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Outline

® Introduction

® Anatomy of SCET description
® Our analysis

® Cross checks

®* Whyis our as(mz) so small?
® Conclusions

AHH, Kolodrubetz, Mateu, Stewart; PRD 91 (2015) 9, 094018 C-parameter
AHH, Kolodrubetz, Mateu, Stewart; PRD 91 (2015) 9, 094017 distribution
Abbate, Fickinger, AHH, Mateu, Stewart; PRD 86 (2012) 094002 Thrust-moments
Abbate, Fickinger, AHH, Mateu, Stewart; PRD 83 (2011) 074021 Thrust
distribution
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Event Shapes

— Classic method for determining o, (M)

Single-variable jet distributions

> |pi -
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| 2 (2 |13i|)2
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Issues In the Dijet Limit

Singular Cross section

1 do

Born -
O™ dT

as | 72 — 74372973 374372 (In(7%7)
= O(r) + Ces (5 — 1)a(r) 4+ =grrees  2geeie? (M) |

= | o(r) + Ce2e (2 — 1)o(r) = 3(1)4 —2(22), + {non-sing. terms}

: ; ;

® Completely determined from soft and collinear radiation in the dijet limit: 7 < 1

® Perturbative resummation of logarithmic terms to all orders required: 4 ln(T) ~ 1

@6\’6‘\00 thrust axis 7
20 59 :
ldo | >
(e) dT 3 1
15 . peak+ tail _ +
[ . . € €
: % (d |Jet reg |On) beam pipe hemisphere b
10F° = 7
f » > /,
. c‘O///. \ X
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Structure of Perturbative Corrections

Singular Cross section

1 do

T~ 00+ 5[5 - o)+ g e (W) |
= | 6(r) + 5= | (5 — D7) — §(H)+ —2"P)4 1+ {non-sing. terms}|
[
log ¥(7,) = as(log® 7, + log 7. + 1) LO
[Catani, Seymour] ag (log3 T, + log2 Te +log 7. + 1) NLO
State of theart o> (log? 7. + log® 7. + log® 7, + log 7. + 1) NNLO
ol (log® 7, + log® 7. + log® 7, + log® 7, + log 7, + 1)
not known!
[Weinzierl]

[Gehrmann-De Rider, Gehrmann, Glover, Heinrich]
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Structure of Perturbative Corrections

Singular Cross section

1 do

o g = O(7) + G [( — )ar) + Shegmpinen — aggetset (R0 |
= | 5(7) + CE2 (% = 3)5(r) = §(2)4 = 2("). 1+ {non-sing. terms},
= [ L 1
log ¥(7.) = as(log2 T. + log 7. + 1)
o2 (log® 7. +log? 7. + log 7, + 1)
% (log* 7. + log? 7 + log® 7. + log 7, + 1)
o/; (log® 7. + log® 7, + log® 7. + log® 7, + log 7 + 1)

[Hoang, VM,
Schwartz, Stewart]

[Becher, Schwartz] LL NLL NZLL N3 LL not known!

[Chien, Schwartz]

[Abbate, Fickinger, Hoang,VM, Stewart]
[Hoang, Kolodrubetz,VM, Stewart] State Of the al"t
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Anatomy of SCET Prediction

Korchemsky, Sterman; Bauer etal.

Singular Cross section Fleming, Mantry, Stewart, AHH
Schwartz
do \ sing C
<%)part ~ UOH(Qa MQ)UH(Q7 HQ, :us) /dEdel UJ (% — 4 — 6/7 HJ, MS) JT(QK/, ,lLJ) SC(E = A, ,us)

® Describe soft and collinear radiation by different quantum modes

® Effective field theory description

Convolution /™ —

L
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Anatomy of SCET Prediction

Matrix element and hard matching terms (fixed-order)

(52)™ ~ a-UH<Q,uQ,us) Jaae v, (%2 —e—ecm,ﬂs)-
/
Hard function

order-by-order
renormalon
subtraction

Shemi (€1, 7,1) = - 87— KEV(E — kN0 2 Yu 0) X)X, ¥, P (0)]0)
c Xs

— IO T

87N.Q Disc/d4w e % (0| T Xn,q(0)fixn(x)|0)

a) b) <) d e)
dm?
®--—>---® &_@ @__m @.@-@ Q--%F@ @& %0

Each factor gauge
invariant !

