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Recent History of Herwig

e HERWIG 6.5 last Fortran (2002), minor updates 2013.

[Corcella et.al., hep-ph/0204123]

» Herwig++ 1.0. First C++ version, e*e™ only.

[SG, A. Ribon, P. Stephens, M.H. Seymour, B.R. Webber, JHEP 0402 (2004) 005]

¢ Herwig++ 2.08— Herwig++ 2.7

[SG et.al., Herwig++ 2.0 B Release Note, hep-ph/060206]

[SG et al., Herwig++ 2.0 Release Note, hep-ph/0609306]

[M. Bdhr et al.,
[M. Béhr et al.,
[M. Bahr et al.,

[SGetal,

[J. Bellm et al.,

Herwig++ 2.1 Release Note. 0711.3137]
Herwig++ 2.2 Release Note. 0804.3053]
Herwig++ 2.3 Release Note. 0812.0529]
Herwig++ 2.5 Release Note. 1102.1672]

Herwig++ 2.7 Release Note. 1310.6877]

from simple pp collisions up to fully-fledged LHC event
generation. Many ‘in-house” NLO matched calculations.

e Now,

7(Herwig++) ~ 1(fHERWIG) > 15years .
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Matrix elements and parton showers

Want best of both worlds.
Parton shower for soft+collinear radiation (intra jet).
Hard, large angle radiation from matrix elements (hard jets).

Higher accuracy from higher orders,
mostly NLO QCD corrections.
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Herwig 7

New major release Herwig++ 3.0 aka Herwig 7.

Evolution of fHERWIG/Herwig++ subsumed as “7 > 6.5”.
“Better than fHERWIG in every aspect plus more”.

“NLO for all hard processes.”

[J. Bellm et.al., Eur.Phys.]J. C76 (2016), 196]

[Herwig 7.1 Release Note, arXiv:1705.06919]

> - MCEGs
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Matchbox in Herwig 7

* Workinghorse of all NLO efforts in Herwig 7.
¢ Interfaces to various programs.

¢ Formalism and code to generate matched /merged events.
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What’s in Matchbox?

Matching/merging formalism completely generic.
Two showers

e Angular ordered shower.
¢ Catani-Seymour dipoles.

Two matching formalisms
o MC@NLO like.
o POWHERG like.

Many interfaces to (automatic) NLO programs.

Automatic CS subtraction terms.

Improved phase space.
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ME Interfaces to Herwig

Everything pre-installed and called internally from Herwig!
e Amplitude level

e Hand-coded MEs

L Hjet++ [E. Campanario, T. Figy, S. Plitzer, M. Sjodahl]
e MadGraphb [MadGraph, SG, S. Plitzer, ]. Bellm]
e Colour correlations with ColourFull [S. Platzer, M. Sjdahl]

¢ Squared amplitude level

e GoSam [GoSam & J. Bellm, SG, S. Plitzer, C. Reuschle]
o OpenLOOpS [OpenLoops & J. Bellm, SG, S. Plitzer]
e NJet [NJet & . Plitzer]
e VBENLO [VBENLO & J. Bellm, SG, S. Plitzer |

* Some ME already built-in

e Important SM processes
e BSM internally with specified model
o UFO interface
e Spin correlations in 2- and 3-body decays.
[M. Gigg, P. Richardson, EP] C51 (2007) 989]
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Two parton showers

Angular ordered shower Dipole shower
[SG, P. Stephens, B. Webber, JHEP 0312 (2003) 045] [S. Plitzer, SG, EPJC72 (2012) 2187]
e Angular ordering from § ¢ Catani-Seymour dipoles
» Phase space somewhat * NLO Matching inspired

focused on collinear region

evolutioninp

* No full coverage full phase space

¢ Colour coherence by
construction

Colour coherence

x two NLO matching schemes.
Merging with dipole shower.

Intrinsic systematic studies of parton shower uncertainties
Withil’l one framework. [J. Bellm et.al., EPJC76 (2016) 665]

Stefan Gieseke - MCEGs for future ep and eA colliders - Regensburg - 22—23 Mar 2018



Example results

Not many serious studys of DIS with LHC-era event generators
Not many HERA results available in Rivet
Would give important insights also for current LHC studies

Use VBE-type processes as template for DIS type physics
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VBF example

014 Nio — ]

012 |
01t
b \

MCatNLO+DipoleShower
MCatLO+DipoleShower

do/dys”

ratio

[

T3

Ho

beot

WTW~ 4 2jets NLO
(VBENLO+Herwig 7):

° y =y3— Y1 +y2

¢ Shower mostly forward.

e Ug,Ur ren./factorization
scales.
* ug shower scale.
¢ All varied by factor 2.
Extrapolation between central
(hard) and forward (shower)
region.

