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Status after LHC “run I”

> Scalar at 125 GeV found, study of properties begun
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» In general no smoking-gun signal of new-physics

ATLAS SUSY Searches* - 95% CL Lower Limits.

ATL
Seaus-zont s

Line)

Situation will (hopefully) change at 13-14 TeV. If not, then we have J

to look in small deviations wrt SM: “precision physics”.
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Where are QCD precision and MC important?

: s-channel resonance : BDT output

CMS, 3.7 fb", 2012, {s =8 TeV
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- s-channel resonance “easy” to discover; Higgs discovery in v+ and ZZ belongs to

- Some analysis techniques (e.g. ) heavily relies on using MC event generators to
separate signal and backgrounds

- MC very often needed also in more standard analysis...
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Where are QCD precision and MC important?

Events / bin

: jet-binned x-section : high-pt excess
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For and , need to control as much as possible QCD effects (i.e. rates and shapes,
and also uncertainties!).

Similar issues when extracting a SM parameters very precisely (e.g. the W mass).
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Where are QCD precision and MC important?

: jet-binned x-section : high-pt excess
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- at some level, MC event generators enter in almost all experimental analyses

precise tools = smaller uncertainties on measured quantities

“small” deviations from SM accessible




Event generators: what they are?

ideal world: high-energy collision and detection of elementary particles
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Event generators: what they are?

ideal world: high-energy collision and detection of elementary particles
real world: 1%

» collide non-elementary particles \ A

> we detect e, u, v,hadrons, “missing energy” ';\\‘."& ;
=S W4

> we want to predict final state
- realistically
- precisely
- from first principles

[sherpa’s artistic view]
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Event generators: what they are?

ideal world: high-energy collision and detection of elementary particles
real world:

» collide non-elementary particles N 2

> we detect e, u, v,hadrons, “missing energy” '1.:9.'{:& \
&~

> we want to predict final state
- realistically
- precisely
- from first principles

= full event simulation needed to:
- compare theory and data
- estimate how backgrounds affect signal region
- test/build analysis techniques

[sherpa’s artistic view]
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Event generators: what they are?

ideal world: high-energy collision and detection of elementary particles
real world:

. ¥
» collide non-elementary particles N s "\\
“ice] 5o esiig® =
> we detect e, i, v,hadrons, “missing energy” "3:* ng\
(SRS /. %\

Tt
> we want to predict final state = e
- realistically P )
- precisely

- from first principles

» hard scattering: QCD, EW, BSM (fixed order) 1= Q> Aacop

» multiple soft and collinear emissions Aqep < 1< Q
— pQCD (parton shower approximation)

> large distance: hadronisation 1~ Aacp
— non-perturbative QCD — phenomenological models, tuned on data.




Event generators: what'’s the output?

> in practice:
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Plan of the talk

1. brief review how these tools work
2. discuss how their accuracy can be improved

3. explain how to build an event generator that is
NNLO accurate (NNLOPS)

34



parton showers and fixed order |




Parton showers |

- connect the hard scattering (¢ ~ Q) with the final state hadrons (1 =~ Aqcp)
- need to simulate production of many quarks and gluons
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Parton showers |

- connect the hard scattering (¢ ~ Q) with the final state hadrons (1 =~ Aqcp)

- need to simulate production of many quarks and gluons

1. start from low multiplicity at high Q@
2. quarks and gluons are color-charged = they radiate
3. soft-collinear emissions are ennhanced:
1 1
(p1 +p2)?  2E1E5(1 — cos0)

4. in soft-collinear limit, factorization properties of QCD
amplitudes

ag dt dy
| Mn17d@pi1 — [Ma|?d®pn  — — Py qq(2)dz=—
2w t 2
z = Ico/(k0 + lO) quark energy fraction
t = {(k + l)z, l%, E292} splitting hardness

l+z2
Pq,q9(z) = Cr 1=

AP splitting function
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Parton showers |

- connect the hard scattering (¢ ~ Q) with the final state hadrons (1 =~ Aqcp)

- need to simulate production of many quarks and gluons

1. start from low multiplicity at high Q@
2. quarks and gluons are color-charged = they radiate

3. soft-collinear emissions are ennhanced:
1 _ 1
(p1 +p2)2  2E1E2(1 — cos0)

4. in soft-collinear limit, factorization properties of QCD
amplitudes

Mg 2dPnir — [Mn|?der %?Pq,qg(z)dz;l—:
z = Ico/(k0 + lO) quark energy fraction
t = {(k + l)z, l?p, E292} splitting hardness
1+ 22

Pq,q9(z) = Cr AP splitting function

1—

probabilistic interpretation!

