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Determination of the QCD coupling o_

o, = Single free parameter in QCD o Q) v tdecays ooy PDG'13
. . . . : & Lattice QCD O
(in the m_— 0 limit). Determined W tau 2 DIS jots Loy
. aq 03¢ 0 Heavy Quarkonia (NLO)
at a given ref. scale (e.g. m,). o ¢% jets & shapes (res. NNLO)
. Z_pole_flt (N3LO)
Decreases as ~In(Q?%/A?), v PP > jets (NLO)
with A~0.25 GeV. 021
% Measured by comparing various oal vz
experimental observables to — QCD ag(M,) = 0.1185 = 0.0006™
different pQCD predictions: 1 10 Gev] 1000
- . __ I'(7™ — v+ + hadrons) . . ! g\ 7 5 X
1. Hadronic t decays: r-= S ey~ SewNe(l+ Zrn (%) +0(d) +du) (N°LO)
2. Lattice QCD: Various short-distance quantities: KN’ = KPT — 3" cal  (NNLO)
3. Hadronic Z,W decays: #z = 17— = REVNe(1 + Z en (22)" + 0(a2) + 6+ bup) (NFLO)
4. DIS had. observables: PDFs, o(jet): 4 Qg D, Z[ d—;j—iP( Q) D(z,Q") (NLO,NNLO)
Fom o 1 deo dAd . o dC .
5. e'e” had. observables: Event-shapes, jet rates: ~27 = “Zas + “0az + %2t (NNLO)
6. Other hadronic observables: o(ttbar),s(jets) in p-p, QQ rad. decays (NLO,NNLO)

% Direct way to reduce o_ world-average uncertainty: Add new independent extractions
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Parton-to-hadron fragmentation functions

z:phd/p.t>01

ngh pT hadrons in Jets
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* Hard emission
e Ordered in kT

NLO predictions TR

m Hard fragmentation function

m Soft fragmentation function
§ =10g(1/z) = log(p../Py.e) > 1
Bulk hadron production in jets
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« DGLAP evolution eqgs.

In(k,) evolution
alphaS'15, CERN, Oct. 2015
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 Soft/collinear emission
» Angular ordering

— "« (N)MLLA evolution egs.

In(1/x) & In(6) resummations
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Combined QCD evolution egs. for the FFs

m DGLAP+MLLA evolution equations for a[z]—b[z]c[1-z]: =
z: energy fraction of intermediate parton 4
®: energy of radiated gluon

x: energy fraction of final hadron )’ , E) —— C}
a=1(qg.8g c \\“\
0 ﬂ k,Z
dl]ﬂﬁﬂjb(“T In E9) Z/ S(W 1) ac(z)[ Db (— lnﬁ,Eé‘)]
DGLAP soft&collinear

QCD coupling splitting funct|ons divergences
- a@
o 4w 261 Inln ¢? 2 K %
as(q)_,BOIHQQ {l—ﬁ—gw for q7 = 5= e M G e o

11 dn TR
/ e _J_ \ C — .
Po 3 3

m Solutionvia  D(w,Y)
Mellin moments
transform: =~ 2D
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Solution of evolution eqgs. via anomalous dim.

m Expressing the Mellin-transformed hadron distribution in terms of
L
the anomalous dimension: D =~ C(as(t)) exp [/ '*,f(afs(t’))dt} ,t=InQ
one solves evolution equations for an expansion in (half) orders of o
y~0, (Vo) + O, (&) + O, (03 + O(a?) + O >?) + ...

DLA: aslog(1/x)log ©: resummation of soft and collinear gluons:

@ main ingredient to the estimation of inclusive observables in jets,
@ neglects the energy balance.

NMLLA

Single Logs (SL): aslog © :
o collinear splittings (i.e. LLA FFs, PDFs at large x ~ 1),
o running of as(ki — Qo) (cx Bo).

MLLA: agsloglog + agslog : the SL corrections to DLA:
—— Y=\
O(1) O(Vas)

@ ‘restore” the energy balance,
o take into account the running of aJ(kL).

Next-to-MLLA: a¢loglog + aslog + asloglog™1:
e un e -

("NNLL”) o)  o(/@) = Ofas)
@ improve the restoration of the energy balance,

@ NLO running coupling effects (o< 31)
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Anomalous FF dimension at NLO*+NNLL

m Expressing the Mellin-transformed hadron distribution in terms of
L
the anomalous dimension: D ~ C(as(t)) exp [[ f}f(afs(t’))dt} , t=InQ
one solves evolution equations for an expansion in (half) orders of o

DLA(\/O(’ ) + MLLA(as) + ONMLLA(O(‘sslz) + O(asz) + O(OCSS/Z) ..

® Introducing running o at NLO, splitt. fcts at LO, NNLL soft-g. terms

one gets the NLO*+NNLL solution for anomalous dim. evolution:

. 1 = 1 G
OIS Z(s — 1) + 78 [al(l +s )+ %(1 . 32)]

2
A
% 725;3\,3 (ws)™! {fm?(l — 572) + 8a180(1 — s73) + F2(1 — 57 2)(3 + 5s2)
3 il
— 64N~ In2(Y + A)| + 770w a2(2+5 ' +5)
5o 4’ o

new higher-order terms
~— computed for 1% time
in JHEPOS8 (2014) 068
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Anomalous FF dimension at NLO+NNLL

m Expressing the Mellin-transformed hadron distribution in terms of
L
the anomalous dimension: D ~ C(as(t)) exp [[ f}f(afs(t’))dt} , t=InQ
one solves evolution egs. for an expansion in (half) orders of o

DLA(\/O(’ ) + MLLA(as) + ONMLLA((X‘SS/Z) T O(asz) + O(OCSS/Z) ..

