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e Jets in pQCD: parton cascade

@ Resummation of infrared, collinear singularities via
DLA/MLLA/NMLLA approach. ..

o Combined NMLLA+DGLAP evolution of Fragmentation
Functions (FFs). NLO splitting functions and NNLO running
coupling

o Parametrization of the FFs via distorted Gaussian. Energy
evolution of its moments (mean multiplicity, mean peak
position, width, skewness and kurtosis)

e Data-Theory comparison for jets from e™ e~ -annihilation and
DIS jets data sets in the range 2 — 200 GeV

e Determination of as(l\/léo) from the energy evolution of FF
moments
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World a5 determination (PDG 2021)

m Determined today by comparing 7 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

[Huston/Rabbertz/Zanderighi]
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Motivation

The QCD coupling constant as

© Less precisely determined among the coupling constants of the SM of
particle physics

@ Importance: many fundamental SM observables at the LHC and
future FCC-ee depend on this key parameter described by QCD

© Current uncertainty of the strong coupling world-average value:
as(mz) = 0.1179 £+ 0.0009 is about 0.9%

@ Motivation: reduce the uncertainty by combining current as
extractions with novel high-precision observables

© Novel NMLLA+NNLO* as(mz) determination from the
energy-evolution of the FF moments

4
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Motivation

Can we do better than this MLLA results in the PDG?

Xp=(2pE ) . o -
5 10! 102 19. Fragmentation functions in eTe”, ep and pp collisions
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Figure 19.5:  Evolution of the peak position, &, of the ¢ distribution with the CM

energy /s. The MLLA QCD prediction using ag(s = M, é) = 0.118 is superimposed

In{1xg)
’ to the data of Refs. [26,28,29,32-34,36,41,55,56,73,74,77-85].
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Part |

Jet fragmentation in pQCD

Speaker (Redamy Perez Ramos) #QCD jets, #FFs, #as, #fits IPSA/LPTHE 5/35



Jets in ete” — qg, DIS, p-p, p-pbar

. Hadronic s

@ Parton shower evolution in the
Leading-Log Approx. (and
= extensions: MLLA,
""" NMLLA,...D ~§ (1 — f) for
Q() — AQCD: 1+ 1)

\\

AV}

N Vi

w
i

| . . . . .
-2 hadroenization @ Hadronization in the Local Parton

Hadron Duality Hypothesis (LPHD):

o Parton FFs ~ hadron distributions
modulo overall constant factor
K<, [Dokshitzer, Khoze, Mueller]
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ki-ordering (DGLAP) vs. Angular Ordering (MLLA)

0,
a@) ®, O,  0g00e9n9SSE
=

AO: ©,> 0,(> 0,) > 0,
Successive parton decays (soft/collinear and/or hard/collinear) ruled by:

@ kj-ordering — DGLAP LLA evolution equations at large x ~ 1: ev.
time variable “t = In k"

e Hard FF x > 0.1: hard-hadrons in jets

@ QCD coherence — Angular Ordering (AO) — MLLA evolution
equations for FFs at small x < 1: ev. time variable t =In©

e Soft FF x < 0.1: bulk of hadron production in jets
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DGLAP LO splitting functions a[l] — b[z]c[1 — z]:

g
zp " q@
q@) p o q@) P A
(-2p q(@ (120 9
99 1+(1 Z) 1422
Py (2)=C—7— ng(z)=cF%
9 q
g P e g g p P
"""""" ¢}
(1-2)p % (1-2)p
P@)=2C,( 124 2 v 2(t-2)) PE(2)=T [224(1-2)]
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Soft/collinear res.: DLA, MLLA, next-to-MLLA

DLA: as ~1

@ resummation of soft and collinear gluons

@ main ingredient to the estimation of inclusive observables in jets

© neglects recoil effects (i.e. energy conservation)

(s o)

@ Anomalous dimension: v ~ \/as

dz dk?
dg_c_iiL DLA
%q Fr 2 ki’

l\)ll—l
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Soft/collinear res.: DLA, MLLA, next-to-MLLA,...

