GeV’]

d03-|el

Q%[ GeV?] 1 (P.)[GeV] %
T
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Jets at low Q° @

 Use measured jet

o, from Jet Cross Sections

cross-sections to
OLS Hi1 * H1i data
extract O : |
i o o fit to jets
e Simultaneous fit of 0.25- Theory®PDF

inclusive, dijet and

trijet measurements o-zo’*\H\‘\N

0.15—

(M ,)=0.1160+0.0014 (exp.) o ooa(th.) NLO
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* H1 data

- o, fit to Gs_jet/ O jet
Theory®PDF

* H1 data
- NLO® hadr

oo (M ,)=0.1215+0.0032 (exp.) o oo (th.)
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photon Jet
remnant

proton proton
remnant Jet remnant Jet

Direct photoproduction Resolved photoproduction
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Jets in Photoproduction

ZEUS

o ZEUS (prel.) 189 pb™
—— NLO (GRV-HO)

 High E_inclusive jet
Cross sections used
memmdas

do/dn’ (pb)

* Proton and photon
PDFs play a role

* Non-perturbative
effects (underlying
event) are also
relevant

rel. diff. to NLO

n=-— Intan 0/2 ZEUS Collab, ZEUS-prel-10-003
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e ZEUS (prel.) 189 pb™
EY >17GeV
Q’<1GeV?

0.2 <y <0.85 RN

do/dn' (pb)
(=]
=

NLO
NLO ® NP (p,, . =1 GeV)
NLO ® NP (p,.,,,,=1.5 GeV)
NLO ® NP (p,,,,=2 GeV)

[[77 jet energy scale uncertainty

rel. diff. to NLO

o5 (M ,)=0.11607 003 (€Xp) 00033 (th)
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ZEUS ZEUS

» ZEUS (prel.) 189 pb™

e ZEUS (prel.) 189 pb™’

B 521 GeV, EX > 17 Gev - NLO ® hadr: p/y PDFs
1<n’™<25 jet energy scale | - (Klasen etal.)
Q* <1 GeV? _ ll uncertainty i A ZEUS-S/GRV-HO
0.2<y<0.85 # ) h | [ jet energy scale

¥/ uncertainty

dc/dx?ybs (pb)

jetl jet2
E'y >21GeV,E} >17 GeV
-1<ni<25

Q%<1 GeV?

0.2<y<085

IERENE

—— ZEUS-S/AFG04 —— MSTWO08/GRV-HO
—— ZEUS-S/CJK —— ZEUS-S/CJK

0 0.5 1 1.5 2 2.5 0 01 0.2 03 04 05 06 0.7 08 09 1
ﬁ.]et X0bs

Unive r'&;ité_a'tbonn

rel. diff, to NLO
NI TN AN ATITINE I
rel. diff. to NLO




ZEUS (prel.)
o NC DIS 300 pb™!
corr. uncert. th. uncert. Olg from Jet Cross Sections in DIS
o photoproduction 189 pb™
corr. uncert. th. uncert.
" H1 data for 5 < Q% < 100 GeV?
* H1 data for Q* > 150 GeV?

Uyl Fit from Q > 150 GeV? [arXiv:0904.3870]

iy
o Ul it

sy i : o, = 0.1168 + 0.0007 (exp.) *2%% (th.) £ 0.0016 (PDF)

Wi 0030
?fﬂﬂf/;;;ﬂ.'ff"“;’m T

A E== central value and exp. unc.
iy
—

.

e
el Theory®PDF unc.
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Normalised jet cross sections at high Q2

H1 (Eur Phys J C65 (2010) 363)

Multi-jet cross sections at low Q°

H1 (Eur Phys J C67 (2010) 1)

Inclusive-jet cross sections inyp

ZEUS-prel-10-003

Inclusive-jet cross sections in NC DIS

ZEUS-prel-10-002

HERA combined 2007
(H1prelim-07-132/ZEUS-prel-07-025)

HERA average 2004
(C. Glasman, hep-ex/0506035)

World average 2009
(S. Bethke, Eur Phys J C64 (2009) 689)
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T-decays (N3LO)

Quarkonia (lattice)

Y decays (NLO)

DIS F, (N3LO)

DIS jets (NLO)

ete™ jets & shps (NNLO) ——O+—
I

electroweak fits (N3LO) '—:0—'

ete™ jets & shapes (NNLO) :—o—u

0.11 0.12

0.13

o5 (Mz)

July 2009

A 4 Deep Inelastic Scattering
oe c¢*¢” Annihilation
0® Heavy Quarkonia

os(Mz) =0.1184 £ 0.0007

10 Q [GeV] 100

og (M ,)=0.1184+0.0007
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Running at the Tevatron