® Introducing running o at NLO, splitt. fcts at NLO, NNLL soft-g. terms
one gets the full-NLO+NNLL solution for anomalous dim. evolution:

1 % [ 1 o _ 2
NLO+NNLL _ — | __ 1
) (s =1+ 70 |- Sa+ s+ a7
i}
+ 25;}3 (ws) ™1 {4{1%(1 —572) +8a160(1 —573) 4+ F3(1 — s ) (3+ 5572)
— 64N, §1 In2(Y + A)]

1 :
+ Z—l'mw |:(I.2(2 +s5 48 +as(s—1)—as(1 —s 1) —as(l — s73) — as].

\ new higher-order terms

computed (to be published)
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Anomalous FF dimension at NNLO*+NNLL

m Expressing the Mellin-transformed hadron distribution in terms of
the anomalous dimension: D ~ C(as(t)) exp [/t'y(as(t’))dt} , t=InQ
one solves evolution egs. for an expansion in (half) orders of o_:

~ 0, (Vo) + O, (&) + O, (@) + O(0r.?) + O(cx 5?) + ...

® Introducing running o at NNLO, splitt. fcts at NLO, NNLL soft-g. terms
one gets the NNLO*+NNLL solution for anomalous dim. evolution:

NNLO#+NNLL __ _ NLO+NNLL N *
Vo = Y + Ao
i * 31 92 a . Bo . 5 -
AT (@0,70) = T2 (@) 70+ 17 (@8) TG, 1070+ g (ws) TG (Y )
B ~-6.10, 963 . -8 12
| 1[‘3?‘? (ws) "o T \? (w;; )j Yo l
Jizg! \—3.8 —3 2
+ ——5(ws) T Ca(Y, A0+ (Ws) ™70 — sy (ws) "CL(Y, A)
new higher-order terms 16N 3)2?}3 16N
Y 5 N 35 iy 35803 .
d T+ e (@) 6w, 10) 1+ g (w8) PO (Y M) - o 1( )P0
: C
(preliminary) 32 g ok j »
Po —5 v 10 Po T~ (v 12__Po -7.12
— G1(w, v ) o ) C1(Y, AN ( 8
- ‘_l —
(5o 9. 14 4By 11 16 6
64\4@ ) "0 —23[)\.4(“"-—) H0° + O(0)
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NLO+NNLL parton/g/q single inclusive FFs

m Quark FF: Dy, Y\ ~

o 0 g 0\
14 ¥ (a—€+8—y) +cM (8§+8—Y) ]D+(£?Y;A)

o 9 o  0)\°
m Gluon FF: Dy YA) ~ |1+ (a_g + 8_Y) + M (ag + 5'Y) ] D*(£,Y,\)

—— Parton (DY), Q=350 GeV, A=1.4
— — Gluon (Dg), Q=350 GeV, A=1.4

e Quark (D), Q=350 GeV, 2=1.4

m Jet evolved from o-function at 35
scale L = In(Q/Ay,) = 1.4
l.e. Q,~ 0.8 GeV, upto

a virtuality Q = 350 GeV,
yields Gaussian-like FF

L\II‘I\II|I\I\|I\I\|III\|\\I\|IIII|\IH|\III|II\I

)
-
V]
o
IN
&)
0))

m Ratio of g/q hadron multiplicities: £ = In(1/%)
0 ON(Y 1 2N (Y 2 PBN(Y
_ Nt w8 wivy v e wvy avs _ N (1 =717 — r278 — rand)
0) 1 oN(Y) (1) 1 02N(Y) 2) 1 BN(Y) - — 127 — 370
~ Cr Lt e gy ~av t ¢ nyy ave T vy ave Cr
[Consistent with Bolzoni/Kniel/Kotikov 2013, fixed order approach]
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Distorted Gaussian FF parametrization

® The hadron distribution in jets can be, without loss of generality,
expressed as a Distorted Gaussian:

D (€, Y, \) = 2= exp [tk — §s0 — 22 + k)0 + Ls6° + Lko*] , 6= E0
® FF moments: Q e — Gaussian: = 3.5, = 1.4; 5=0, k=0
3 Mean multiplicity: N =D*(0=0,Y,)) B 5 a0 e ot 0
2 Peak position: £ (mean) 7 — — DGiE=35,0=14,5=-0.5k="05
Emax — & = —%Js (1 - é% + %;{) :
- Dispersion (width): o 4§
- Skewness: s 2
- Kurtosis: k }:
m FF moments from anomalous dim.:. % 1273 4 5 & 7 8 9
Y a\" & =In(1/x)
Kso = [ ay (—5) vetonty )|

N =Ky, E=Ki, o=+K>, s:ﬁ K= —r
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FF moments evolution: NNLO*+NNLL formulas

Final expressions as a function of Y = In(E6/Q ) and A = IN(Qy/Aqcp):
(N=5) initial jet energy shower energy cutoff
B Multiplicity: N(Y) = K exp i2.50217 (\/ﬁ _ \/X) 049154610 LA
+ (0.0153206 + 0.41151 In(Y + A)) V%H — (0.0153206 + 0.41151 In \) %} NEaY
m Average: E(Y) = 0.5Y +0.592722 (V¥ + X = VA) + 0.07634041n Y j\r A (73)

YA 0355325, (74

m Peak p()Siti()n: Emax(Y) = 0.5Y + 0592722 (VY + X — VA) +0.07634041n

G\ 3 Fo _16N.

