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Herwig Monte Carlo Event Generator

® Herwig is a general-purpose event generator for high energy
lepton-lepton, lepton-hadron and hadron-hadron collisions.

m Special emphasis is put on the accurate simulation of QCD
radiation.
a The event in Herwig is simulated including these steps:
a Elementary hard process,
Initial and final state parton showers,
Decay of heavy objects,
Multiple interactions (hard and soft),
Hadronization and
Hadron decays.

[Eur.Phys.J. C58 (2008) 639-707]
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I pp event generator in Herwig
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Taken from Stefan Gieseke
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I pp event generator in Herwig
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I pp event generator in Herwig
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Herwig 7

Recently released:

ris

@ Herwig++ 3.0 — Herwig 7.0

a No distinction anymore between HERWIG and Herwig++; we
refer to it as Herwig from now on.

m Most new features have to do with NLO calculations of hard
processes with matching to angular-ordered and dipole shower
modules.

a The focus of this talk:

m review of semi-hard and soft multiple parton interactions,
a recent development in diffraction and colour structure of soft
scatters.
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I Multiple Parton Interactions (MPI) - motivation

m Inclusive jet cross section above transverse momentum pr

InC s min — /dx dX dt @ _ mm
1o ( PT) 10X2 PT %:,1+5k/

do
X (ffm (X1, 142 fypo (X2, 1) é:k/(xmgs t))

£ — o :DL'92
+ - g,:DL'04
— QUD2-52, py >2GeV

m Cross section increases with s.

a At moderate values of s,
exceeds total cross section.

a A way to resolve this
contradiction is MPI.

0 I I

10 10° 10*
/5(GeV)

[M. Béhr’s talk at MPI@LHC 08.]

Frashér Loshaj — Multiparton interactions in Herwig 16/5/2015



I MPI - definitions and applications

Frashér Loshaj

Several scatterings between partons in the same hadron
collision.

Important for understanding min-bias processes and the
underlying event.

Underlying event - all activity in a hadronic collision not related to
the hard process, e.g. initial-state radiation, additional scatters in
the collision, etc.

Jet measurements - sensitive to the underlying event; jet
algorithms gather all particles in the vicinity of the leading initial
hard parton.

Min-bias - events selected with least trigger bias possible;
constitute the majority of the events in hadronic collisions.
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I MPI in Herwig

a Multiple scattering in a pp collision:

m Mean pairs of interactions at a given impact parameter b:
< (b S)> panom & UHa

Loartons - Parton luminosity;
& - partonic hard scattering cross section for pr > p7™.

[J.M. Butterworth et al., Z.Phys. C72 (1996) 637-646].
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I MPI in Herwig (cont’d)
Assumption:
d[fpartons = A(b)nh1 (X1 )nh2 (Xz)dX1 dX2

Profile function A(b) was factored out. We have:

/&M@:m

np.(x;) - parton densities of hadrons (parton flavor is omitted); After
performing the convolution:

(n(s, b)) = A(b)ai’(s),

oinc(s) - inclusive scattering cross section. Assumption: scatters are
uncorrelated; probability of having m scatters:

Pr(A(b)o") = L e (s, b))
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I Multi-reggeon interactions - AGK rules

a Eikonal model n pomeron amplitude

V

n
A (s, b) = %@ with x(s, b) = —2iA()(s, b)

m Using AGK rules, the k cut pomeron cross section is

k
7u(s) = [ 6B exp (-21)
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I MPI - eikonal model

a Jet production cross section due to exactly k uncorrelated hard
interactions

s):/dzb Pi(A(b)o™ /d2 exp( o)

u Similar to the eikonal model if xu(s, b) = JA(b, p)oii(s, pRn).

® We have introduced the parameter . explicitly which is tuned in
Herwig.

m Prob. of having n scatters, given there is one:

[ d?bP,(A(b)o'™) ~ op(o™)
J@Pb3 4 Pi(A(D)o™™) 0y piney
a This expression is the basis of underlying event calculations.