Jn(Qrf, ) =
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Anatomy of SCET Prediction

Summation of large logarithms

d sing

HQ

d
nrHo(Q, 1) = Vo (@ 1) Ho(Q, 1)
i ) 1 run J
PYHQ (Qa ,U,) = FHQ [as] In (%) + ’YHQ [as] m
KS
AQCD

u%J (ys 1) = vs(y, ) J(y, ) = [2F°“Sp(as) In(iyp’e’®) + w(as)] J(y, 1)
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Anatomy of SCET Prediction

Summation of large logarithms

R X | ITICER | I BR

scales become
«~ equal for multijet

© region
60 run H
~ Us (7-) HQ
ol
. /o ps(r)oct profie " run |
, / functions
0.0 0.1 02 0.3 04 05
1 do 20¢ : Hs
o dt [
15F
[
ol . Aqep
i
5¢
000 0.1 ““;)-I.’Z.- = 03 OJ4

Workshop on High Precision Alpha_s Measurements, Oct 12 - 13, 2015




Anatomy of SCET Prediction

Combination for hadron level prediction

() - ful(e) e ) - e S
/

LO (analytically)

—025F " 7 N
ok ! Fixed-order minus t Soft matrix element
P E |er -ord er minus eclj'ms model function
-1as : already resumme (renormalon subtrated)
~1.50F E
-175? E S
20T T 0 0608 'C'lfo 21 .¢ —g((ﬁzk) .
NLO (from Event2) sl FO (k)
T L L L B L L L B I LR | = - FO)(k .
: ] E ngkﬁ ]
3 ; Eof FO)
i & : ]
r f 7 0.5
-1 ! o ] [\ - < P B B .
fit | interpolation ¢ i interpol. ] 0 02 04 06 08 1 12 14 1.6
fe— i =$ N _: k [GeV]
0 1 1 ﬁtl
0 02 04 06 08 1
c
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Anatomy of SCET Prediction

OPE for non perturbative power correction

== For C > Aqp/Q, in the tail region, the soft model function can be expanded in an OPE.

smed(py = §(0) + QF §'(0) + 1g0”f |
150
. . . R % tail
(d_a)ta”%d_ff_ﬁ_?difwd_a( _%) o0 >
dC dC Q dC? dC Q P
. . C ! .;‘.-.h”.“"“'l"’°'°'~'m| .2 arac J
Only two fit parameters: ag and €27 T
T
. . . C 37T -
=== Universality of powercorrections: Q1 — _Q = 4.9 Ql Lee, Sterman
—=p Ve use the thrust normalization for the parametrization of
the leading power correction:
Q) = —QC
3
=== Hadron mass effects break the relation, but as small in the relation
between thrust and C-parameter. Mateu, Stewart, Thaler
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Strong Coupling Determination

Scale and uncertainty parameter variations: “Random Scan”

=== Pick 500 random points and fit for each choice separately (numerically costly!).

===» More conservative than error band method OR qudratic sum of individual variations.

parameter default value range of values Th rust
Lo T 0
po 1.1GeV 1to 1.3 GeV ; Hu ]
Ro 0.7GeV 0.6 t0 0.9 GeV Hi gof \j N
[ =912 GeV ]
c ng 12 10 to 16 [ Q wy = Q\/? ]
60 - — _
g n1 25 22 to 28 [ - ]
-8 ts 0.67 0.64 t0 0.7 40} P
< [ _ ]
> t 0.83 0.8 to 0.86 »of us=Qr 1
% r 0.33 0.26 to 0.38 [ ]
Q ok .
(7] ey 0 — 0.5 to 0.5 1 | A | M al
L 05 t0 2.0 00 0.1 02 03 04 05
- €H . O 2.
4-loop Ic:usp 0 o T
anomalous = el C-parameter
dimension — o 1553.06  —1553.06 to + 4659.18 100f T y If ——T T
[ H ]
g s2 —43.2 —44.2 to — 42.2 Mi ] ]
non-log O(ay®) S ja 0 —3000 to +3000 80F Q=912Gev ]
corrections :C, - 0 —500 to 4500
o €2 low 0 =1, O, 1l
<
?} €2,high 0 —1,0,1
00
c €3 low 0 —-1,0,1
‘"
é €3,high 0 —1,0,1
(o}
c
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Strong Coupling Determination

