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Motivation

* Hadronization effects are often a bottle neck for precision in QCD calculations

* For some observables hadronization can be modeled with a simple shape function,
but in general rely on MC event generators (cluster model, string model,...)

* Perturbative resummation in MC (= parton shower) has some cutoff to separate
pert. and non-pert. physics

* Often we try to make connection between MC results and analytic calculations , e.g.
> top mass scheme from measurements based on direct reconstruction
> extraction of had. corrections from MC in & fits

>

* Usually no cutoff in the analytic calculation
e.g. not clear how calculation in e.g. MS relates to parton shower with hard cutoff ~1 GeV



Motivation

* To have a consistent connection we need

> to understand impact of the cutoff on perturbative calculations

* to have a hadronization model that is consistent with the factorization properties

of the observable — this talk

* We will study a simple observable that we understand well enough

. .. I . <
> Thrust inete™-collisions émt}nZ(p? — |t - pil)
2

n-collinear

T,

> only peak region 7 << 1 ==\

e

> strictly massless

hemisphere-a

 Factorization theorem for thrust (79 = Q7)
Becher, Schwartz (2008); Abbate, Fickinger, Hoang, Mateu, Stewart (2011)

do
dTQ

soft particles

n-collinear

hemisphere-b

—(1g) ~ H % /dT’ J(Q(TQ - Té)))S(Té?) S(k) = /dk' Spert (k") Smoa (k — k')

thrust
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Parton Shower and Cutoﬂ: JHEP 10 (2018) 200, [arXiv: 1807.06617]

On the MC side we use Herwig 7 with angular ordered parton shower based on

coherent branching algorihtm (CB)
Catani, Marchesini, Webber (1991); Gieseke, Stephens, Webber (2003)

Without cutoff CB equivalent to SCET results for 7¢ up to NLL precision
Leading (linear) effect of cutoff pr > ()o comes from soft radiation

Equivalent to calculation of the SCET soft function with P cutoff

St (5. Q0) = S (F) = A(Q0) x Shre(h) +. A(Qu) = 16Qp LI

47

+ O(QOO&?)

Massive case: cutoff dependent coherent branching mass scheme
meB(Qo) = My — 2Qoas(Qo) + O(Qoa?)
Physical prediction is unchanged if change of (), is absorbed in a gap in the model function

S(k) = /dk’ Spart (K, Q0)Smod (k — k' — A(Qo))
(R)CF

% a
R-evolution of gap parameter A(Qp) = A(Qo) + 16/ dR—""



Parton Shower and Cutoff

 The same (i.e. NOT shifted) model function applied to
the partonic results of Herwig for different cutoffs leads
to a shift of the peak in the hadronic distribution

(TQ QO) /d TQ
128k3 s
3A4

=}
©

MC
part
d7g

do
d7g

Smod(k) —

(T QaQO) mod(TQ _TQ)

* The peak shift follows the cutoff dependence of the gap

ATy Qo) dA(Qo) as(Qo)Cr
dQo B dQo A7t

= 16

70,00 (Q0)~TQpeac(1-0GEV)

« This only works because of the , 7qg — T¢, form” of the
convolution with the non-pert. model function
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Parton Shower and Cutoff
 The same (i.e. NOT shifted) model function applied to F'r—;;
the partonic results of Herwig for different cutoffs leads <
to a shift of the peak in the hadronic distribution 3 | 5
-1 5
do B 3@%
%(TC%QO) — dry TQ d ( Q7QO) mod(TQ - TQ)
128k3  —ax
Smo k- — e A
alk) = 53
* The peak shift follows the cutoff dependence of the gap %
k 3
4r 9 (Q,) _dAQ) _as(Q0)Cr g
dQo dQo 4 gﬁ
« This only works because of the , 7qg — T¢, form” of the
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MC hadronization function

« Define hadronization function Sn.a(y,y', @, Qo) of a given had. model for observable y

/dy ghad(yaylan QO) =1

Most general form of transforming a partonic distribution to a hadronic distribution

dO- / dal]‘;/é?t / ~ /
d_y<y7 Q) = /dy dy (y 7@7 QO)Shad<y7y 7Q7 QO)