» Careful attention paid

- o, (p,) from inclusive jet cross section

~ )" inhadron-induced processes to avoid circular
- - oM reasoning!
i; 015 * DO - g(x) and «, are often
correlated

0.1 - =3 a,(M,)=0.1161 004 D@ errors are dominated
ok (D combined M by correlated experimental
§ 012 |4 hed ¢+¢ uncertainties |
Yootk —— + Complementarity of

»- [GeV] HERA and Tevatron
Kinematic ranges

D@ Collab.
Phys.Rev.D80 (2009) 111107
arXiv:0911.2710
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a.measurements summary

* Recent determination using soft collinear

effective theory and only thrust:

|
I 1
I o
N3LL| | Py | Electroweal( Gfitter'08)
Global Thrust Analvsis

(AFHMS'10)

—e—

Bethke ave.('09)

L

o
" Bethke avg.('(
|-|--'
IIIIIIIIIIIIIIIIIIIIIIIIIIIII -I-IIIIIIIIIIIIIIIIIIIIIIII
0112 0113 0114 0115 0116 0117  0.11 0119 0120 0121 0.
as(mz)

* Not included in current world average (data is

already in LEP event shape)
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R. Abbate et al., arXiv:1006.3080
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Does a run as expected?

 For selected
measurements

as a functionof1/log O ..

+ a(Q) — 0as 0

* Demonstrate the validity
of the concept of |
asymptotic freedom o]

 “Threshold matching”

also necessary

02/09/10

0.40

7 91.2

35.0
+ 75
7

B QIGeV]

look at a;

—> OO

—— QCD O(ct) Ajs = 213 MeV

- no flavour threshold matching

0.00 I S e B S A S B
1 2 3 4 5 6

Precision QCD tests - lan C. Brock

1/10g(Q/GeV)
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Precision QCD tests

* WWhat do we have to worry about?
- a,Is not small

- Leading order calculations are often/usually not sufficient
- Divergences!

q q ~6_“‘\ q q

q q q

- Improve if summed over all orders, but...
- Absorb most of remaining infinities in renormalisation

 Buzzwords: soft and collinear divergences
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Precision QCD tests

 |nclusive quantities without initial-state hadrons
best suited for precision tests (can be
calculated to higher order):

- 1 decay rates Even here convergence not
- Z width as fast as expected!

* Infrared safe quantities:
- Event shape distributions
- Jet cross-sections
e Unsafe quantities:
- Hardest QCD particle
- Require absence of radiation (rapidity gaps etc.)
- Particle multiplicity
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Data / theory
o

[y
o

10

02/09/10

w

N

Inclusive jet production

Inclusive jet production . fastNLO.

in hadron-induced processes

|| * Ll Ld e ¥5=200Gev
I i ( 1 o STAR 0.2¢|y|<0.8
— e H
R - - P DU S
T % i }} (x 100) : <Q ¢ e

H1 600 < Q° < 3000 GeV’

DIS o ZEUS 125<¢Q° ¢ 250 GeV”

Vs = 318 GeV 0 ZEUS 250 < Q° < 500 GeV?
Mﬁ_lﬁﬁf (x35) 4 ZEUS 500 < Q° < 1000 GeV’
o ZEUS 1000 < Q° < 2000 GeV*
v ZEUS 2000 < Q° < 5000 GeV*
Vs = 546 GeV (x
o CDF 0.1<|y]<07 %%% —_
s = 630 GeV

e DO |y <05

s = 1800 GeV

PP

150 < Q° < 200 GeV*

Vs = 1960 GeV

0 CDF cone algorithm
4 CDF k; algorithm

i

all pQCD calculations using NLOJET++ with fastNLO:

a (M;)=0.118 | CTEQE6.AIMPDFs | p =p,=py
NLO plus non-perturbative corrections | pp, pp: incl. threshold corrections (2-loop)
10 10 ? 10 °

P [GeV]

 Compare data with
NLO predictions for
different process
and kinematics

 Remarkably good
and consistent
agreement seen
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Is QCD the right theory?

LEP result from 2004

ete collisions
Look at

- event shapes
- gqgg final state

Nice demonstration of

consistency of data
with SU(3)

Precision QCD tests -

lan C. Brock

?%2.5_----------
M . S5
Combined result ™
I * SU(3)QCD
| sue f' OPALN_ |
/”“\" \\DELPHIFF 1
151 / . OPAL 4t
| f |
I ! ,."I Ewvant Shape
o[ AEPH e \ /’*
[ 7w sup)
0.5 -l:— U
[ 68% CL arror el ipses
- Sy
C' L |i| | -
0 1 2 3 4 5

C,, C : colour factors
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anti-k 1 jets, R=0.4
Ldt=17nb", \'s=7 TeV

|:| Systematic Uncertainties

[N NLO-pQCD (CTEQ 6.6)+ Non pert. corr.

