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Outline

| top pair + Higgs production beyond NLO QCD: soft gluon effects

[arXiv:1510.01914] in collaboration with A. Ferroglia, B. Pecjak, A. Signer and L.Yang and

[arXiv:1509.02780] by A.Kulesza, L. Motyka, T. Stebelb and V. The¢b@tbspublished in
JHEP)

| Factorization and NLO ingredients
!

Phenomenology: nNLO total cross section and differential distributions

| top pair + W productionin collaboration with A. Ferroglia, G. Ossola, B. Pecjak
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Higgs production channels

LHC @ 14 TeV
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top pair + Higgs calculations

Cross section and some distributions computed to NLO QGCBeenakker,
Dittmaier, Kraemer, Plumper, Spira, Zerwas O01-002 and Dawson, Reina, Wackeroth, Orr, Jackson
001-003)

top pair + Higgs benchmark process to test automated NLO multileg codes
(Frixione et al. O11; Hirschi et al O11; Garzelli et al O11; Bevilacqua et al. 011)

EW corrections to the parton level cross section are knownixione, Hirshi,
Pagani, Shao, Zaro O14; Zhang, Ma, Chen, Guo O14; Frixione, Hirshi, Pagani, Shpo, Zaro O15

NLO QCD corrections were interfaced with SHERPA and POWHEG BOX

(Gleisberg, Hoeche, Krauss, Schonherr, Schaumann O09; Hartanto, Jaeger, Reina, Wagkeroth 015

+

NLO QCD correctionsto pp! €"!.u~F,bbH (Denner, Feger H15)

NLO+NLL resummation of soft gluon emissions for the total cross section
(production threshold limit)Kulesza, Motyka,Stebel, Theeuwes O15)

nNLO in the OPIMO threshold limit from NNLL resummation formasaa.
Ferroglia, B. Pecjak, A. Signer, L.Yanp O15
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OTripleO Invariant Mass kinematics

q(pz) + @(p2) ! t(p3) + &ps) + H(ps)
g(p1) + 9(p2) ! t(ps) + €ps) + H(ps)

Tree Level subprocesses

6=(pL+ P2)° =2p1 ap; M2 =(p3+ psa+ ps)°
Partonic center of Invariant mass of the ttH Pnal
mass energy squared state
When real radiation is M °
. = 2 z= —1 1 g ) imi
present in the Pnal state 5+ M 9 OPIMO soft limit

Hard function(color matrix) Soft function(color matrix)
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Approximate results

The hard and the soft functions satisfy RG equations of the type

d

In principle all the elements are available (see later, in particular hard functions) to impleme
NNLL soft gluon resummation. But this is computationally expensive, as a prst attempt we
Ore-expandO the NNLL formula to bxed order to obtain approximate NNLO predictions

Czp) = Tr H({pi}. 1) S (V3(1 = 2) {pi}. n)|

o2 expansion C? (z,p) = Co(p)o(1 —2)+ R(z, )

complete knowledg/ l

! & i
of these terms In™(1 — 2) only partially known

1 —z n

Matching to NLO o NPOF approx NNLO _ oNLO | sapprox. NNLO _ - ;approx. NLO
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Ingredients of the calculation

| NLO soft function: similar to the ttbar soft function, we had to recompute it for a general
KinematicsLi, Li, Li O14]

| Two loop soft anomalous dimension, adapted to a 2 to 3 kinematics from the t-tbar
calculationFerroglia, Neubert, Pecjak, Yang 1090

| The calculation of the NLO hard functions requires the one loop amplitudes for a 2 to 3
process, separating out the various color components

¥ It Is convenient to take advantage of the automated tools available on the market

¥ However, to date, none provides the hard functions out of the box and all require a
certain level of customisation

Modibed versions of Gosam, Openloops+Collier, Madloop
with the help of the developers
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Hard functions

We can evaluate the LO and NLO (renormalized) Hard functions for every phase space point.The result is
our favourite color basis. Gosam, Openloops and Madloop all agree on the result upon numerical accura

1_94) ¢¢ *
0) _ ren (0) { \} ren (0) { \}
HO = 177 peno MO
{ A} "
o _ 1% W O {N (1>{A}$ # woy (0){ X}
H;/ = 4 M7 M + M, M
{ A}

# You are using OpenLoops to evaluate loop amplitudes #

# Authors: #

# F. Cascioli, J. Lindert, P. Maierhoefer, S. Pozzorini #
Please cite Phys. Rev. Lett. 108 (2012) 111601

Print qq Tree Level Hard Function:
( -6.3527471044072525E-022, ©.0000000000000000 -1.6940658945086007E-021, 0.0000000000000000
( -1.6940658945086007E-021, -0.0000000000000000 1.1228723293367219E-004, ©.0000000000000000

Print qq One Loop Hard Function:
( -6.9665667534072785E-022, ©.0000000000000000 ) ( -2.0678757869763882E-006, ©.7816977049776572E-006)
( -2.0678757869763882E-006, -6.7816977049776572E-006) ( -2.7078302094017612E-003, 0.0000000000000000 )