MLLA: as + as ~ 1+ /as
@ O(as) collinear splittings (i.e. LLA FFs, PDFs at large x ~ 1)
@ partially “restores" recoil effects
@ includes a5 running coupling effects (o o, £1)
@ Anomalous dimension: v ~ /a5 + o

as(k? dk?
do.g _ CF (ﬂ-J_)P ( )d kT’ ,VMLLA _ 'YDLA +’YSL
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Soft/collinear res.: DLA, MLLA, next-to-MLLA,...

Next-to-...-MLLA anomalous dimension
After diagonalisation, the Dg,a,g FFs can be determined throughout:

WEE\F/ILLA ~ \/as+as—|—oz§/2 + ...

© Further improve recoil effects

@ Includes higher order running coupling effects o (B0, 1)

© Anomalous dimension: Note expansion in half-powers of as
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DGLAP versus MLLA evolution equations:

Renormalized QCD evolution equations for a[l] — b[z]|c[1 — z]:

d b IanH) X b (X
—— [XD5(x, In E6)] = / dzP,c(z [;DC (;,IanQ)]

@ z: energy fraction of intermediate parton; x: energy fraction of the
hadron

@ ldentical but for one detail: for hard partons the shift in In z in the
argument of D and «s is negligible:

e for soft/collinear splittings z < 1: |Inz| > 1, © < 1: DLA

o for hard/collinear splittings z ~ 1: Inz ~ 0, © <« 1: LLA
e for soft/collinear + hard/collinear corrections: Modified-LLA (MLLA)
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Solving the evolution equations at small x (or small w)

[$] /
) E © A —pE -
c <?_:\_ ’

a=(q, g

Mellin transform:

Y B p_ 1 _ . Ef
D(w,Y)_/O dee™D(E,Y), E=In_, Y=l
G, W as(Y =€) .
= Pl v) = [T O™ =y -
with MS NLO:
o C BuIn2(Y + )
as(y)_ﬁ(Y+)\) TR Y+
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Solving the evolution equations at small x (or w)

Diagonalization of the matrix for P(2) — 2 eigenvalues: P11 ()

Express Dy and Dy as the linear combination of the corresponding
eigenvectors: D*:

iDi(w, Y, \) = Pis(Q)

as(Y 4N,
oY ( )Di(w7 Yy/\)u P++(Q) =5

c
o q a1 +4N:axQ

@ NMLLA evolution equation for D*:
o\ 0 . a 0 d\? s o

1 _ BilIn2(Y+A)

B YHA

e MS NLO: as(Y) = ﬁ

e DLA term: o< O(1).

e Hard single logs: oc a1 ~ O(,/as) (MLLA) & o< ar ~ O(avs)
(NMLLA)
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Solution throughout anomalous dimension ~

@ Replace the ansatz:
1%
DH(w,Y,)) = exp V dy v(w, as(y +A))| DT (w, A)
0

@ = quadratic equation for the anomalous dimension 4 :

ai |, (62
= B(as) + a(w® + 2wyiy + ’7«2++)§7

2Ncavs ) dvyiy Qs
=_8 — @Xs
71' Blas) das aw +7++)27T 2w

(@4 Y44 )74+ —
e Approximate NLO (NLO*): Splitting functions at LO, MS NLO a.
Solved iteratively:
a3 a3 4
o AL 472 +0(05)

NMLLA anomalous dimension
,MI\_T_I\’ZILLA — ADLA [O(/a5)] + SYMELA [O(as)] + Sy NMLLA [O(agh)}
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Anomalous dimension (first attempt)

NMLLA anomalous dimension
Average multiplicity rate in QCD jets (for w = 0):

PAMELA — PO () + P (w) + PP (w)

DLA:
1
PE) = Sw(s - 1) = O(/a3)
with
4~2 N,
s=1/1+ %, where 73 = 2;%
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Anomalous dimension (first attempt)

