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D pp — ttH(H — bb) at the LHC

D Open questions in theory predictions for £ + b-jets production

D Large NLO K-factor in pp — ttbb and scale choices

D NLO QCD predictions for pp — ttbbj
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The determination of the Higgs boson coupling to the top quark is a crucial test of the SM

top quark Yukawa coupling can be determined through measurements of

9 t q
ttH associated production ---H
g t q
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The determination of the Higgs boson coupling to the top quark is a crucial test of the SM

top quark Yukawa coupling can be determined through measurements of
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H branching ratio is dominated by H — bb decay: channel with highest statistics
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The determination of the Higgs boson coupling to the top quark is a crucial test of the SM

top quark Yukawa coupling can be determined through measurements of

9 t q ¢
b \ b
ttH associated production - < AN <
b _ ~ b
g9 t q t

H branching ratio is dominated by H — bb decay: channel with highest statistics

< But: this channel suffers from a large, irreducible QCD background
% pp — tt+ b-jets production
g signal background
% g i 9 r
=2 b b
g - <

] b 5
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An accurate understanding and description of the background is
WalGeV] mandatory for the sensitivity of t¢H(H — bb) analyses
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= focus on Higgs couplings
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uncertainty dominated by

tf + heavy flavour modelling in the H — bb analyses
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Observation of i Production

AM. Sirunyan ef al”
(CMS Collaboration)

® (Received 8 April 2015; revised manuscript rceivd | May 2018; pblished 4 June 2018)

——> dominated by systematics

Uncertainty source,

Theory uncertainties (modelling)

Acin/oien [%]
K]

f + heavy f avour 99
tH 60
Non-tiH Higgs boson production modes 15
Other background processes 22
Experimental uncertainties 93
Fake leptons 52
Jets, E 49
Electrons, photons 32
Luminosity 30
T-lepton 25
Flavour tagging 18
MC statistical uncertainties 44
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B First fixed order NLO QCD predictions for pp — t£bb [Bredenstein et al. 09, Bevilacqua et al. 09]
first estimate of theory uncertainties + first NLO calculation for 2 — 4

o First NLOPS simulation for ¢£bb production in Powhel [Garzell ct al. 13|
ME in the 5F scheme (m; = 0) + Powheg matching for the parton shower

since recently available also in the 4F scheme [Bevilacqua et al. “17]

> NLOPS generator for t£bb with massive b-quark in OpenLoops-+Sherpa [Cascioli et al. ‘14]
OpenLoops for 1-loop automation + Sherpa employing MC@NLO matching

B NLOPS generator for ¢¢ 4 b-jet production in 4F scheme in OpenLoops+Powheg [Jezo et al. ‘18]
OpenLoops for amplitudes automation + Powheg matching in Powheg-Box-Res /

thorough investigation of uncertainties related to matching method

and parton shower modelling

> tt + b-jets simulations in the 4F scheme also available in
MG5_aMC@NLO [Alwall et al. ‘14] and Matchbox [Plaetzer, Reuschle et al.]

3/19 QCD@LHC 2018
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In the 4F scheme: b-quarks are treated as massive
= calculation of the ME can be extended to the entire the phase space @%
= no singularities in g — bb splittings. Safe collinear regime with g — b-jet

On the other hand:

% non-trivial multi-scale multi-particle QCD process

% large scales separation between ¢t and bb systems

my ~ 5 GeV tt typical scale up to ~ 500 GeV

scale choice and estimation of theoretical
uncertainties non trivial

Federico Buccioni
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In the 4F scheme: b-quarks are treated as massive

b-jet

= calculation of the ME can be extended to the entire the phase space @@
= no singularities in g — bb splittings. Safe collinear regime with g — b-jet g
On the other hand:
% mnon-trivial multi-scale multi-particle QCD process XS dominated by FS g — bb splittings

_ - Jezo et al. 18
x large scales separation between tt and bb systems eto et a b |
my ~ 5 GeV tt typical scale up to ~ 500 GeV b 7

it supports

scale choice and estimation of theoretical using my, > 0
uncertainties non trivial t
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Standard factor-2 pg variations ~ 30% NLO scale dependence

But: discrepancies between different NLOPS generators

significantly exceed NLO scale variations

Most sensitive distribution: light-jet py spectrum

o —

up to 100% shape differences in the 100-200 GeV region

S~

Federico Buccioni () et 5/19

do/dpr [pb/GeV]

pr of 1 light-jet (ttbb cuts)

stable ttbb
P A

&

—————— SHERPA (YR4)
LO

IG5+ PYS (YRg)

—————— POWHEG+PYS

o 50 100 150 200 250 300 350 400

Plot by T. Jezo

pr[Gev]

QCD@LHC 2018



Standard factor-2 pg variations ~ 30% NLO scale dependence rof 1 ightiet (86 cut)