Describes well the data ([M. Bahr, S. Gieseke, and M. H. Seymour JHEP
07 (2008), 076)]).

Pn21 (O_inC) _
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I Underlying event - Tevatron

a The direction of the leading jet is used to partition the event into
three parts: towards, away and transverse.

Charged Jet #1
Away Region Direcfion

Transverse
Region

“Toward-Side™ Jei

Ad

Leading

Jet

Toward Region
Transverse

Region

Away Region “Away-Side” Jot

[Phys. Rev. D65 (2002) 092002]
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I Underlying event - Tevatron

; « data, uncorrected |
N it =3.5, u?=1.50, x2,/N=3.1 ]
w4 — p™ =35,y =1.25, X2,/ N=2.9 b
= e P =4.0, u2=1.50, x2,/N=2.8 ]
\/ i

£

MC/Data

[JHEP 0807 (2008) 076]
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I Underlying event - Tevatron

« data, uncorrected

pt =3.5, u?=1.50, x2/N=3.1
—— p =35, u2=1.25x2,/N=2.9

4 pt =4.0, p?=1.50, x2,/N=2.8

[JHEP 0807 (2008) 076]
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I Underlying event - ATLAS (900 GeV)

Also include Std deviation!

Transverse region Neyg density vs. p, (leading track) Std. dev. Transverse region Nepg density vs. p. (leading track)
o A L R L RN R B S e R L R AR S A RN RAAR R
E [ —e— ATLASread 1 5 L —e— ATLASread 4
3 —— tune > L —— tune 4
5 Nz“ L —— Ht+ + |
o G ATLASfead
- g
-1
]
&
107" - — 107"
I WA A IS W AW W N S AN IR I WA WA A WA W W
= EHHH T s eHHH A
< - & 4 =
3z 1 3 F 3
— 12 E
S 1¢Ys n. A /= E
| 1 =|
. E 08 & == [:‘:l 3
R S U U SN U N BTN B P Rl S N W S BN WU PN wwwwn BUTNG
1 2 3 4 5 7 8 9 10 1 2 3 4 5 6 7 8 9 10
p. (leading track) [GeV] p. (leading track)

taken from Stefan Gieseke
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I Underlying event - ATLAS (900 GeV)

Also include Std deviation!

Transverse region }_p | density vs. p, (leading track) Std. dev. Transverse region ¥ p density vs. p, (leading track)
g [ T T T T T T ™ g 0 T T T T T T ™
o L —e— ATLASread 1 9 r —e— ATLASread ]
= —— tune 5 L —— tune i
z 3 —+
o ~ o
~ N
= ]
o %
2 z
H
=]
p=t
107" 2 Dot _
ST NN NN FEEEE N N NN N I NN NN SR SR NN RS NEE R
g 4, R g 4y EHHHHHHHHHE R
S 14 S 4B =
o E o E =
~ g ~ g |
gk M — gvE ]
1E s = E|
o L o8 - 1 — }:] E
R S U U SN U N BTN B P Rl e Y W S DU BN S s B
1 2 3 4 5 8 9 10 1 2 3 4 5 6 7 8 9 10
p. (leading track) [GeV] p. (leading track)

taken from Stefan Gieseke
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I Underlying event - ATLAS (7 TeV)

Na./StdDev transverse vs pid /GeV.