_ / /2 _ 372 - == -
e (144Nc) VY2221 YA Fo(Y +X)
a1 9o
SJFVCQ

m Width:

+ |2 30 + as + 2a0) (v, ) — = 3a%fYA+
1g (3a2 + a3 + 2a4) fo(Y: 61 \ Ton2 20N
32 32

o v .31 ah e 16Nc

fo(Y )

B Skewness: oY) = 0-36499\/(Y + )32 — \3/2 {1 — 0.299739f1 (Y. /\)VY%H — [1.61321 f5(Y, \)

+ 0.0449219f2(Y, A) + (0.32239 — 0.246692In(Y + \)) f3(V: )] YL“} . (76)

1.94704 1
T [ 02N %)

5/2
S 215812 1 - (ﬁ)
Y + A S\ ) 3/2 2
1 - (m) ]
+ [LOT813f2(Y, A) + 6.45283 f2(Y, ) + 1.28956 f3(Y, A) — 2.39583 f1 (Y, A) f1(Y, \)
— 7.13372f5(Y, A) + 0.0217751 f5(Y. \)

— (0.986767 f3(Y. A) — 0.8223065(Y. \)) In(Y + )] > i A} . (80)

alphaS'15, CERN, Oct. 2015 11/25 David d'Enterria (CERN)

5(Y) =

m Kurtosis:

E(Y) = {1 + [1.19896 f1 (Y, \) — 1.99826 £4(Y, \)]

1
VY + A




Evolution of FF moments: limiting spectrum

m Final expressions evolved down to A ;Y = In(2\/s/AQCD), Qo= Agco

N () = K% exp [2.50217-@ ~0.4915461InY + (0.0153206 + 0.41151 InY) % (N=5)

1
+ (0.00068 — 0.161658 In Y ) — — (0.0447232 4+ 0.0222627In Y + 0.0338388 2y -
Y v3/2

E(Y) = 0.5Y + 0.592722VY + 0.07634041nY
Emax(Y) = 0.5Y +0.592722VY — 0.351319 + 0.07634041n Y’

, 1 1
o(Y) = 0.36499Y3/4 {1 - 0.299739ﬁ — (1.98052 — 0.246692InY) —

1 1
+ (1.98667—0.098591InY) s + (0121925 + 00330471 In Y + 0. 0202856 In? Y') Y?}

1.94704 1.64393
2.15812 1 1
k(Y) = — ;; {1 ~0.799305 — — (0.687266 + 0.164461 1Y)

— (9.92639 + 0.901851nY) 4 (0.272679 4+ 1.052In Y + 0.121714 In> Y) - ]

v3/2

® Evolution of all moments depends on 1 single free parameter: A,

® Theoretical expressions depend on number of active flavours (N,).

N.= 5 used for fit. Small corrections in evolution applied at thresholds:
Moments for Vs < m_= 1.3 GeV scaled by (N=3)/(N,= 5) expectation
Moments for m_ < \/s <m = 4.2 GeV scaled by (N, 4)/(N 5) expectation
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Evolution of FF moments: LO,NLO*,NLO,NNLO*

m Evolutions for “limiting spectrum” shower cutoff (Q —AQCD)

= S0 5 LO*+LL
s LO*+LL = 4.5F o™+
2 250 NLO*+NNLL g 4f " NLOT+NNLL
2 | et NLOsNNLL =350 NLO+NNLL
z B — E +
— B up ull . . .
2, 155— Expo increase Ez'zf_ Logarithmic increase
10 With energy jq_-,'.1 55_ with energy
- Mean hadron e
5|~ o I FF peak
- multiplicity 0.5¢
q_l | I I A | I n: |
£ 1.41 n  2r
S T LO™+LL -2 8 F LO*+LL
3120 NLO*+NNLL “‘“ ] NLO*+NNLL
i__g 1:_ === NLO+NNLL ‘‘‘‘‘ i % 1:_ «= NLO+NNLL
L [ == NNLO*+NNLL g = —— NNLO*+NNLL
(] B — B
= 0.8 L 0.5¢ Slow power-law
- L B aF decrease with ener
R Logarithmic increase = O 9
0.4r with energy ~0.5-
02k FF width - FF skewness
_\ 1 1 1 1 1 1 || 1 1 1 1 1 11 || 1 1 —_ : 1 1 1 1 1 1 || 1 1
02 3456 10 20 30 100 200 1'52 3456 10 20 30 100 200
E,. (GeV) E,. (GeV)

=» Small impact (£10% max) corrections beyond NLO* for first 4 FF moments
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Evolution of FF moments: LO,NLO*,NLO,NNLO*

m Evolutions for “limiting spectrum” shower cutoff (Q —AQCD)

£ 30 5 LO*+LL
S LO*+LL £ 4.5F N(Et NNLL
& 25 NLO*+NNLL g 4F NLg LNLL
— — : aEER +
E pop 7 NONL § 35— NNLO*NNLL
£ 20— NNLO*+NNLL Qo
z - —_— E +
B 150 . WL D 5F L
2, E Expo increase e Logarithmic increase
10F with energy B, with energy
- Mean hadron e
5|~ o I FF peak
- multiplicity 0.5¢
q_l | I I A | I n: ! |
£ 1.41 [ 2.5¢ T %
© B LO*+LL - @ = Y LO*+LL
2120 v NLO*+NNLL S E 2 N\ NLO*+NNLL
et 13_ -as NLO+NNLL ..... S 2 15p , i NLO+I‘:INLL
w [ e NNLO*+NNLL . woF = NNLO*+NNLL
® 8l ol "
— 0-87 - [ :,"
- T.0.5F
0.6p Logarithmic increase oE-
04:_‘ P ‘.‘...“‘.‘ Wlth energy _0 55_
02 FF width -1 FF kurtosis
_\ 1 1 1 1 11 I| 1 1 1 1 1 11 I| 1 1 —_ :l 1 1 1 1 11 || 1 1
02 3456 10 20 30 100 200 1'52 3456 10 20 30 100 200
|Et (GeV) |et (GeV)