SHERPA (YR4)
LO

But: discrepancies between different NLOPS generators
significantly exceed NLO scale variations

- MG5+PYS (YRy)
—————— POWHEG+PYS

do/dpr [pb/GeV]
]

Most sensitive distribution: light-jet py spectrum
up to 100% shape differences in the 100-200 GeV region

Most likely hypothesis on origin of NLOPS differences: ““‘ L

interplay between PS and large NLO tfbb K-factor oplm 511 TI.O(}C;O O e

Al A

which enters the PS matching in the soft regime
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Standard factor-2 pg variations ~ 30% NLO scale dependence rof 1 ightiet (86 cut)

SHERPA (YR4)
LO

~MG5+PYS8 (YRg)

But: discrepancies between different NLOPS generators ~ fwo's| “lmb, 0 s Y5 MRy

do/dpr [pb/GeV]

significantly exceed NLO scale variations

Most sensitive distribution: light-jet py spectrum
up to 100% shape differences in the 100-200 GeV region

Most likely hypothesis on origin of NLOPS differences:
interplay between PS and large NLO tfbb K-factor
which enters the PS matching in the soft regime
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Plot by T. Jezo priGev]

(1) origin of large K-factor to be understood
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Standard factor-2 pg variations ~ 30% NLO scale dependence rof 1 ightiet (86 cut)

SHERPA (YR4)
LO

- MG5+PYS (YRy)

But: discrepancies between different NLOPS generators ~ fwo's| “lmb, 0 s Y5 MRy

do/dpr [pb/GeV]

significantly exceed NLO scale variations

Most sensitive distribution: light-jet py spectrum
up to 100% shape differences in the 100-200 GeV region

40 /d0res

Most likely hypothesis on origin of NLOPS differences: ‘ L
interplay between PS and large NLO ttbb K-factor Plot TW e T Ve

which enters the PS matching in the soft regime

(1) origin of large K-factor to be understood

(2) Idea: reduce uncertainties discarding less accurate NLOPS predictions

by means of a benchmark pr ; spectrum with uncertainty well below 100%

Motivation for pp — ttbbj at NLO QCD

Federico Buccioni ()t 5/19 QCD@LHC 2018



Standard factor-2 pg variations ~ 30% NLO scale dependence rof 1 ightiet (86 cut)

SHERPA (YR4)
LO

- MG5+PYS (YRy)

But: discrepancies between different NLOPS generators ~ fwo's| “lmb, 0 s Y5 MRy

do/dpr [pb/GeV]

significantly exceed NLO scale variations

Most sensitive distribution: light-jet py spectrum
up to 100% shape differences in the 100-200 GeV region

40 /d0res

Most likely hypothesis on origin of NLOPS differences: ‘ L
interplay between PS and large NLO ttbb K-factor Plot TW e T Ve

which enters the PS matching in the soft regime

(1) origin of large K-factor to be understood

(2) Idea: reduce uncertainties discarding less accurate NLOPS predictions

by means of a benchmark pr ; spectrum with uncertainty well below 100% This talk

Motivation for pp — ttbbj at NLO QCD -
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Input parameters, PDFs and scale choices [Jezo et al. 18]

my = 4.75 GeV my = 172.5 GeV

dynamic scales

PR =ity wWith g =\ /ErpEry g =/ Er Erg
s e i ——
HF = 7T =3 Z Er,

i=t,t,b,b,j
NLO PDFs are used throughout: both at LO and NLO
NNPDF_nlo_as_0118_nf_4 with o/slf
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Input parameters, PDFs and scale choices [Jezo et al. '18]

my = 4.75 GeV my = 172.5 GeV

dynamic scales

PR =ity wWith g =\ /ErpEry g =/ Er Erg
e i —
HF = 7T =3 Z Er,

i=t,E,b,b,j
Inclusive b-jet multiplicity distribution

NLO PDFs are used throughout: both at LO and NLO L R BRI WP
— 1w ]
NNPDF_nlo_as_0118_nf_4 with o/slf 101 %E E

The NLO QCD cross sections for pp — ttbb feature a

o [pb]
T

1arge [-factor K-factor % 5.‘&«.‘“0%\‘l,um-u | | | E
No—jetszo : 2.06 2~5,H‘1HMHH‘HH‘HH‘H:
Nb—jetszl : 192 15 é

Nb*jetSZZ 0 1.79
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Input parameters, PDFs and scale choices [Jezo et al. '18]

my = 4.75 GeV my = 172.5 GeV

PR =ity wWith g =\ /ErpEry g =/ Er Erg
e i —
HF = 7T =3 Z Er,

i=t,t,b,b,j
NLO PDFs are used throughout: both at LO and NLO
NNPDF_nlo_as_0118_nf_4 with o/slf

o [pb]

