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Outline

® as(mz) Motivation, World Averages

e Precision & Controversy

e Electroweak Global fits ® Lattice QCD
® ‘Tau Decays e DIS

® Jetsin e*e’, with event shapes at N3LL 4 O(a?)
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® power corrections e pert./power overlaps
(renormalons)

¢ Global Fit (thrust, heavy jet mass)
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Motivation

® as;(mz) isakeyparameter in the standard model,
and enters the analysis of all collider data

(LHC, Tevatron, Jlab, RHIC, DESY, B-factories, ILC, ...)

e It also plays a role in searches for new physics

¢ indirectly in precision electroweak analyses, B— X~

¢ directly through the unification of couplings:

log,,(Q/GeV) log,,(Q/GeV)



eg. Higgs Inclusive Cross Section (I Petriello, a-workshop )

Sensitivity of gg—H to gluon PDEF, as:
Tevatron: o ~ a3 x [f,(0.075)]°

95 _2_> because of large higher-
LHC: o ~ ag” x [£4(0.02)

order corrections

10-15% (LHC) or

20-40% (TeV)
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eg. Grand Unification (Y. Nomura, as-workshop )

Hard to even quantify the errors
... threshold corrections from the weak and unified scales

e.g. Minimal SUSY SU(5)

. 12 _ 0 _ 1 18 MH 19 mMsusy
@sl(mﬂ:76“21(””’2)‘?@11(7’”2)‘5{ T M T g }

cf. Hisano, Murayama, Yanagida ("92)
Unknown masses of

GUT-scale particles

GUT-scale threshold corrections become even larger in extended models ...

For “exact unification”

2 2 2

m; e — (173.1 GeV) 19c msusy
1 = L1 .009 = — 2]

as(my) = 0.130 + 0.0 ( (173.1 GoV )2 n

287 ™Mz
/ cf. Langacker, Polonsky (‘95)

Somewhat large
mg,gy- effective” superpartner scale



Grand unification in higher dimensions

Hall, Y.N.; Kawamura (‘00 - '02) 4

_._
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~1/Rt —e—
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' GU PY :’ ] \:
Q, ' NN
\ scale AP oA
A, H
Qi - SU(3). x SU(2), x U(1) (3-2-1) masses P e
' on the “brane”
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_._
/ .7 g & ® a h\:
QCUT QSCGUT QKK "\ RN
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in the “bulk”
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/‘z_" ~ R~ Mgyr"
Y 0.140 +

SUSY log

The o value depends on gauge group, # of extra dim, ...
—> Important window into high energy physics
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(PDG Average ‘05)
Hinchlifte

World Averages

(S. Bethke )
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World Averages

(PDG Average ‘05)
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Electroweak Fits




Os from Z decays s from the global EW fit

(J.Erler, K.Monig, o s-workshop )

had _ 127 lelaq 0 _ Fhad
90 T my, FQZI . Rf Iy

(P. A. Baikov, K. G. Chetyrkin, J. H. Kiihn, arXiv:0801.1821) __— bag ~ 0.0004

2 3 4
[paq = TROWCD [1 + 5114 (%) _12.7 (%) —80.0 (%) ]

T

AIECOCEE-OHOO00CR (1ny cxpt. errors dominate tblI b

x sensitivity to My Ma = 2xMa = Ads = +0.0004

7 /[ 7

00000001

/

» axial-vector singlet: 0(cs?) knient, Kihn 1990 AXs = +0.0027
0 (0(33) Larin, v. Ritbergen, Vermaseren 1995 Ads = +0.00043

O(0ts?) ~ 0(xs2)? ) 0(0ks?) = Acis = +0.00007 ( )

GAPP /ftter/Gfitter
as(mz) = 0.1196 £ 0.0027 as(myz) = 0.1192 £ 0.0028
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Tau Decays




(T. Pich, o,-workshop )
m,- = 1.777 GeV !

['(z"— v_.+had)
I'(z >v,evV,)

R = _ 1n jol dx (1-x)" [ (1+2) In TP (xm?) + In I (xm?) |

R, = 6mi ¢ dx(1—-x)'[(1+2x) 1 (xm}) = 2x T (xm})

x|=1

R, = N. Sy (1+6, +6y)

O,
~ o Cﬁlxlldx (1-3x" +2x°) Z < > — = ——Z

n>2 ( Xm ) me m

S =—0.0059+0.0014

Fitted from data (Davier et al)

op ~207% A perturbative “issue” dominates the error



0 = n k L 1 dx
FOPT 080 =S "a(M2y" S keupdior Ji= " 7{ —(1=x)(1 + x) In'(—x)
k=1

- 1 [d
CPT 8 =Y 0R)  B0R) = (-0 (0 e (-M)
- 27i X
- |x|=1
Series expansions for o (M2) = 0.34:
1 2 3 4 5

59— 0.1082 + 0.0609 + 0.0334 -+ 0.0174 (+0.0088 ) = 0.2200 (0.2288)

59 = 0.1479 4 0.0297 4 0.0122 + 0.0086 (+0.0038 ) = 0.1984 (0.2021)

Both methods appear
to converge, but to
different values.
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-~ ! 1 dx

FOPT 5 = MEY'S kcnp Ji JE—}I{—l— 3(1 4 x) In(—

FO ;a( T);C,kkl l 2m|'|1x( x)” (1 4 x) In'(—x)

- 1 [d

CIPT 68 =3 g8 (M) JAME) = — 7{ (1 =23 (1 +x) d"(—M2x)
- 271 X
- [x|=1

Pr() CIPT e Better convergence, smaller scale dependence

Scale error on o (M 3_) from variation of p in [1,2.5] GeV is ioo'.oolo% for FO and io()',o()o(?z for CIL.

e Expansion of the running coupling on the circle as used in FO has only a finite
radius of convergence [Le Diberder, Pich; 1992]

as (M)
1+ Lira,(M2)

os(M2e™) =

Pro FOPT:

series are asymptotic. Models for
higher terms with u=2 renormalon:

— Borel sum
® FO perturbation theory
O Cl perturbation theory
4 Smallest term
1 | 1 | 1 | 1 | 1 1

2 4 6 8 10 12 14 16
Perturbative order n

16



Duality violations in hadronic tau decays

* High precision determination of o from tau decays requires understanding
of Duality Violations; pinched weights do not suppress DVs sufficiently

[ dsus) pvats) =~ f dswREE) — [ dsuls) p25)

271 |s|=s0

fit params

model: pya(s) = 0(s = Smin) [Fv,a €77 A% sin(ay, 4 + Br,a8)]
to data

* Assuming our ansatz for DVs, we obtain, from vector channel with w =1
preliminary values

ag(M;) = 0.322(25) = as(Mz) = 0.1188(29) (CIPT)
as(M,) = 0.307(18) = as(My) = 0.1169(24) (FOPT)

17



Recent ogy(m_ ) Analyses

Reference | Method |3, | _o(m) | _a(mp _

Baikov et al CIPT, FOPT 0.1998 (43) 0.332 (16) 0.1202 (19)
Davier et al CIPT 0.2066 (70) 0.344 (09) 0.1212 (11)
Beneke-Jamin  BSR + FOPT 0.2042 (50) 0.316 (06) 0.1180 (08)
Maltman-Yavin PWM + CIPT — 0.321 (13) 0.1187 (16)
Menke CIPT, FOPT 0.2042 (50) 0.342 (11) 0.1213 (12)

Narison CIPT, FOPT — 0.324 (08) 0.1192 (10)
Caprini-Fischer BSR + CIPT 0.2042 (50) 0.321 (10) —
CvetiC et al Bexp T CIPT 0.2040 (40) 0.341 (08) 0.1211 (10)

| Pich | CIPT 0.1997 (35) | 0338 (12) | 0.1209 (14)

Contour-improved perturbation theory

Fixed-order perturbation theory

Borel summation of renormalon series

Modified CIPT (conformal mapping)

Expansion in derivatives of the coupling (B function)
Pinched-weight moments




Lattice QCD




Fix parameters. Calibrate.

1
— tr[Fn F*]

Lqcp 5
0
- Zf: P +mp)yy

® The spectrum results suggest that the calibration step is understood:
e Continuum limit under control: 3-5 different lattice spacings—up to x3;
e Chiral extrapolation under control;

¢ Finite-volume effects small (as expected for masses of stable particles);

e Several groups (MILC, PACS-CS, BMW) with 2+1 spectrum and few % errors.

Extract Qg (mz)

(A. Kronfeld, as-workshop )

mg or Y(2S-1S) or frorry or ....

Mg, NK, Mps OF Mj/p, NBs OF My, ....

BMW Collaboration

2000
1500

1000

M[MeV]

500

0

==|"@

—— experiment
== width
¢ QCD

e small Wilson loops

® (Current correlators

® Schrodinger functional

20



Small Wilson loops Y = Z cn ay(d/a)

staggered quarks
0.5 F
with condensates
S04
=
5 03
0.2 | @o%@%ooo O oo 00

2 4 § 8 10
d/a (in GeV)

e 264 different Olvs.

* Know 3 terms in pert'n theory;allow for 10 in

all (only 4 needed).

12 14 16

* Use BLM/LM scale g*=d/a with Qv.

* nF~=3. Convert to MS-bar and evolve to Mz
n=5 using continuum pert’n theory.

* Nonperturbative corrections: chiral
(measured) and gluon condensates (sensitivity

varies by 100s).

&M—S(Mz,nf = 5)

= 0.1184 (6)

2% HHH ERSEREES

—O—i
—O—i
—O—i
—O—

/y|-o-|

| ) | ) |
/0.116 0.118 0.120

ays(Mz,ny=5)

(P. Lepage, as-workshop )

Davies et al (HPQCD), Phys. Rev. D78, 114507 (2008) [arXiv:0807.1687]
McNeile et al (HPQCD) Phys. Rev. D82, 034512 (2010) [arXiv:1004.4285]

log Wy ¥k
log W12

log WgRr

log Wee

log W13

log W14

log W22

log Was

log Wi3/Wag

log W11W22/W122

log WCCWBR/ngl
log Woe/War

log W14/ Was3

log W11W23/W12W13

log W12/ ug
log WeRr/ud
log Wee/ud
log ng/ug
log Wia4/ u(l)o
log Waa /ud
log Wa3 /ug”

Oflat/ Wy ekt

o [
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Error Budget

log W11 log W12 log Was log W11 Was /Wi, log Wiz /ug log Was /us at /Wi

C1...C3 0.1% 0.1% 0.1% 0.3% 0.1% 0.1% 0.1%
cn forn >4 0.1 0.1 0.2 0.3 0.2 0.3 0.1
amgq, T1M4g extrapolation 0.0 0.0 0.1 0.1 0.1 0.1 0.0
(a/r1)? extrapolation 0.0 0.0 0.2 0.3 0.1 0.2 0.0
(ri/a); errors 0.2 0.2 0.2 0.2 0.2 0.2 0.2
71 €rrors 0.1 0.1 0.1 0.1 0.1 0.1 0.1
gluon condensate 0.1 0.2 0.2 0.2 0.2 0.1 0.1
statistical errors 0.0 0.0 0.0 0.1 0.1 0.1 0.0
V = MS — My 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Total 0.3% 0.4% 0.5% 0.6% 0.4% 0.5% 0.3%

QCD Coupling — HPQCD History

0.121F ! current-current |
0.120 L - correlators
\ N\
__0.119} -
S e e 7l _ 1o 0.1184(6)
= o118} I™77 1 0.1183(7)
S . .
S 0117} 1 / 6 \
0.116 | \ | - |
01151 ¢ 1 Wilson loops |
' 4 | | | | | | | | Tt/a = 4-14 GeV n¢=3
T/a = 4.8 GeV ns=0,2—3 / 1996 1998 2000 2002 2004 2006 2008 2010 highly improved discretization
simple discretization 3rd + approx 4th order in s

2nd order in O

(4 data points) (352 data points)
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Current Correlators (S.Hashimoto, as-workshop )

dynamical overlap fermion E. Shintani et al. [JLQCD collaboration], arXiv:1002.037 | [hep-

lat], Phys. Rev. D80, 074505 (2010).

