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NNLO Higgs production

NLO 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]

» last couple of years:
huge progress in NNLO

o [pb]

Vs = 14 TeV
my, = 120 GeV
MRST2001 pdfs

my/2 £ p £ 2my

S

[Anastasiou et al., '04-'05]
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NNLO Higgs production

NLO not always enough: NNLO needed when

pp~H+X
I I
1. large NLO/LO “K-factor” e
[as in Higgs Physics] . my - 120 Gev ]
2. very high precision needed T m/eEkEEm
[e.g. Drell-Yan] ©  F
» last couple of years: I E
huge progress in NNLO of ! L L @_ﬁ_
Y
Q: can we merge NNLO and PS? [Anastasiou et al., '04-'05]
IZ" Realistic event generation with state-of-the-art perturbative accuracy !
IZ" could be important for precision studies in Higgs physics
» method presented here was 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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Summary of the talk

Higgs at NNLO:

S

#loops: 0 1 2 # loops: 0 1 # loops: 0
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(a) 1and 2 jets: POWHEG H+1j
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Summary 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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Summary 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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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
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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

=" g 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 in regions where jets become unresolved



MiNLO

Multiscale Improved NLO [Hamilton,Nason,Zanderighi, 1206.3572]
» original goal: method to a-priori choose scales in multijet NLO computation
» non-trivial task: hierarchy among scales can spoil accuracy (large logs can
appear, without being resummed)

» how: correct weights of different NLO terms with CKKW-inspired approach
(without spoiling formal NLO accuracy)
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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
» non-trivial task: hierarchy among scales can spoil accuracy (large logs can
appear, without being resummed)

» 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”)

- correct original NLO: as evaluated at nodal scales and Sudakov FFs

- hasbeenusedin V/H +upto2jetsandin VH +upto 1 jet
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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

» non-trivial task: hierarchy among scales can spoil accuracy (large logs can
appear, without being resummed)

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

Bxro = a(ur) [B +al™ OV (ug) + o™ /d(er]

qr

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

» non-trivial task: hierarchy among scales can spoil accuracy (large logs can
appear, without being resummed)

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

Brto = od(ur) [B 4+ ol (ur) + ol [ da.H]

Buinro = a%(mh)as(qT)Aﬁ(qT,mh)[B (1 — 225" (ar, mh))—&-aéNLO) V(jig) a0 /d(b R

| . —
A ) 2 402 2 2
' Algg, ma) tog Ap(grmp) = - [0h M OS@I [ o, Ty ]
| a Algr,ar) Jag a® 2w a
(NLO) 2 2
e 1 m m
my, . Agl)(QT7mh) = 37[ Ay ¢ log® Th + By, ¢ log Th}
27 2 ar ar
Al(gr, mp) wF = 4T




MiNLO

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

» non-trivial task: hierarchy among scales can spoil accuracy (large logs can
appear, without being resummed)

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

Byto = ad(um) [B+ ol OV (ur) + ol [ dcr]

Buinvo = a%(mh)as(qT)Ai(qT,mh)[ (1 — 225" (ar, mh))-*‘aéNLo) V(jir)+al™ /dq) R

1
1
' Algz,ma)
| ar Agr.ar)

1" Sudakov FF included on H+j
/ mp Born kinematics
A(gr, mp)
» with MiNLO, finite results from HJ also when 1st jet is unresolved (gr — 0)
> BMiNLO ideal to extend validity of HJ-POWHEG [called “u-miNL0” hereafter] J




“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 a2 + a3

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

Onj—miNnLo = Openro + O(ag) if O is inclusive

» “Original MiNLO” contains ambiguous “O(a2™!%)" terms
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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 a2 + a3

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

Onj—miNnLo = Openro + O(aé) if O is inclusive

“Original MiNLO” contains ambiguous “O(a2"!%)" terms

Possible to improve HJ-MiNLO such that inclusive NLO is recovered (NLO()), without
spoiling NLO accuracy of H+j (NLO(M)) .
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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 a2 + a3

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

Onj—miNnLo = Openro + O(aé) if O is inclusive

» “Original MiNLO” contains ambiguous “O(a2™!%)" terms

- proof based on careful comparisons of MiNLO with general resummation formula

1 2| 3 4 2 3 4 2, 2
"‘00*2[(187a&SvasaQSLvasLaﬂvaasL]exPS(4T7Q)+Rf L =log(Q /qT)
ar

need to include By coefficient in MiNLO-Sudakovs:
highlighted terms are needed to reach NLO(®):

Q2 dq2 —(m+1)/2
[T e e ~ (as(@®) T
T

(scaling in low-p region is ag L? ~ 1)

if | don'tinclude By in MiNLO Ay, | miss a term (1/q§~) Baexp S

upon integration, violate NLO(®) by a term of relative O(a?s’/Q)

(NLO)

- need to evaluate ag in HJ-MiNLO at scale g, and up = g1



“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 a2 + a3

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

Onj—miNnLo = Openro + O(aé) if O is inclusive

» “Original MiNLO” contains ambiguous “O(a2™!%)" terms

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

Effectively as if we merged NLO® and NLO™) samples, without merging different
samples (no merging scale used: there is just one sample).




