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| New sinceLEP '



Impact of-corrections at NNLO
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Causes of fallure

\. J
1. QCD radiative corrections are large

2. bxed-order perturbation theory fails when logarithms
become large— we need

A. resummation of such logarithmic terms at all orders
B. matching of bxed order and resummed predictions




An example of analytic structure
of the perturbative expansion
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An example of analytic structure
of the perturbative expansion
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LL NLL N’LL N°LL...

for L~1/0s we need resummation
of logarithmic terms at all orders
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An example of analytic structure
of the perturbative expansion
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has toavoid double countingyl achieved by
removing coefbcients known analyticéfiyecisely)
— need coefpcients In Dg<ed order also precisely



Causes of fallure

\. J
1. QCD radiative corrections are large
2. bxed-order perturbation theory fails when logarithms
become large— we need
A. resummation of such logarithmic terms at all orders
B. matching of bxed order and resummed predictions
someprecise predictions are available:

- NNLO+NS3LL for 1-T, C-parameter & heavy jet mass (
- NNLO+N?ZLL for broadenings and EEC
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Matching NNLO.with NLL
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Causes of fallure

\. J
1. QCD radiative corrections are large

2. bxed-order perturbation theory fails when logarithms
become large~» we need

A. resummation of such logarithmic terms at all orde
B. matching of bxed order and resummed prediction

3. hadronization corrections are

A. large, especially for small values of the event shape, I.e
near the peak

B. not well understood from brst principles
two options:
- estimate of hadronisation using modern MC tools
- use analytic model for power corrections
both have their caveats
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Causes of failure

. QCD radiative corrections are large

. bPxed-order perturbation theory fails when logarithms
become large* we need

A. resummation of such logarithmic terms at all orders
B. matching of bxed order and resummed predictions
. hadronization corrections are

A. large, especially for small values of the event shape
near the peak

B. not well understood from Prst principles

. the two-types of corrections are strongly correlated for
analytic models of hadronisan
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Causes of fallure

—

. QCD radiative corrections are large

pxed-order perturbation theory fails when logarithms
become large* we need

A. resummation of such logarithmic terms at all orders
B. matching of Pxed order and resummed predictions
hadronization corrections are

A. large, especially for small values of the event shape, I.e
near the peak

B. not well understood from Prst principles

the two-types of corrections are strongly correlated for
analytic models of hadronisan

Monte Carlo estimates are model dependent
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How to iImprove?

.

v Find observable quantities with small perturbative and
hadronisatiorcorrections:

motto: Olarge uncertainty in small quantity is small uncertaintyO
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How to improve?

\. J
v Correct for hadronisation2nd option:
- estimate of hadronisation using modern MC tools

v Find observable quantities with small perturbative and
hadronisatiorcorrections:

motto: Olarge uncertainty in small quantity is small uncertaintyO
- precluster hadrons and compute shapes from jets
Decamp et al [ALEPHPhys.Lett. B257 (1991) 479-491

- groomed event shapes, desighedéoluce
contamination from non-perturbative effects
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| Groomed heavy Jet mas}



MMDT greoming:algorithm

Divide the Pnal state of an e+e— hadrons event into two
nemispheres in any infrared and collinear safe way.

n each hemisphere, run the Cambridge/Aachen jet algorithm to
produce an angular-ordered pairwise clustering history of particles.

Undo the last step of the clustering for the one hemisphere, and
split it into two particles; check if these particles pass the mass
drop condition, which is debned fore& collisions as:

min[EZ-, EJ] P
<cu
bE; +FE; O

where Eand Eare the energies of the two particles

If the splitting fails this condition, the softer particle is dropped and
the groomer continues to the next step in the clustering at smaller
angle

If the splitting passes this condition the procedure endsamd
observable can be measured in the remaining hemispheres

20



Resummation formula

m?

Factorization formula form, m € Zewt K1 73 = E—;
')

1 d?%c0
oo dr, dmr

— H(QQ)S(Zcut) J(TL) @ Se(TLs Zeut)] [J(TR) ® Se(TR, Zeut)]

C. Frye et al, arXivi603.09338

ConvolutionsN
true product for Laplace transforms:

" (O/.Q.:)O/R) = H(Q)S(Zout) J1%) Sc(%, Zout) JT%R) Se( R, Zeur)

‘ModiPed mass drop tagger groomed heavy jet mass:

1d | 1 d?
- dzg $  dn dre i ;R O(1. %7R) 6(p %) + O(1r %7) 6(p Yo1R))
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Resummatiomy RGE

\\ J

Resummation is made possible by the RGEs:
#E e . - .
IJ.E: dF!CUSDIOgE+$F = (F——H,S,J'_, SC)

The factorization theorem successfully resums
all logarithms of botly andz..: sSimultaneously,
to leading power In the limit wherg ! zcue! 1

INn the exponent of the cross section cumulative
In the mas®

Thus N"LL refers to the resummation of all terms of the form

m m+1! Nnun m m+11! n m m+1! n
& log , I ¢ log Zeuts | s 10Q

Zcut
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Resummatiomy RGE

.