[a*xe® (0|75 (x)7) (0)]0) = 6] (5,,0° - 0,0,)11(Q) - 0,011 (Q)

» Need to be careful about

Discretization effects? : more important at high Q2. how are they
estimated?

used in the fit with 1/Q*

Window! : can we find the region where the pert formula safely

applies while disc error is small enough? 0.02F e T e e =
L . m_ —0 08 ATl (Q) ]
Enough sensitivity? : can we get enough precision for o (L) v+
0.01 g g
M o ]

1/Q¢% curve /

For 3 fit parameters significant n

with 1/Q*
e

0.4 i 1 I I 1 I || /
02F t ® ¢ =e . L
0 Ayg, @ (GeV) =& < witho
O 1 1 1 | 1 1 1
= L T T :
OF = & e A A x % ]
001F —
- A <ocs/JtGG> (1at. unit)
T SE—

below (I GeV)?

it 1/Q*
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o> (M,)=0.118113)("};

Systematic errors

» Error to o /®)(M.,)

Dominant error:

Sources Estimated error in a'ss)(z\f z)
Uncorrelated fit +0.0003
Lattice artifact (O(a?) effect) +0.0003
A}“f”‘ +0.0002
Quark condensate +0.0001
Zm +0.0001
Perturbative expansion +0.0003
1/Q? expansion < 0.0001
o0
Lattice spacing fg:ggig

Total (in quadrature) 0012

|/a=

1.83(1) GeV r,=0.49 fm
1.97(4) GeV f_
1.76(8) GeV mg
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(S. Aoki, avg-workshop)
PACS-CS

Schr oedmger Functional Wilson fermions

e Parton-hadron duality says energy in can, for Q » Aqcp, can
be computed with partons, i.e., with perturbation theory.

Advantages

Non-perturbative.
A box size L gives the scale. No other scale is needed. T

e Vary O = L-! over potentially enormous range: x103 [Alphal].

a
Y (u,—)=7g(2L)| _,
(1) Step Scaling Function (SSF) ( L) u=3"(L)

a,
continuum limit al # :
() = lim X (u ﬁ) — 3

d a/L—0 "L | ] L

(2) define a reference scale Ly,a, through a fixed value of §*(Lmax)

non-perturbative SSF( n times) perturbative
1/Lmax ~ 0.5 GeV > 1/L =2"/Lax ~ 16 GeV

by

| } b, 1 g(L) 1 1 by
(3) Asp = T (bog(L)) 0 exp <_2b0§(L)> o <_/0 e <5(9) i bog® [7(2)—9>>

(4) Lmax in physical unit from hadron mass

25



SF, 3-flavor, non-perturbative 3-loop

0.5 GeV >16GeV ——> A(SSP2

MS-bar, 3-flavor, perturbative(4-loop) 1 2-loop

M < M5 MS — 261192ASF

3-loop i

MS-bar, 4-flavor, perturbative(4-loop)

Nf =4 > mb
3-loop 1 MS-bar, 5-flavor, perturbative (4-loop)
Ny =5 > My
: : -
Simulations ol (M)
3-flavor massless QCD 4-loop l
non-perturbatively O(a) improved Wilson quark action
RG improved gauge action A(5)
non-perturbative ¢ A MS
tree-level boundary terms
0.125
E I ,Lf’g"/—
otz 1 TV - Af”’ j: L 1 MaLcrnny 0
— v vl L +
50) /™ \ o a->0
0.115 -
@ Constant fit with three B
@ Constant fit with §=2.05, 1.90
A Linear fit
oM
0 0.05 0.1 0.15
a [fm]
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Selected as(M7z) Results from Lattice QCD

a%(Mz) R Q range R sea collab when

0.1170(12) 3 2005
HPQCD

0.1183(8) Wilson loops . NNLO 2+1 |Jstag 2008

0.1192(11) Maltman ... 2008

0.1174(12) 1-2 2008
QAQ correlator NNLO 2+1 |/stag HPQCD

0.1183(7) 3-6 + KIT 2010

0.1181(3)(+14/-12) Adler 5 NNLO 2+1 overlap JLQCD 2010

0.1205(8)(5)(+0/-17) | Schrodinger 80 asymptote 2+1 Wilson PACS-CS 2009

Al(\j)s — 245(23)0;‘7fm MeV o 270 asymptote 2 Wilson 2004

Schrodinger . Alpha
0.1xxx(y) 1000 asymptote | 2+1+1 Wilson 2012

e Superseded; re-analysis.



DIS &

inclusive Jets

(J.Blumlein, CP Yuan, S. Forte, K.Monig, A.Martin as-workshop)
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DIS as(mz) from scaling violation o MSTW