Shad (¥, 7, Q, Qo) is the probability distribution that an event with partonic value ¥’
before hadronization ends up with hadronic value ¥y after haronization

Extrac had. function from MC had. model and see if it is consistent with fact. theorem

Use Herwig 7 (angular ordered PS): can make connection to analytic calculations for thrust

NLL precise for 7@ (also in the massive case)
understand cutoff dependence (at least in the peak): A(Qo)



Expectations from the Factorization Theorem

e Compare with factorzation theorem for (rescaled) thrust
do
(Téga Q7 QO)SmOd(TQ - Tég - A(QO))

:dTQ(TQaQ) = /dTég
* Had. fct. Spaa(k, k', Q, Qo) in the fact. theorem of the form:
S (h, K, Q, Qo) = Smod (k= K — A(Q0))
» Define shifted hadronization function:
Shad(k — k', k', Q, Qo) = Snaa(k, k', Q, Qo)

= S}(l?;t'th')(k, ]f/7 Qa QO) - Smod(k o A(QO))

» Cutoff dependence of the first moment known Gfact.th.)
from R-evolution of the gap parameter

Q1 (Qo) = /dkkSmod(k:— A(Qo)) = dﬂdlé??o) _ dﬁgﬁ“
dA(QO) _ 16QS(QO)CF

0 41

dO'p ert do-p ert

NHXJ@Spert

dTQ

dTQ

e.g. for thrust:

* Relations of the moment of the non-pert. soft function for various event shapes are known,
e.g. C-parameter, thrust and angularities

1 _
o) — 37” Q) = w Q) 6



Expectations from the Factorization Theorem

e Compare with factorzation theorem for (rescaled) thrust

d / d er / /
(70.Q) = [ dnh S (1,Q.Q0)Suoalra ~ T — AQ)

e Had. fct. ghad(k, k', Q,Qo)in the fact. theorem of the form:
S (kL Q, Qo) = Smod(k — K — A(Qo))

* Define shifted hadronization function:
Shad(k — k' K, Q,Q0) = Shaa(k, k', Q, Qo)

= S5 (1 1, Q,Q0) = Smoa(k — A(Q0))

« Cutoff dependence of the first moment known Sﬁfaadct-th-)
from R-evolution of the gap parameter

Q(Qo) = /dkkSmod(k— A(Qo)) = dﬂ(;éi?cﬂ _ dAdeO)
dA(Qo) _ @s(Qo)Cr

e.g. for thrustt —*~/ 1222/~ ~
J d 0 41

dapert

NHXJ@Spert

drg

* Relations of the moment of the non-pert. soft function for various event shapes are known,
e.g. C-parameter, thrust and angularities
3 3l — -
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Figure from S. Gieseke ,

Herwig’s cluster model

e Standard hadronization model of Herwig:

cluster hadronizaiton model
Webber (1984)

* Color-connected quarks combined into preconfined clusters 4,

(all partons get constituent masses, final state gluons forced to split to 49 )

a) Primary clusters

N T

* Cluster mass spectrum universal over a very large T E E
energy range T
iji 1072 |~
 Peaked at low cluster masses 3
1073 = —
* Clusters can be seen as highly excited hadrons that ) i L A
10~ —— LA LL

|
renue\ ++ BimiaH wouy ainbi4

subsequently decay (isotropically) into actual hadrons 0.1 05 10

50.0100.0



Herwig’s cluster model

* Some cluster can be very heavy: picture of excited
hadrons not applicable any more

* Undergo 1- 2 fission process along axis of constituent
guarks until they are light enough

® © = @0 oo

* Various tuning parameters: e.g.