NMLLA anomalous dimension
Average multiplicity rate in QCD jets (for w = 0):

AAMELA — pO) () 4 PU) (w) + PP (w)

with

[ 442 4N
s=1/1+ l20, where 'yg Sl ol
w 27
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Anomalous dimension (first attempt)

NMLLA anomalous dimension
Average multiplicity rate in QCD jets (for w = 0):

0 *
AAMELA — pO) (1) 4 PP (w) + PTP(w)

\

NMLLA:

*(2) _ ag(ws) {435(1 —572) +8a18(1 — s73) + B3(1—5"2)(3+552)

A 1047572 N ,
_ P1 cOs =1 _ 3/2
64Ne In(Y+)\)]+ = az(ws)[<1+s )]—O(as )
with

4~2 4N,
s:\ll-i-lzo, where 73 = c%s
w 2
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Anomalous dimension (first attempt)

Extension using MS NLO+resummed (small-x) splittings functions (based
on C.-H. Kom, A. Vogt, K. Yeats JHEP 1210 (2012) 033)

T _ 4G 1
BI(N) = jﬁﬁa,{z_é(s_ (L+1)+1}
Cgn
+ ?Aia,ﬂ{(—1lc§+ecAnf—2UC;nf)2l§(5— 1 +2§)+1uc§é(s— L
7{51C§76CAH1+12CFH-{)%{571)+{1le‘+2CAnff4Can)S_1L

+(5C3 — 2Can;+6Cpny) é(s- ri4(sici— 14CAﬂf+36Can)L} . ()
c; 2 - 1
PLOY) = SAPIN) -3 éaw{cj+c,,nf—zcmj){2(s— 1)(L+1)+1}, 33)
PIN) = IN(S—1) - foa (11C2+2Can; —aCrn,) (5~ 1) — PL(N
wW) = 3 50y % (11C) ang ) ) — Fy(N)

%aﬂ{ ([1193 —576 ]G — 140Ciny +4 CinF — 56 CICrny + 16CaCrn?
—48CEn?) (S—1) + ([B30 5763 C +96 Cin, — 8CIn? —208CCyn;
+64CACFnE — 96 CFn? ) (S™! — 1) + (11C5 +2Canp— 4Cens (S — 1)} , (34)
1o/ G

PAWN) = SEREN) - i C'Q:as (C}+CAH,—2CFH)«)£{S— 1+28)

+ g.faﬁ{(llc},‘+ 13Gng(Cs —2Cr) +2Cin} —8 (Ca— Cr)Cend) (1 -5
‘A
— (48Cf —45C3CF —7202C3(Ca— Cr) — 33C3n; +2Cn? + 48 C3Cpn;
—sq%n})%(5—1+2E,)+(—54c}+4scj‘c;+?2gzcj(cA—Q.—)+23ch!

_ZBCjnfCF—B(CA—ZCF)CFn})é(.S'—I)L} 3.5)
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Anomalous dimension (first attempt)

NNLL+NLO* anomalous dimension
Average multiplicity rate in QCD jets (for w = 0):

AN = PR (W) + PR w) + PEL(w)

N,

NNLL+NLO*:
(2) Oég -1 2 =2 -3 2 )
2] = Topm(ws) ™ (42821 = s7) + Barfo(1 — s7°) + B(1 — s7°)
N, 2
X (3+552)—64Ncg; |n(Y+A)]+ 2: ar(ws) [(1—%—51)
+ a3(s—1)— a4 (1 — 5*1) - 36} :O(a§/2>
with
/ 4~2 4N .o
s= 1—|—w—20, wherefyg: 2; 2
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Part Il