The NLO QCD cross sections for pp — ttbb feature a
large K-factor K-factor

Nb—jetsZO : 2.06
Nb—jetszl :1.92

more realistic picture of‘perturbatlve No_jetssz : 1.79
convergence but much bigger K-factor

wrt using LO ag + PDFs for o0

Federico Buccioni () et 6/19
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The K-factor is large and stable for cross sections

Invariant mass of the 1* and 27 brjets system (ttbb cuts) pr of 19 brjet (tbb cuts)

and distributions

Such a large K-factor poses a question:
are corrections beyond NLO larger
than factor 2 scale variations?

i

E origin of large K-factor

needs to be understood
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The K-factor is large and stable for cross sections and distributions

Invariant mass of the 1% and 2% bejets system (ttbb cuts) Pt of 19 bjet (ttbb cuts) .
E T panarcrone B A o9 Such a large K-factor poses a question:
'f £ are corrections beyond NLO larger

3 B than factor 2 scale variations?

i

E origin of large K-factor
needs to be understood

10 10 20 250 30 350 400 o 50 100 10 200 350 30 350 400
m [GeV] prGev]

Hypotheses on origin of large K-factor:
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The K-factor is large and stable for cross sections and distributions

Invariant mass of the 1* and 27 brjets system (ttbb cuts) pr of 19 brjet (tbb cuts)

[ARRAAAAS

do/dm [pb/Gev]
do/dpr [pb/GeV]

i

b ER 3 3 origin of large K-factor

needs to be understood

50 100 10 20 250 30 350 400 o 50 100 10 200 350 30 350 400
m [GeV] prGev]

Hypotheses on origin of large K-factor:
(a) sizeable NLO real emission contribution:
onzo strongly enhanced by hard jet radiation interpreted as ttgg(g — bb)
interplay with large mass gap in tf and bb systems (my, prp < M) = prp < prj < mg

Such a large K-factor poses a question:
are corrections beyond NLO larger
than factor 2 scale variations?
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The K-factor is large and stable for cross sections and distributions

Invariant mass of the 1* and 27 brjets system (ttbb cuts) pr of 19 brjet (tbb cuts)

T T T T ARRARARS

ot EF Such a large K-factor poses a question:
are corrections beyond NLO larger

than factor 2 scale variations?

i

b ER 3 3 origin of large K-factor

do/dm [pb/Gev]
do/dpr [pb/GeV]

needs to be understood

50 100 10 20 250 30 350 400 o 50 100 10 200 350 30 350 400
m [GeV] prGev]

Hypotheses on origin of large K-factor:

(a) sizeable NLO real emission contribution:
onzo strongly enhanced by hard jet radiation interpreted as ttgg(g — bb)

interplay with large mass gap in tf and bb systems (my, prp < M) = prp < prj < mg

it enters as a “new process” described at LO = potentially large NLO QCD corrections
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The K-factor is large and stable for cross sections and distributions

Invariant mass of the 1* and 27 brjets system (ttbb cuts) pr of 19 brjet (tbb cuts)

T T T T T 072

Such a large K-factor poses a question:
are corrections beyond NLO larger
than factor 2 scale variations?

i

e S E origin of large K-factor
needs to be understood

do/dm [pb/Gev]
do/dpr [pb/GeV]

50 100 10 20 250 30 350 400 o 50 100 10 200 350 30 350 400
m [GeV] prGev]

Hypotheses on origin of large K-factor:

(a) sizeable NLO real emission contribution:
onzo strongly enhanced by hard jet radiation interpreted as ttgg(g — bb)

interplay with large mass gap in tf and bb systems (my, prp < M) = prp < prj < mg
it enters as a “new process” described at LO = potentially large NLO QCD corrections

(b)non-optimal pg scale choice:
an improved pp choice might reduce the K-factor and also mitigate the NLOPS discrepancies

N 1o QCD@LHC 2018
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Aim: try to understand if the large K-factor is related to my > my,

Idea: study the NLO K-factor for different mass configurations by means of m* = \/mym;
m* ~ 28.62 GeV
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Aim: try to understand if the large K-factor is related to my > my,

Idea: study the NLO K-factor for different mass configurations by means of m* = \/mym;
m* ~ 28.62 GeV
masses [GeV] TNy sewszo [PD] N sewszs [PD] Ny sewszz [PD] Dynamic scales choice:
my, | m, | LO |NLO | M0 | Lo [ NLO ‘ No | g NLO ‘ NLO _ 1/4
b t ‘ LO TO TO UR = H ET,i
475 1725 | 1294 2661 2.06 | 3.955 7.593 1.92 | 0.374 0669 179 i=t,5,b,5
28.62 28.62 | 3211 6424 20 | 1653 317.7 192 | 3461 6342 183 Hp
28.62 1725 | 0.999 1911 19 | 0.752 1400 1.86 | 0245 0437 178 HE =5
1725 1725 | 0013 0.023 1.82 | 0.013 0023 1.81 | 9.31-10° 167102 179
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Aim: try to understand if the large K-factor is related to my > my,