=> However, kurtosis (4™ derivative of anomalous dim.) does not converge yet ...
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Experimental e‘e’ & DIS FF moments
m 200 e+e- data points m 140 e-p data points

Table 1: List of experimental measurements of jet FF moments in e+~ collisions.

e e collisions Number of FF moments dala-points Table 2: List of experimental measurements of jet FF moments in DIS e,v-p collisions.

v (GeV) Experiment(s) , (Newj  peak  width  skewness DIS e-p collisions Number of FF moments data-points
J_;?,,? PDG 7 hadronic decay [7] I - - - {6y (GeV) Experiment(s) Nch peak width skewness
2.2 BES [7] 1 i 1 1 ; s
76 BES [7] 1 | 1 i 29 ZEUS [7] 1 — — —
3.0 BES [7] 1 I 1 1 3.7 H1 [2.? 2 2 2 —
3.2 BES [7] 1 1 I 1 3.8 ZEUS [?] I 1 1 1
+6 BES [7] ! ! ! ! 4.2 H1[7.7] 2 2 2 -
48 BES [7] 1 I 1 1 o -
5.2 MARK-IL[?] 1 I 1 1 2.3 ZELE [?1.H1 [2.7] 2 2 2 1
6.5 MARK-IL [7] 1 1 1 1 5.5 HI1 [7] 1 1 1 -
1054 BaBar [35] 1 I 1 1 5.9 ZEUS [7] 1 — - -
12.0 JADE, PLUTO, TASSO [ 3 I - - 6.0 H1[7] I 1 1 _
13.0 PLUTO [7] 1 - - - g
14.0 TASSO [37) 1 i 1 1 3; gélljs] . : i i i
17.0 PLUTO [7] 1 - - - - (71
22.0 TASSO [37]+JADE, PLUTO [7] 142 1 1 1 8.3 HI1 [2.7] 2 2 2 -
25.0 TASSO [37] 1 I 1 1 9.3 HI1 [7] 1 1 1 -
27.6 JADE, PLUTO [7] 2 - - - 9.6 ZEUS [7] I _ _ _
29.0 MARKA [?], TPC [38], HRS [?] 3 3 3 3 .

30.0-30.7 JADE, PLUTO, TASSO [7] 4 I - - 10.4 ZEL? (7] : ! ! !
313 PLUTO [?] 1 - - - 1.7 HI1 [7] 1 1 1 —
L6 JADE [7] 1 - - _ 12.3 HI1[2.7] 2 1 1 -
35.0 TASSO [37+JADE [7] I+ 1+ 1 1 14.5 ZEUS [?].HI1 [7,7,7 4 3 3 2
41.5 TASSO [7] 1 — - - 14.7 ZEUS [7] 1 1 1 1
437 TASSO [37) 1 I 1 1 - N N N
50,0 AMY [7) i - - - 14.8 ZEUS [7] 1
520 AMY [7] 1 _ _ _ 18.0 H1[2.7] 2 1 1 —
55.0 AMY [7] 1 - - - 18.7 H1 [7] 1 1 1 -
s60 AMY H ! - - - 20.4 ZEUS [7] 1 1 1 1
e : - - - ) 19 [?
57.8 TOPAZ [7,39] 1+1 - - - ;;‘g %EE: | ;a] : ! ! !
6.0 AMY [7] 1 - - - 23 (71 - - -
60.8 AMY [ 1 — — _ 25.0 H1[2.7] 2 1 1 —
61.4 AMY [7] I - - - 26.9 H1 [7] I 1 1 -
804 PDG W= hadronic decay [?] 1 - - - 202 ZEUS [7] 1 1 1 1
91.2 ALEPH [7,42], L3 [?]., OPAL [5,40] 4 4 4 4 5 S,
91.2 ALEPH, DELPHI, L3, OPAL [7] 7 - - - ggg %EE: |,'a] : ! ! !
vl1.2 PDG E hadronie decay [ 1 — — — - (71 - - -
130.0 L3, DELPHI (7] 2 - - — 36.6 HI1 [7] 1 — — —
133.0 ALEPH [41,42), DELPHI [43], OPAL [44] 4 4 4 4 41.2 H1[7] 1 1 1 —
136.0 L3[7] _ 1 - - - 42.0 ZEUS [7] 1 1 1 1
161.3 ALEPH [42), OPAL [45] + DELPHI [7] 2+1 2 2 2 581 ZEUS [7] 1 N N N
1722 ALEPH [42), OPAL [46] + DELPHI [7] 241 2 2 2 : b
182.7 ALEPH [42), OPAL [46] 2 2 2 2 58.5 HI1 [7] 1 - - —
183.0 DELPHI [7] 1 - - - 59.4 ZEUS [7] 1 1 1 1
188.7 ALEPH [42), OPAL [46] 2 2 2 2 67.1 H1 [7] 1 1 1 _
189.0 DELPHI [7] 1 - — — 18 [7
196.0 ALEPH [42] 1 I 1 1 ﬁ:‘?;;'s E?qu (71 : ! !
200.0 ALEPH [42] + DELPHI [7] 1+1 I 1 1 . [7] - - -
201.7 OPAL [47] 1 1 1 1 115.7 ZEUS [?] 1 1 1 1
206.0 ALEPH [42] 1 I 1 1 160.3 ZEUS [7] | 1 1 1

TOTAL 83 4 38 38 TOTAL 50 36 36 15
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Distorted Gaussian fits to e*e” FFs

