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Motivation ;
- <

Fixed order matrix elements:
e Good for well-seperated jets
e Limited number of jets
Parton showers:
e Good for soft and collinear emissions
e Only approximation of mulit-jet states
Matching:
e Combine the two
Showers move towards using the dipole / antenna framework

~» easier combination with fixed order matrix elements
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Vincia: Antenna Shower

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:
AE::? = exp <_ /dq)ant-A(q)ant)>

= exp (—/d%nt 4o Jal@a, ) So(@,) 55 (SajvsjbysAB)>

fa(za,t) fB(zB,t) *aB

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

= exp (—/d@am dmas %% @ZAB(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

a(Za,t b))
= exp (—/d@am dmas %% GZL;B(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PSZ [Bgom] =

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

= exp (—/d@am 4o %% @ZAB(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PS!, [Bgom] = no branching ¢ — 1

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

a(Za,t b))
= exp (—/d@am dmas %% GZL;B(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PSL [Bgom] = AL B orn

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

= exp (—/d@am 4o %% @ZAB(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PS!, [Beom| = A}, Bgom + branching at t;

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

= exp (—/d@am 4o %% @ZAB(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PSL [B Born} = AL Bgomn + PS f} [A(tl) Aa BBorn}

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

= exp (—/d@am 4o %% @ZAB(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PS1, [Beoml = A}, Beom + branching at t1, no branching ¢t1 — p

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

= exp (—/d@am 4o %% @ZAB(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PSZ [B Born} = AL Bgomn + A:} A(tl) Agl Bgom +

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

a(Za,t b))
= exp (—/d@am dmas %% GZL;B(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PSZ [B Born} = AL Bgomn + A:} A(tl) Agl Bgom +

branching at ¢; and at ¢2

2/11



Vincia: Antenna Shower |
R SNS§N§SININnN9§I§—§5§—— o

Based on antenna factorization:
o of Amplitudes (exact in both the soft and collinear limits).

¢ of Phase Space (d®,,+1 = d®an d®,, with exact momentum conservation).

The Sudakov factor (no-emission probability), for AB — ajb:

A:::? = exp <_ /dq)ant-A(q)ant))

a(Ta,t ,t) g
= exp (—/d@am 4o %% GZL;B(Saijb,SAB))

Generate an all-orders approximation based on universal parts of amplitudes:

PSZ [B Born} = AL Bgomn + A:} A(tl) Agl Bgom +
PS[2 [Alt) AfL A(t1) AY, Baon]

2/11



Vincia: Antenna Shower

tstart _ fa(@ast) folzp,t) o
iz = emp (= f b dma B W s an)

Ingredients for ISR shower:
e Radiation Functions [Ritzmann, Kosower, Skands, Phys. Lett. B 718 (2013) 1345]

¢ Recoil Strategy:
J

A a j A K a k
e S S e
B b B B

Initial-Initial: Initial-Final:
o Fixed beam directions o Fixed beam direction
o Fixed invariant mass and rapidity of the recoiler o No recoils outside the antenna
system

e Phase Space factorization: d®ant expressed in sq;, 551, and ¢; or
Sajs Sjk, and @;
e Choose evolution variable Q% and complementary variable ¢ and express phase
space with new variables
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Vincia: Antenna Shower

* Phase Space: Express in evolution variable Q% and complementary variable ¢
¢ Gluon emission (double-pole):

a i o lLEi a i
Initial-Initial: AX ”>\< Initial-Final- AXK% ><< K
i b B B

Q2 __ SajSjb __ SajSjb Q2 __ _SajSjk
1n— 1IF—

Sab  SABtSajtsjp SAK TSk

transverse momentum wrt the beam

Q=2 GF = ;. AK—
Sab SAK TS5k
50
40
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Sip
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o]
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e Splitting / Conversion processes (single-pole):

evolve in sqj, s;b, OF s respectively (gluon / quark virtuality)
411



Including LO matrix elements

The aim:

e Combine shower and matrix elements

The idea:
e Start from approximate all-orders structure of the shower
¢ Impose higher orders LO matrix elements as finite multiplicative corrections
e Markovian setup to limit number of clusterings to perform

¢ Fill all of phase space

Other approaches:
e Parton showers are history-dependent and have dead zones
o Add different event samples

¢ Typically need an initialization step
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Matrix Element Corrections for pp — 7 + X

Recap of the shower expansion: start at largest scale s, (fo = faofBo)

PSitn [folsnn) [Mz[?] =
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evemgweigm Jo (’”i) ‘2

fo(snn)

AP fo(shn)
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N t R
+ AR }C;Eti; fo(snn) A(t1) AR | Mz|?
2
MEC g f1(t1) A(4) ASHR s |[Mz;(t)]
T ey T A B MR ) T
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Matrix Element Corrections for pp — 7 + X f‘ e

Recap of the shower expansion: start at largest scale sy, ( fo=fa, fBO)
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Matrix Element Corrections for pp — 7 + X ‘r @

Recap of the shower expansion: start at largest scale sy, ( fo=fa, fBO)
PS jih [fO(Shh) |Mz|2] =