Idea: study the NLO K-factor for different mass configurations by means of m* = \/mym;
m* ~ 28.62 GeV
masses [GeV] TNy sewszo [PD] N sewszs [PD] Ny sewszz [PD] Dynamic scales choice:
my, | m, | LO |NLO | M0 | Lo [ NLO ‘ No | g NLO ‘ NLO _ 1/4
b t ‘ LO O TO UR = H ET,i
475 1725 | 1294 2661 2.06 | 3.955 7.593 1.92 | 0.374 0669 179 i=t,5,b,5
28.62 28.62 | 321.1 6424 20 | 1653 3177 192 | 3461 6342 1.83 Hp
28.62 1725 | 0.999 1911 19 | 0.752 1400 1.86 | 0245 0437 178 HE =5
1725 1725 | 0013 0.023 1.82 | 0.013 0023 181 | 931-10° 167102 179

/'

x Large K-factor stable
wrt variations of my, m;, gap
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Aim: try to understand if the large K-factor is related to my > my,

Idea: study the NLO K-factor for different mass configurations by means of m* =
m* ~ 28.62 GeV

mpmy

/'

(my,my) = (4.75,172.5) GeV

pr of 1 bjet (tt

masses [GeV] ONpseneso [DD] ONyjenss [PD] ONpjerss [PD] Dynamic scales choice:
my | m. | LO | NLO ‘ 3o Lo [Npo | Mo LO NLO ‘NL%’ fn = H E;/f
475 1725 | 1294 2661 2.06 | 3.955 7.593 1.92 | 0.374 0669 179 i=t,0,b,5

28.62 28.62 | 3211 6424 20 | 1653 317.7 192 | 3461 6342 183 Hp

28.62 1725 | 0.999 1911 19 | 0.752 1400 1.86 | 0245 0437 178 HE =5

1725 1725 | 0013 0.023 1.82 | 0.013 0023 181 | 931-10° 167102 179

pr of 13 b-jet (ttb cuts)
T

thcuts)  (my,my) = (28.62,172.5) GeV
T T T T

% 101 e NLO = —— NLO
] — L0 o2 —10 -
x Large K-factor stable 2L i 2
wrt variations of my, m;, gap 3 §m’37
g
T o3 =
V' good shapes in distributions e b b o b R bbb
\/’ 2F E 2F E
sf E sf E
1 1
OSE | e e e e e OTF, | I ——————
B T T T T T 0 o e oe e s e oo
priGeV] priGeV]
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Aim: try to understand if the large K-factor is related to my > my,

Idea: study the NLO K-factor for different mass configurations by means of m* =
m* ~ 28.62 GeV

mpmy

% 101 e NLO = L — N0 ]
Q = L0 glo — L0
x Large K-factor stable 2L ] &
wrt variations of my, m;, gap 3 §1m—
3 1073k =
V' good shapes in distributions e b b o b R bbb
\/’ 2 E 2F 3
LsE E LsE E

/'

(my,my) = (4.75,172.5) GeV

pr of 1 bjet (tt

masses [GeV] ONpseneso [DD] ONyjenss [PD] ONpjerss [PD] Dynamic scales choice:
my | m. | LO | NLO ‘ 3o Lo [Npo | Mo LO NLO ‘NL%’ fn = H E;/f
475 1725 | 1294 2661 2.06 | 3.955 7.593 1.92 | 0.374 0669 179 i=t,0,b,5

28.62 28.62 | 3211 6424 20 | 1653 317.7 192 | 3461 6342 183 Hp

28.62 1725 | 0.999 1911 19 | 0.752 1400 1.86 | 0245 0437 178 HE =5

1725 1725 | 0013 0.023 1.82 | 0.013 0023 181 | 931-10° 167102 179

pr of 13 b-jet (ttb cuts)
T

thcuts)  (my,my) = (28.62,172.5) GeV
T T T T

= hypothesis (a) disfavoured S e i e e e oo e e e e e o
pr1Gev] prIGev]
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If no mass gap i.e. my, = m, there would be a natural choice = up = m;

A direct generalisation could be pgr = \/mpmy

Federico Buccioni ()t 9/19 QCD@LHC 2018




If no mass gap i.e. my, = m, there would be a natural choice = up = m;

A direct generalisation could be ur = \/mpm; — 5 moderate K-factor for different my, m,
Physical case: my = 4.75 GeV, m; = 172.5 GeV B e e
Vmymy ~ 28.62 GeV — fixed pp scale

v’ reduced K-factor ~ 1.47

do/dpr [pb/GeV]

x enhanced shape distortion in distributions

x unreliable scale uncertainties -~

pr[GeV]
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If no mass gap i.e. my, = m, there would be a natural choice = up = m;