B 34 e*e data-sets at
\Vs=2.2 — 206 GeV

~1200 data points

m Peak shifts to right,
width increases,
moderate non-
Gaussian tails

m Excellent fit to DG
at all energies, with
5 free parameters:

Nch’ gmax’ 0, S, k

alphaS'15, CERN, Oct. 2015
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data/(DG fit)
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©

- N W 00O N 0

istorted Gaussian (limiting spectrum, m_ =140 MeV)—— Vs- 2.6 GeV [BES|

\

e i
B4 1 L iyl
£ h B RS
Ly 2 d
el .
Py o N
L 4 ]
e, - T -
"t L e L H
d "B i
- 3
H R S &
& [ i ’
. L]
J
. 3,
+ T A j
NT .
L . aa

Vs= 2.2 GeV [BED]

—+— V5= 3.0 GeV [BES]
—— Vs- 3.2 GeV [BES]
—+— Vs- 4.6 GeV [BES]
— i Vs= 4.8 GeV [BES]
1
1

Vs= 35 GeV [TASSO]
— = ¥s= 43 GeV [TASSO]
—— 5= 29 GeV [TPC]
— 2 \s- 58 GeV [TOPAZ]
— — 5= 91.2 GeV [OPAL]
—i— ¥5=91.2 GeV [L3]
— — 3= 91.2 GeV [OPAL]
—m— V5= 91.2 GeV [ALEPH]
— — 3= 91.2 GeV [OPAL]
—=— V5= 133 GeV [DELPHI]
— — ¥s= 133 GeV [OPAL]
—m— V5= 133 GeV [ALEPH]
—m— Vs= 133 GeV [ALEPH]
—— ¥s= 161 GeV [OPAL]
—m— Vs= 161 GeV [ALEPH]
' ¥s=172 GeV [OPAL]
—m— Vs= 172 GeV [ALEPH]
— — ¥s= 183 GeV [OPAL]
—m— \Vs= 183 GeV [ALEPH]
— — ¥s= 189 GeV [OPAL]
—m— \Vs= 189 GeV [ALEPH]
—m— Vs= 196 GeV [ALEPH]
_m— Vs= 200 GeV [ALEPH]
— — ¥s= 201 GeV [OPAL]
N B Vs= 206 GeV [ALEPH]
I N T T T T T T O Y

N B 000 B O NN

<x?/ndf> = 0.37

16/25

7 8 9 10
£ = In(1/x)
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Distorted Gaussian fits to DIS FFs

uwp 8

m Breit frame in DIS;
q

.

-

1/c do/d

N W A~ O O

“Brick wall” frame:
Incoming quark
scatters off photon &
returns along same axis

m 15 ZEUS data-sets at

- ~
;_.\I\‘IIII|IIII|IIII‘HH‘IIII|IIII’LII

Limiting spectrum Qo—

(\S)

DG fit to DIS (Breit frame) jet hadron data
acps M_.=110 MeV)

—§— Vs= 3.8 GeV [ZEUS'95]
—&— 5= 5.3 GeV [ZEUS'95]
—@— V5= 7.3 GeV [ZEUS'95]
—@— 5= 10.4 GeV [ZEUS'95]
—&— V5= 14.5 GeV [ZEUS'95]
—&— 5= 20.4 GeV [ZEUS'95]
—— 5= 29.2 GeV [ZEUS'95]
— ' — 5= 15.3 GeV [ZEUS"10]
—— 5= 21.6 GeV [ZEUS"10]
—— ys= 30.5 GeV [ZEUS"10]
—— 5= 43.2 GeV [ZEUS"10]
—i— ys= 61.1 GeV [ZEUS'10]
—— 5= 86.4 GeV [ZEUS"0]
—— V5= 122.2 GeV [ZEUS'10]
—— Vs= 172.7 GeV [ZEUS'10]

Vs=3.8 - 173 GeV

~250 data points
(other measured H1,
ZEUS moments added
to global fit)

m Good fits to DG but
larger uncertainties than

data/(DG fit)

ELLoS
=

Kiy

Co00o : .
OB LNDE NN

<x?/ndf> = 0.30

o

e*e- measurements
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Hadron-level corrections: finite mass & decays

wp 10c
. O E istorted Gaussian (5=3.7, =1.1, s=-0.25, k=-1.
m Difference between FF measurement =z 2-‘ ?...tmisi’.isparton;(mseﬂz&;1 0.25, k=-1.0)
(massive hadrons, § ) and theory g e osmeen
6
(massless partons, ¢ = ¢_) accounted 5
for via effective mass in DG fit: g__ Affects just th?I
E ' Al
1 dot p, 2
d “§D+(Eg Y) Eh:\/p§+m§ﬁ i
Ttot Ep h 12 s 4 56 708 o
: : _ & = In(1/x)
Data fits varied within m_. = 0-0.36 GeV. Best x*/ndf for m_.~m .
- e
B gL Daiammr patow,  Gusaing-o
i i SR C New'<7.86 + 0.54 No660:048 Cmo22 003
® Differences in hadron-level definitions = [ <o’ e cau
among measurements (weak-decays) 1
. . - —4— Prompt+decay hadrons
assessed with fits to BaBar prompt vs. N éme".zgﬁiii;’y 0000
inclusive hadrons. Only mult. affected: f eyt bl ey
N_ (incl)=0.92:N_ (prompt) 1:_  omeom koomeos
. B S S S SR S
£ = In(1/x)

=> All associated uncertainties propagated to final FF moments.
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N_ & FF peak vs. Vs: Data vs. NLO*+NNLL