Phenomenology: ansatz for FF
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Single inclusive distribution: Distorted Gaussian

o D&, Y. A) = A exp | Jk — §s0 — {2+ k)3 + 50 + ko'

o2
e 10— Gaussian:E = 3.5, = 1.4; 5=0, k=0 &
Z 9 - Gaussian (skewed): E=3.5, 6=1.4, s=-0.5, k=0 ° 5 — (575)
O gb --- Gaussian (kurtic): E=3.5, 6=1.4, s=0, k=-0.5 o
77 — — DG:E=35,0=1.4, =05, k=05 o
o o Mean multiplicity:
5F N=D"(w=0,Y,))
4F -
3 o Mean peak position: &
2
= o Dispersion (width): o

8 9
&= (1) o Skewness: s, kurtosis: k

e Moments of the Distorted Gaussian (from anomalous dimension):

_ K K.
N:KO? §:K1) U:VK2’ 5:0'7?3:7 k:74

ot

Ef

Y n
0 NNLL+NLO*
Knp>o0 = dy | —— . as(y + A ,Y=In—
n>0 /0 Y< 8w) Y+ (as(y ) w:O Q

@ Skewness and kurtosis (new ingredient) affect tails # Gaussian shape!
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Example: Distorted Gaussian fits to ete™ FFs

—

%_Lr\)w-hmcn\loocoo

IDistorted Gaussian (limiting spectrum, m_ =140 MeV)_—

1/6 do/dg

tie
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Evolution of the NNLL4+NLO* moments of the DG FFs

Final expressions as a function of ¥ = In(E6/Q ) and 1 = In(Q, /A -

(N=5) initial jet energy shower energy cutoff

n Multiplicity: N(Y) = Kb exp {2.50217(\/)' A ﬁ) — 0.491546 In Y/\‘ A

+ (0.0153206 + 0.41151 In(Y + X)) \/% — (00153206 + 0.41151 In \) %] . an
+

. Y+ A
] Avel‘age : £(Y) = 0.5Y + 0.592722 (\/Y . ﬁ) +0.07634041n *— (73)
Emax(¥) = 0.5Y + 0.502722 (\/m ﬁ) + 0.0763404 In e 0.355325. (74)

m Peak position:
1/1 %
Width: + [%(3(124»&:;‘#2114)‘/‘2 Y.N) — 7( vy

16\1 8\1
83 . 38 . 16N,
= Gaaz N+ gaa RO00) C”(h.z(YJr,\) DAY 5y 13§D

fz(Y A)

1
oY) = 0.36490, /(Y + A)3/2 — /2 {1 — 0.209730f1 (Y, ) — [L.61321£5(Y, \)
. Y A
m Skewness: R

+ 0.0449219F2(Y, A) + (0.32239 — 0.246692In(Y + X)) f3(¥, A)] Yl) ,\} . (76)
1.94704 .
_ 0= = e [ oA o] o
m Kurtosis: w1 (22)"
. 215812 — = N . . 1
k(Y) T {1 [1.19896 f1(Y. \) — 1.00826 £, (Y. \)] —
L ()

+ [1.07813f]’(Y., A) +6.45283 f2(Y, A) + 1.28956 f3(Y. A) — 2.39583 f1(Y, A) fa (Y. A)

— TA3372£5(Y, A) + 0.0217751 f5(Y. )
— (0.986767 f3(¥- A) — 0.822306 /(Y. 3) In(¥ + )] 3> 1. A} . (80)
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Evolution of the NNLL+NLO* moments of the (DG) FFs

Expressions evolved down to Aqcp: Qo ~ Aqen:

1
#Multiplicity :  NM(Y) = KPexp {2450217\/7 — 0.491546In Y — (0.06889 — 0.41151In Y) =
Y
1
+  (0.00068 — 0.161658 In Y)?:|
#Peak position :  Emax(Y) = 0.5Y + 0.592722v'Y — 0.351319 + 0.002
3/4 1 1 1.98667
«*Width :  o(Y) = 0.36499Y 1 —0.209739 — — (1.4921 — 0.246692In Y) — +
VY Y v3/2
1.89445 1 1.64009
*Skewness :  s(Y) = — 1—0.312499 — —
y3/4 VY Y
Kurtosi k(Y) 215812 1) 6.700305—— + (0.730466 — 0.1644611n Y) L _ 8o (1)
*Kurtosis : = — — U. —_— . — U. n _— = T
VY VY Y y3/2