8
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Parton showers Il

5. dominant contributions for multiparticle production
due to strongly ordered emissions

t1 > tg > t3... ta
te
6. at any given order, we also have virtual corrections: t,
for consistency we should include them with the
same approximation

> LL virtual contributions included by assigning to each internal line a Sudakov form factor:

Aq (tz,tz+1 eXP|: Z/tb dt,/aS(t abc(Z) dZ:|

(be) ¥ tit
> A, corresponds to the probability of having no resolved emission between ¢; and ¢;1 off
a line of flavour a

K& resummation of collinear logarithms

7. Atscales u ~ Aqcp, as 2 1 and hadrons form: non-perturbative effect, simulated with
models fitted to data
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Parton showers: summary

dosnc = |Mp|2ddp { }

dop
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Parton showers: summary

dosnc = |MB‘2d‘I>B {A(tmamto) }
—————

dop

tmax s 1
A(tmax, t) = exp {— / e’ & P(z’)}
t

o
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Parton showers: summary

dO’sMc = |MB ‘qu)B {A(tmax’ tO)“l‘A(tmax’ t) dPemiS(t) }
| —— ——
dop 52 §P(z) dor

tmax s 1
A(tmax, t) = exp {—/ ! a—fP(z/)}
t

o
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Parton showers: summary

dUSMC = |MB‘2dq>B {A(tmam t0)+A(tmax, t) dpemis(t) {A(t,to) + A(t’ t/)dpemis(t/)}}
| —— ——

dop g 1p(z) do, t'<t

tmax s 1
A(tmax, t) = exp {—/ ! a—fP(z/)}
t

o
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Parton showers: summary

dUSMC = |MB‘2dq>B {A(tmam tO)"‘A(tmaxa t) dpemis(t) {A(t,to) + A(t’ t/)dpemis(t/)}}
| —— ——

dop g 1p(z) do, t'<t

tmax s 1
A(tmax, t) = exp {—/ ! a—fP(z/)}
t

"ot

A
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Parton showers: summary

dUSMC = ‘MB ‘qu)B {A(tmax, tO)“‘A(tmax, t) dpemis(t) {A(t7 tO) + A(t’ t/)dpemis(t/)}}
[ —— ——

dop g 1p(z) do, t'<t

"ot

tmax s 1
A(tmax, t) = exp {—/ ! a—fP(z/)}
t

s
8

ey

This is “LOPS” |

- A parton shower changes shapes, not the overall normalization, which stays LO (unitarity)
10/34



Do they work?

19.7 b ee and pu (8 TeV)
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> ok when observables dominated by soft-collinear radiation V]
> not surprisingly, they fail when looking for hard multijet kinematics [)(]
> they are only LO+LL accurate (whereas we want (N)NLO QCD corrections) <1

= Not enough if interested in precision (10% or less), or in multijet regions
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Next-to-Leading Order

as ~ 0.1 = to improve the accuracy, use exact perturbative expansion

LO: Leading Order

2 . A i
do= dowo + ( ;_i ) s + ( %sr ) Ao + . -l\-l.LO. Next-to-Leading Order
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Next-to-Leading Order

as ~ 0.1 = to improve the accuracy, use exact perturbative expansion

2
do = doo + (E) dono  + (7as) donnio + -
2T 2T

" Why NLO is important?

» first order where rates are reliable
> shapes are, in general, better described

> possible to attach sensible theoretical
uncertainties

LO: Leading Order
NLO: Next-to-Leading Order

£, > 0Gev. My

R = 04 [sscone]

W +3jets + X -- LO
— NLO

Vs = 14Tev

By=2M, = 160838Gev ]

> 20Gev
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Next-to-Leading Order

as ~ 0.1 = to improve the accuracy, use exact perturbative expansion

LO: Leading Order
2 . - i
do= dowo + ( ;_; ) s + < %sr ) Ao + . r\.llLO. Next-to-Leading Order

" Why NLO is important?