5 40
Z - Multiplicity DG limiting-spectrum (meﬁ=130 MeV) ot
35—~ —4— World e'e and DIS jet data <
~ == NLO*+NNLL ! Q
30:_ as(m§}=o.1 17 £ 0.004
~ ch _
251 K™= 0.124 £0.002
- ¥2/ndf = 146.6/141
20
15
10—
5
: | c"" I IIIIIII| | IIIIIII| | L1 111
8.1 0.2 1 234 10 20 100200
VSereQp g (GEV)

Theoretical N absolutely normalized to
match data (local hadron-parton duality).

m DIS multiplicity lower than e*e
but with larger uncertainties.

alphaS'15, CERN, Oct. 2015 19/25

JHEPOS (2014) 068

max

Max. peak DG limiting-spectrum (meﬁ=130 MeV)
—— World e*e” and DIS jet data
==m= NLO*+NNLL
0 (m2)=0.122 + 0.001 W*
¥2/ndf = 83.4/84
"

_*III|IIII|IIII|IIII|IIII|IIII

L
y -2
{}f
”
| 1 | | 1 L1 1 I| | | 1 | [ 11 I| |
81 2 3456 10 20 30 100 200
VSere-Qp g (GEV)

m Very good agreement between
e*e’,DIS and theory for the
FF peak position.

David d'Enterria (CERN)



FF width & skewn. vs. \s: Data vs. NLO*+NNLL

JHEPOS (2014) 068

b 2r o I
= - 3 B
= 1 Width DG limiting-spectrum (m_=130 MeV) e r \‘
2 F  —4— Worlde's and DIS jet data 5 [\
1.6 —— NLO"+NNLL < 0.5 \ ‘
1.4 a;(rr;%)=0.115ﬂ10.002 B \ H -
- ¥2/ndf = 90.3/71 - - Y
1.2 0 | W - & ‘ | |
3 S AN e s AT
_ 1 B - ﬂP I—! — ol o
0.8— ot 0.5 IRAE: T_'-n T
- - Skewness DG Iimiting-spectrf m_ =130 MeV)
0 6:— - —4— World e'e and DIS jet data
0.4F _q— == NLO*"+NNLL
0 21" B o(m?)=0.115 + 0.018
“r B ¥3/ndf = 60.7/60
_ | 1 1 | L 111 | | | | 1 11 11 | _ | | | L 111 | 1 | | | L 111 |
01 2 3456 10 20 30 100 200 1'51 2 3456 10 20 30 100 200
VSereQp g (GEV) VSere-Qp g (GEV)

m Good data-theory agreement.
Skewness has large experimental uncertainties

m Consistent e*e" & e-p moments
(but larger DIS uncertainties).
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Global fit of FF moments: Data vs. NLO*+NNLL
® Combined global fit of e*e"&DIS data to NLO*+NNLL:

5 & F b -
z 30E #World e*e jet data W :E”::g gleS J_e;‘ ga;‘a
Z,-[ ©World DIS jet data < ord s Jet data
= —NLO*+NNLL fit © 4~ —NLO™+NNLL fit
=20 Qe
3‘_
E15 -
10 2
5 1= Global (4 moments) fit:
N e o . . |os(m2)=0.1189+0.0014
1 234 10 20 100 200 1 234 10 20 100 200
I||SE+'E-5'C)|:"S {GQV] y se+e-=OD|S (GQV}
@ F . . w — PR—
c1.8F -« World e'e jet data 8 _ [ ) —;— Eg”g {E}IeS }g} g::g
=1.4F —NLO*+NNLL fit & L
2F & o LIk
1F S
- —0.5F
1
DE_ L L roa ol L L R A | L 15: L L MR A | L L R A | L
1 2 34 10 20 100 200 1 234 10 20 100 200
|||SE+E"QD|S {Gev) y SE+EAFQD|S {Gevl

=>» x* averaging: increased uncertainty for few points to reach y?/ndf~1.
m Final o, uncertainty of ~1.2% includes m_, exp. fits, and correlations
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o_at NLO*+NNLL: Scale uncertainty

m Scale uncertainty determined by redoing global fit for Q = 4xA,~1 GeV

o

multiplicity N
- = N {'mn W ch

=

o
1= II|IIII|IIII|IIII|IIII|IIII

«World e’e’ jet data

oWorld DIS jet data

— NLO*+NNLL fit
(Q, = 4xAgcp)

|
100

20 30 200
J SE+E-’QD|S {Gev}

e World e’e’ jet data
o World DIS jet data
—NLO*+NNLL fit

B Extra uncertainty o (Q,=A

alphaS'15, CERN, Oct. 2015

M|
100

20 30 200
| SE+E"QD|S {Gev)

QCD

g - e World e'e jet data
w5 o World DIS jet data
~ [ —NLO*+NNLL fit
© .
O 4+
Q¢
3
i
1E Global (4 moments) fit:
o | 2(m?)=0.1211+0.0026
10 20 30 100 200
|||S«E+E-’CJ|J|S (GeV]
wf World e'e jet data
2 ~2 World DIS fet data
So5C —— NLO*+NNLL fit
% r (OO = 4XAQCD}
X br | _
w D—}_.'—r-mr' F'.E'*'—}—' I T I { I .
)T 'ﬂ:-ﬁwiz'q_lz-.ﬁ«* L g @07
-0.5F | - . -
= | |
_1:_
P
10 20 30 100 200
|||S'E+E"C)|J|S (Ge’u‘l}

22/25

)-0.(Q,=1GeV)=+2% due to scale variation.
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o (m_) at NLO*+NNLL from FFs evolution

m Most precise measurement of o, among those at NLO® accuracy
(with a totally different set of systematic uncertainties):

a,=0.1186 + 0.0010
e+e-,DIS jet fragmentation (NLO*+NNLL) 0.1189+0.0014+393 (1)
CMS 3-jet cross sections (NLO) F—+O Ii ]
CMS inclusive jet cross sections (NLO) =G ]
ATLAS incl. jet cross sections (NLO) | O i |
Tevatron jets, A¢ (NLO) | lD |
Tevatron jets (NLO) I O i |
Jet hadron multiplicities (NLO+NNLL) o
LEP 5-jet rates (NLO) : O i |
Radiative Y decays (NLO) | lp |
DIS jets (NLO) %@%