3

Fe(N,Q%) = [1(NV,Q%) Y Cu(N)aZ (Q?) o CTEQ
e NNPDF

non-singlet 3-loop RGE & Coefficients (Vogt et al.)
N°3LO: Pade for 4-loop RGE

[ ) * H1 0N
0 FA(x,Q%) 2 EUS =|  MSTW 2008 NNLO (c) PDF fif &
- O Q
; i * BCDMS N 0126 | = T[]l & E
- STty — :_ E _:
i YT ‘= 0.30,i=3 7 0.124: | E ]
N2 © o122 |t $ [ -
X = 0.40 0.12 ;— Tt 1reritritrttrr 'ﬂ 1 '€9°%C""
_— o11s=TTEHET TR E I T et =e=es
= - 14 3 J global m
0-116-:_—— Tty hrtrt bt be ettt e ee%ce
0-114;_—— 4+t Fe 1 HLET ——————.—vw———-— —%SD%C.L.
0.112 | ¢ —
x = 0.65 = O ]
. 0.11:— % B
0.108— | —
- o~ ™~ o~ Lo = N B N B o N | = - ™ L = M o M O (=] (] E 3 - D‘. ﬂ._
: , L LS FLL Lo oYL N IRl BEEE B S
: QcD + TMC =0 0SS digccs sas2 2252353282238
[ - §§zzzmmmm%gggggggg‘%iﬁiﬁ'&gé%ng
L ——— QCD 4+ TMC + HT é%% U"ZI@I@%@‘égg
1 -3 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 L1 111l 10 E § °
0 2 3 4 5 CDF jets normalised to Z rap. distrib.
1 10 10 10 10 10
2 2
Q°, GeV
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DIS

NLO as(M3) expt theory  Ref.
CTEQ6 | 0.1165  =+0.0065 1]
MRSTO3 | 0.1165 +0.0020 +0.0030 [2] o\ :
A0 01171 00015 +0.0033 [3] e Wrong treatment of £ (z, Q%) in NMC F, extraction.
ZEUS | 0.1166  +0.0049 [4] BBG (2006)
H1 0.1150  +0.0017 +0.0050 [5]
BCDMS | 0.110 4+0.006 6 ' . .
CRS 0110 H)] as(M2) | with oxye | with FYMC | difference
BBG 0.1148  +0.0019 9] N
o T 000 L] NLO | 0.1179(16) | 0.1195(17) | +0.0026 ~ 10
NLO at least: scale errors of NNLO | 0.1135(14) | 0.1170(15) | +0.0035 ~ 2.30
+0.0050 3
e — NNLO +F,O(a?) | 0.1122(14) | 0.1171(14) | +0.0050 ~ 3.60
MRSTO3 | 0.1153  +0.0020 £0.0030 | [2]
AO2 0.1143  +0.0014 £0.0009 | [3] A xG(x) ]|
SYOl(ep) | 0.1166  +0.0013 [8] 08 5 T
SYO1(vN) | 0.1153  40.0063 [8] :
GRS 0.111 10 —
A06 0.1128  =£0.0015 {11} 0.6 - ABKM09
BBG 0.1134  +0.0019/ — 0.0021 [9] : L NMC
| N3LO | a,(MZ) expt theory | Ref. | 04 - ABKMO9 with F,
| BBG [ 01141 +0.0020/ — 0.0022 | [9] ] 02
NNLO systematic shifts down ) S R
N3LO slight upward shift -
-0.2 e
as(M2) : e
04 e
BBG (2006) 0.1134 +0.0019 valence analysis, NNLO 7
—0.0021 0s| - 1=2 GeV
ABKM 0.1135 + 0.0014 HQ: FFS N = 3 wa ko )
ABKM 0.1129 £+ 0.0014 HQ: BSMN-approach 10~ 107"
JR (2008) 0.1124 £ 0.0020 dynamical approach ¥
MSTW (2008) 0.1171 £ 0.0014
HERAPDF (2010) | 0.1145 (combined H1/ZEUS data, prelimiary)
ABM (2010) 0.1147 £+ 0.0012 (FFN, combined H1/ZEUS data in)
BBG (2006) 0.1141 +0.0020 valence analysis, N3LO
—0.0022
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UNBIASED PDF DETERMINATION: THE NNPDF APPROACH

BASIC IDEA: MONTE CARLO SAMPLING
OF THE PROBABILITY MEASURE IN THE (FUNCTION) SPACE OF PDFs

e START FROM MONTE CARLO SAMPLING OF DATA
SPACE

e EACH PDF<+» NEURAL NETWORK PARAMETRIZED
BY 37 PARAMETERS (NNPDF: 37 ® 7 = 259
PARMS)

“INFINITE” NUMBER OF PARAMETERS=> CAN REP-
RESENT ANY FUNCTION

e FIT STOPS WHEN QUALITY OF FIT TO RAN-
DOMLY SELECTED “VALIDATION” DATA (NOT FIT-
TED) STOPS IMPROVING

CAVEATS

° X2 IS A RANDOM VARIABLE = FLUCTUATES FOR FINITE SAMPLE SIZE
— ADDITIONAL UNCERTAINTY DUE TO FINITE-SIZE FLUCTUATIONS

AXQ ~ \V/ Ndat

Nrep

xg (x, Q

CAN DETERMINE BOTH O68C.L.& 1-o

—— NNPDF2.0 - 68% CL
—— NNPDF2.0 - 1-6

Individual Replicas

10° 10 I1”0'3 102 10"
x?2 PROFILE VS. ag
NNPDF2.1 Total Dataset
3980 I I o I Data —a—
| | - Parabolic Fit ——

BOOO N g
BBBO [ N g B

0.113 0.115 0.117 0.119 0.121 0.123 0.125
og(Mz)
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(GGlobal fits:
e CTEQ 2010 (CT10.AS) as(Mz)=0.1197 == 0.0061

® MSTW have highest a  from DIS fits o <2 gluon correlation

”.S'(ﬂ[:zzr) = 0.1171 tﬁﬂmj (G'S% C-L-) (less than +-0.002 theory error)

1. More flexible low x parametrization of gluon
needed by data (Ay2~ 80) --- shape confirmed by NNPDF
without as(NLO) 0.1202 - 0.1175
flexibility} a(NNLO) 0.1171 - 0.1157

2. Inclusion of Tevatron jet data

Jet data themselves prefer o slightly lower than global o
However jets demand more high x gluon (less low x gluon)
which turn a low o into a better constrained high o

® NLO NNPDF2.1 GLOBAL DETERMINATION (ONLY STAT. ERROR KNOWN)