* Evolution of all moments depend on 1 single free parameter Aqcp,
which can be extracted from fits of exp. ete™ and e”p — jets(hadrons)
data
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Hadron mass effects

ap 10 -
o 9; Distorted Gaussian (£=3.7, 6=1.1, s=-0.25, k=-1.0)
Z E . Massless partons (m = 0.)
D of off
8; — Effective mass (m_ =0.23 GeV)
7=
6
5t
ar
3
2=
1=
% 9
&=1In(1/x)

Including hadron mass my, effects (mixture of pions (65%), kaons (35%)
and protons (5%)):

1 gt

Otot dfp

x 2Dt Yy e=1In(1/x) =In ( Vs/2 )
Ep

\/(s/4)e% + m?;

mp ~ O(AQCD)’ Ep= P% + mgff' Prn = (\ﬁ/2) eXp(*fp)
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Hadron mass effects

S

oV [BES]

Distorted Gaussian (limiting spectrum, m_=140 MeV) eV [BES]

1/o do/dg
ARRASRRRN

thiit

i

[FN] |
kAR
288898
EOECEE
FEhihh
R
ITTITIT

14

t

ALEPH]

DOND o N WA 01O N 0O O

data/(DG fit)

cooco

8§ 9 10

& =In(1/x)

@ Best agreement reached for my = 0.14 GeV: consistent with a
dominant pion composition of the inclusive charged hadron spectra.
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Part Il

Extraction of as(Mg,) from fits
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Fitting procedure

@ Experimental distribution will be fitted to the DG parametrization as
a function of ¢ in the energy range [0, Y]

1 Lﬂ _ /cchch
Ttot d£ Nc

DT (¢, Y), Yzln( Vs >

2N5ep

@ Each fit of the DG has five free parameters: maximum peak position,
total multiplicity, width, skewness and kurtosis

@ Each parameter or component of the DG is derived from the fit for
each data set
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Distorted Gaussian fits to ete~ FFs

38" O rmiorescavstn e spoctum,m, 140 ey~ £ S5

e 34 ete™ data-sets at TE 2, S

Vs =2.2—206 GeV =70 =

~ 1200 data points :* ;

4

@ For increasing energy: S

peak shifts to right, width E23

increases, moderate e

- Of
- 206 GeV [ALEPH]

non-Gaussian tails

<x2Indf> = 0.37

@ Excellent fit at all
energies, with 5 free DG
parameters: Np, Emax, O, i .
s and k & =1In(1/x)
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Distorted Gaussian fits to ep (DIS) FFs

@ Brick wall frame: %ﬂ 8; DG fit to DIS (Breit frame) jet hadron data ~ —$- /538 GeV iZEUs95)
. . B E iy imiti _ sm o= —§— (5= 53 GeV [ZEUS'95]
incomi ng q ua rkS Scatters _8 7?leltmg spectrum Qu acps My 110 MeV) 4 racovzesss

o C —§— 5 10.4 GeV [ZEUS'95]

off photons & returns =8 b s ovizeusen
. 50 4 - 204 Gov ZEUSSS]

along the same axis g R —
4} —!— {5~ 15.3 GeV [ZEUS'10]

C —|— (5=216 GeV [ZEUS'10]

3F —l— {5~ 30.5 GeV [ZEUS'10]

@ 15 ZEUS data-sets at g -

2 —4— 5= 61.1 GeV [ZEUS'10]

S = 3.8 - 173 GeV E —4— V5= 86.4 GeV [ZEUS'10]
f . E —p— F5- 1222 Gev ZEUS 0]
~ 250 data points (other N ———

measured H1, ZEUS
moments added to global
fit)