Print gg Tree Level Hard Function:

( 5.8882908440113412E-006, 0.0000000000000000 ) ( -2.0481166352569376E-007, -5.2939559203393771E-023) ( 1.7664872532034006E-005, 0.0000000000000000 )
( -2.0481166352569376E-007, 5.2939559203393771E-023) ( 7.8872488858229770E-007, O.0000000000000000 ) ( -6.1443499057708130E-007, 1.5881867761018131E-022)
( 1.7664872532034006E-005, -0.0000000000000000 ) ( -6.1443499057708130E-007, -1.5881867761018131E-022) ( 5.2994617596102068E-005, ©.0000000000000000 )

Print gg One Loop Hard Function:

( 5.0895828897575988E-004, 6.2699100780665495E-021) ( -7.9346303660991652E-006, -7.9661682634942783E-006) ( 7.5592386430846077E-004, 2.2683314721166833E-004)
( -7.9346303660991652E-006, 7.9661682634942783E-006) ( 4.1839466566854864E-005, 0.0000000000000000 ) ( 1.7230950129841572E-006, 1.6329771361726753E-005)
( 7.5592386430846077E-004, -2.2683314721166833E-004) ( 1.7230950129841572E-006, -1.6329771361726753E-005) ( -4.5081414931073317E-005, 4.1799400520443663E-021)
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MC implementation

The hard and soft functions and the anomalous dimensions depend on the momenta
of the external particles.The phase space can be implemented in a recursive way

d*p3 d*py d*ps
(27)32F3 (2m)32E, (27)32F5
1 k(s3q,m?,m?) k(M?, s34, m?
(27‘(‘)5 8834 8M2
X © ((M —mp)? — 834) d534in dQ g

dPSrr = (27T)45(4) (P1 + P2 — p3 — pa — p5)

)@(334 — 4m?)

> solid angle of the Higgs
| boson direction in the

partonic c.o.m. frame

The top and anti-top momenta are debned in th& rest frame, we need to boost them to th
partonic c.o.m. frame. In this way we have access to the 4-momenta conbguration of each e

In-house parton-level Monte Carlo (Cuba-Vegas).
| generate event (4-momenta) conbPguratidns}
| we evaluate the hard-scattering kernels using mom¢pta —» weights

| bin weights according to observables constructed from bnal state momenta
(inv. mass, pT Higgs, pT top, rapidities )

| we donOt apply cuts on the bnal-state momenta but in principle it is possible
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Total cross section

| Approximate NLO (nLO) results are obtained by re-expanding the resummation
formula to NLO.They include all the singular terms of the NLO partonic cross section

| Sanity check nLO vs NLO for the total cross section and differential distributions
| qg channel is not included in nLO, its effect is formally beyond leading power
| For PIM kinematics the natural scale choice would be the invariant mass itself

| For simplicity we pick a Pxed scale at the peak of the invariant mass distribution ~ 62
GeV (which is not very sensitive to the collider energy)

| This particular scale choice needs a more technical discussion
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Total cross section

NLO obtained from MadGraph5 aMC@NLO

Mo = 620 GeV, p.o/2 <U< 2Hg my =172.5 GeV My = 125 GeV

1o [GeV] | NLO MGHfb] | NLO no qg channel MG8fb| | NLO approx. [fb]
4 : :
620 44577217 46711335 464.57227

o [GeV] | LO[fo] | NLO MGHfb] | nNLO [fb]
620 | 3172'%%5 | 4457°% 7 | 47980

| More conservative predictions: uncertainty due to scale variation and formally subleadil

terms

1, 1
| Different choices of the prefactor—= * -, when expanded around the limit 1  each

of these two choices produces NLP logs with coefbcients which differ by a factor of twc

Uo [GeV] | NLO MG5 [fb] | approx. NLO [fb] | nNLO [fb]
620 4457% 4 4424443 467.2722:2
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Production threshold limit

[arXiv:1509.02780] by A.Kulesza, L. Motyka, T. Stebelb dimk¥uwes

QCD/Mellin-space resummation framework
Resummation for the total cross section at production threshol@! (2m¢+ my)?

Contributions to the total cross section from the production threshold region are strongly suppressed
by the 3-particles phase space, nevertheless one expects that threshold corrections can still have a

negligible impact

V'S [TeV] NLO [fb] NLO-+NLL NLO+NLL with C' pdf error
Value [fb] K-factor Value [fb] K-factor
+3.9% +3.0% +7.7% +3.0%
8 132_9'3% 135_5'9% 1.03 141—4.6% 1.07 5
+5.9% +4.6% +8.2% +2.3%
13 506_9.4% 516—6.5% 1.02 537_5.5% 1.06 55
+6.2% +4.6% +7.9% +2.3%
14 613_9.4% 625—6.7% 1.02 650_5.7% 1.06 2599
250.00 | | | 1000.00 —— | | |
l(pp! Ht#+ X)|fb] N I (pp! Ht8+ X)|[fDb]
200.00 | §=8 TeV | 80000 L §=14 TeV |
150.00 L 1 600.00 CNEEree -
100.00 [ - 400.00 |- i
- -~ LO . ---- LO Tl
---- NLO \\\\ ---- NLO
£0.00 L = NLO+NLL | 900.00 L NLO+NLL |