H-HJ @ NLOPS

10
2 100]
=
CRIURE"
g
1072 F H+Pythia == 1
HJ+Pythia —
15 ¢ 1
.2 1.0 + #‘F
g 1.0 == -]
Sosd ]
4 3 2 1 0 1
}/H

> “H+Pythia”: standalone POWHEG (g9 — H) + PYTHIA (PS level) [7pts band, u = m]

ratio

HJ+Pythia /=3
H+Pythia —

> “HJ+Pythia”: HJ-MiNLO + PYTHIA (PS level) [7pts band, p from MiNLO]

V" very good agreement (both value and band)

Notice: band is ~ 20 — 30%
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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 yx) of “MiNLO-generated” events:

W(yn) =

()
H /NNLO

(%)
4YH ) 1y MiNLO

> by construction NNLO accuracy on fully inclusive observables (otot, y )

> 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 yx) of “MiNLO-generated” events:
(%)NNLO aleo + crad + cpad ca—day o 3
_ = ~1
W(yn) (dio) azco +c1ad + daod * o +0(es)
dYH ) H]_MiNLO
> by construction NNLO accuracy on fully inclusive observables (otot, yrr) 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 yx) of “MiNLO-generated” events:
(%)NNLO aleo + crad + cpad ca—day o 3
_ = ~1
W(yn) (dio) azco +c1ad + daod * o +0(es)
dYH ) H]_MiNLO
> by construction NNLO accuracy on fully inclusive observables (otot, yrr) 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(a27!-%) terms in H-HJ @ NLOPS
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Higgs at NNLO+PS |l

» Variants for reweighting (W (y)) are also possible:

J doNEO§(y — y(®))
[ doYENLO5(y — y(®))

W(y,pr) = h(pr) + (1 = h(pr))

(Bmp)?

dos =doh dog =do (1—h , h=——T"—
o4 = do h(pT), op = do ( (pr)) Bma)® + P2,

. h(pr) controls where the NNLO/NLO K-factor is distributed
(in the high-pr region, there is no improvement in including it)

. B cannot be too small, otherwise resummation spoiled: for Higgs, chosen 8 = 1/2

» for Higgs (and for Drell-Yan) we used

[ doNNLOG(y — y(®)) — [ doMiNLO§(y — y(®))
J dolINEOS(y — (@)

W(y,pr) = h(pr)

. one gets exactly (do/dy)nNLops = (do/dy)nnLo (no af terms)
. we used h(p )

+ (1 = h(pr)) J

17



Settings

inputs for following plots:

results are for 8 TeV LHC

scale choices: NNLO input with 1 = my /2, HJ-MiNLO “core scale” my
(other powers are at qr)

PDF: everywhere MSTW2008 NNLO
NNLO always from HNNLO
6M events reweighted at the LH level

plots after kr-ordered PYTHIA 6 at the PS level (hadronization and MPI
switched off)
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NNLO+PS (fully incl.)

> NNLO with p = mpg /2, HJ-MiNLO “core scale” m g

> (7ami X 3nN) pts scale var. in NNLOPS, 7pts in NNLO

[NNLO from HNNLO, Catani,Grazzini]

10! 10!
= 0 = 0
B 100 {17 10 b
01 2 10-1
%10 E 4 % 10
T 2 T L2
1077 F Nnvops ] 3 10 Hxneo ] ¥
HnNLO NNLOPS
) 09 O o L L S ; - 11 "~ ‘T T "™ T 1
'% 1.0 He—t — -+ % 1.0 H—
] e R e s
-4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4
y y

15" Notice: band is 10% (at NLO would be ~ 20-30%)

[Until and including (’)(a‘é), PS effects don't affect y g (first 2 emissions controlled properly at O(aé) by MINLO+POWHEG)]
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NNLO+PS: multi-dim reweighting

» for Higgs: 1-dim NNLOPS reweighting (W (y; pr)), so0 yu will be obviously OK
» does it work if ® 5 is multi-dim (as in Drell-Yan)?