OJS(MZ) = (0.1191 £+ OOOOG(Stat) x?/d.o.f. = 1.4 for the parabolic fit

HEAVY QUARKS as(M,) = 0.1169 & 0.0009(stat.) NLO NNPDF2.0 GLOBAL

DEEP-INELASTIC DATA «as(M;) = 0.1178 £ 0.0009(stat.)
HERA DATA ONLY as(M,) = 0.1103 = 0.0033(stat.)
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Event shapes

ete” — jets

R. Abbate, M. Fickinger, A. Hoang, VM & |. Stewart — arXiv: 1006.3080 [hep-ph]

R. Abbate, A. Hoang, VM, M. Schwartz & |. Stewart — work in progress for HJM

Builds on work by Gehrmann et al & Weinzierl O(«’) and Becher & Schwartz at N3LL

Also builds on work done in SCET community.
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Thrust is a classic example of an “event-shape”

T = max _,. — 1 =17
i ;P -

ALEPH, DELPHI, 13, OPAL,

20 ¢ — 91.2
140 f 4 Q) = 91.2GeV
: O dt [z 2 jets, soft radiation
2 jets 15t .
[ 4
—> 0fh
t [
SH ]
T p— ]_ 5 i ’Iﬂ‘. ZjetS, 3jetS
[ R . > 3 jets
7T=20 0 T TRt R PR it aiaceie oo ]
0.0 0.1 0.2 0.3 04

T

spherical
cvent

T 1/2
T=1/2
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Factorization theorem

5 dé dé _ a A
__jdk(d dans+d“bj(r—ijsgmd(k—m)+o(ao ; QCD]

dr dr dr 0 0
/ \ \ T
aS
dé In' bmass  nonperturbative [ Q
s n5 n . 71
r Zn:as (T)+%:as { r l corrections  soft function 01
= H ()< J (1,) ® S ()
Singular partonic for dé

massless quarks _Za In' r+Za f,(z)  Nonsingular partonic

QCD+QED final states

(leed order) - (Singular) = Nonsingular

0.0 0.1 0.2 03 04 T 05 0.0
O 0
2 log linear 3 10

O(OKS) -2 {.E bins | bins O(Oés> ol
CVENTD -4 EERAD3

-6 1| Gehrmann et al. -40 : 'n':,"’ fit interpolation
50 } } |
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Factorization theorem

o, ,do > _ A
——jdk( d"mﬁ“bj X stk —28)+ 0] o, L2
dr dr dr Q O

/ \ \ A2, 059
as

dé. n A In' 7 bmass  nonperturbative [ Q
1 :Zn:as5(7)+;“{ 1 } corrections - | =

soft function Or
:H(IUH)X](;UJ)®S(/Js)

Singular partonic for dé
massless quarks - Zaf In' 7+ Za:‘fn () Nonsingular partonic
QCD+QED final states dz %3 n

\ Resummation for singular partonic

In Z—‘y’ = (g In)¥ In + (s In)* + ag (s In)* + (g In)* + . ..
y = FT(r) LL NLL NNLL  N3LL
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Sum Large Logarithms

Thrust Factorization Theorem:

do
i oo (), 1) Q/df Jr (QQT - QL, u) St (4, 1)
p2 " QZ p2 N Q27_ p2 N QQTQ

To minimize large logs we want to evaluate these functions at different scales

Match & Run: pg match QCD to SCET
l run H
HJ integrate out Jet Modes
1 run J
HSs soft function OPE
Aqcp

37



Our Three Regions:

20 - sum the logs
ld_()' - % Q° > Q1> (Q1)° ~ Ajep
o dt L
15 _ ] nonperturbative St
i 3t
3
-} | Q0 |
10 _ X universal @ power correction

sum the logs

i “ 2 2 2 1\2
5 F ':Q > Q7> (Qn)" > Agep do not sum the logs(!)

®a Q% ~ Q*1 ~ (QT)* > A?QCD

small power corrections

g
e e T

() N . . . | . . . v ‘..“..’ s200e osasle .8 0.80010 oie J

0.0 0.1 0.2 0.3 0.4
T
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Factorization theorem

A _ A
——jdk(dg 9., +de) - sk —28) + 0| o, L0
dr dr dr 0 0

» O(a) fixed order (nonsingular). Event20(a;) and EERAD3 O(cr)) .

* O(a) matrix elements. Axial singlet anomaly. Full hard function at 3 loops.
« Resummation at N3LL. Effective field theory (SCET).

 Correct theory in peak, tail and multijet (profile functions).

* Field theory matrix elements for power corrections.

* Removal of u=1/2 renormalon in leading power correction/soft function.

« QED effects in Sudadok & FSR @ NNLL O(a?) with « ~ ! .

* bottom mass corrections with factorization theorem.

« Computation of bin cumulants in a meaningful way.

J
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Why a global fit (many Q’s)

We fit for Q, & a,(m,) simultaneously. Strong degeneracy lifted by many Q’s.

T do
o dT

0.006

Q = 91.2 GeV

0.004

0.002

Power correction needed with 20%
accuracy to get a, at the 1% level

0.000

-0.002

-0.004

-~
-~
-0.006 ”
T do
& AT y
(0,003 0.03 _ ~
A Y
Y Tro
0.002 - 0.02 ~ \4"'_\52 |
e —
0.001 s 0.01 b ﬂ(l., e S
_____ T""\-_ — e e
______ P AY 25l = _ ]
).000 L o 1 1 - e § P Gl N, | i 1 L 1
Y . 0230 T 0.00 0.10 Sl Qo] D = e e = sy | s i) ()
_________ :._.-"-l'-. ‘-_’-————-_“
-0.001 — e = o —
= # H
Y
-0,002 S E i
0.02 F P
[ -~
-0.003 o e
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LEP A