<x?ndf> = 0.30

@ Excellent fits to DG but :
larger uncertainties than 7 t
eTe” measurements
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Fit of energy evolution of 1st & 2nd FF moments with

single free parameter Aqcp

5 40 % 6
Zz F Multiplicity DG limiting-spectrum (mm=130 MeV) ME n Max. peak DG limiting-spectrum (m (_130 MeV)
35~ —4— World e’ and DIS jet data % <F  —— Worlde'e and DIS jet data
SOE —=— NLO*+NNLL / 3 5:7 == NLO"+NNLL
= 0 (m2)=0.117 + 0.004 r a,(m)=0.122 + 0.001 |
25E K = 0.124 +0.002 4:* x2/ndf = 83.4/84 —;F)w
F ¥¥/ndf = 146.6/141 C
20F 3 M
E r P o
i 2 o
100 F yﬁ
2 4 o
5 " P
C ror Lol n L L ll n Lol 1 Lol n
8.1 0.2 1 234 10 20 100200 8.81 2 3456 10 2030 100 200
[SererQpyg (GeV) [Sere-Qp (GeV)
”
@ Theoretical N, absolutely normalized to match data (LHPD). QCD
coupling drives evolution: care about shape, NOT absolute Nch
@ Very good agreement between ete™, DIS and theory for the energy
evolution of the FF Nch and peak position
@ DIS multiplicity lower than eTe™ but with larger uncertainties
”
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Fit of energy evolution of 3rd & 4th FF moments with

single free parameter Aqcp

-

o 2r g Iy
% 1 Bi Width DG limiting-spectrum (m_ =130 MeV) o r \
] F —— World e’e and DIS jet data q;) L ‘\ ‘
165 —— NLO"NNLL %05 | L H
140 o ()=0.115  0.002 J F \\4 M M \ . L
C %2ndf = 90.3/71 o - r - o .
12F i oF  LINGIL = |
] £ i \ \ | ly
E E I ‘ ‘i ¢-A ; —-
0.8 -0.5—
E [ Skewness DG limiting- specti;m m =130 MeV) ‘
0-6? - —4— World e'e and DIS jet data
04 _~ _{— == NLO"+NNLL
,’ L a(m?)=0.115 £ 0.018
0.2 r p
£ L x?/ndf = 60.7/60
t Ll L il \ 15 Ll Ll .
G1 2 3456 10 2030 100 200 1"’1 2 3456 10 20 30 100 200
Se+9"QDIS (GeV) se+e,,QD[S (GeV)

@ Good data-theory agreement for the energy evolution of the FF width

(skewness has large exp. uncertainties)

e Consistent eTe™ & e-p moments (but larger DIS uncertainties)
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Combined fit of all FF moments energy evolution with

single free parameter Aqcp

5 5 e
Z30f #Worlde'e jet data v : xm:d eDIeS fet date
Z,f ©World DIS jet data = ©World DIS jet data
= —NLO*+NNLL fit & a4 —NLO™+NNLL fit
=o0f o
E i3
E sl
10 2 S
5 1 " Global (4 moments) fit:
e ‘ ) o (m2)=0.1190 £ 0.0007
07232 "o 20 100 200 023410 20 100 200
VSare Qg (GEV) V5ue-Qpys (GEV)

—e— World e’e jet data

© Py @
~1.8F #Worlde'e jet data g !
£ - World DI
Bi6k ©World DIS jet data Sos;- [ [ MBS e pata
=1.4F  —NLO"+NNLL fit [ (-
2F & of G
1E Il
sk 1 ‘ ‘l l I‘
S _E
. | 15 . \
0234 Ho 20 100 200 I 234 10 20 100 200
YSe.e-Q, ¢ (GeV) Sere-Q, s (GEV)

@ x? averaging: increased uncertainty for few points fits to reach
x2/ndf ~ 1

@ Final as uncertainty of ~ 1.2% includes mqs, exp. fits and corr.
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as at NNLL+NLO*: scale uncertainty

s F .- & [ eWorlde'e jetdata
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v