L L L L L L L L L L L L L L L L o
—e— Read om ATLAS

r —e— Read off from ATLAS 7
—— MC (tune§oo-0)

-

RIS

107"
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MC/data
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taken from Stefan Gieseke
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I Underlying event - Energy extrapolation to 100 TeV

—  UE-EE-4-CTEQ6L1
- UE-EE-5-CTEQ6L1

min

Pio

20000 30000 60000 80000 100000

taken from Andrzej Siodmok

u Different tunes give similar results due to the strong correlation
between pT™" and 2.
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I Underlying event - Energy extrapolation to 100 TeV

(dNang /dypdep)

MC/Data

Transverse Ny, density vs. pki, /5 = 100 TeV

Transverse ¥ p | density vs. p¥!, \/s = 100 TeV

(425 p. /dydp) [GeV]

—e— Data
—— UE-EE-5-CTEQ6L1 100 TeV
Lo e b URRR-CTEQALh oo eV 1 1 |1 1)

—e— Data

—— UE-EE-5-CTEQ6L1 100 TeV
Bl b ek UEER-CTEQALl 00TV 1 |1y

MC/Data

i

2

4

16 18 20

0 12 14
p.. (leading track) [GeV]

taken from Andrzej Siodmok
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I Soft interactions

w Extend the model to include interactions with pr < pin.

a Add to the eikonal function the soft contribution ([JHEP 09 (2002), p.
015]):

X(5,5) = x1(,5) + xs(5. b) = 5 [A(b,w)o (s, PF") + A(b, ps)o]

m The cross section for j soft and k hard uncorrelated interactions

/d2 ZX!S 2XH) exp [—2(xs + xH)]

o™ and 1 are obtained by fitting to experimental data.
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I Soft interactions

m Generic (nonperturbative) gluon-gluon interactions are
generated at pr < pF™". We require doy©/ dp2T to match the soft

counterpart at pr = pipin

3

— " =3GeV,

—
B=—05GeV *

Pt =5 GeV, $=0.06 GeV >

S

1/a(5 GeV) do/dp,(1/GeV)

o

3 do, 2 2
soft =B’ —p™")
~ €
i, Py
2
1

O e e e LA B
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I Hadronization

m After parton shower and MPI, quarks and gluons must hadronize.

a The basis for hadronization in Herwig is the colour
preconfinement property - cluster model:

AN\ = Q
a Nonperturbative gluon splitting to quark-antiquark pair.

m Large N, limit: non-planar graphs are subleading.
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I Colour connections

a Event with multiple hard subprocesses

m Soft subprocess with disrupted color lines (exceptional case)

(ud) ——— — (ud)

(ud) = =77
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I Colour connections in Herwig

Remnant

Soft gluon

Soft gluon

Remnant

The current connections are
C: Remnant
x } Soft gluon

and

Remnant
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I Colour reconnection

m Allow reshuffling of clusters (rs) + (/m) if total mass is lower:

My + Mgy < Mrs + M

[Eur.Phys.J.C72 (2012) 2225]
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I Min-bias ATLAS (900 GeV)

m Good agreement with data; example from [Eur.Phys.J.C72 (2012)

Frashér Loshaj

2225]

MC/data

Charged particle 1] at 900 GeV, track p, > 500MeV, for Ny > 6

Charged multiplicity > 6 at gooGeV, track p, > 500MeV

—— ATLAS data
—— Hwt+ 24,2 = 10, p70 =30 3
—— Huw#+ 2.5, MBgoo-CTEQ6L1

1/0do/dNg,

018

T T T T T T T T
LAS data

24,42 = 10, 70 =30
—— Hw#+ 2.5 MBgoo-CTEQ6L1

2 1 o 1 2

10 15 20 25 30 35 40 45

Charged (p.) vs. Nen at 900GV, track p

Ney

> 500MeV, for Ny >

—+— ATLAS data
—— Hwst 24,42 = 10, 70 =30
—— Hiws+ 2.5, MBgoo-CTEQ6L1

Z
<

—— ATLAS data
—— Hwt+ 24,92 = 10, p70 =30
—— Hw#+ 2.5, MBgoo-CTEQ6L1

po [GeV]
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I Min-bias ATLAS (7 TeV)