A direct generalisation could be ur = \/mym; — 5 moderate K-factor for different my, m;

Physical case: mp = 4.75 GeV, m; = 172.5 GeV
vmpmy ~ 28.62 GeV — fixed pp scale

V' reduced K-factor ~ 1.47

x enhanced shape distortion in distributions

x unreliable scale uncertainties -~

pr of 1% bejet (ttb cuts)
B [AARMRRARRE o
S ot Lo
S E — E
& E 3
N E ]
£
£t ]
S i
R P e | | Ly
5 Bt S
B E
s E E
£ E
osE R !Ei
T I T PO DR SO P
5o i 150 200

o

250 300

Federico Buccioni

350 400
pr [GeV]

do/dpr [pb/GeV]

motivates a reduced dynamic
Example: £ =1/3
v reduced K-factor

pr of 19 bjet (ttb cuts)
o T T IRARE P
—LO

v no shape distortions in distributions

V'~ 20% scale uncertainties

9/19
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Both at LO and NLO scale uncertainties are dominated by sz variations.

Default choice of scale: ugp = jigey = H E;/ ?
i=t,t,b,b
Average value figef = Np>o ~ 73 GeV Ny>1 ~ 93 GeV Np>o ~ 124 GeV

Federico Buccioni ()t 10/19 QCD@LHC 2018



Both at LO and NLO scale uncertainties are dominated by sz variations.

Default choice of scale: ugp = jigey = H

Efl}

i=t,t,b,b

Average value figef = Np>o ~ 73 GeV

pp — tEbb /5 = 13 TeV

Ny>1 ~93 GeV Ny>o ~ 124 GeV

1/4
= % (Er EriEryEry)”

= 14
2 P > 0GeV =2 (B rating) | — 10
N el <25 = Hrf2 o
107 \ Creo ]

oxLo/TLo
s - e w L
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Both at LO and NLO scale uncertainties are dominated by sz variations.

Default choice of scale: ugp = jigey = H E;/ f
i=t,t,b,b
Average value figef = Np>o ~ 73 GeV Ny>1 ~ 93 GeV Np>o ~ 124 GeV

pp — tEbb /5 = 13 TeV

1/4
- pg =2 (B EriBryEr;)"

= T
2 Prete > 50GeV i = 25 (EnoBr. o)
B

~__ gl <25 e = Hef2

> factor 2 variation: ~ 27% NLO uncertainty

oxLo/TLo
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Both at LO and NLO scale uncertainties are dominated by sz variations.

Default choice of scale: ugp = jigey = H E;/ f
i=t,t,b,b

Average value figef = Np>o ~ 73 GeV Ny>1 ~ 93 GeV Np>o ~ 124 GeV

o 1/4
pp — tibb 5 = 13 TeV e pp = 2¢ (ET,tET,t_ET,bET E) /
B Prjees > 30GeV =2 (B atipg) ¥ ’
© ol \ myess] < 25 e = Hr/2
ol ' > factor 2 variation: ~ 27% NLO uncertainty
0k
similar K-factor for different b-jets multiplicities
107 E
3t _- ’4
. -
g 2r
3
2t
e
ol
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Both at LO and NLO scale uncertainties are dominated by sz variations.

Default choice of scale: ugp = jigey = H E;/ f
i=t,t,b,b
Average value figef = Np>o ~ 73 GeV Ny>1 ~ 93 GeV Np>o ~ 124 GeV

o 1/4
pp — tibb 5 = 13 TeV e pp = 2¢ (ET,tET,t_ET,bET E) /
B =2 (BroBrefratips) ' — 10 ¥ ’
B r = Hr/2 N
10 *Nzo
ANy z1
* Moz2 B . .
o > factor 2 variation: ~ 27% NLO uncertainty
0k
similar K-factor for different b-jets multiplicities
107 E
3t _- ’4
. 1.
g 2r
3
2t
e
ol

T default

region where K-factor ~ 1, close the maximum of the NLO XS
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Default choice of scale: ugp = jigey = H
i=t,t,b,b

Average value figef = Np>o ~ 73 GeV

pp — tEbb /5 = 13 TeV

szl ~ 93 GeV

alpb]

=2 (B atipg)

= Hr /2

—10
- NLO

VELE
LNz
N2

oxLo/TLo
s - e w L

Federico Buccioni

T default

A universitat

Both at LO and NLO scale uncertainties are dominated by sz variations.