Scale and uncertainty parameter variations:

Renormalization
scale
parameters

Unknowns and
numerical
uncertainties

=

W\

€H

1 1 1 1 1 1 1 l
—-0.0002 0 0.0002 0.0004 0.0006

Aas(mZ)
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Strong Coupling Determination

Convergence (using Random Scan scale variation)

===k EXxcellent convergence when order of description is increased.
(Picture for best fit)

C
o

I L L] L] L] I L] L] L] L} I
Fit for as(mz) and £ (Ro, uo)

Em NLL
E NZLL
s NLL

@ oo
0.30

@ ~iern

@ oraL

./||||

0.25
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Strong Coupling Determination

Experimental Data:

Experiment.  Values of Q :

ALEPH [91.2, 138.0, 161.0, 172.0, 183.0, 189.0, 200.0, 206.0]

[45.0, 66.0, 76.0, 89.5, 91.2, 93.0, 133.0, 161.0, 172.0, 183.0,
DELPHI 189.0, 192.0, 196.0, 200.0, 202.0, 205.0, 207.0]

OPAL [91.0, 133.0, 177.0, 197.0]
13 [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] o
TASSO [14.0, 22.0, 35.0, 44.0] %3—315_ !
JADE [35.0, 44.0] N
AMY [55.2] L
5 L
00:) 011.- = “;312513 OJ4
Lot of data available: 807 binsin T ' ' ' T
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Strong Coupling Determination

2
as — {1 plane as — xX“ plane
IIIIII|-III|IIII|""3]';"'3'"'['. IlllllIlllllIllIlIIllllIlllIlIllll-
[ | NWLL +O(ai)+Ql(R.;1). [ B NLL + 0(@d) + QR ) ]
! o O N"Uj +0(@) + IRy | 1.4} B NLL + O() + O (R.p) o
L4k T \»\\! NLL' + O(as) + Q(R.p) _| B NLL + O(e,) + QR p)
' . FullResults L Full Results
\ I
| 4 \\\ 13-
12F | - [
20 . \\ 5 2
. \ ’ X_l_z-
GV |\ dof
1.0 A -
1l
0.8} -
1.0}
(U] N T T TP S R PP = MR IS S TN BRI BRI BT B
0.1000 0.1025 0.1050 0.1075 0.1100 0.1125 0.1150 0.1000 0.1025 0.1050 0.1075 0.1100 0.1125 0.1150
a,(myz) a(mz)

=== (ood convergence of the fit when approaching higher order.

=== |mproved quality of theoretical description with increasing order.
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Strong Coupling Determination

C-parameter Tail Global Fit Thrust Tail Global Fit
[Hoang, Kolodrubetz,VM Stewart] [Abbate, Fickinger, Hoang,VM Stewart]
.I'I""I""l""l""l""l""l'- l'lllllllllllllIIl'IllllllllllllIl'Il
Il N°LL + O(a?) + &y (R )
- B NLL + O(ad) + R ) | 2_Q1 i
14k i . [l NLL + O@) + ;R 0sk
L L . . FullResults | (GeV) |
GeV | i
10} - X
! ) 04}
0.8} -
[ | 02}
] full results
UK I TP TP PPN BRI S AP EPEPEPIPE EPUPIPIPE SPEPEPI SPEPEPIPE IPEPIPEP BPEPEPIPE BPEPEPEP
0.1000 0.1025 0.1050 0.1075 0.1100 0.1125 0.1150
olo7 01125 01175 01225 01275
ag(mz)

-k Different behavior of fits with increase order

==& Very good agreement at N3LL + O(a3) with renormalon subtraction.
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Strong Coupling Determination

C-parameter versus Thrust Tail Global Fit

——
Full N3LL' results ]

10F

-
-

09F ]
0.8f -
20, F
GeVo7L N
0.6F ]
05F ]
[ | C—Parameter ]
[ . Thrust
04k o o
0.110 0.111 0.112 0.113 0.114 0.115

a,(my)

==& Very good agreement at N3LL + O(a3) with renormalon subtraction.
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Strong Coupling Determination

Theoretical vs. Experimental vs. Hadronization Uncertainties:

C-parameter Tail Global Fit

*'mrm'ﬁ‘mﬂ‘mﬂm
10O © theory+ I 7
095k : uncertainties |
[ I I : :I: O-OOO?hadr
I I ]
| -
. | ]
28 ossf Jo |
GeV ]
E 1\ theory ROSERN | : ® Perturbative errors dominate
0.80 1 \uncertainties o -
I ® Experimental errors smallest
L I
e | - * Similar pattern for other
: : ' eventshape analyses.
070F | |

i )
0.11050.11100.11150.11200.11250.1130 0.11350.1140
as(mgz)
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Strong Coupling Determination

T do
o dr [Abbate, Fickinger, Hoang,VM Stewart] M;(Q) [Abbate, Fickinger, Hoang,VM Stewart]
O-4'"|""|""|""|""|"_ Ollggr— T~ "~ 1T " 1 T T T T T
. 3 7
_ Fit at N°LL for a,(mz) & @, Fit at N’LL for a,(mz) and ),
0.3 - theory scan error 7 0.09 mm theory scan error _
- v 1 ndo
02L ] A‘[n—;/dTT d_T
[ 007 ® ALEPH
L ® DELPHI ® OPAL
T @ ALEPH :
0'1__ @ OPAL @ DELPHI
0.05F @ a0k
r ® SLD ® AMY
00 [ PR T S S U SR NS S S T AT ST SO ST NN T R S S R ® TASSO
1 I 1 1 L L I ' 1 1 L I 1 1 L 1 I 1
0.10 0.15 0.20 0.25 0.30 T 30 100 750 300
Q (GeV)
&g_(é [Hoang, Kolodrubetz,VM Stewart]
o
o4 T~ T~ T T T T T ] Thrust distribution (2010):
Fit at N°LL' for a5(mz) and Q, ] \ - Updated profiles
] as(Mz) = 0.1135 = 0.0010 . 2-Fl)oop so?t function
0.40 theory scan error - /
- . Thrust distribution (2015 update!):
0.351 ] as(Mz) = 0.1128 + 0.0012
0.30F @ oeLpH Thrust 1st moment (2012):
- @ ALEPH
i . OPAL OéS(MZ) = 0.1140 £ 0.0016
0.25
[ : | . 3 C-parameter distribution (2015):
- SLD -
0.20 [~ L l L 1 1 L l L 1 1 L I 1 L L 1 I L 1 1 L 7 —_—
03 04 05 06 c as(Mz) = 0.1230 + 0.0015
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Cross Checks

Hadron mass effects Data set dependence
—— T, 11 ._
095k Full N°LL' results - ]
E ] 1.0 ]
090} 1o ] ;
DR AT 0.9 ]
05| ’,#""-rf‘ B . 20
24 o v-»%;ifgﬂ." R i Gov 08 ]
Gev L e i - :
I ITTINER L o, ] ]
0.80F AR . i
[ REaER | 0.7 p
da
0.75F with hadron masses ] 06 -
: ] w/o hadron masses
— LT 0.109 0.110 0.111 0.112 0.113 0.114 0.115
as(mz) as(mgz)
® Hadron mass effects modify the way ® Dependence on the upper and lower
how the soft function enters the theory boundary of fit intervals.

prediction. * Dependence compatible with theory

® Effect is very small and uncertainty. (NOT ADDITIONAL
ERROR!)
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Cross Checks

Agreement with data outside fit reqgion:

1 do Peak region 1d Far tail region
oy — o
gdc 7 dC
S L L L D T L DL B L BN BN BELENL I LI
' Full prediction at N°LL' ] - ]
: i preciction a ] 030 Full prediction at N°LL! =
: 0.25F 3
3:_ N 0.20F theory scan error E
[ Y 0.155— @ DELPHI
2f DELPHI L @ ALEPH
[ : ALEPH theory scan error ] 0.10F
N OPAL L s .
1T 4  oosp @ SLD
[ ® sip Q=mz :
0 ‘ L l L L L L l L L L L l L L L L I 1 1 1 1 l 0'00-—1 L A Il l A L A AL l A s A L l AL e . L l L e AL L l L AL AL e h
0.00 0.05 0.10 0.15 0.20 C 0.25 0.70 0.75 0.80 0.85 0.90 0.95 C 1.00

=== \ery good agreement with data for the entire spectrum.