Charged particle 5 at 7 TeV, track p, > 500 MeV, for Ney > 6 Charged particle p, at7TeV, track p, > 500MeV, for Ny > 6
5 4F N =
R # 2 T 1 —— Data
z 35 4 oF 3 —— LHC-MB
g = Mﬁﬂ S <
- 3
Z E &
= asb Eo
2E T
E z E
15 —— Data S
E —— LHC-MB 07
1E E
E 1075
05 e
1 N R R A 106
3 3 n_r'_'_|_u t
5 12f 5 12
ER: R a8
S e T ] g E i
S osp S o8fE
f e R T RN AR R S| - !
2 1 o 1 2 1 10!
M P [GeV]

Data taken from [New J.Phys. 13 (2011) 053033]. Plotted with Rivet.

a Default Herwig 7.0 soft MPI model; default tune.
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I Min-bias - Energy extrapolation to 100 TeV

1/Nev dNgy /dny
§OE
<
(p1) [GeV]
\
N

—— Data
—— UE-BE-4-100TeV/

e s e R 2. 2 RN

***** UE-BE-4-100TeV 04

e b b e b Ly ol v b v b e b by

MC/Data
MC/Data

&
R U U R AR R

ol b b e e Ly L PRI BRI EUEI I L
2 1 o 1 2 20 40 60 80 100 120
7 Nen

taken from Andrzej Siodmok
a Only the underlying event is tuned.
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I Challenge: the “Bump” problem

w Forward pseudorapidity gap An. Defined as the larger of two
pseudorapidities from the last particle to the edge of the detector.

T F T T T T = 5 F T T T T =
E F wss Datal=7.1pb" 7 5‘02 e DataL=7.1pb" |
o 10° = H++ UE7-2 = <k H++ UE7-2 E|
3 E He++ UE7-2, No CR 3 3 F H++ UE7-2, No CR 3
8 = e He++ UE7-2, No Empty Evts. 1 8 ™ e He+ UE7-2, No Emply Evts. ]
Py S == NN He+ UE7-2, No Empty Evts., No CR _] ok M- He++ UE7-2, No Empty Evts., No CR _|
E ATLAS 3 ATLAS 3
o T E A
F P >200MeV ™" Tt =l E p; > 400 MeV
= M=
s
1 £t
1 8 F
7 S 2F
=
An'g

[Eur.Phys.J. C72 (2012) 1926]

m Too many events with large rapidity gaps, especially if colour
reconnection is switched on.
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I MPI - summary

a Miminum bias model includes the following pieces:

Hard MPI
Colour
connection
Soft MPI -«
Hadronization

Diffraction

a Soft diffraction is not implemented in Herwig 7.0.

a In the following we construct a new soft interaction model and
soft diffraction model.
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I Soft scatter kinematics - Multi-peripheral ladder

a Consider one pomeron cut; N ~ log E¢p/my,
| Py = (1 — X1) v (1 — X,'_;,_1)X,'p,4\_._7 Xj >~ 1/2

Pa \ P1
/ w Ordering in rapidity.
» D, a No correlations.
a Amplitude not large
> e when sub-energies
> Sii+1 = (Pi+ Pis1)?
large.
. m Challenges for Herwig:
E— NI a What are color
connections.
a what is the
/\ multiplicity.
Ps Pn

[Phys.Rept. 28 (1976) 1-143]
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I Colour connection of multiple ladders

a Many pomeron cuts; average number (n(s, us)) = A(b, us)os(S).
a Colour connections:

Remnant
} Soft gluon

} Soft gluon

—

-
el ~ R

a Needs to be tuned and matched with the hard MPI.
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Diffraction in hadron collisions

Events with rapidity gaps

A

e}

n

B B’
Cross section behaves as

do do

- (1 - Bit).

t=0

By 9o
=t

t=0
in analogy with diffraction in optics
1(6) ~ 1(0) (1 — Bk?6?) .