@ Extra uncertainty as(Qo = Aop,) — as(Qo = 1GeV) = 2% due to
scale variation (stopping the evolution at Q=1 GeV rather than going
down to /\QCD
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s(Mz,) at NNLL+NLO* from low-z FFs evolution

=0.1181+0.0011
Lattice QCD (NNLO) .-
< hadronic decays (N’LO) —ie
DIS, PDFs (NNLO) —e—i
e*e’ evt shapes,jets x-sections (NNLO) ——e+—
Z decays, EW fit (NNLO) i
tt cross sections (NNLO) ——
Soft jet FFs (NNLO®+NNLL) 1 a(my) = 0.1205 £0.0010100022
Hard FFs (NLO) ———
Y decays (NLO) ——
F3 in vy collisions (NLO) —a—
pp jets x-sections (CMS, NLO) —
Energy-energy correlations (ATLAS, NLO) +———i
\\\H\\\‘\\\\\H\‘\\\\\\\ L1 Il L1 1

L1l 1L
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(xs(mz)
Figure 4: Summary of o determinations using different methods. The top points show N>*LO extractions
currently included in the PDG [1], the bottom ones shown those obtained with other approaches at lower
degree of accuracy today [13], including the result of our work. The dashed line and shaded (orange) band
indicate the current PDG world-average and its uncertainty.

Novel precision measurement of ag at NNLL4+NLO* accuracy
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Part IV

Outlook
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N4LL + NLO anomalous dimension
Average multiplicity rate in QCD jets (for w = 0):

% = P (w) + P (w) + PELw) + PEL () + P (w)

@ LL+LO: P is available (MS =DLA)

@ NLL+LO: P") & NNLL+NLO: P{) can be obtained from MS (i.e.
Vogt's resummation: JHEP 10 (2011) 025) and exact diagonalisation
by Kotikov & Teryaev (Phys. Rev. D 103 (2021) 034002)

© Repeat the steps of 2nd item to cast pB) (w) & Psrl( )
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N*LL + NLO anomalous dimension
Average multiplicity rate in QCD jets (for w = 0):

A = PEL@) + PR @) + PR W) + P () + P (W)

@ LL+LO: P is available (MS =DLA)

RT(as(Q?)
QWMLLA_[')/_H_‘FB(Qz) " RT(0s(M)

Ref: Duff Neill, JHEP 03 (2021) 081

e N
—_
—
—

© Repeat the steps of 2nd item to cast P(++( ) & Psrl( )

Speaker (Redamy Perez Ramos) #QCD jets, #FFs, #as, #fits IPSA/LPTHE



Order LL (DLA) NLL NNLL N3LL NALL

LPY | oym) | Ow) | o) | o) | 0@

NLO P 0(ad?) 0(a3) 0(ag?)

NNLO pg) O(QE/Z)

NLL+LO: 5 =\ /a; + as
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Order LL (DLA) NLL NNLL N3LL NALL

LoPY | O(ya) | O) | 0@¥?) | O@d) | O@?)

NLOPL | | o | o | o)

NNLO pg) O(QE/Z)

NNLL+NLO: 135 = /a5 + as + a2
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Order LL (DLA) NLL NNLL N3LL NALL

LoPY | O(ya) | O) | 0@¥?) | O@d) | O@?)

NLO P O(a??) O(a?) O(a¥?)

NNLO pg) O(QE/Z)

N3LL+NLO: 138 = \/a; + a; + a2/? + a?
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Order LL (DLA) NLL NNLL N3LL NALL

LoPY | O(ya) | Of) | 0@¥?) | O@d) | O?)

NLO p‘_(é) . . O(OE/Q) O((yg) 0(02/2)

NNLO pg) . e . . O((y?/lz)

N*LL+NNLO: /M = \/as + a5 + a2 + a2 + a2/?
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N3LL= O(a?)