Efl}

Nb22 ~ 124 GeV

1/4
o pr =2 (BryEriBryErg)

> factor 2 variation: ~ 27% NLO uncertainty

similar K-factor for different b-jets multiplicities
A
- a factor 2-4 reduction of pp
brings K-factor close to 1
and scale uncertainty ~ 20%

region where K-factor ~ 1, close the maximum of the NLO XS
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Both at LO and NLO scale uncertainties are dominated by sz variations.

Default choice of scale: ugp = jigey = H E;/ ?
i=t,t,b,b
Average value figef = Np>o ~ 73 GeV Ny>1 ~ 93 GeV Np>o ~ 124 GeV

B pp — tTbb 5 = 13TeV ,/'"‘NR=2£ (ET,tET,t'ET,bET,E)l/4
= =2 (BroBrefratips) ' — 10 ¥
© e = Hr/2 - NLo
S
o 8 > factor 2 variation: ~ 27% NLO uncertainty
0k
similar K-factor for different b-jets multiplicities
107 E
3F = 1 P ’4 .
& 1-- a factor 2-4 reduction of pup
glf brings K-factor close to 1
°f and scale uncertainty ~ 20%

T default

. . it supports hypothesis (b)
region where K-factor ~ 1, close the maximum of the NLO XS

Federico Buccioni (%)
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Alternative pr based on kr of splittings in dominant ¢£bb topologies

(=il
|

1/4
MR = Hgbb = (ET,tET,EET,bB mbE) /

In general it is a harder scale than pges: fgey ~ 125 GeV  figey ~ 93 GeV

L—> hence a larger K-factor than pges at central value

- o QCD@LHC 2018
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pp — tibb /s = 13 TeV

Alternative pr based on kr of splittings in dominant ¢£bb topologies

i = pghy = (ErsBr By 5 mip)

1/4

In general it is a harder scale than pges: fgey ~ 125 GeV  figey ~ 93 GeV

L—> hence a larger K-factor than pges at central value

= K-factor ~ 1.4 yields 20-25% scale uncertainty at NLO

pr of 1% bejet (ttb cuts)

v =2 (BrBribrsMis)

e = Hrf2

Hgbb
Example: =22
4
B Prjets > 3060
B njecl <25
10° .
—
10
10"
107"
s
B
g
3
Z1
g
o

Federico Buccioni

A universitat
‘i Zirich™

v’ good shape of

K-factor for
relevant distributions
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First jet emission from matrix element = accurate benchmark for pp of light jet radiation

Idea: look at pr ; spectrum in ttbb using reduced pp scales and validate against NLO prediction
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First jet emission from matrix element = accurate benchmark for pp of light jet radiation

Idea: look at pr ; spectrum in ttbb using reduced pp scales and validate against NLO prediction

We consider pp — ttbbj at 13 TeV centre of mass energy

D top quark stable, not decayed

D jets reconstructed using anti-kp algorithm

as implemented in FastJet-3.2
> AR =04, pr>50GeV, |n <25

b input parameters and scales choices as in ttbb
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First jet emission from matrix element = accurate benchmark for pp of light jet radiation

Idea: look at pr ; spectrum in ttbb using reduced pp scales and validate against NLO prediction

We consider pp — ttbbj at 13 TeV centre of mass energy

D top quark stable, not decayed

D jets reconstructed using anti-kp algorithm

as implemented in FastJet-3.2 . . this talk
b-jets tagging

> AR =04, pr>50GeV, [n <25 “single-tagged”: b or b quark content

b input parameters and scales choices as in ttbb “double-tagged”: bb content

generic b-jet: b, b and bb equally counted

important for comparisons against PS
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First jet emission from matrix element = accurate benchmark for pp of light jet radiation

Idea: look at pr ; spectrum in ttbb using reduced pp scales and validate against NLO prediction

We consider pp — ttbbj at 13 TeV centre of mass energy

D top quark stable, not decayed

D jets reconstructed using anti-kp algorithm

as implemented in FastJet-3.2 . . this talk
b-jets tagging

> AR =04, pr>50GeV, [n <25 “single-tagged”: b or b quark content

b input parameters and scales choices as in ttbb “double-tagged”: bb content

generic b-jet: b, b and bb equally counted

Disclaimer: all results are preliminary! \ . )
important for comparisons against PS

Ty 12710 QCD@LHC 2018
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The 1-loop matrix elements relevant for ¢£bb and ttbbj production are computed using

OpenLoops2: new on-the-fly helicity summation and integrand reduction [F.B., S.Pozzorini. M.Zoller “17]

\—> publicly available very soon! [F.B., J.Lindert, P.Maierhéfer, S.Pozzorini, M.Zoller|
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The 1-loop matrix elements relevant for ¢£bb and ttbbj production are computed using

OpenLoops2: new on-the-fly helicity summation and integrand reduction [F.B., S.Pozzorini. M.Zoller “17]
\—> publicly available very soon! [F.B., J.Lindert, P.Maierhéfer, S.Pozzorini, M.Zoller|