A definition: diffraction is a high energy process in which no quantum
numbers are exchanged between colliding particles.
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Generating diffractive events

a From Regge theory, for single diffraction, we have:

e (i) o))

a Similarly for double diffraction

’ ssp
ad?24bb N <S>a]1>(0) (SO>(¥]P(0) e<b+2a |n<M12M§>>f'
dM?dMzdt M? Mz
where b is very small and sy ~ 1/a’. We also use the following
values of parameters:

= a(0) = 1.058,

® By =10.1 GeV~2,

® o =0.25GeV 2

Damping factor (1 — M?/s) was used to include points in phase
space not covered by Regge theory.
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I Diffractive events in Herwig

a We implement soft diffraction in Herwig by modelling it with the
following matrix element

a Quark (g) and diquark (gq) form a cluster with diffractive mass,
stretched along the dissociated proton.
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I Diffraction (preliminary) results

Rapidity gap size in 4 starting from 5 = +4.9, pr > 200 MeV/ Rapidity gap size in 4 starting from yj = +4.9, pr > 400 MeV/
T ARaan A hannn ne n e e B e e R
E w0 —— MC (LHCDiffractiony§ £ 10 4 —— MC (LHC-Diffractiony3
g Ot 13 F ]
g L -+ g L ]
e - © w0 ++ -
E E + E

E £ +. ]

L ”*“" ]

1k ,W
Il i wana w o o I e e e AR A
14 - 14 -
g EEERG e
g Il | - B I W IVUCUTUUTTUCTUTTUUINOOTNIT:
’ UT_HI’”J/,LLM WAt S T T T e e
= 2 3 osp =
R o N N SO I S Y F] o S S ol S B Y

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

AnF AnF

(Data taken from [Eur.Phys.J. C72 (2012) 1926]. Plotted with Rivet.)
a Reproduces well the plateau.

m Relative weight between single and double diffraction may need
to be tuned simultaneously with other parameters.
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I Combining min-bias and diffractive runs (preliminary)

do/dArF [mb]

MC/Data
o o
&% -

Rapidity gap size in i starting from 57 = +4.9, pr > 200 MeV

Rapidity gap size in y starting from 57 = +4.9, pr > 400 MeV

= T hedrewmstw 4 £ ool T e et
F 15 E
i ,u1:””\””\””\””\”mmmumm
MQQ”‘ﬂﬁ”‘””‘””‘””‘””‘””%
E | SERUT AN AAfe
; (5/0.8; TTTNLWW —i
E 0.6 =
LR e
ApF
(Data taken from [Eur.Phys.J. C72 (2012) 1926]. Plotted with Rivet.)
a The soft interaction model still produces rapidity gaps.
a Tuning needed to get the correct multiplicity.
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I Min-bias with the new soft model (preliminary)

Charge partice 1t 7T, rack 7. > 100MeV, for Ny > 2 Charged paric p, at 7T, track p. > 100MeY, for N > 2
5 T T T T T T 3
. — MC AHCABCRpt5
— MC dHCMB CRpagd)
B E
I TN T E

—— MC (LHC-MB-CRpts)
—— MC (LHC-MB-CRptaf)

ol sl

cle 1 at 7TV, track p.. > S00MV, for Ny = 6 Charged partice p, at 7T, track p, > S00MeV, for Noy > 6

T
—— NC (LHC-VB-CRpt5g
—— MC (LHC-VB-CRptzp)

—— MC (LHCMB-CRpt)
—— MC (LHC-MB-CRptapd)

= Plots with p7" = 2 and 3 GeV.
u Correlation between p™" and . may not exist anymore, therefore
we have one more tunable parameter.
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I Summary and outlook

a We reviewed the hard and soft MPI models in Herwig.

a Good agreement with data.

a Challenge: the so-called “bump” problem: the soft interaction
model in Herwig produces too many events with large rapidity
gaps.

a To address the problem we:

m modified the soft interaction model and
a implemented soft diffraction.

a Preliminary results show qualitative improvement, but more work
is needed.

a Proper tuning has to be done and other observables should be
checked as well.

a Diffraction and soft interaction model have to be sampled
properly.
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