===k Demonstrates ability of or approach to cover the whole spectrum.
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Size of Non-Perturbartive Effects

a;(myz) from global C—parameter tail fits as(mz) from global first moment thrust fits
0.135:— I Below error bars & + — perturbative error —: 0'135:_ : All errors: a(mz) = 0.1140  0.0016 —:
(l’s(mz) X 0(e3) fixed—order All errors: as(mz) = 0.1123 + 0.0015 ] as(mZ) r O(?) fixed—order T
C 0.1317 + 0.0052 | ] r 01299 +0.0038 I ]
0.130F- | . 0130 | :
E I E L + N3LL summation ]
0.125_— . 0 125’_ 0.1245 + 0.0038 + 5 “ _—
L + N3LL' summation | + Power Correction ] L | ]
0.120 l 0.1219 £ 0.0028 | 0.1117 £ 0.0016 4 L I + Power Correction ]
C + R—scheme ] 120 0.1156 = 0.0021 b
: | gop 0 T e 7% e
0‘115__ | * - C + - perturbative error I 0.1142 +0.000 01140 +05007 ]
C | ] 0.115- ]
0.110 I } + . i ! t ¢ ]
T T T L 'l T T T o . )
C-parameter PN resuls | *® Finite non-perturbative effects drive
norm ——F—> ] strong coupling small.
t ] * Perfect consistency between fitted size of
o | ] Q, between C-parameter and Thrust
GeV [ B Thrust with Qf ]
2T C—Parameter with Of ] ® Predicted universality relation confirmed
[ C—Parameter with Qf = ST”Q{ from ex erlmental data
Thrust | S P
norm Y ] ® Parametrization of non-perturbative
b effects compatible with experimental
0.110 0.112 0.114 0.116 0.118 0.12(

ag(mgz) d ata .
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Size of Non-Perturbartive Effects

Monte-Carlo estimate vs. fits of non-perturbative powercorrection:

e e e

Analytic power corrections, moments + O(a?)

Thrust Moments
(AFHMS '12)

1 ——

7, p, Y3, B Moments
(GJL'09)
Analytic power corrections, distribution + O((YS)
C—parameter N°LL
(HKMS '14)
Thrust N°LL
(AFHMS '10)

3 —e——

4 ——t

Thrust N°LL
(GLM '12)

5 r——

Thrust NLL

6 —— (DW '09)

NN BN BN BN DN BN BN BN BN B BN B DI B B .
MC power corrections, distribution + O(a?)
7 HIMNLL

_—
(CS'10)

8 Thrust N°LL

< —_——
(BS '08)

9 7,p, Y3, B,NLL
(DGGGHLS '09)

10 7.p, Y3, B w/oresum. -
(DGGGHS '08)

M PP R
0.120 0.125
a,(mz)

0.1 ]E) . . (.).l 1.5 .

\

)

¢ Simultaneous fit of power corrections and
the strong coupling.

¢ Sizeable power correction and strong
coupling smaller than world average.

® Power corrections taken from difference
MC

¢ Small power correction and strong
generically larger than world average.

® Problem: MC, 1o ever iS ONly LO/LL
description:
IVICparton level ~ IVIChadron level is LO/LL!

® Should not be used in event shape
averages.

parton level ~ IVIChadron level
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Strong Coupling vs. Non-Perturbative Effects

- Degeneracy between o, and € : 0
1

- 41.26 GeV

experimental I
uncertainties

—0.1221 — oy (my)

e e e
1.00f theory+

0.95F

We would obtain

1 as(myz) ~0.118 for Q; ~0.170 GeV

0.90F

20 o85F

GeV . .
) The measured Q, value is 2.5 times larger:

Q; = 0.421 £+ 0.063 GeV

0.80f

0.75F

There might be an issue in the data away from the
Z pole coming from poor experimental precision.

0.70F

VT VT LR VET P KA TP RVE T RVEELRYPY
as(mgz)

Recall: dQ ifferentl i ' (d—a)taﬂ ~ -k d&( - Q?>

ecall: ag an 1 enter differently depending on Q: ¥e ~ 0 O ac:” ac 0

Need: Data from widely different Qs needed to resolve degeneracy.

-k Need: High precision data from low energies !!
-k B-factories have this event shape data: PLEASE PUBLISH THEM !
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What can a future lepton collider help?