> mass spectrum of daughter cluster in fission
> cutoff criterion for fission
> constituent masses

1/NdN/dM/GeV ™!

dP
dM

Figure from Herwig ++ Manual
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Cluster fission and shower cutoff dependence

* Parton shower cutoff affects partonic distribution mostly at low pr, i.e. relevant for the peak
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* Events with low pr can produce heavy clusters (- cluster fission):
extreme case: no perturbative radiation at all

* Cutoff dependence of the model will be senstive to the cluster fission process



Hadronization in the event generator

* We can now directly check if the hadronization functions of Herwig for different
eventshapes (here thrust and C-Parameter) are consistent with he factorization properties

* Procedure:
> Set the parton shower cutoff to different values
> Tune the model to some (fake) data

> Run the MC and calculate the eventshape before and after hadronization
for each event and fill it in a 2D-histogram - hadronization function

> Check the behavior of the hadronizaton function against the fact. theorem
13



Hadronization function of Herwig's default model oy

Hadronization function Sy.q(k, k', Q, Qo) of Herwig:
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Hadronization function of Herwig's default model ©=mz

* Check behavior of first moment
Ql(kla Q7 QO) — /dk kShad(ka kla Q7 QO)

* Prediction from evolution of the gap parameter:

N (K, Qo) — (K, 1GeV) [GeV]

(1) (c)
€% "(Qo) _ 12s(Qo)CF d€7(Qo) _ ), s(Qo)Cr
dQo 47 _ dQo 47
0.2 S 14
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Dynamic Model

Current implementation of the cluster model is not able to produce hadronization effects
in a way consistent with factorization properties of the observable

Try to modify it to improve this behavior

We understand and can control the cutoff dependence in the parton shower
=> basic guideline:

try to make a smoother transition at the cutoff from the parton shower
to the hadronization model

Cluster (and gluon) masses generated dynamically from splitting: - ,dynamic model”

16



Forced gluon splitting: current implementation

after parton shower stops:

* set all final state particles’ masses to their constituent values

mg: fixed value (tuning parameter, default ca. 1 GeV)
* do kinematic reconstruction

 split gluons into ¢g pairs : isotropic decay in gluon’s rest frame

fixed value

\mg
— 5\*—&*

isotropic

17



Dynamic model: forced gluon splitting

If the splitting had taken place in the parton shower it would have been generated from the splitting function

dg? 2m>
dP(g — qq) ~ q%ozs((f) (1 —2z(1—2) + q2q>@(q22(1 —z)— mg)

giving the gluon a virtuality ¢
Use the probability distribution for this dynamically generated virtuality as ,gluon constituent mass” my

Set a highest possible scale for the non-pert. gluon splitting Qg

(new tuning parameter instead of fixed my)

Need to IR regularize the splitting function (because evolve below cutoff): dP(g — ¢q) — dP(g — qq)
freeze out strong coupling at some low scale to avoid Landau pole

use constituent masses for quarks 18



Dynamic model: forced gluon splitting

1)Generate random mass for each gluon from
resulting probability distribution

2)Do the kinematic reconstruction with all partons
on their consituent mass as usual

3) Split the gluons to ¢g pairs according to
the (IR regularized) splitting function dP(g — ¢q)

dP
dmy \\\

Mg
m m

dP

dmg

0.0

0.5

1.0 1.5 20 25 3.0
m, [GeV]

19



Dynamic model: cluster fission

* Use the same philosophy also for the cluster fission:

parton shower

forced splitting and
constituent masses

cluster formation

cluster fission

®
(Cos)

M M

=

\\m

o I\
—®)

m

R
%,

20



Dynamic model: cluster fission

* Want a mass distribution of the daughter clusters that resembles as much as possible
the mass distribution dynamically generated by low scale emissions of the parton shower

* Radiate a gluon from one of the cluster’s constituents according to dP(q — q9)
set a maximum scale @, of the splitting (new tuning parameter for fission instead of Pspiit )

» Split the gluon according to dP(g — ¢q)
* Construct new clusters from the qg pairs

géqq}/ “
e o —~ K — o

'
P(q — qg) ‘

21



Dynamic model: cluster fission

* Want a mass distribution of the daughter clusters that resembles as much as possible
the mass distribution dynamically generated by low scale emissions of the parton shower

* Radiate a gluon from one of the cluster’s constituents according to dP(q — qg9)
set a maximum scale @, of the splitting (new tuning parameter for fission instead of Pspit )

» Split the gluon according to dP(g — ¢q)