L e b
0.1 0.11 0.12 0.13

(1) Relevant scales: Q=+ E . *Aycr=0.6-2 GeV ag(m,)
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Preliminary NNLO*+NNLL fits for N & FF peak

5 40f 5 6r
=z - Multiplicity DG limiting-spectrum (meﬁ=130 MeV) wr - Max. peak DG limiting-spectrum (meﬁ=130 MeV)
35— —=— World e’e” and DIS jet data = -~ —%— World e’e and DIS jet data
T === NNLO*+NNLL / & b == NNLO*+NNLL
30:_ as(n§)=0.1 17 £0.006 B as(m§)=0.1 24 +0.001 ”
- K= 0.121+0.003 4— 2/ df — W
o5 n 2¥/ndf = 81.7/84
5; 2indf = 129.6/141 - :_ .4
201 3
15 -
C 2~
10— B
- =
S T g
- -
_ C’ 1 IIIIII| | 1 IIIIII| | | I 111 il 1 | | 1 IIII| | 1 | IIII|
8.1 0.2 1 234 10 20 100200 8.81 2 3456 10 20 30 100 200
VSereQp g (GEV) VSere-Qp g (GEV)

m Similar results to those from the individual NLO*+NNLL fit analysis.
Simple average of 2 first moments would yield: o, =0.1205+0.0010"%235%

Relevant scales: Q=VE_*A,,=0.6-2 GeV
m Work in progress to incorporate all moments & determine NNLO*

scale uncertainty.
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Summary: a_(m_) at NNLO*+NNLL from jet FFs

® New approach developed to extract o at (N)NLO+NNLL accuracy

from jet FF with small uncertainties (in particular reduced npQCD)
and with totally different systematics than rest of current methods:

(*) NEW results.
Not in PDG13
world average

World NNLO average: o,=0.1186 + 0.0006

e+e-,DIS jet FFs (NNLO*+NNLL) PRELIMINARY 0.1205:

Pion decay factor (NNLO) (%) I—C>—|
tt cross sections CMS (NNLO) (*) I—O—i
Lattice QCD "data™ (NNLO) @
t hadronic decays (NNLO) I--C)—|

e+e-: evt shapes/thrust/jets x-sections (NNLO);

DIS PDFs (NNLO) —o—y

-0.001070.0022

0.1 0.11 0.12 0.13

ocs(mz)

®m Final goal: Full-NNLO for all moments. Incorporated into upcoming
world QCD coupling average with combined <<1% uncertainty.

alphaS'15, CERN, Oct. 2015
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Backup slides
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Determination of the QCD coupling o_

o, = Single free parameter in QCD
(in the m,— 0 limit). Determined
at a given ref. scale (e.g. m,).

Decreases as ~In(Q?%/A?),

with A~0.25 GeV

1989 N

i
1) 0

: " QIGeV]
as(M;) = 0.110*0008 (NLO)

G. Altarelli, Ann_ Rev. Nucl. Part. Sci. 39, 1989

alphaS'15, CERN, Oct. 2015

0.5 —
s alQ) |l
04 *".':
03!

02

0.1 L

» Least precisely known of all couplings:
oa, ~3-10%%, 8G_~5:10%, 6G~10", 60 ~5-10°

% Impacts all LHC cross-sections.

% Key for SM precision fits
(e.g. uncertainties b,c Yukawa).

12000

155 ¢
Tk

T Q1Gev) T

ag(M.) =0.1184 £ 0.0031 (NNLO)

S.B..J Phys. G 26, 2000
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0(Q)

Sept. 2013

v T decays (N>LO)

@ Lattice QCD (NNLO)

a DIS jets (NLO)

© Heavy Quarkonia (NLO)

o e jets & shapes (res. NNLO)
o 7 pole fit (N3LO)

v PP jets (NLO)

03}
= QCD 0g(M,) = 0.1185 + 0.0006 |

02+

0.1

2013

1

10 Q[GeV] 100 1000

05(Mz) =0.1185 £ 0.0006 (NNLO)

Current uncertainty: £0.6%
(Increased in 2015 to +1%)

David d'Enterria (CERN)



Multi-prong determination of oo coupling

ag(M2) = 0.1185 £ 0.0006

N
T — |
ALEPH (j&s) —
T-decays - OPAL (j&s) — o
Lattice Q@ JADE (j&s) a4
DIS —O— : Dissertori etal. (3j) +—o—
e*te” annihilation ———Or— 1ADE (3p —° :
° | BS (T) —c—  PDG'13
Z. pole fits —o— DW (T) —OT
| : | Abbate et al. (T) HCOH :
PV . Gehrm. ctal. (T) —o— 1
0.11 0.12 0.13 T 0 e
0 (M2) ot (M)
Met hod Current relative precision  Snowmass'l3, arXiv:1310.5189 Future relative precision
N expt ~ 1% (LEP) < 1% possible (ILC/TLEP)
et e~ evt shapes '

thry ~ 1-3% (NNLO+4up to NLL. n.p. signif. )

~ 1% (control n.p. via Qz—dt‘p.}

eT e jet rates

expt ~ 2% (LEP)

thry ~ 1% (NNLO. n.p. moderate)

< 1% possible (ILC/TLEP)
~ 0.5% (NLL missing)

precision EW

expt ~ 3% (Rz, LEP)
thry ~ 0.5% (N®LO, n.p. small)