SLAC

DESY {
KEK

Experiment data

Values of Q ete” —~ > jets

ALEPH {91.2, 133.0, 161.0, 172.0, 183.0, 189.0, 200.0, 206.0}
DELPHI {45.0, 66.0, 76.0, 89.5, 91.2, 93.0, 133.0, 161.0, 172.0,
183.0, 189.0, 192.0, 196.0, 200.0, 202.0, 205.0, 207.0}
OPAL {91.0, 133.0, 177.0, 197.0}
L3 {41.4,55.3,65.4, 75.7, 82.3, 85.1, 91.2, 130.1, 136.1,
161.3, 172.3, 182.8, 188.6, 194.4, 200.0, 206.2}
SLD {91.2}
TASSO {14.0, 22.0, 35.0, 44.0)
JADE {35.0, 44.0}
AMY {55.2}
"standard" data set:
QO >35GeV
6 GeV
0 <7<0.33
| e 487 bins
0.1 0.2 0.3 04
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0.135

0.130

0.125

0.120

0.115

0.110

ag(m z) from global thrust fits

o))
t 0.1300+0.0047
7> 550

= =1.11
| dof 486

+ — perturbative error

 Pure Fixed order
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ag(m z) tfrom global thrust fits

0.135:— + — perturbative error —:

i O(ay) -
0.130F ¢ 0.1300+0.0047 —

- 2 -

: ff:zg:l'“ i
0.125F .
0.120f i

[ 1 do
0.115F crd

[ t4 Fixed Order

- 1.2 e O(0?)
0.110 e O(0?)

* Pure Fixed order O(cvs)

ALEPH Q=m,, thrust 0.6
0.1274+(0.0042) 047

Dissertory et al ‘07

pert

0.2

).( : P S Y Y Y S S S S IS S S S S RS S
: 0.0 0.16  0.18 020 0.22 0.24 026 028 0.30
ALEPH Q’s all event shapes 0.1240+(0.0029) T




0.135

0.130

0.125

0.120

0.115

0.110

ag(m z) tfrom global thrust fits

O(a?)
t 0.1300+0.0047
7> 550

= =1.11
. dof 486

0.1192
+ N3LLsummation

+ — perturbative error

« Resummation at N3LL
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0.135

0.130

0.125

0.120

0.115

0.110

agy(m z) from global thrust fits

O(;)
} 0.1300+0.0047
2
0 1
dof 486
0.1192

+ N3LLsummation

« Resummation at N3SLL

0.6 F
0.4F
0.2t

0.0°

+ — perturbative error

Fixed Order
e O(0?)
e O(a?)
O(ay)

PO N S TR SN TN NN TR TN SO NN S TN NN SN TN S T SN SR S
0.20 0.22  0.24 026 0.28 0.30

T

I N T T N
0.16  0.18

45



ag(m z) from global thrust fits

0.135F + — perturbative error —
- O(a?) i
0.130F ¢ 0.1300+0.0047 —
- 2 -
JE= =t :
0.125F —
0.120 _ —
) 0.1192
- + N3LLsummation lﬁ
0.115F o dr
: 14 Sum Logs, no gmed
- 1.9 s O LI
= y )
0.110 1.0 f —
» Resummation at N3LL 0.8 | N
0.6
Fit to ALEPH and OPAL o
0.1172£(0.0012) 0.2
Becher & Schwartz 08 00 6 o 020 02 094 036 028 0.30

T




0.135

0.130

0.125

0.120

0.115

0.110

ag(m z) from global thrust fits

O(a)
0.1300+ 0.0047

‘ZZ__5936

1 dof 486

0.1192
+ N°LLsummation

+ multyet boundary

0.1245+ 0.0034

=1.22

+ — perturbative error

« Resummation at N3LL
« Multijet boundary condition
* No power corrections

* No renormalon subtraction
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b

0.135

0.130

0.125

0.120

100 [

ay(m z) from global thrust fits

+ — perturbative error

O(a)
0.1300+ 0.0047

|+ multijet boundary
0.1245+0.0034

7> 593.6
1dof 486

=1.22

We must turn off the resummation in the muiltijet region

LR

o dT

30 |

nonsingular singular
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100 [

M

80 |

0.135

0.130

0.125

0.120

ags(m z) from global thrust fits

0(a?)
0.1300+ 0.0047
|+ multijet boundary
0.1245+ 0.0034
2
X _ 593.6 _ 192
1dof 486
[

+ — perturbative error

We must turn off the resummation in the multijet region

60 f

1 do ;

e N3LL results

o dr

U]—l d ' J 4 1 L T T T T T T -
L —_— full (a,=.1135, Q, =.324 GeV) ]

0.12} +theory scan error
— = no Q; (a;=.1135)

0.10\ m—  full, BS profile (@ =.1001, ]
r 2 =.371 GeV) 4

0.08:“ \‘ no 21, BS profile (e, :'-'-lIT'-EJ-:

0.06 F

0.04

0z 2200 SN W CSSr e ssscenmas
[ ® ALEPH —

o000 o % Lo,o.o0 o, T o T —
0:32 0.34 0.36 0.38 0.40 T 0.42
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Estimate of perturbative uncertainties

parameter default value range of values
(40 2GeV 1.5 to 2.5 GeV
n1 5 2 t0 8
t2 0.25 0.20 to 0.30
€J 0 -1,0,1
eH 1 0.5 to 2.0
Ns 0 -1,0,1
$9 -39.1 —36.6 to —41.6

rsr 1553.06 —1553.06 to +4569.18

VE 0 —3000 to +3000
$3 0 —500 to 4500
€2 0 -1,0,1
€3 0 -1,0,1

J

\

Profile functions

h, = 8998.05

Baikov et al

' Padé approximants

for range

Nonsingular
statistical error
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agy(m z) from global thrust fits

0.135F + — perturbative error =
i O(a) -
0.130F ¢ 0.1300+0.0047 -
: [+ multijet boundary i
0.125F 0.1245 + 0.0034 b
0.120 —
- [ ] i
i 0.1192 i
- + N°LLsummation -
0.115F —
0.110