[M. Rauch, S. Plitzer, EPJC 77 (2017) 293]
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VBF example

3rd jet in WHWTjj

L)
s e BT S . S
3= =1 /2: alignment with tagging jet.

Normalised average rapidity of the third jet (LO+PS) Normalised average rapidity of the third jet (NLO+PS)

—— NLO (fixed order)
= —— MGs.aMC+Hy-Default

—— NLO (fixed order)
—— MGs.aMC+Hy-Default

= —— MG5.aMC+Py8 L “~—— MGs5.aMC+Py8
= —— PHANTOM+Hyz-Defaul r —— Powheg+Py8
PHANTOM+Py8 E = ~ — — Powheg-no shower
—— VBENLO 3+H;7-Dipole £ - —— VBENLO 3+Hz-Defaul
WHIZARD+Py8 E ~—— VBENLO 3+H7-Dipole

o g
Y
T
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[VBSCAN (M. Rauch), to appear]

Stefan Gieseke - MCEGs for future ep and eA colliders - Regensburg - 22—23 Mar 2018 12/23



Unitarized Merging

New approach in Herwig++/Matchbox. [S. Plitzer, JHEP 1308 (2013) 114]

Idea: Approximation of Sudakov “A ~ 1 — [ BP” violates parton
shower unitarity. Replace BP by full LO matrix element also in
reweighting of events.

Leads to unified NLO matching and (LO/NLO)-merging
prescription [J. Bellm, SG, S. Plitzer, EPJC 2018]
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Unitarized Merging
Consider parton shower acting on Born ME,
PS[Bo] = A}, By + PS[P1 Ay Bo] ,
iterate once,
PS[By] = A% Bo+ Ay, Py AJBo + PS[P, A P1 A) By

replace

as(q1)
Py By — By,
1 D0 as(qo) 1

etc., but induces unitarity violation in Sudakov weights, so

as(q1)
Al ~1-PyBy—1— B; .
H 10 as(qo)

23 Mar 2018 13/23
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Unitarized Merging

Z+ets, W+jets.

';‘ 10
38 Azimuthal Distance of Leading Jets
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] ) E
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[J. Bellm, SG, S. Plitzer, EPJC 2018]

Z(0*,1*,2) — Zj@NLO in hard region. Soft region very stable.
W(0*,1%,2) describes jet correlations. Still large MPI content.
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Merging in DIS

Stefan Gi

eq — eq at LO and with NLO-merging vs H1 data.

Transverse energy flow for (x) = 0.08-107%,(Q%) = 3.2 GeV? Transverse energy flow for (x) =2.10-107%,(Q?) = 31.2 GeV?
N [ + I 25
= E = £
5 2F 5 £
< F = E
R b 5 2=
%] . (%) C
el 1.5; g .
§ F SO =
17 E
E 1F
E —e— Data £ —e— Data
o5 —— DIS(0) o5 —— DIS(0)
E —— DIS(0%1%,2) C —— DIS(0%,1*2)
P U IR NS I WU SN N P - ol b b b b b |0
14 19 E
13 E GE
% 1.2 B % 1.2
8 g 8 115 =
g b e S odE e e
S o8F S 085
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3 -2 6 o2 -1 o 1 2 3 4 5 6
[ n

[H1, EPJCI2 (2000) 595]
Stabilization with higher orders.
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MPI model

Multiple partonic interactions will become important in photo
production events (Q? — 0).
(Note: no photon pdf in latest LHAPDEF!)

In Herwig:

hard MPI = multiple QCD 2 — 2 processes

soft MPI = production of soft particles (flat in y, narrow in p )
soft diffraction (with a hard tail...)

Good results for Min Bias and UE observables.
[M. Béhr, SG, M.H. Seymour, JHEP 0807 (2008) 076]
[SG, C. Réhr, A. Siodmok, EPJC72 (2012) 2225]
[SG, F. Loshaj, P. KirchgaeRer, EPJC77 (2017) 156]

[SG, P. Kirchgaefer, S. Plitzer, EPJC78 (2018) 99]
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Overlap function

=)
A(b):/d2b'GA(|b’y)GB(yb—b’y) £ 2= 1s0Gev?
g o4 --- p2=0.71Gev? j

G(E) from electromagnetic FF:

d2k ekl 005 i
(27)% (1 K2/ u2)? I

Gy(5)=Gp(b) = |

But p? not fixed to the
electromagnetic 0.71 GeV>.
Free for colour charges.

impact parameter b \'mb]

= Two main parameters: u2, pin.,
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Extending into the soft region
Continuation of the differential cross section into the soft
region p; < pMi" (here: p; integral kept fixed)

5 ——
— pii" =3 GeV, f=—0.5 GeV?