. . Vs =
» first order where rates are reliable e
4 'h —
» shapes are, in general, better described MRS/T;‘;“ P:f:
— my/2 £ p £ 2my
> possible to attach sensible theoretical T B
uncertainties o i
2 pe%lole0t; —
! 1
IZ" When NNLO is n ?
e ‘O s needed i ‘ ‘ e
» NLO corrections large ° ! 2 s ¢

> very high-precision needed plot from [Anastasiou et al., ‘03]

= Drell-Yan, Higgs, ¢t production
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PS vs. NLO

parton showers

v/ precision v realistic + flexible tools

v/ nowadays this is the standard v/ widely used by experimental coll's
X limited multiplicity X limited precision (LO)

X (fail when resummation needed) X (fail when multiple hard jets)

KZ" can we merge them and build an NLOPS generator?
Problem:
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PS vs. NLO

parton showers

v/ precision v realistic + flexible tools

v/ nowadays this is the standard v/ widely used by experimental coll's
X limited multiplicity X limited precision (LO)

X (fail when resummation needed) X (fail when multiple hard jets)

KZ" can we merge them and build an NLOPS generator?
Problem: overlapping regions!

. £

v/ many proposals, 2 well-established methods available to solve this problem:
MC@NLO and POWHEG [Frixione-Webber '03, Nason '04]
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matching NLO and PS J

» POWHEG (POsitive Weight Hardest Emission Generator)
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NLOPS: POWHEG |

D, min s R <I>n,<I>T
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NLOPS: POWHEG |

_ >,,®,
dopow = d®, B(®,) {A(@n,kmm)+A(<I>n,kT) WR< )d<1>r} J

(n)
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NLOPS: POWHEG |

B(®,) = B(2,) = B®.) + 5[V + [ R(®uia) do, \

dovow = @, B(®,) {B(0u k) + A kg K0 | J

2r B(®n)

A

/]|

Aty t) = A(@p; k) =exp{ R ‘1’ ‘I" r) d. }
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NLOPS: POWHEG Il

; as R(®p, Dr)
d = d®p, B(Bn) 4 A(®n; KBD) 4+ A(Bn; kr) 22 00 Or) g
TPOW ( ){ ( )+ A( T)2Tr B(®n) } J

[+ pT-vetoing subsequent emissions, to avoid double-counting]

- inclusive observables: @NLO

- first hard emission: full tree level ME This is “NLOPS” |
- (N)LL resummation of collinear/soft logs

- extra jets in the shower approximation
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NLOPS: POWHEG Il

: as R(®n, ®,)
d = d®p, B(Bn) 4 A(®n; KBD) 4+ A(Bn; kr) 22 00 Or) g
TPOW ( ){ ( )+ A( T)2TI' B(®n) } J

[+ p-vetoing subsequent emissions, to avoid double-counting]

- inclusive observables: @NLO

- first hard emission: full tree level ME This is “NLOPS” |
- (N)LL resummation of collinear/soft logs

- extra jets in the shower approximation

POWHEG BOX [Alioli,Nason,Oleari,ER '10]

> large library of SM processes, (largely) automated

> widely used by LHC collaborations and other theorists, also thanks to standardised
interfaces (BLHA)

> not really a closed chapter; some important issues are still to be addressed...
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NNLO+PS: why and where?

NLO(+PS) not always enough: NNLO needed when

1. large NLO/LO “K-factor”
[as in Higgs Physics]

2. very high precision needed
[e.g. Drell-Yan, top pairs]

> last couple of years:
huge progress in NNLO
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NNLO+PS: why and where?