12
|yie‘| <0.3(1x10™)

0.3<|y |<0.8(1x10°
jet

12<]y |<21 (1x10°
jet

(
08<ly_|<1.2(
(
(

21<ly ls28(1)

anti-k,, R=0.5, p_ >60 GeV
CaloJets P, >30 GeV,|n|«1.3 #Jets=2
— Pythia6
Pythia8
Herwig++
—— MadGraph+Pythia6
Alpgen+Pythia6
Data

CMS preliminary 2010
\5=7TeV, [L=78nb"
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Summary

* Many different methods, colliders, experiments
give in general very consistent results

- DIS (and thrust) determinations tend to be a bit
lower

 Running of a, seen within single experiments

* Trend consistent with expectations from
asymptotic freedom

* Further precision QCD tests show good
agreement between data and predictions

 LHC has entered the game!
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Backup

Precision QCD tests - lan C. Brock
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Theory uncertainty

* Assess theory uncertainty by requiring physical
observable to be independent of scale for a
given order of calculation

d '
dlnu’ UppﬂXZO(O‘; )

Equation motivates commonly adopted
approach of varying renormalisation and
factorisation scale by 72 and 2
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Running of &,

* Running coupling satisfies renormalisation
group equation(RGE):

szai — 3(“5)2_(300‘?9"‘[310‘;+320‘§+"') Cr = (Ni_l)/<2Nc):4/3
du C, = N.=3
b, = (11C,—4n,T,)/(12m) = 1/
= (33-2n,)/(12m) R
b, = (153—19n,)/(247°)
» 1-loop approximation (3.=0)
2\ _ o (1) 2\ — 1
O(S(Q )_ 1+0‘S(N2)EOIH<Q2/H2) of aS(Q ) ﬁ()hl(Qz/Az)
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Baikov
Beneke +—o—
Davier

Maltmann +——o0—4—
Menke
Narison

0.30 0.34

05 (M)
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Jets at high 0*

Normalised 2-Jet Cross Section

 Compare average
P ¢t distribution in
different O’ ranges

* Again good
description by NLO
prediction

02/09/10

Gz-je‘l/ GN [+

GZ-] e't/ o NC

GZ-] e't/ GNG

r H1 a) [ H1 b)
1L 150 < Q%< 200 GeV? 10" E 200 < Q%< 270 GeV?

E lt E I1==
o~ 102 ¢

- 10—3 g_

TR R |

Y 4 1.2 ‘—..l *
.0F . =2 1.0 [ 0 ¢ :
| osk . | | . .

6 8 10 20 30 40 6 8 10 20 30 40
(P) [GeV] (P) [GeV]
[ H1 c) [ H1 d)
270 < Q%< 400 GeV? 10° b 400 < Q< 700 GeV?

-

10°

Precision QCD tests - lan C. Brock

E 10°
F oy 12: M . . .
. 'ﬁ < a N +
oF--%—= 1.0 . b i E
S . o8k . | | .
6 8 10 20 30 40 6 8 10 20 30 40
(P, [GeV] (P [GeV]
L H1 e) L H1 f)
<L 700 < Q%< 5000 GeV? 10" & 5000 < Q%< 15000 GeV?
102 ¢ * *
® H1data
L 10°E [_INLO® hadr
E 1 e ] . . .
. 1.2
A . M 0.8L . SN
6 8 10 20 30 40 6 8 10 20 30 40
{Pp [GeV] (Pp [GeV]

H1 Collab, Eur Phys J. C 65 (2010) 363
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ZEUS ZEUS

e ZEUS (prel.) 189 pb™

d<n<o 0<n<1

—— NLO (GRV-HO)

Q%<1 GeV?
0.2<y<0.85

NLO: p/y PDFs
—— ZEUS-S/GRV-HO
= ZEUS-S/AFG04
= ZEUS-S/CJK

do/dE"y (pb/GeV)

—— MSTWO08/GRV-HO

e —
— o w—————l it i ———

(L T T [T [ LT

2<<2s
(x20000)

15<*<2
(x1000)

1<*<15
(x100)

20 40 60J t 80
€]
E. (GeV)
Seekg __ » ZEUS (prel.) 189 pb™

B [P P ] [T jet energy scale uncertainty

Ad<n<o
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