« Construct new clusters from the ¢q pairs

o O — O

22



Hadronization function of the dynamic model g;’%ev

Hadronization function Sy.q(k, k', Q, Qo) of Herwig for the new model:
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Hadronization function of the dynamic model @ =mz

* Check behavior of first moment
Ql(kla Q7 QO) — /dk kShad(ka kla Q) QO)

* Prediction from evolution of the gap parameter:

(1) (c)
dQ; ' (Qo) 16%(@0)017 dQ;7(Qo) 247T043(Q0)CF
dQO 47’(’ .
= . . . . >
O, o0z2f ] &
% o 3
S 0.0 S
— — =0.5 GeV \‘_1.\ ] — Qy=0.5 GeV
= g2l - 0y=0.75 GeV i: Q=0.75 GeV
T — Qy=1.GeV | ] Q=1.Gev
S ~0.4 1 — Q=1.25GeV g ]~ Q=1.25GeV
% -06 ' : ' ' x -
E 0.0 0.5 1.0 1.5 2.0 2.5 CT 0 2 4 6 8 10
k' [GeV] k' [GeV]
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Hadronization function of the dynamic model

* Check behavior of first moment
Ql(kla Q7 QO) — /dk kShad(ka kl? Qa QO)

* Predictions of factorization theorem:

2
T (&
Qg ) = 3—Q§ ) Independent of
7
5 e 5
4 — q{™ : af — Q=50 GeV
S0 ' S Q=91 GeV
! 201 2 ol _
2.3 " O St Q=200 GeV
:&/EM pama o o 5 S 56/2'_ M
E c_{ e L2 2 2 T TR
1F 1r
[}' L L . L ] [}....
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25

k' [GeV] k' [GeV] 25



Outlook

* New model looks promising for hadronization model with correct factorization properties
analytic

k'[GeV, '

k [GeV] 8 k [GeV] 8 k [GeV] 6 8

« Still needs a lot of work, €.9. : » tuning to other observables
> observable dependence of the tunes
> cutoff dependence of the tunes
> different tuning parameters?

* Go to massive case (¢t -production) to check possible hadronization effects
on MC top mass scheme mM¢(Q,)

26



Outlook

* New model looks promising for hadronization model with correct factorization properties

50 . old . . 5 NeW , 5 analytic

t — @=0.5GeV — Q=05 GeV — @=0.5GeV
ﬁ“;\ y=0.75 GeV 4 Q,=0.75 GeV ] 4 y=0.75 GeV -
?‘5 af Qo=1.GeV | ?5 3l Qo=1.GeV | E al Q=1.GeV |
= T — Q,=1.25 GeV = — Qy=1.25GeV = — Qp=1.25GeV ]
St Miaaaaaasee St ] S

ot : : : : ot ' ' ' ' ot ' : : :

0.0 05 1.0 15 20 25 0.0 05 1.0 15 20 25 0.0 0.5 1.0 15 2.0 25

k' [GeV] k' [GeV] k' [GeV]

« Still needs a lot of work, €.9. : » tuning to other observables
> observable dependence of the tunes
> cutoff dependence of the tunes
> different tuning parameters?

* Go to massive case (¢t -production) to check possible hadronization effects
on MC top mass scheme mM¢€(Q,)

27



Backup



Hadronic distribution after tuning: default model
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Hadronic distribution after tuning: dynamic model
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First moments of the hadronization function:

(K, Q, Qo) = / dk kSnaa (b, K, Q. Qo)

A2 (Qo) _ | 2:(Qo)Cr

dQO 41
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Hadronization function of default model

* Check behavior of first moment
Ql(kla Q7 QO) — /dk kShad(ka kl? Qa QO)

* Predictions of factorization theorem:

2
" = Z2ql9 Independent of Q
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Default Model:

P
-

S(k,k") [GeV™
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Dynamic Model:

S, (k.k) for fixed k' in the peak S, 4(k,k’) for fixed k' in the tall
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Tuning to all eventshapes (peak):

IIIIII 2Jeftiness - dNCharged
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Tuning to thrust, C-parameter and angularities (peak):
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