NLO(+PS) not always enough: NNLO needed when

1. large NLO/LO “K-factor”
[as in Higgs Physics]

Vs = 14 TeV
m, = 120 GeV
MRST2001 pdfs

my/2 £ p £ 2my

2. very high precision needed
[e.g. Drell-Yan, top pairs] +

o [pb]

> last couple of years:
huge progress in NNLO 2

:

o
2
@
-

[Anastasiou et al., '03]
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NLO(+PS) not always enough: NNLO needed when

1. large NLO/LO “K-factor”
[as in Higgs Physics]

2. very high precision needed
[e.g. Drell-Yan, top pairs]

> last couple of years:
huge progress in NNLO

Q: can we merge NNLO and PS?

o [pb]

Vs = 14 TeV
m, = 120 GeV
MRST2001 pdfs

my/2 £ p £ 2my

sz I
4

[Anastasiou et al., ‘03]
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NNLO+PS: why and where?

NLO(+PS) not always enough: NNLO needed when

1. large NLO/LO “K-factor”
[as in Higgs Physics]

2. very high precision needed
[e.g. Drell-Yan, top pairs]

Vs = 14 TeV
m, = 120 GeV
MRST2001 pdfs

my/2 £ p £ 2my

o [pb]

> last couple of years:
huge progress in NNLO

sz I
3 4

Q: can we merge NNLO and PS?

[Anastasiou et al., '03]

I¥” realistic event generation with state-of-the-art perturbative accuracy !
i5” important for precision studies for several processes

» method presented here: based on POWHEG+MiNLO, used so far for
- Higgs production [Hamilton,Nason,ER,Zanderighi, 1309.0017]
- neutral & charged Drell-Yan [Karlberg,ER,Zanderighi, 1407.2940]
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towards NNLO+PS

» what do we need and what do we already have?

H (inclusive) | H+j (inclusive) | H+2j (inclusive)
H @ NLOPS NLO LO shower
HJ @ NLOPS / NLO LO
H @ NNLOPS [ NNLO [ NLO LO
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towards NNLO+PS

» what do we need and what do we already have?

H (inclusive) | H+j (inclusive) | H+2j (inclusive)
H @ NLOPS NLO LO shower
HJ @ NLOPS / NLO LO
H-HJ @ NLOPS NLO NLO LO
H @ NNLOPS NNLO NLO LO

5" a merged H-HJ generator is almost OK

» many of the multijet NLO+PS merging approaches work by combining 2 (or
more) NLO+PS generators, introducing a merging scale

» POWHEG + MiNLO: no need of merging scale: it extends the validity of an NLO
computation with jets in the final state to phase-space regions where jets
become unresolved

rest of the talk: explain how to do this...

18/34



rest of the talk:

Higgs at NNLO:

S

#loops: 0 1 2 # loops: 0 1 # loops: 0
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rest of the talk:
Higgs at NNLO:

e et

#loops: 0 1 2 # loops: 0 1 loops: 0

qr

mp E

(a) 1and 2 jets: POWHEG H+1j
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rest of the talk:

Higgs at NNLO:

S

#loops: 0 1 2 # loops: 0 1 # loops: 0

1
1
v Algnma)
1

ar Algr,qr)
/ mp

A(gr, mp) A(gr, ar)

(b) - integrate down to ¢gr = 0 with MiNLO
- “Improved MINLO” allows to build a H-HJ @ NLOPS generator

(a) 1and 2 jets: POWHEG H+1j
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rest of the talk:

Higgs at NNLO:

o e et

#loops: 0 1 2 # loops: 0 1 # loops: 0

1
1
v Algnma)
1

ar Algr,qr)
/ mp

A(gr, mp) A(qr. qr)

(c) 2 loops missing: from exact fixed-order NNLO
_ dCT(y)NNLo
dU’(y)MiNLo

(b) - integrate down to gr = 0 with MiNLO
- “Improved MINLO” allows to build a H-HJ @ NLOPS generator

(a) 1and 2 jets: POWHEG H+1j

Wi(y)
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NLOPS merging J

» MINLO (Multiscale Improved NLO)

20/34



MiNLO

Multiscale Improved NLO [Hamilton,Nason,Zanderighi, 1206.3572]
» original goal: method to a-priori choose scales in multijet NLO computation

> non-trivial task, since phase space is by construction probed also in presence of widely
separated energy scales