The full hadronic prediction is provided through OpenLoops2 + SHERPA-2.2.4
(\

same interface as OL1
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The 1-loop matrix elements relevant for ¢£bb and ttbbj production are computed using

OpenLoops2: new on-the-fly helicity summation and integrand reduction [F.B., S.Pozzorini. M.Zoller “17]

\—> pubhcly available very soon! [F.B., J.Lindert, P.Maierhofer, S.Pozzorini, M.Zoller]

The full hadronic prediction is provided through OpenLoops2 + SHERPA-2.2.4

In the 4F scheme there are two main partonic channels (+ crossings):

o = ity e up to rank 4
b 7-point 1-loop integrals

> g ® 3534 1L Feyn. diags.

same interface as OL1

gg — ttbbg

e up to rank 5
b 7-point 1-loop integrals

0g ® 25431 1L Feyn. diags.

q t o 26 relevant helicity o 27 relevant helicity
t configurations t configurations
Timings[s/point] (colour + helicity sums) Timings[s/point]
OL1 | OL2+Collier | OL24+OFR OL1 | OL2+Collier | OL24+OFR
my =0 | 0.337 0.208 0.233 my =0 | 4.671 1.877 2.141
my #0 | 0.593 0.269 0.297 my, #0 | 8.706 2.650 2.958
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The 1-loop matrix elements relevant for ¢£bb and ttbbj production are computed using

OpenLoops2: new on-the-fly helicity summation and integrand reduction [F.B., S.Pozzorini. M.Zoller “17]
\—> pubhcly available very soon! [F.B., J.Lindert, P.Maierhofer, S.Pozzorini, M.Zoller]
The full hadronic prediction is provided through OpenLoops2 + SHERPA-2.2.4

In the 4F scheme there are two main partonic channels (+ crossings): same interface as OL1

qq — ttbbg gg — ttbbg « up to rank 5
b 7-point 1-loop integrals

e up to rank 4
b 7-point 1-loop integrals

> g ® 3534 1L Feyn. diags. 0g ® 25431 1L Feyn. diags.

q t o 26 relevant helicity o 27 relevant helicity
t configurations t configurations
Timings[s/point] (colour + helicity sums) Timings[s/point]

OL1 | OL2+Collier | OL24+OFR OL1 | OL2+Collier | OL24+OFR

my =0 | 0.337 0.208 0.233 my =0 | 4.671 1.877 2.141

my # 0 | 0.593 0.269 0.297 my, #0 | 8.706 2.650 2.958

N ooy e T

R o Ry ~ 140% OL1/OL2 up to 3!

Federico Buccioni
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/d@n [B(®,) + V(® ]+/d<1>n+17z( 1)

Dipole subtraction method [Catani, Seymour *06]: factorisation and universality of IR singularities

R(Ppy1) = BRS(P1) I= /dq)lS(‘I)l) = integrated analytically
It allows for an IR safe numerical integration of the cross section

oNLO = / 4P, [B(®,) + V(®,,) + B(®,) ® T]+ / AP 41 [R(Prs1) = B(Pn) @ S(Py)]
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/ 4%, [B(®

Dipole subtraction method [Catani, Seymour *06]: factorisation and universality of IR singularities

R(¢n+1) —B® S(@l)

n) + V(@ ]+/d‘1>n+173( nt1)

I= / d®;S(P,) = integrated analytically

It allows for an IR safe numerical integration of the cross section

oNLO = / 4P, [B(®,) + V(®,,) + B(®,) ® T]+ / AP 41 [R(Prs1) = B(Pn) @ S(Py)]

In Sherpa the dipole phase space can be restricted by means of DIPOLE_ALPHA

pr of 1% light-jet (ttbb cuts)

do/dpr [pb/GeV]

e Varying a offers a check of the consistency of the subtraction

/—> first validation of the calculation v*

14
w2

Federico Buccioni

o 150

200 250

L) universitst

w Zirich™

300 350 400
priGeV]

adip | NLO[pb] BVI[pb] RS[pb]
—1 1 7 Nojets>2 XS
0.02 | 3.253-10 —0.32-10 3.57-10
0.06 | 3.266-10""' | 1.97-10~' | 1.30-10"* /
0.1 | 3.247-107' | 2.73-107' | 0.52-10*
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TNy jess1 [PD] ONyjewsz2 [PD] . .
e e B Scale uncertainty dominated by
Process Lo NLO | @ Lo NLO | pg variations (as in t£bb )
tib, pacy | 3.955%T5%  7.503732%  1.92 | 0.374755%  0.669727% 179 o 5
- D> For — ttbbj oo x «
tEbb, jrgwy | 3.4411T9% 7.089730% 2,06 | 0.327F5T%  0.64243%  1.96 P J o N .
- up to ~ 90 — 95% scale uncertainty
ti0bj, paey | 21645555 3.670120% 170 | 0.21995%  0.327512%  1.49
tTbbj, prgre | 1.894755%  4.120435% 217 | 0.188F5T%  0.354735%  1.88
— tEbbj /s = 13 TeV’ .
. . . ppy hB VB 18TV . K-factor:
2 PTjets > 50GeV tir =2 (ErEriEraFr;)
S [mjerel < 25 ur = Hr/2 . -
R T p slightly smaller wrt ttbb

onLo/oLo

Federico Buccioni

but still significant
> quite large for jugp, (1.88)
bit smaller for piges (1.49)