....... P =5 GeV, §=0.06 GeV >

do,

min,2

soft -8 (Ptz —P: )

st p. e
a, b

o
N
IS
o
(o]
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Colour Reconnection — idea
Two uncorrelated hard interactions

.’000000000000000:(530000000000000000!
S

18/23

Stefan Gieseke - MCEGs for future ep and eA colliders - Regensburg - 22—23 Mar 2018



Colour Reconnection — idea
Two uncorrelated hard interactions
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Colour Reconnection — idea
Possible rearrangement of colour lines with Preco.
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Diffractive final states
Strictly low mass diffraction only. Allow M? large nonetheless.
M? power-like, t exponential (Regge).
pp — (baryonic cluster) +p .

Hadronic content from cluster fission/decay C — hh...
Cluster may be quite light. If very light, use directly

pp — A+p.

Also double diffraction implemented.

pp — (cluster) + (cluster) pp — A+A.

Technically: new MEs for diffractive processes set up.

N
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Tuned results

ATLAS Min Bias 7 TeV. [ATLAS, New.J.Phys. 13 (2011) 053033]

Charged particle 17 at 7 TeV, track p, > 500 MeV, for N, > 6

FS
T

1/Ney dNen/diy
w
}

35

2.5

1.5 —e— Data

—— LHC-MB, x2/n = 8.15
0.5

—— newSoftMPI, Xz/ n=o,

8

1.4
1.2

MC/Data
"

0.8
0.6

— ]

-2 -1 o 1 2

U

Similar to previous results, “harder part of Min Bias”.
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Tuned results

ATLAS Min Bias 7 TeV. [ATLAS, New.J Phys. 13 (2011) 053033]

Charged particle i at 7 TeV, track p, > 500 MeV, for Nep > 1 Charged particle  at 7 TeV, track p, > 100MeV, for Ng, > 2
5 £ s 7F
S 25 L e = E
5 W W s WMWWM
o el
z Ly 5 i
Z T z B T~ T
< <
= =
—e— Data —e— Data
—— newSoftMPI, x2/n = oi8 —— newSoftMPL, x2/n = oft5
—— LHC-MB, x2/n = 88.22| —— LHC-MB, x2/n = 12.67]
e b b e Ly e b b b Ly
g g
= <
a E a
N <
o o e ==
s E—— s o
g T S T AUV ERRI M CEL e b e b b
-2 -1 o 1 2 -2 -1 o 1 2
n n
Also soft rates well described.
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Tuned results

ATLAS Min Bias 7 TeV. [ATLAS, New.].Phys. 13 (2011) 053033]

Charged particle p, at 7TeV, track p, > 500MeV, for N, > 1 Charged particle p, at 7 TeV, track p| > 100MeV, for N, > 2
5 f s
k2 —e— Data = —— Data
2 o —— newSoftMPI, x2/n = 2.4 3 —— newSoftMPI, x2/n = 3.p4
5 —— LHC-MB, x2/n = 84.74| 3 —— LHC-MB, x2/n = 75.22|
£ 3
o S
< <
— 10~ 5
z z
< <
= 10 =

MC/Data

I | .
1 10"

po [Gevl

Tails? Still within 1o.
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Rapidity based colour reconnection

Colour singlets not only from g7 but also from gqq states

= -

But, baryonic clusters would typically be much heavier
M + My > Mip + My + My

would always/often be reconnected into mesonic clusters.
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Rapidity based colour reconnection

“Closeness” of quarks not based on invariant mass but on
proximity in momentum space.

Consider other quarks” movement based on their rapidity in
reference clusters” CM frame.
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Results

[ALICE, EPJ C75 (2015) 226]

Charged Multiplicity /(s) = 7 TeV

5 1
210t =
= —e— ALICE Data
E —— Herwig 7.1 default
o new model
1072
1077 —
ot L Herwig 7
B b b b b b b v
140
£ 12
< E
SEY
9
S o8
S SR VRN PN IO IO IO |
10 20 30 40 50 60 70
Nen

Idea seems to work.
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Results

[ALICE, EPJ C75 (2015) 226]

7t + 7~ yield in INEL pp collisions at /5 = 7 TeV in [y| < 0.5. K* + K~ yield in INEL pp collisions at \/s = 7 TeV in |y| < 05.