21/34



MiNLO

Multiscale Improved NLO

>

>

original goal: method to a-priori choose scales in multijet NLO computation

non-trivial task, since phase space is by construction probed also in presence of widely
separated energy scales
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L T T T T T T T F I L L L L AL L B B
[ W +3jets+X  —- L0 [ W +3jets+X  —- L0
_0'E — NLO 3 —W0'F — NLO 3
> = s = 14Tev | > £ Vs = 14Tev |
) E 1 2 £ 1
S r 1 8 I ]
< <
2 ] 12 ]l
-0k . . ER . 3
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M = ET,W /J = HT

plot from [Berger et al., '09]
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MiNLO

Multiscale Improved NLO [Hamilton,Nason,Zanderighi, 1206.3572]
» original goal: method to a-priori choose scales in multijet NLO computation

> how: correct weights of different NLO terms with CKKW-inspired approach (without
spoiling formal NLO accuracy)
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Multiscale Improved NLO [Hamilton,Nason,Zanderighi, 1206.3572]
» original goal: method to a-priori choose scales in multijet NLO computation

» how: correct weights of different NLO terms with CKKW-inspired approach (without
spoiling formal NLO accuracy)

- for each point sampled, build the “more-likely” shower history that would have
produced that kinematics (can be done by clustering kinematics with k-algo, then,
by undoing the clustering, build “skeleton”)

- “CKKW-correct” original NLO: as evaluated at nodal scales and Sudakov FFs
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Multiscale Improved NLO [Hamilton,Nason,Zanderighi, 1206.3572]
» original goal: method to a-priori choose scales in multijet NLO computation

» how: correct weights of different NLO terms with CKKW-inspired approach (without
spoiling formal NLO accuracy)

Bxio = od(ur) [B+ asV (ur) + as / a0, R

qr

mp
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MiNLO

Multiscale Improved NLO [Hamilton,Nason,Zanderighi, 1206.3572]
» original goal: method to a-priori choose scales in multijet NLO computation

» how: correct weights of different NLO terms with CKKW-inspired approach (without
spoiling formal NLO accuracy)

Bxio = od(ur) [B+ asV (ur) + as / a0, R

Buinro = o (mn)as(qr) A% (g, ma) [B (1 —2A (ar, mh)) +as V(ir) +as /dq)rR]

1 _ 2 1/3
. AR = (miar)"/
v Agr,m m2 dq2? 2 2
X (qr, mp) ) logAf(qT,mh):—/Qh qu as(q )[Aflogm—;—O—Bf}
! ar Algr,gr) 2 @ 27 q
2 2
1 agrl m m
/ my, . AE ) (ap, mp) = o [5‘41,f10g2 Tzh + Byt log T;]
T T

- MF =4T

Alqr,my)
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MINLO

Multiscale Improved NLO [Hamilton,Nason,Zanderighi, 1206.3572]
» original goal: method to a-priori choose scales in multijet NLO computation

> how: correct weights of different NLO terms with CKKW-inspired approach (without
spoiling formal NLO accuracy)

Bnro = od(pr) [B + asV(ur) + os /dérR]

Buinvo = o (mp)as(qr) A% (gr, mp) [B (1 - QAél)(QT, mh)) +asV(ir) + as /d<I>rR]

Algr, mp)
qr A(gr, ar)

B¥" Sudakov FF included on H+j
Born kinematics

o

Alqr,my)

» MiNLO-improved HJ yields finite results also when 1st jet is unresolved (g — 0)
> BMiNLO ideal to extend validity of HJ-POWHEG [called “#7-MiNLO” hereatter]
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“Improved” MINLO & NLOPS merging

» formal accuracy of HJ-MiNLO for inclusive observables carefully investigated
[Hamilton et al., 1212.4504]

» HJ-MiNLO describes inclusive observables at order as

> to reach genuine NLO when fully inclusive (NLO(®), “spurious” terms must be of relative
order a2, i.e.
Onj—miNLo = Oganro + O((X§+2) if O is inclusive

» “Original MiNLO” contains ambiguous “O(a2™1%)" terms
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» HJ-MiNLO describes inclusive observables at order as

> to reach genuine NLO when fully inclusive (NLO(®), “spurious” terms must be of relative
order a2, i.e.