0.1% (TLEP 10]). 0.5% (ILC |11F
~ 0.3% (NLO feasible, ~ 10 yrs)

T decays

expt ~ 0.5% (LEP, B-factories)
thry ~ 2% (N?LO, n.p. small)

< .2% possible (ILC/TLEP)
~ 1% (N1LO feasible. ~ 10 vrs)
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Distorted Gaussian fits to e’e: FFs (m__= 0 GeV)

=

u . . . i Vs= 2.2 GeV [BES]
H 34 e+e- data-se'[S at Q Distorted Gaussian (limiting spectrum, me"=0 MeV) —— té: gzg SZ¥ %EEE}
(e —— V=32 gevIBEd
Vs=2.2-206 Gey S —oEassveEs
. L T HSVIASS)
~1200 data points ~ 4 =gV

—— \5= 29 GeV [TPC]

— ¥ Vs= 58 GeV [TOPAZ]
— — 5= 91.2 GeV [OPAL]
—i— ¥5=91.2 GeV [L3]

— — 5= 91.2 GeV [OPAL]
—m— V5= 91.2 GeV [ALEPH]
— — 5= 91.2 GeV [OPAL]
—=r— V5= 133 GeV [DELPHI]
— — ¥s= 133 GeV [OPAL]
—m— V5= 133 GeV [ALEPH]
—m— Vs= 133 GeV [ALEPH]
' ¥s= 161 GeV [OPAL]
—m— Vs= 161 GeV [ALEPH]
' ¥s=172 GeV [OPAL]
—m— V5= 172 GeV [ALEPH]
— — ¥s= 183 GeV [OPAL]
—m— \Vs= 183 GeV [ALEPH]
— — ¥s= 189 GeV [OPAL]
—m— \Vs= 189 GeV [ALEPH]
—m— Vs= 196 GeV [ALEPH]
_m— Vs= 200 GeV [ALEPH]
— — ¥s= 201 GeV [OPAL]
5. —m Vs— 206 GeV [ALEPH]
I N T T T T T Y

m Peak shifts to right,
width increases,
moderate non-
Gaussian tails

y

N

<x?/ndf> = 0.43
m Excellent fit to DG

at all energies, with
5 free parameters:

N_, ﬁmax, o, S, k

data/(DG fit)

NBDOLNVBDONND o N WA O N ®O©O

olelole

6 7 8 9 10
& = In(1/x)

alphaS'15, CERN, Oct. 2015 29/25 David d'Enterria (CERN)



Distorted Gaussian fits to e’e: FFs (m__=0.36 GeV)

B 34 e*e data-sets at
\Vs=2.2 — 206 GeV
~1200 data points

m Peak shifts to right,
width increases,
moderate non-
Gaussian tails

m Excellent fit to DG
at all energies, with
5 free parameters:

N_, ﬁmax, o, S, k

alphaS'15, CERN, Oct. 2015

data/(DG fit)

1/6 do/dg

=

2 N W s OO NOOO© O

Distorted Gaussian (limiting spectrum, m

V== 2.2 GeV [BES]
=320 MeV) —— V5= 2.6 GeV [BES]
—+— ys= 3.0 GeV [BES]
—+— V5= 3.2 GeV [BES]

—— V5= 4.6 GeV [BES]
—+ y5= 4.8 GeV [BES]
—@— \s= 10.54 GeV [BaBar]
_+ Vs— 14 GeV [TASSO]

— = ¥s= 22 GeV [TASSO]
—4— ¥s= 35 GeV [TASSO]
— = ¥s= 43 GeV [TASSO]
—— \5= 29 GeV [TPC]
— ¥ Vs= 58 GeV [TOPAZ]
— — 5= 91.2 GeV [OPAL]
—i— ¥5=91.2 GeV [L3]
— — 5= 91.2 GeV [OPAL]
—m— V5= 91.2 GeV [ALEPH]
— — 5= 91.2 GeV [OPAL]
—=r— V5= 133 GeV [DELPHI]
— — ¥s= 133 GeV [OPAL]
—m— V5= 133 GeV [ALEPH]
—m— Vs= 133 GeV [ALEPH]
' ¥s= 161 GeV [OPAL]
—m— Vs= 161 GeV [ALEPH]
' ¥s=172 GeV [OPAL]
—m— V5= 172 GeV [ALEPH]
— — ¥s= 183 GeV [OPAL]
—m— \Vs= 183 GeV [ALEPH]
— — ¥s= 189 GeV [OPAL]
—m— \Vs= 189 GeV [ALEPH]
—m— Vs= 196 GeV [ALEPH]
_m— Vs= 200 GeV [ALEPH]
— — ¥s= 201 GeV [OPAL]
w — W Vs= 206 GeV [ALEPH]
I N T T T T T Y

N

— — — —

N B DD N D00 IVD
e n.:m‘"!n_.;:‘z : .j;'l iFF_l'.'

©co00o

<x2/ndf> = 0.69
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Parton shower evolution

m Soft & collinear divergences are ubiquitous in all QCD processes:

- 2 Ce dE dO
Soft gluon emission ~ s—F
from quark: O \ do ~ T E 6

Soft gluon emission Om&:‘;i 2(}:5 Ca dE db
from gluon: T E 0

q

m Same divergence structures:
For E — O: infrared (or soft) divergence
For 8 — O,r : collinear divergence
regardless of where gluon is emitted from

m Soft&collinear contributions dominate the ‘
radiation evolution of partons (jets). /
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Experimental e*e” & DIS jet FF data-sets

alphaS'15, CERN, Oct. 2015 32/25 David d'Enterria (CERN)



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32