£ w0l s
8 —e— ALICE Data 5] —e— ALICE Data
3 —— Herwig 7.1 default ) —— Herwig 7.1 default
e ~—— baryonic reconnection - ~—— baryonic reconnection
B —— g — 5§ splittings s —— g — s§ splittings
| —— new model z new model
1073
Herwig 7 Herwig 7
ol b b b b ol b b b b i
E =
s s
2 2
a 8 =
S 2
1®) 9
= =
OB b L O R AR RPN (R o S
05 1 15 2 25 3 1 2 3 4 5 6
pr(GeV/0) pr (GeV/0)

Strangeness difficult. ¢ — ss splitting.
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Results

[ALICE, EPJ C75 (2015) 226]

K/ in INEL pp collisions at v/s = 7 TeV in |y| < 05. p/7 in INEL pp collisions at /5 = 7 TeV in [y| < 0.5.
w L
& [
+ L
N
£
=
7
4
+ 5
N g :
¥ # —e— ALICE Data —e— ALICE Data
L —— Herwig 7.1 default —— Herwig 7.1 default
[ ——— baryonic reconnection ——— baryonic reconnection
—— g — 5§ splittings —— g — 55 splittings
Herwig 7 —— new model Herwig 7 —— new model
B N N R R EURTRTETN B N N AR SR B
s
5 ’_‘ﬁ
a
LS e = — W ==
1®)
=
[ PR PR PR T = S s i
1 15 2 05 1 15 2

25 3 25 3
pr(GeV /o) 1 (GeV/c)

Ratios much improved.
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Conclusions

Today’s event generators are very sophisticated tools.

NLO, Matching, Merging, MPI well under control

DIS still immature, but huge potential (— VBF)

First steps with ion collisions are being made
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training studentships

3-6 month fully funded studentships for current PhD

MCnet projects
Pythia+Vincia
Herwig
Sherpa
MadGraph
“Plugin” - Ariadne+HE)

CEDAR - Rivet+Professor

+Contur+hepforge+...

students at one of the MCnet nodes. An excellent opportunity
to really understand and improve the Monte Carlos you use!

Application rounds every 3 months.

for details go to:
www.montecarlonet.org
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2018 MCnet Summer School

on Monte Carlo Event Generators for Large Hadron Collider

nual School of Event Generator Ph,Vs:c
S

sity Prato Centre)
U“ ‘am,Tuscany, ltaly /
\|3\'

o\8
sf’ &
\\)

Lecture topics:

"' . Introduction to Event Generators
. Measurements and Monte Carlok
|- . Showers and Resummation
- From Lagrangians to Events
! . Matching and Merging {\
'« Industrial Applications \Q \
|+ Heavy-lon Modelling

www.mo!
Sponsors:

European Union - Horizon 2020
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Matching MC and NLO on one slide

Solution: subtract doubly counted terms.

()R (x) — O(O)A(X)

(O)nro =BO(0) + VO(0) + / iz 2

(O)ps =BO(0) [1—/ } /de »pl®
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Matching MC and NLO on one slide

Solution: subtract doubly counted terms.

(X)R(x) — O(0)A(x)

1
(O)NLo =BO(0) +VO(0) + / dxo

+/ X ) /de

X
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Matching MC and NLO on one slide

Solution: subtract doubly counted terms.

(X)R(x) — O(0)A(x)

~ 1
(O)Lo =BO(0) + VO(0) + / dxo

X
+ / by / dxO(x
Result (“MC@NLO master formula”)
= 1 BP(x)—Al(x
(O)mcenrLo =O(0) |:B+ V+/ dx#

+/do BP()

Note: (O(0)B ® parton shower) adds back subtracted terms
= NLO result is exactly reproduced after parton shower.
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“Classic” MC and NLO

Implemented as subtractive matching in MC@NLO package
[Frixione, Webber, JHEP 0206:029,2002.]

[Frixione, Nason, Webber, JHEP 0308:007,2003.]

With modified Sudakov form factor as
POWHEG/POWHEG-box

[Nason, hep-ph/0409146; Nason, Ridolfi hep-ph/0606275]

[Frixione, Nason, Ridolfi, 0707.3081, 0707.3088; Frixione, Nason, Oleari, 0709.2092]
Both methods/packages used with Herwig++ as well.

Number of processes implemented independently into
Herwig++ with truncated shower.

In view of “NLO revolution”: can we go beyond?
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