Onj—miNLo = Oganro + O(Oc§+2) if O is inclusive
» “Original MiNLO” contains ambiguous “O(a2™1%)" terms

> Possible to improve HJ-MiNLO such that inclusive NLO is recovered (NLO(®), without
spoiling NLO accuracy of H+j (NLO™M).

» accurate control of subleading small-pz logarithms is needed
(scaling in low-pr region is asL? ~ 1, i.e. L ~ 1/ /as )
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“Improved” MINLO & NLOPS merging

» formal accuracy of HJ-MiNLO for inclusive observables carefully investigated
[Hamilton et al., 1212.4504]

» HJ-MiNLO describes inclusive observables at order as

> to reach genuine NLO when fully inclusive (NLO(®), “spurious” terms must be of relative
order a2, i.e.

Onj—miNLo = Oganro + O(Oc§+2) if O is inclusive
» “Original MiNLO” contains ambiguous “O(a2™1%)" terms

> Possible to improve HJ-MiNLO such that inclusive NLO is recovered (NLO(®), without
spoiling NLO accuracy of H+j (NLO™M).

» accurate control of subleading small-pz logarithms is needed
(scaling in low-pr region is asL? ~ 1, i.e. L ~ 1/ /as )

Effectively as if we merged NLO® and NLO®W samples, without merging different
samples (no merging scale used: there is just one sample).
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“Improved” MINLO & NLOPS merging

» Resummation formula

do d
didy = Uoqu% {[Cga ® fal(za,q7) X [Cgp ® fol(zB,qT) X exp S(QTyQ)} + Ry
Q* dg® as(q?) Q?
S =-2 — ——21Arlog— + B
(a7, Q) /qT o2 [y 108 % 4 ]

v

If CZ.(;) included and R is LO("), then upon integration we get NLO(®)

v

Take derivative, then compare with MiNLO :

1
~ ooq—z[as,, ad,af,asL,aiL,a3L, aiLlexp S(qr, Q) + Ry L = log(Q*/¢%)
T

v

highlighted terms are needed to reach NLO(®:
@ dg} n—(m
/ ﬂLmasn(qT) exp S ~ (O‘s(QQ)) (m+1)/2

(scaling in low-py region is agL? ~ 11)

v

if | don’t include Bs in MiNLO Ay, | miss a term (1/¢%) Bsexp S

> upon integration, violate NLO(®) by a term of relative O(a2/?)
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MiNLO merging: results

do/dys [pb

ratio

10!

10[] L

H+Pythia /==
HJ+Pythia —

do/dys [pb

ratio

10!

10[] [

107!

1072

[Hamilton et al., 1212.4504]

HJ+Pythia 3
H+Pythia —

> “H+Pythia”: standalone POWHEG (g9 — H) + PYTHIA (PS level) [7pts band, u = my]
> “HJ+Pythia”: HJ-MiNLO* + PYTHIA (PS level) [7pts band, x from MiNLO]

> very good agreement (both value and band)

IZ" Notice: band is ~ 20 — 30%

v
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matching NNLO with PS |

» Higgs and Drell-Yan production at NNLOPS
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Higgs at NNLO+PS |

» HJ-MiNLO+POWHEG generator gives H-HJ @ NLOPS

H (inclusive) | H+j (inclusive) | H+2j (inclusive)
v/ H-HJ @ NLOPS NLO NLO LO
H @ NNLOPS NNLO NLO LO
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Higgs at NNLO+PS |

» HJ-MiNLO+POWHEG generator gives H-HJ @ NLOPS

H (inclusive) | H+j (inclusive) | H+2j (inclusive)
v/ H-HJ @ NLOPS NLO NLO LO
H @ NNLOPS NNLO NLO LO

» reweighting (differential on ® ) of “MiNLO-generated” events:

W (®p) = ("%’B)NNLO

(#)
4®5 ) Hj_MiNLO*

» by construction NNLO accuracy on fully inclusive observables (ctot, yz; mee, -..) [v']

> to reach NNLOPS accuracy, need to be sure that the reweighting doesn’t spoil the
NLO accuracy of HJ-MiNLO in 1-jet region [ 1]