Resummation is made possible by the RGEs:

HE 2 o .
g = dplcusplogﬁ‘—%+$F F. (F=H.S,JF S

order of ingredients needed for MLL resummation

F 1 CF

LL #S = #S
NLL #2  #s #2
NNLL | #3  #2 #2 #s

e —

NNNLL | #2&  #2 #2 #2

known known partially
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Resummatiomy RGE

. w

Resummation is made possible by the RGEs:
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| Extraction of constants'



Missing constants

.

Constraint on the non-cusp anomalous dimensions:

O:IIH + IIS+2IIJ+2IISC
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Missing constants

\. J

Constraint on the non-cusp anomalous dimensions:
O:IIH +IIS+2IIJ+2"SC

(2)

. 2
hence, need to determlnecSC )

and ¢

We use bxed-order cod&VENT2to determine
L] 2 :

andMCCSMto bnd
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I d"g, resum
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mMDT groomed heavy: jet: mass 'atiN
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Resummation is made possible by the RGEs:
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Kinematics

For Z¢yt ! 1 only soft particles are groomed away,

hence themMDT constraint IEx: hemisphere energy)

Q

Es >EnZey = Ezcut
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Extractionofitwo-loopconstants

J

The leading-power (LP) differential cross sectiongdr 0

d#g’Lp _ d#aing
d! = Dig¥)+ d!
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Extractionofitwo-logp-constants
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Extractionofitwo-logp-constants

The leading-power (LP) differential cross sectiongdr 0

d#g’Lp _ d#aing
d! = Dig¥)+ d!

"sing is debPned to integrate to 0 on [0,1], hence the total sec is

! d#g " d#ging
d d

ot = Dig

L

. 2
known contains C()

C

difbcult to integrate numerically

need a better strategy: will be achieved through steps of identities
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Extractionofitwo-logp-constants

We Want numerical mtegrals INn the region where grooming acts
| ' H | H | |
-1 d' d! smg " 2Zcut d' d! smg 1 d' d! g -1 d! Slng
; _ ; N ’
0 '  # d O d'  # d Ty # - d —.
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Extractionofitwo-loopconstants

We Want numerical mtegrals INn the region where grooming acts
| | 7 #

| | |
1 d' d' smg " 2Zcut d' d' smg 1 d' 1 d' sing
11 —_ 111 # + g # 11 g
0 d d # d 0 d d d 2Zcut d d 2Zcut d d"

the integral of d"./dp can be rewritten into

g, P g d! R |
d" =2 = d" —2H#QA#")H# - + d* -
2Zcut d 2Zcut d d 2Zcut d
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Extractionofitwo-loopconstants

We want numerical integrals in the region where grooming acts
! . o . .

. ! Zcut in ! ! in
1d" d ] y d! Slng _ 2 o d! . ” d! S g .\ 1 ) d! ; 1 o d! 8 g
O dll dll O dll dll ZZCUt dll ZZCUt dll

d! o
R #

T

MMDT has effect near z.., SO can drop the # function

© 1
d"d

2Zcut d
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Extractionofitwo-logp-constants

We want numerical integrals in the region where grooming acts
! . o . .

' ! Zeut in ! ! in
N dlg, ST g digmT T dg C dig
o AT dT T d A g, A g,

d! ol
HE )

T

MMDT has effect near z.., SO can drop the # function
upper limit is 4 in the ungroomed xsec because there p s

normalized to the cm instead of the hemisphere energy,
(yet the integrand of the 1st integral vanishes below 1)

© 1
d"d

2Zcut d
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Extractionofitwo-loopconstants

\ S
Resume:
| H | ' H | | :
1 d' d| smg " 2Zcut d' d' smg -1 d' 1 d! sing
d"  # = d"  # + — 94 d" —2
0 d d 0) d d 2Zcut d 2Zcut d
. 1 11 s 1 11 11 . . 4 11
d! d_ — d! d_g ! d_ + d! d_
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Up to power corrections, the ungroomed xsec IS
| | # | .
4 g g 4d d, df sing 0 (z) 4 e e
1 T —_ 11 + Z t + 1 _
2Zcut d 0 d d - 2Zcut d
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Extractionofitwo-loopconstants