« Resummation at N3LL
* Multijet boundary condition

* Power corrections give -7.5% shift
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0.135

0.130

0.125

0.120

0.115

0.110

as(m z) trom global thrust fits

O(a?)
0.1300+ 0.0047

0.1192
+ N3LLsummation

|+ multijet boundary
0.1245+ 0.0034

« Resummation at NSLL

« Multijet boundary condition

* Power corrections give -7.5% shift

+ — perturbative error

0.6
0.4
0.2

0.0

Sum Logs, no S

maod

e O LI
s NJ L

NNLL'
NNLL
NLL'

0.16

0.18  0.20

0.22

0.24

026 0.2%

0.30

T
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ags(m z) from global thrust fits

0.135

i O(a?)
0.130 ¢ 0.1300+0.0047

! |+ multijet boundary
0.125F 0.1245+ 0.0034
0.120f ) + Power C

i 0.1192 e

- + NLLsummation
0.115} }
0.110k

« Resummation at N3LL

» Multijet boundary condition

* Power corrections give -7.5% shift

+ — perturbative error

0.6 F
0.4 F
0.2 F

0.01L

~ mod a

Sum Logs, with S ]

NS LL ]
N3LL :
NNLL' ]
NNLL ]
NLL

0.16  0.18  0.20  0.22 024  0.26 028 0.30

-
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——jdk(da do
g7 d.

In the tail region £, ~ Q 7> Ay, | Shifts distributions to the right ! |

and we can expand the soft function

S(t)=S

pert

, 2Q), 2Q, Is a nonperturbative
~ pert 0 ~ S per (7_ ) £, ~ Agep parameter

Ql 1s defined 1n field theory

Q (o\trY 0)Y,(0)i0.Y (0)Y,(0)|0) MS

10, EH(iﬁ-ﬁ—in-8)in-8+6’(ir_z-@—in-8)iﬁ-@
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Consistency check

assuming that 2 ~ o,

l
oa, 2A N(7)

a, Q h(z)

assuming A ~ 0.3GeV

oa,
o

\)

~—(9x3) %

Perturbative expression

Power correction

]
DELPHI
ALEPH
OPAL
L3
SLD

Q=my

I S = e

T

-20 -

25 L

0.10

0.15 0.20
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ay(m z) from global thrust fits

0.135F + — perturbative error -
A O(;) -
0.130F ¢ 0.1300+0.0047 —
: |+ mu ltyjet boundary i
0 125-_ 0.1245+ 0.0034 -
0.120F —
- [ ] _
- 0.1192 i
- + N°LLsummation -
0.115F —
0.110

 Resummation at N3LL
« Multijet boundary condition

 Power correction, in a scheme free
of the O(Aycp) renormalon
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ag(m z) from global thrust fits

0.135f

i O(a;)
0.130F ¢ 0.1300+0.0047

! l+rnuhﬂetb0undary
0.125F 0.1245 + 0.0034
0.120f i + Power C

i 0.1192 et

- + N3LLsummation
0.115} }
0.110k

« Resummation at N3LL
* Multijet boundary condition

 Power correction, in a scheme free
of the O(A\ycp) renormalon

+ — perturbative error

1 do

o dr

| | | | I -~ | ) | . -.,Imml ]

. Sum Logs, with S ]

1.2F e NG L ]

- I NI 1

1.0} NNLL' .
N NNLL '

ﬂ?’) : NI.I.F

0.6 F

0.4F

0.2 F

(].[]- .................. S—— |. .......

0.16  0.18 020 0.22 024 026 028 0.30

-
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ag(m z) from global thrust fits

0.135F

i O(a?)
0.130F ¢ 0.1300+0.0047

! [+ multyjet boundary
0.125F 0.1245 + 0.0034
0.120F

- [

i 0.1192

- + N’LLsummation
0.115F
0.110

« Resummation at N3LL
« Multijet boundary condition

 Power correction, in a scheme free
of the O(Aqp) renormalon

0.6

0.4

0.2

0.0°¢

+ — perturbative error

T r T

i | L

T r T T T

Sum Logs, wi

e
th ™
e VL

T '| T T T

ol
+ gap

s NCLL

 NNLL' -
NNLL ;

NLL

i | i i

=

N
0.16

M
0.15

0.20

PRI
0.26 0.

9% 0.30

T
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R-scheme

° QR,u)=Q, —6(R, 1) 5(R,ﬂ)=zn:(%) 0,(R, 1)

Renormalon free
perturbative non perturbative

A N

S, p) = [dl | e 00N (1L a) [SI(' =2 A(R, 1), R)

R Can become large
® 5,1(R,IU)=R67RZ§ZI lOgm (—j — g R N IL[
" H Keep them O(1)
21(R,R)
(GeV)
Running equations ' | . |
boundary
R-running value is the
_runnin unknown
lu g parameter:




0.130

0.125

0.120

0.115

0.110

Convergence of results

@,(mz) from global thrust fits

O(c.)+NLL

NLL'

O(a. )+ NNLL

NNLL

O(a?)+ NNLL

NNLL'

O(a’)+N°LL

N°LL

perturbative errors only

O(a’)+N’LL

1

N°LL'

0.130

0.125

0.120

0.115

0.110
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Theory uncertainty is from a flat scan

Renormalon free

(GeV) |
1.0 7

0.6 (I
04

02 :-

0.0 L

full
results

- 0. 0009

m N3LL
B N3LL ]
M NNLL]
NNLL 1
NLL' -

0. I][}

UI]‘S

U 17[}

0.125

0130
ag(myz)

Lo

1.0

NNLL -

NLL'

I R |
full
results '
L] .;-
* " . '." ' :r-'. ':
Sk ey
. i ar !
...'r L] .‘l . % HI i l% -; l:'
e mNSLL
LI wig s ote B 3 #%4 g4 0 -
i, s ol T N3
g :-‘-:f;.,' -"-a,f"-:.*-r;:,';. .- N LL, ]
Tt Cene g e I NN
SeEuiEes gt~ MNNLL

0.110

0.115

0.120

0.125

0130
Qﬁ(mZ)

Zg—z]l.z
(GeV)

1ol
08|

0.6 1

With renormalon

04

O L T VLR G (R
no gap m N’ LL ]
results B N3LL ]
W NNLL-

NNLL !
| NLL'

. ; Ak
. - G, =t e S
i " o " e '.F. el w
- . " s P, "
4—» - .. t‘.-.' T o I A, = LA g
" . =
!-l.l'- .