Higgs at NNLO+PS

» HJ-MiNLO+POWHEG generator gives H-HJ @ NLOPS

H (inclusive) | H+j (inclusive) | H+2j (inclusive)
v/ H-HJ @ NLOPS NLO NLO LO
v"H @ NNLOPS NNLO NLO LO
» reweighting (differential on ® ) of “MiNLO-generated” events:
(%TB) alco + crad + cpad c2 — do
W (®p) = NNLO . C5C0 T8 S~1+ af + O(af)

(#)
4®5 ) Hj_MiNLO*

aZco + crad + daad

Co

» by construction NNLO accuracy on fully inclusive observables (ctot, yz; meg, -..) [v']

> to reach NNLOPS accuracy, need to be sure that the reweighting doesn’t spoil the

NLO accuracy of HJ-MiNLO in 1-jet region

V]
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Higgs at NNLO+PS |

» HJ-MiNLO+POWHEG generator gives H-HJ

@ NLOPS

H (inclusive) | H+j (inclusive) | H+2j (inclusive)
v/ H-HJ @ NLOPS NLO NLO LO
v"H @ NNLOPS NNLO NLO LO
» reweighting (differential on ® ) of “MiNLO-generated” events:
(d?ITUB) aZco + ol + caad co2—d
W(®p) = NNLO - S50 L T 14+ 220l 4 0

( do ) adco + 1
4®5 ) Hj_MiNLO*

(}tg =+ dzaé

Co

(a3)

» by construction NNLO accuracy on fully inclusive observables (ctot, yz; meg, -..) [v']

> to reach NNLOPS accuracy, need to be sure that the reweighting doesn’t spoil the

NLO accuracy of HJ-MiNLO in 1-jet region

V]

> notice: formally works because no spurious O(a271%) terms in H-HJ @ NLOPS
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H@NNLOPS (fully incl.)

To reweight, use yyy

» NNLO with p = mpg /2, HI-MiNLO “core scale” my [NNLO from BNNLO, Catani,Grazzini]
> (7ami X 3nN) pts scale var. in NNLOPS, 7pts in NNLO

10! 10!
g 100} 1 g w0 f
> _ > _
T g 107! ]
S S
1072 E Nnvops [ 3 1072 Hyneo \3
HNNLO NNLOPS \\
o 11— T T T T 5 1l T T T
£ 1.0 H— + E 1.0 e
A9 — s 09— ‘*i
4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4
y y
I&” Notice: band is 10% (at NLO would be ~ 20-30%) v

[Until and including O(aé), PS effects don't affect y g7 (first 2 emissions controlled properly at O(aé) by MiINLO+POWHEG)]
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H@NNLOPS (pi)

— 100 — 100

% Nnrops 0] % HoT

g 10! HQT —— Q 10! NNLOPS ]

2 g .

1072 1072 ]

[« [=0

T 03 % 103 [ = |

3 8

o 14F T T T ———— 1.4 F T T : : : g

2 1.0 AN S ———e——

‘;g 0.6 L L . L L E| ,3? 0.6 £ L L L L L B
0 50 100 150 200 250 300 0 50 100 150 200 250 300

pi [GeV] pi [GeV]
> HgT: NNLL+NNLO, g = up = mg /2 [7pts], Qres =mm/2 [HqT, Bozzi et al.]

v/ uncertainty bands of HgT contain NNLOPS at low-/moderate pr

» HqT tail harder than NNLOPS tail (urqr < 7 pMiNLO™)
HJ @ NNLO will allow to say more for large pr, i

> very good agreement with HQT resummation
[“~ expected”, since Qres = my /2, and g = 1/2]
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H@NNLOPS ()

1.0 . . — 1.0 T T — T
Nnvops [ ] JerVHero [
-~ 0.8 JETVHETO -~ 0.8 | NNLOPS
A 0.6+ A 06}
© ©
04+ Anti—kyp 0.4 Anti—kr
R=1.0 R=1.0
3 11 . . ——— z 11 T T — T
g > g 10
¥ 09 ‘ L, 1§09 s L
10 20 30 50 70 100 10 20 30 50 70 100
Prveto [GEV] Pr.veto [GeV]
_ E(pT,veto) _ j1
€(pT,vem) = T = E /do‘ 0 (PT,veto —pT)

> JetVHeto: NNLL resum, ur = pp = mp /2 [7pts], Qres

myg /2, (a)-scheme only
[JetVHeto, Banfi et al.]