. J
Resume:
| H | ' H | | :
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| | " e | _
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= D, D H + S
tot I 9 5 d d I d ) o d d" d" l
: 4d dl » dl sing# - 1 . d' sing ” d! aing# : 4CI d' sing 5
+ " + " + ! +
A R - d" d" Lo (Zeu)
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Extractionofitwo-loopconstants

. J
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| H | ' H | | :
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27t d! 27 cut d! d! 2Zcut d!
Up to power corrections, the ungroomed xsec Is
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"4 ] d! . 4d d! " d! sing O( ) -4 ; d! sing
! T — . 11 11 + Z t + "’ 11
2Zcut d 0 d d - 2Zcut d
Collecting all steps we bPnd
| " H " #
" 2Zcut | d! sing 1 | |
tot - D| g d" E # g + d" d g # d_
| 2Zcut d # d '
- 4d d! sing y dl Sing ' 4d d! sing 5
+ " + " +
0 dn du . du (ZCUt)
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Extractionofitwo-loopconstants
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"1 d' dl smg * 2Zcut d' d! smg "1 d' 1 d! sing
"  # = "  # + — 94 .-
0 d d d " - d ) d n - d ‘ 2Zcut d 2Zcut d d"
1 11 : 1 11 11 . . 4 11
d! d_ — d! d_g ! d_ + d! d_
27t d! 27 cut d! d! 2Zcut d!
Up to power corrections, the ungroomed xsec Is
| | " e | _
"4 ] d! . 4d d! " d! sing O( ) -4 ; d! sing
! T — . 11 11 + Z t + "’ 11
2Zcut d 0 d d - 2Zcut d
Collecting all steps we bPnd
| " H " #
" 2Zcut | d! sing 1 | |
tot - D| g d" E # g + d" d g # d_
| 2Zcut d # d '
- 4d d! sing y dl Sing ' 4d d! sing 5
+ " + " +
0 dn du . du (ZCUt)

31




Extractionofitwo-loopconstants

. J
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! T — . 11 11 + Z t + "’ 11
2Zcut d 0 d d - 2Zcut d
Collecting all steps we bPnd
| " H " #
" 2Zcut | d! sing 1 | |
liot = Dy g+ g Loy, Lo d" d,,g # dT
| 2Zcut d i d I
b4 " dising  dl Sing T d! sing
+ . d g # g + ) d g + O (Zcyt)
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Extractionofitwo-loopconstants

. J
Resume:
| H | ' H | | :
"1 d' dl smg * 2Zcut d' d! smg "1 d' 1 d! sing
d"  # = dw —2# + — 94 da —3
0 d d R N / - 2Zcut d 2Zcut d
1 11 : 1 11 11 . . 4 11
d! d_ — d! d_g ! d_ + d! d_
27t d! 27 cut d! d! 2Zcut d!
Up to power corrections, the ungroomed xsec Is
| | " e | _
l L, l
d! d! d! 59 d! 59
d" T — d" 11 # 11 + O (Z t) + d" 11
2Zcut d 0 d d - 2Zcut d

Collecting all steps we bnd

! 2Zcut ) d'g d| Sing# ' 1 d' d' #

it = Dig+ d* =2 # + ) d" d,,g # -
I cut : 4 |
S d sing d! sing o ' d! sing
+ d" # 9 + +
. dll dll 1 d d O (ZCUt)
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Extractionofitwo-loopconstants

\ S
Resume:
| H | ' H | | :
"1 d' dl smg * 2Zcut d' d! smg "1 d' 1 d! sing
d"  # = dw —2# + — 94 da —3
0 d d R N / - 2Zcut d 2Zcut d
1 11 : 1 11 11 . . 4 11
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27t d! 27 cut d! d! 2Zcut d!
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Collecting all steps we bnd
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Extractionofitwo-loopconstants

For " ot We have from previous page

H : #
' ZZCUt dl dl S|ng ' 1 dl dl
! — : ] + " g
I ] # I " cut . # I
' 4d d! ” d! sing 1 ; dl sing ” d! Slng ' d d! sing 0
+ " + " + +
0 d d . dn dn . d (ZCUt )
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Extractionofitwo-logp-constants