10° T T T
DYNNLO
—_— Wi-MINLO ——
102 = NNLOPS —— |
s =
8 =
& —
E —
8 —
8 —
0 —
10
—
LHC 7 TeV =
“0“ t t t t t
'y
osr \ | = . | |
" t t f t t
'y
09
N 1 . . .

0 20 40 60 80 100 120 140
pr [GeV]

> pr. is not the observable we are using to do the NNLO reweighting

v/ we see exactly what we expect: pr,e has NNLO uncertainty if pre < Mw /2,
and NLO if pr ¢ > Myw /2

> [ just above peak, DYNNLO uses Myy, WI-MiNLO uses pr.w and here 0 < prow S My |
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NNLO+PS (p)

B = oo (W indep. of pr) B=1/2

— 100 — 100

% % HQT [

g 107! Q 107! NNLOPS

2 B .

=102 =102 ]

P N __

S0 100 —

S ]

o 1.4 T T T T T = o 14 F T T T T T =

§ 1.0 = 5 10 e
0.6 £ . L . L . E 0.6 £ . . . L L 3

0 50 100 150 200 250 300 0 50 100 150 200 250 300
py [GeV] py [GeV]
> HgT: NNLL+NNLO, pg = pp = mpg/2[7pts], Qres =mp/2 [HqT, Bozzi et al.]

v B= 1/2 & oo: uncertainty bands of HqT contain NNLOPS at low-/moderate pr

> (3 =1/2: HqT tail harder than NNLOPS tail (upqr < ”pMiNLO™)
HJ @ NNLO will allow to say more for large pr i

» 3 =1/2: very good agreement with HqT resummation
[“~ expected”, since Qres = mp /2]
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NNLO+PS (p)

B = oo (W indep. of pr) B=1/2

— 100 100

% Nnrops 7] % 7~ Nnrops [0

g 10-1 HQT —— | Q 10! HQT —— ]

2 . g

o102 o107

I ¥

o 1077 o 10

< -]

o 14F T T T T T 1 o 1.4 3 T T T ————

S 10 ﬁ = 1.0 _.\’—f_,_’

£ 06t . . . . . 12 o6k . . . . . E
50 100 150 200 250 300 0 50 100 150 200 250 300

ph [GeV] pl [GeV]

> HgT:NNLL+NNLO, pp = up = mg /2 [7pts], Qres =mm/2

> (B =1/2: NNLOPS tail — NLOPS tail [ W (y,pr > mpg) — 1]
larger band (affected just marginally by NNLO, so it's ~ genuine NLO band)

14/17



NNLO+PS (p7})

1.0 : : — 1.0 T T — T
Nnvops [ ] JerVHero [
-~ 0.8 JETVHETO 1~ 0.8 | NNLOPS
A 0.6+ 14 061 1
© ©
04+ Anti—kyp 1 0.4 Anti—kr -
R=1.0 R=1.0
3 11 . . ——— z 11 T T — T
4 1'0> 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

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

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

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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other NNLOPS results this year

» UNNLOPS [Hoeche,Li,Prestel "14]

200 prerrprrrT T e e

180 f5=7Tev
160f 80 Cevemi<i20 Gev

140 il

Sherpa MC

— UNLOPS
— HqT

— NNLO
— MG@NLO

dafdn,, [pb]

dafdlp, , [PbGeV]

107

100F
80F
60F
a0F
20

my/2< uWF<2mH
BER My A< jl_<my m/2<u  <2m
1026 mm m e <, HAT 2= Beye~2M

w myf2< o <2m,

Sherpa+BlackHat
[
THHT

Ratio to HqT

0 20 40 60 80 100120 140 1601%0 200
=
TH

S Y U T TN EUUTE FRU ST T
5 4 3 -2 -1 0 1 2 3 4 5

e

Ratio to NNLO

» formalism worked out also within the Geneva framework: [Alioli,Bauer, et al, '13]
- work in progress, preliminary results for DY shown at “PSR2014”
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http://pauli.uni-muenster.de/tp/menu/aktuelles/psr-workshop.html

conclusions

v

MiNLO-improved POWHEG generator allows to reach NNLOPS accuracy for
simple processes

shown results for Higgs at NNLOPS
predictions and theoretical uncertainties match NNLO where they have to

typically, quite good agreement with analytic resummation (but for Drell-Yan
slightly worse...)
- good news, but not yet really studied/understood formally

other approaches appeared: will be interesting to compare

mass effects in Higgs @ NNLOPS
... phenomenology ...
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Thank you for your attention!