Askh fo(m%) [Mz[*  reweighted

g fi1(t1)
B fo(t)
)

ip f2(t2) f(t , . i s
+ AY ffgtz) f;&; Jo(max(m?. 1)) O(f1, t2) A(t2) Afk AP" | M)

+ A

Fo(max(m, t1)) AZ* | Mz (t1)[* MEC, reweighted
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Matrix Element Corrections for pp — Z + X e

Recap of the shower expansion: start at largest scale sy, (fo = faofBo)
PS ;hh [fO(Shh) |Mz|2] =
Askh fo(m%) [Mz[*  reweighted

7 Ji(ta)
A )
)

2 ﬁfﬁi; ?EZ; folmax(m. 1)) O(fr, t2) A(ta) Ay A" |Mo;(t1)[*

0
MEC i, f2(t2) fi(t1)
i 1(t2) fo(t1)

‘/‘()(max(m‘f;‘h)) A‘:fh |MZ]' (t1)|2 MEC, reweighted

+ A

f(](max(m,zz,lx)) O(El,tz)A(tg) Ag Aflhh {sz(tl)‘z’

‘ [ Mz (t2)[”
Y O(f1, t2)A(t2) |Mz;(t1)]?
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Recap of the shower expansion: start at largest scale sy,
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iy fi(ta)
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Matrix Element Corrections for pp — 7 + X

Recap of the shower expansion: start at largest scale sy,
PSitn [folsnn) [Mz[?] =
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iy fi(ta)
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Matrix Element Corrections for pp — 7 + X

e Matrix element correction:

scale of clustering
= min( scale of possible
second clustering )

IMzini1({Pzens1D)I? t
SO, t) A(t) Mg yn({Bz4n})|

Pn+1:

o>
|

o Traditional parton showers are strongly ordered: O(%,t) = ©(f — t) — dead zone!

e Instead: allow unordering with

©(f —t) clustering in an “ordered” antenna,

. t -
O(t,t) = T clustering in an “unordered” antenna,

1 for the first branching.

Denominator cancels exactly with the shower due to the Markovian setup.

o Factorization scale strictly ordered to ensure correct evolution for the PDFs.
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Matrix Element Corrections for pp — 7 + X

Compare Matrix element with the shower for qg — Zgg:

R S PS paths - |[Mz(myz)|? 1
5 = - =
|Mzgq(1,2;2,3,4) 7 Ps

with sum over shower paths

> PSpaths - [Mz(mz)|* = O(is, ts) ALF(1,4,3) AL (13,2,34) [IMz(mz)|* +

ts*» — >\/VV\/\/
)

Ol ta) AF¥(2,3,4) A1 (1,24,34) Mz (mz)|?

~ t, @ty te
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Matrix Element Corrections for pp — 7 + X

Compare Matrix element with the shower for g7 — Zgg:

R — 2= PSpaths - |Mz(mz)|®
5 —
|Mzgq(1,2;2,3,4)

O(t,t) =0 —t) O(t,t)
<log, (R)> qq - ggZ strong ordering

log, (1)

log, (1)

2 3
1og, (f/nt)

o
it

<log, (R)> qg - ggZ smooth ordering

2 3
log, (€/nt)
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Matrix Element Corrections for pp — 7 + X

Compare Matrix element with the shower for g7 — Zgg:

R — 2= PSpaths - |Mz(mz)|®
\ =
|Mzge(1,2; 2,3,4)|

O(t,t) =0 —t) O(t,t) = i

<log, (R)> qq - ggZ smooth ordering

<|Ogm(R3)> qq - ggZ strong ordering

log, (1)

2 3
1og, (f/nt)

2 3
1og, (f/nt)
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A Result =

Z p, reconstructed from dressed electrons
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—e— ATLAS Data
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2. matrix element corrections up to Zjj,
one-loop running with as(mz) = 0.138

uu&”mw\ Gl ol

"
S

|

MC/Data

| |
10" 10?
P (ee) [GeV]

911



A Result

"
S

Z p, reconstructed from dressed electrons
1

—
o

10

1/0do/dp, [GeV™]

100
1.4
1.2

MC/Data

0.8
0.6

—e— ATLAS Data
—— Vincia MEC, one-loop as
—— Vincia MEC, two-loop a;

\\H}\‘l\umu‘ Gl il

el el T
T ] it
— —— E
S BT R
1 10" 10?

P (ee) [GeV]

2. matrix element corrections up to Zjj,
one-loop running with as(mz) = 0.138

3. matrix element corrections up to Zjj,
two-loop running with as(mz) = 0.122

and CMW-rescaling
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Speed Comparison

Initialization Time (Building and Compiling MEs)
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— VINCIA + MADGRAPH

w =

number of jets
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Speed Comparison

time/s

Initialization Time + Precalculation of Cross Sections

=== SHERPA
— VINCIA + MADGRAPH
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number of jets
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* Qout = 5GeV

e Shower only, no hadronization, no MPI
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AlT |Mg)? = [ Mz,

w =

number of jets
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Outlook e

1. Generalize the matrix element correction framework to arbitrary
LHC processes

2. Include QED radiation
3. Include loop corrections
4. Extend to top physics
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More Results
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