For " ot We have from previous page

# " #
| 2Zcut dl d| smg | 1 d| d|
! — : " + n g o
I ] # I " cut . # I
| 4d.. dt ,, disnet St odisne dignet oA s
+ . d d + - dll # dn + . d + O (ZCUt)
but it can also be expressed with the ungroomed distribution:
! 4 dl dl sing;':"r
!tOt — D' + 0 d" Fl dll
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Extractionofitwo-loopconstants

For " ot We have from previous page

# ! #
' ZZCUt dl dl S|ng ' 1 dl dl
! — : " + n g o
I " # I " cut . # I
' 4d d! ” d! sing 1 ; dl sing ” d! Slng ' d d! sing
+ 11 + n
A T P

but it can also be expressed with the ungroomed distribution:

: 4 dl dl sing;':"r
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Extractionofitwo-loopconstants

L V.

For " ot We have from previous page

# " #
' ZZCUt dl dl S|ng ' 1 dl dl
! — : ] + ] g
I " # I " cut . # I
' 4d d! ’ d! sing 1 ! d! sing ” d! Slng ' d d! sing
+ 11 + n
A T P

but it can also be expressed with the ungroomed distribution:

4t disne”
lot = Dy +  d" T ! =
0
5 =D .+ © o 2Zcut " d! g d! Smg . tq " d | d!
e N
! 1 d! sing d! sing | 4 d! sing
+ v — 1 —— +  d"——
chut d d 1 d
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Extractionofitwo-loopconstants

L V.

For " ot We have from previous page

| 27 cut dl d| smg# | 1 ) d| d| #

! — DI " + n g o
o = Digt oo dh g oy R O
I " # I " cut . # I
' 4d" d! ” d! sing 1 " dl sing# d! Slng ' d d! sing
L et e LY e e T e TR

but it can also be expressed with the ungroomed distribution:

: 4 dl dl sing;':"r
Lot = Dy + ; d" F! d"
(" 2Zcut | '!‘S|g 1 | |
D' — D',g ,‘ d" d-"g ' g|| d" d ||g I du
- o & da o, d*  d
y *VfrsTng‘"CﬁSlng 7*77 sﬁ@"
+ d|l d 11 ! 11 + d d 11
27 d d 1 d



Validation:at-one-loop

At one loop thefintegra} can be computed numerically, but
also knownanalytically:

Test of c(Slc)

I IIIIIII| I IIIIIII| I IIIIIII_I_ [

i

2.7
2.65
2.6
2.55
2.5
2.45
2.4
2.35
2.3
2.25

Integral

+

1

<+

b oo bbb b

wl o oo
10 ° 10 4 10 3 10 2
Loyt

H [
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Fits atitwo loops

At two loops the

(2)

(integra) computed numerically with

EVENT2, can be {Separately for each color channel)

Extraction of c$’: CECa channel Extraction of cg?: Ce TrNs channel

T T T TI T T TIm T T T T8 T T TTT0m T T TITm T T TTI] =
42 E + = 17.0F =
:.._'_ .................... + ......... + ............................................... : : :
40 £ + = 16.5F E
38 - = = -
S 36 & + = S 16-05_ _E
& 34 & = ¢ 155F =
32 & = — =
28 E- . = 1] = — — ETTT———
26 5rul vl ool ol a0 F 14_0—_r|||| corvronl corroml ol | 5
10 ° 10 4 10 3 10 2 10 ° 10 3
Zcut Extraction of ¢2: CZ channel e

ST T T T T T T T T T

32 E + =

30 & —

e T E

Q‘,Lg) 24 z— N + —z

22 ;_ ................................................ d5600000006000000000000000500650008 _;

20 - =

18 E =

6 Eml ool ol ol 10

10 ° 10 4 10 3 10 2
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4 N

Extraction-ofithree-loop non-cusp
anomalous!dimension

. .

the formal expansion of the mMDT groced distribution for

'zt ! 1

Volp _ D, + ~S(Dag@)e + =5 (Dog@)s + =2 (Dey)
d# Y9 oo AGVTE T oy B.g\TH T o0y S

MMDT grooming removes double logarithmspio all orders
D!,g = C (Zcut )
! DA,g = Ca(Zcut)
! DB,g = b (Zcut ) l0g! + Cg (Zcut)

'Dcg = ac(zeu)log®! + be(Zaw)l0g! + cc(Zeu)

I lZCut I O
can be computed bMCCSM | g) [16! 194497
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Fit aparabolain:log for Pxed zcu

1C(1), 'Dc(!)