NLO+NLL(w C-coef);

NLO+NLL(w C-coef);

my =125 GeV

! ! 0.00
0.2 0.5 1 2 5) 0.2 0.5 1 2 5}
1/ to Alessandro Broggio 5/5/261 11/ po 12

to = my + my /2 my =125 GeV po = my + my /2

0.00




nLO vs full NLO

NnLO vs NLO
without gqg
channel
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Distributions: nLO vs NLO
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Distributions: nLO vs NLO

| Uncertainty due to scale variation and formally subleading terms

| Bands produced by taking the envelope of 6 curves
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NNLO: distributions

Uncertainty due to scale variation and formally subleading terms
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nLO vs NLO

NNLO
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cross section per bin [fb]
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Rapidity Distributions

Uncertainty due to scale variation and formally subleading terms
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top pair + W production (preliminary)

This is probably the simplest of the 2 to 3 processes, ggbar chamhel

Good to test NNLL resummation with this process before ttbar+H

This process is interesting by itself, measured by CMS and ATLAS

LHC 8 TeV:ATLAS369 op f

NNLL resummation in momentum space by Li, Li, Li "14: invariant mass distribution only

117

, CMS8Z ", b

We work in the RG framework in Mellin space

both with ~ 20%b

lo = M NLO mg5 [fb] NNLO [fb] | NLO+NNLL [fb]
+ 10 +4 | +5.
tEw 1122710 118648 119.6733
teW- 4954 ¢ 53.7/% % 543127
tEW* +tEW- 1617, 1723752 173973

Alessandro Broggio 5/5/261
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NNLO vs NLO

NLO+NNLL
vs NNLO

top pair + W

LHC 8 TeV, NNLO PDFs Lo

* production

= M, po/2 < p < 2uo

M
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Summary & Outlook

NNLO predictions from soft-gluon effects were computed for stable top pair +
Higgs (and NLO+NNLL for top pair + W) in a parton-level MC

Predictions for the total cross sections together with arbitrary differential
distributions were obtained

Cuts on the momenta of the bPnal-state particles can be easily applied

5-8 % impact of the nNLO corrections compared to the NLO for the total cross
section at LHC 13 TeV

Reduction of the theoretical uncertainty

Goal: NNLL soft-gluon resummation in momentum and Mellin space for top pair +
bosons

In principle it is possible to implement the decay of the Pnal state particles in the
NWA
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Backup slides
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m; =172.5 GeV

Total cross section: nLO vs NLO

Full NLO obtained from MadGraph5 aMC@NLO

my =125 GeV = o=

th +

mpy

2

At LHC 13 TeV with MSTW 2008 NLO PDFs

= 235 GeV

Ho [GeV]

NLO MGHfb]

NLO no qg channel MGHfb]

NLO approx. [fb]

235

30.6
5155934

486317,

0.0

| Approximate NLO results are obtained by re-expanding the resummation formula to NL
They include all the singular terms in the NLO partonic cross section

I Approx NLO and NLO are quite close especially when one excludes the quark-gluon (o
channel from the comparison, the approx result doesnOt contain the gg channel

| The scale choice 235 GeV is weird for this approach since it is close to a maximum (se

next slide)

| The gg channel has a large impact on the scale variation at NLO

Alessandro Broggio 5/5/261
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fb"

g

Scale dependence & scale choice

LHC 13 TeV with MSTW 2008 NNLO PDFs

550, :
500

— approx NLO
450 PP

f NnNLO
400 . — NLOMG5
350 — NLO MG5 no qg

o 1 2 3 4 5

U
235 GeV

It is reasonable to choose a scale larger than 235 GeV
For PIM kinematics the natural choice would be the invariant mass itself

For simplicity we pick a Pxed scale at the peak of the invariant mass distribution
~ 620 GeV (which is not very sensitive to the collider energy)
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Distributions: nLO vs NLO
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Distributions: nLO vs NLO
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NNLO: scale variation only
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top pair + W production
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NNLO solution of the RGE for the Soft function

[arXiv:1103.0550]
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Dynamical threshold enhancement

We rewrite the DY cross section introducing the luminosity function

ol thresh A" H# 2 ) 1dz ~
2 — 2 — C(Z M y L j
dM 3NcM s

| 1
- dx #
ff(y, e ) = & ~ Fam L (6 K ) Fan, (VX uf)+(CI' )
q y

100

Does the soft limitz! 1 provide a good
approximation to theexact result?

Two situations in which the threshold region is ir
enhanced —~
| the threshold contributions are enhanced ne & 0.01
: car
the kinematic limit! ! 1 andZ! ! =
IS near 1 . 10 41
| the relevance of the threshold region arises
dynamically due to the steeply falling behaviou 6
of the parton luminosity function 100 01 O 02 O.b5 O.Il(] O.IZO 0.|50 1.0C(

y
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