O 0021

| i i i 1 L L L i

0.0L
0.110

[} ]]‘i U 1”‘{] 0.125 0.130

CE,:_;(?TI.Z)

1.5

1.0

Ll Ll L I T T L L 'I T L T T l T Ll T T
no gap _— =
results . sl RO N QPR
" L] e .: & ‘1-& & s
e -
| Al -...:E'.‘- . .-;
-t::i*: ”..
S8 o

mNSLL
B N°LL
W NNLL ]
NNLL |
NLL'

P S SRS S N TR R S N |

0.110

0.115 0.120 0. I’»"‘:- [] 130
(g (mZ)

Renormalon-free
results have smaller
theory errors and
better fits

(), determined to
16% accuracy

500 points random
scan per order

Adding individual
errors in quadrature
gives similar (but
smaller) error
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Effect of the various scan parameters

-0.0004 -0.0002 0.0002  0.0004

A Ofg(mZ)
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o dr
04 ' I L L L
N . /
Q N Fit at N3LL' for as(mz) & Q,
LN _
03 N theory scan error
N
0.2 N )
\ 3
® DELPHI ) S
® ALEPH T~
0.1 S _
00 L
0.10 0.15 0.20 0.25 0.30 T
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Experimental
error

x> 440
dof 485

091

1o (39% confidence level)

0.75 |

262
(GeV)

070}
0.65 |

0.60 |

|
1
| s ,
| ‘*~1 _______ o
P N N TR |
0.113 0.114
as(my)

a,(m,) =0.1135+0.0002, £0.0005,,, +0.0009

mostly Q,, and includes Q,

N\

Y

&

J

Y

SCan

0115
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Fit for bins: different data sets

Q), effects

Increase

Renormalon free

080}F
29 |
(GeV)

070 |
0.60 I

0.50 |-

040L

0.09_0.33

394

| I | |
[ijn , Tmax ]

#bins :

Q

0.111

0.112

0.113

0.114

ag(my)

0.115

0.116

L =0.1200—a, (m,)

50.2GeV

statistical errors
decrease
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agy(m z) from global thrust fits

0.135F + — perturbative error =—
i O(a?) i
0.130F ¢ 0.1300+0.0047 —
: [+ mu ltijet boundary i
0.125F 0.1245 + 0.0034 -
0. 120 -_ - + Power Corrections _-
! 0.1152+0.0021 -
- Nﬂll?.llgz y +b-mass &QED -
- + N-°LL summation -
0.115F t D.llB{i"ﬂi0.0UﬂQ _
0.110

« Resummation at N3LL
* Multijet boundary condition

 Power correction, in a scheme free
of the O(Ayp) renormalon

« QED & bottom mass corrections
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as(m z) from global thrust fits

0.135F
i O(a?)
0.130 ¢ 0.1300+0.0047
: | + multijet boundary
0.125K 0.1245+ 0.0034
0-120-_ . + [‘JI{\"'-.‘I.'-L'_‘[' {_L+"‘
i 0.1152+
. 0.1192
- + N°LL summation
0.115}F
0.110

« Resummation at N3LL
« Multijet boundary condition

 Power correction, in a scheme free
of the O(Aqcp) renormalon

« QED & bottom mass corrections

+ — perturbative error

0.80

262

(GeV) [
0.70 F

0.60

0.50

= QCD+mass -

0.1120 0.1130 0.1140 0.1150

(}fs(mz)
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ag(m z) from global thrust fits

0.135

0.130

0.125

0.120

0.115

0.110

+ N3LLsummation

O(a})
0.1300+ 0.0047

0.1192

Preliminary Fits
to ALEPH data:

thrust

heavy jet mass

Perturbative N3LL agrees*
with Chien & Schwartz ‘10

[+ multijet boundary
0.1245+ 0.0034

+ — perturbative error

0.1169

0.1175

0.1223
0.1220
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Final thrust result

a,(m,)=0.1135+0.0002, +0.0005,,, +0.0009 .

@
Tau decay (Bethke avg.'09)

| @ |
| |
Nonsinglet DIS (Blumlein'07)
| ® i
Lattice (HPQCD'08)
| ® |
| PR : Electroweak(Gfitter'08)
Global Thrust Analysis
(AFHMS'10) , ,
I ® I
Bethke avg.('09)
L S |
I ; I
Bethke avg.('06)
L @ |
I , I
PDG avg.('05)
L I '] '] L L I L L L L I L L L I L L L L I L L L L I L L L I L L L L I L L L L I '] L L L I '] L L L I '] L
0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.120 0.121 0.122
as(my)

Result from jets differs by 3.50 from the HPQCD lattice result
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Summary & Outlook

Tau Decays (FOPT vs. CIPT; Duality violation)

e Lattice QCD (multiple actions; trustworthy errors)
e DIS & Global INMC data; gluon pdf parameterization;
theory error analysis)
® R ratio & Precision EW (Giga Z? Super B?)
Thrust & Event Shapes

e The Soft-Collinear Effective Theory provides a powerful formalism
for deriving factorization theorems and analyzing processes with Jets

e Important to account for nonperturbative effects (not with MC)

® C(Consistency checks with other event shapes at perturbative level,
consistency check for full analysis on the near horizon

® Results are systematically smaller than (some) other extractions
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The End
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