What would a precise measurement of event shapes at higher Q values contribute?

l((ll_g' 80._I|'\“. rrr|rrrryrrrre[rrrrryrrrrrrrrT |-. A 1580(70 ._'\_l__"__:___:“:—__l_ T T T T T T T T T L-
ogdr : 1 NP ; e — ]
: : | Q=3000GeV : 1000% . Q=912 GeV E
60 | - ] ]
L\ . 6.31%F 3
[ [ N\ Q= 1000 GeV ] i ]
[\ © : ] Q = 500 GeV
ok | ] 3.98%} —
- f—_ Q=1000GeV K
70: Q = 500 GeV : 2.51% ]
| - ] 158%k—_ Q=3000GeV —
0 PR B B |7l' l.OO%:ql....l....l. .|:
0 001" 002 003 004 005 L 006 0.05 0.1 0.15 r 02
¢ Event accumulate in very small region ® Non-perturbative effects decrease with Q
at small values. : :
® At some point smaller than experimental
® High precision needed. uncertainty and negligible !!

® Background tricky (yy)
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Strong Coupling from a Future Lepton Collider

What would a precise measurement of event shapes at higher Q values contribute?

Exercise: Make up fictitious ILC data at 500 GeV, with assumed 1% statistical and
1% systematical uncertainties. Repeat fits.

0.80P T T T L B B -
2 LEP + others ® | ivn: . . .
(GeV) - Limited impact concerning precision
L LEP + ILC + others . T
0.75F I . because high-energy uncertainties blown
,,‘ N\ ] up in the evolution to Z mass
5 % ‘ﬁ:" “". ’.' \\ \\ E
070f [T S SN - . . v
. § RAERSER eT\) ] ® Nevertheless important impact in lifting
_ degeneracy between o, and ().
0.65} -
0.60| ]
0.1125 0.1130 0.1135 0.1140 0.1145 0.1150 0.1155

@ (mZ )
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Conclusions

Event shapes are a high-precision tool to extract the strong coupling.
SCET allows for high-precision calculations.
More N3LL + O(a.%) analyses on the way:

% Tail Of th rust [Abbate, Fickinger, Hoang,VM Stewart]
] Moments Of th rust distribution [Abbate, Fickinger, Hoang,VM Stewart]
™ Tail Of C-Parameter [Hoang, Kolodrubetz,VM Stewart]

0 Tail of Heavy Jet Mass (W.i.p)  [Hoang VM. Schwartz, Stewart]
0 Moments of C-parameter (preliminary) and H|/M

Theory tools to describe data from B factories exists (VFNS for final
state jets, fully quark mass dependent event shapes, full control over
quark mass scheme): opportunity to learn more !

B-factories: Please publish the measurements !
P.-dependent event shapes (broadening): Bern group
Hadronic event shapes: intensely studied
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Full Mass Dependent Event Shapes
Butenschon, Dehnadi, AHH, Mateu, Stewart,

to be published soon
Q=45GeV

m,(m,) =4.2 GeV

(preliminary)
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Full Mass Dependent Event Shapes

Butenschon, Dehnadi, AHH, Mateu, Stewart,
to be published soon

Qu=15 GeV Q=45 GeV
— : I —
14E MSR mass -
12 . -
- m,(m,) =4.5 GeV b
10 — -
- m,(m,) =4.2 GeV ;
sk S . -
1 do : m,(M,)=3.7GeV (preliminary)
o dr - E
6 -
: o 3
| S B T L T T E A W 0- N P P - PR ST S S T T e
0,20 0,25 0,30 0,35 040 0,45 0,50 0.00 0.05 010 015 0.20 0.25
T T
Q= 1400
ol : — v e
I sol- MSR mass |
i ] m, (M) =161 GeV ]
60 t o .
L 50 m, (m,) = 160 GeV - o
s i — ] (preliminary)
I i m,(m) = 159 GeV ]
codr 4 e -
20 20-
FYREEN WY W T (N SN WY WHNNY WA NN SN SN SN S N SN N S 1 OF s L el et a by by e el gl ey g
0.120 0.125 (.130 0.135 014010250 0.0275 0.0300 0.0325 00350 0.0375 0.0400 0.0425 0.045

T T

Workshop on High Precision Alpha_s Measurements, Oct 12 - 13, 2015