. J
mMDT groomed heavy hemisphere mass
0 T T T[T I T T [T T T T[T I T T[T I T T[T T T[T T T TTr] Extraction of !(82)’Zcut:O-04
B 2 @ - - 25000—! [ [ T TTTTTI [ T TTTTTI T TTITH
JOR 19 easq Zeye = 0.04 = | | E
2000 —— i, = = 20000F- E
4000 *!C / 15000F- =
-6000 10000~ =
8000 S, 5000F| | =
S =1 N E
-10000 — =
L -5000 —
ol b e Iy T lvra by by — T % _J]:_ = + |
IlllllIlllllllIILI'-IIIIJIILIIIIHI|IIII_|_IIII _10000':_ T _:
= (1)2 7 : = t =
olF ~UF <_z tb:t(;acr)lge - . 150008 ) ) il vl
O'6‘_|||||||||||||||||le|||'|||||||||||||||||T_= 104 103 102 1d1
105 10 45 104 1035 10 % 1025 10 2 10 15 10 2 :
|
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L

Extrapolation-of constant-term: tecu: =0

~

J

Extraction of !g)
T T [T T T[T T T[T T T [TT]

-2000

-4000

-6000

(2
- S

-8000

-10000
*®) = | 11600+ 2000

-------- pbest bt
HEEEEEEEEEE NN N

0.02 004 0.06 0.08 0.1 1
Lout

Lo oo il

-12000

IIII|II‘A,IIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|I

=
o
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| Matching to bPxed order'



4 N
MMDT groomed heavy:jet:mass
\ J
d"gnnto | #s e 2 Hw
! gd! ﬁA + 2—§ By + Ago/glog@
0 mMDT groomed heavy hemlsphere mass

+'ﬁn3wc +2By% o E+A Nilo F 4 oglog b - . Zou = 0.1 o Q= 9126ev
2% g g’/0 gQ 2 gQ g Q ()_35_ cu E
0.25F =
0.2 =
015 b ewam e E

A, B and C are computed with
MCCSM(=Monte Carlo for the
CoLoRFulNNLOSubtraction
Method)

Converges fop > 0.1,
cannot be trusted fop < 0.1
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MMDT greomed heavy jetimass

J

subtracting the expansion of3\L through OXs )

I d"g, resum
d!

0.18|-
0.16 |

0.14
0.12

0.1
0.08
0.06
0.04
0.02

0.0

mMDT groomed heavy hemisphere mass
IIIII| 1 IIIIIII| 1 T T ThTl

Zcut = 0.1 //
Q=91.2GeV -
L #4(m;)=0.118

---NNLL %! [05,2] 4
— NNNLL O %! [05,2] ]

0.010.02 005 01 02 05 1

d"gip
C?! = (! )D#,g +

#s
E(DA,Q(! )+ +

N3LL can be matched to HLO additively by - gFO”eS =

d" gnsLL

d" g n2Lo " d"g.Lp

d!

d!

d!

mMDT groomed heavy hemisphere mass

0-35 LI ||
— Zcut:O.l

o

N

ol
|I|IIII|IIII|I I'T

e n e TR

O
I
©
=
N
)
M
<

[1$! [05,2]
[0$! [05,2]

[J$! [05,2]

; o ;
o
|III|III _IIII|IIIII

-
_—_‘___.,__.r

_l___.-l'

2
(Dg,g(!))+ +

0.01 0.02

S

2%

005 01 0.2
I

3
(Dc,g(t))+




I d"g, resum

d!

MMDT greomed heavy:jet:mass

J
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2mMDT groom
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0,16~ 27-#320e
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0.1+ /,/’
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0.06|
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0.0 L1 III| |
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MmMMDT groomed heavy hemisphere mass

:IIIII 1 1 IIIIII| 1 1 IIIIIE
- -4 NLO+N °LL _g
- | N2LO+N3LL -
:llllll | | llllll| | | IIIIII:
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|

O
I
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7

Conclusions

J

Precise determination of the strong coupling using hadronic Pnal
states in electron-positron annihilation requires

careful selection of observables with small perturbative and
non-perturbative correctiongand data N not discussed here)

MCCSMwas used to compute differential distributions for groomed
event shapes NmMDT groomed heavy jet masgnong others

Our predictions

- show good perturbative stability for > 101 (smaller scale
dependence than un-groomed event shapes)
- are stable numerically to ~ 104

- were used to extractunknown constants needed for NNNLL
resummation and matching

NNLO+NNNLL additive matching is made possible the prst time
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