> nice agreement, differences never more than 5-6 %

1" Separation of H — WW from tt bkg: x-sec binned in Njet
0-jet bin < jet-veto accurate predictions needed !
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Z@NNLOPS, PS level

To

350
300

P R N
a o a
S & o

do/dyz [pb]

100

reweight, use (yu, Myyg, COS 04)

T T T 10° T T
L LHC 14TeV | = LHC 14 TeV
L 1 < - =
| g 4
m & - =
- - DYNNLO = !E \ = —
. 10 4
L ﬂmg:g I DYNNLO ==
| I I I I | I I I = Zj-MiNLO —— —

(7w X 3NN) pts scale var. in NNLOPS, 7pts in NNLO

agreement with DYNNLO
scale uncertainty reduction wrt zJ-MiNLO

my [GeV]
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W@NNLOPS, PS level

10° T

=)
i
T

do/dpr,| [pb/GeV]
3
T

LHC 7 TeV

T

DYNNLO ———
Wj-MiINLO ——
NNLOPS —— 4

o,
o

o,
o

do/dpr, [pb/GeV]
> =)
2 2

T T
DYNNLO

Wj-MINLO ——
NNLOPS ——

0 20 40 60 80 100 120
P, [GeV]

> not the observables we are using to do the NNLO reweighting

- observe exactly what we expect:

pr,[GeV]

pr,¢ has NNLO uncertainty if pr < My /2, NLO if pp > My /2

- smooth behaviour when close to Jacobian peak (also with small bins)
(due to resummation of logs at small pr v/)

> just above peak, DYNNLO uses pu = Myy, WI-MiNLO US€S p = pr,w
- here 0 < pr,w < Mw (so resummation region does contribute)
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Vector boson: comparison with data (pr z, ¢*)

a L T | 102 T T
10! —— LHC 7 TeV ATLAS [PLB B720 (2013) ——
S e NNLOPS (Pythia6) ——
= 102 ¢ - - 10! —— il
3 ", .,
Q o3k = 1 N L
= = S 100 he™ E|
N — : -
S 3 .
g 10 ATLAS [1406.3660 (2014)] —— - 5. .0 - ]
8 NNLOPS (Pythias) —— =10 -
o 105 & = i |
i 102 F =
106 4 =
— LHC 7 TeV -]
107 f f 108 f f f
12 + i 12 4
. et 11| A I e T 0 UIE] Hf
! W ; I
08 | ] = 09 W‘—!—LD:]:L
L L 1 1 1

1 10 100 0.001 0.01 0.1 1
pr.z [GeV] 9

» good agreement with data (PS+hadronisation+MPI)
> ¢™ is an alternative probe to measure low-p7 - domain

o Ad>> o - 0*: angle between electron and beam axis, in
sin

¢* = tan ( Z boson rest frame

- ATLAS uses slightly different definition:
cos 0" = tanh((y;— — y;+)/2)
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Conclusions and Outlook

> Especially in absence of very clear singals of new-physics, accurate tools are needed for
LHC phenomenology

> In the last decade, impressive amount of progress: new ideas, and automated tools

= briefly reviewed how Event Generators work, and how they can be upgraded to NLO

shown results of merging NLOPS for different jet-multiplicities without merging scale

4

= shown first working examples of NNLOPS

What next?
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Conclusions and Outlook

> Especially in absence of very clear singals of new-physics, accurate tools are needed for
LHC phenomenology

> In the last decade, impressive amount of progress: new ideas, and automated tools

= briefly reviewed how Event Generators work, and how they can be upgraded to NLO

shown results of merging NLOPS for different jet-multiplicities without merging scale

I

= shown first working examples of NNLOPS

What next?
» NLOPS merging for higher multiplicity

» NNLOPS for more complicated processes (color-singlet in principle doable, in practice a
more analytic-based approach might be needed)

» Real phenomenology in experimental analyses

Thank you for your attention!
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