Extension using MS NLO+resummed (small-x) splittings functions (based
on C.-H. Kom, A. Vogt, K. Yeats JHEP 1210 (2012) 033)

n
P (V) =GPy ot )+ g {2081 - 144 - 9007k + 14Tl
A

~79C; 1y +106C5Crng+6Csnf — 4CoCraf + 2405;;})5%(5- 1422428

~2([483 - 576 5]y ~ [360 - 5765)C{Cr — 139Cm; + 102C{Crny+ S6CACrn;
~6C3n7 - sscﬁnf)é (8 1428)+ ({429~ 576 L]y ~ [360 - 576L] C1Cr —213C3ny
+250C{Crn; — 2C;n} +40CsCrny - 7205;;})5% (S—1425) L48([137 - 144y C
~[90— 1445]C{Cr — 17C;n; — 6CCrny —6Cn7 +36C4Crnj —48Cin; ) (1+ %L)
(11 +13Cn, ~ 26C]Cen; + 207 — 8C,Crn? +8CHT) (5™ = 1-28)L

+4([59 - 725,]C; - [45 - T25)C{Cr — 20Cin; + 20C3Crny -Szcjn} + 14C,Cpnf
~20GH) (S - 1)L3} . B2)
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N*LL= O(a2/?)

Extension using MS NLO+resummed (small-x) splittings functions (based
on C.-H. Kom, A. Vogt, K. Yeats JHEP 1210 (2012) 033)

Cr=0 1 1
NLL = T3ZTI040 ¢
+ 5059584 3]y + 914360 + 8755205 — 2142720 5|Cyiny — [134200+ 46080 La| Ciinf
+ 560005 — 80n') (8 — 1) — 32([7822505 — 2826000, + 13305603 — 134784 3] Cf

+ [514490+ 83520, — 276480T5) Cn + [16880+ 20160 L] Cnf — 284007 Cs + 80ny)

L (8- 1428) +2([12686895 + 129974408, — 247104085 — 1090713652 ¢
3

PL(N)| afzv{le([lsssms — 199180801, + 79833603

— [3309880 + 564480¢ — 1624320 %3] G ny +[37960 — 1728005 Cnf +21280nC,

- 1040;1})3%(5 — 14254 28%) —4{[3135445 + 6822720 + 1900803 — 5868288L3) Cf
— [1973120+ 587520%, — 1071360 %] Cny +[106320 — 149760 5] Cnf + 1408017 Cy

- 1200;1})3%(5*‘ — 1-28-68%) — ([2095591 4 158976 T, — 11404805 4 331776 7| Cf
+ [61560 4396288y — 207360T5) Cin — [83352 — 64512Lo| Cin +22407C4 + 880n;)

55 (873~ 1 - 65— 30E7) — 10([198803 — 209088L5] C; -+ (69872 — 760325 Ciny
3
1

5

~ (600 + 69128, Cinf —2368nCy — 208n/)25 (S 77 — 1 — 105~ T087)

4+ C2aIN(S+S -2 By, @)

(g 4

- 25(110A+2n,)4:%(s*7 —1-145-1265%)
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Conclusions

@ The anomalous dimension was obtained from from the mixed
resummation of LO expanded splitting functions and NLO corrections
to the splitting functions.

@ The moments, multiplicity, maximum peak position, dispersion,
skewness and kurtosis of the DG were obtained at the same level of
precision as a function of the only free parameter Aqcp.

@ The theoretical mean multiplicity was absolutely normalized to match
the data (LPTHE): care about shape, NOT absolute normalization.

@ Very good agreement between ete™, DIS and theory for peak
position and dispersion.

@ Novel high precision of ag at NNLL4+NLO*:
as = 0.1205 + 0.001070-00%3.

@ Outlook: matching the NMLLA resummation with the MS anomalous

dimension from Vogt's resummation and exact diagonalisation at
NNLO!
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