D can be reduced by
rescaling the central
value

decent convergence with figer
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‘We consider the phase space with two

resolved b-jets

K-factor
D quite stable for both scale choices

D though more stable for gy, over
the full spectrum

Scale uncertainty at NLO
D compatible with uncertainty on the
cross section:
ranges in ~ 10-25% for pigey

lives around 35% for fgpp

D for both scale choices, the uncertainty
reduces in the tails

D Hdes shows a smaller scale uncertainty
overall

due to figey < fignp

i

Federico Buccioni

KR = Ndef¢

pr of 1" bt (itbb cuts)

HUR

Prof 1% biet (ttbb cuts)

3 [N AR I
K] K]
H 0 3
E 2
T ok
T T
5 3
5 5
104 .
Spresomsloors Sprscomsloors
i aaan T T T T T i T T T T T
s El 2F El
isf El isE E
N s v P ST SIS IV I T F O TN Ity wwwa S Rwa b
T T I T A N
priGev] pricev]

do/dm [pb/GeV]

1074

Invariant mass of the 1% and 27 brjts system (tbb cuts)

[ AR AR AR AR NARANAY B (AN RRAAL AN AAAM AN NARAN RPN
— 10 g
£
E £ 1077
3
s
5
L 10t e
SupeOmsloors SupnsOmstooss
T T THHT T T T il T T THHT T T
E El sE
SR ———
E E osE
[ I P I P T e o ot s W e P ]
R B T
m [GeV] m [GeV]

QCD@LHC 2018



K-factor MR = Hdef HR = Hgbb
o shape distortions below

pr of 19 light-jet (ttbb cuts) pr of 19 light-jet (ttbb cuts)
100-200 GeV 3 T = §
more pronounced for figef sl £
o more stable for figy, 3 s
Scale uncertainty at NLO 25 Ereh
branges in 20-30% up to 40-50% oF 3
from bulk to the high pr tail )
il Pl I WA S R SN A
I T e TR
prlGeV] pr(GeV]

) universitit
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Scale choices which include jet pp

tes = (BrBriEryEpppr ;)Y

do/dpy [pb/GeV]

:“Z;bb = (ET,tET,t'MT,bEET,bB PT,j)l/ &

tends to reduce NLO uncertainties
and shape distortions for both scales

Federico Buccioni

do/dpr [pb/GeV)

HR = M;bb

' of 1% light-jet (itbb cuts)

AL BRRARPNE

0 50 100 150 200 250 300 350 400
priGeV]
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Reference scale choice: g = p goy = (B, By, iy By i pr.;)/°

pr of 1 light-jet (ttbb cuts)

= ot ETTTT T T
%z E T T T ;ubb#ry’mf
$ £ g
= F —— ttbb-pgey
=l I = =e e ttbb-pugersa 7|
s [ H L. ttbb-puge
Tk 1/
I E E|
= £ 3
1074
25 FH
2 F
b
E
o5 |
B bbb b b e by
0 50 10 150 200 250 300 350 400
pr(Gev]

remarkably good shape agreement
over all the pr spectrum
(including region of MC disagreement)

rescaling pgpy by 0.5 in t£bb B
~ 15% agreement with NLO ttbbj

rescaling pges by 0.5 in t£bb ~
— within few % agreement with NLO tbbj

Federico Buccioni ()% 18/19

do/dpr [pb/GeV]

pr of 1% light-jet (ttbb cuts)

R RRARRRRE

by,
— thbpgy ]
“eeee ttbboprgp/g
<o tbbopighy/ g

o

50 100

150 200

250

300 350 400

prlGeV]
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Reference scale choice: pr = i gy = (Eq ¢ Er g mys By pr.;)/°

 light-jet (ttbb cuts)

o Ranas

Y

y

& [ Pl e tbb-pugers2 ]
=

5

I

3

...... Hbb-piges/y

0 50 100 150 200 250 300 350 4
pr(Gev]

v' remarkably good shape agreement
over all the pr spectrum
(including region of MC disagreement)

V' rescaling pgp, by 0.5 in t£bb /’**

~ 15% agreement with NLO ttbbj

V' rescaling pges by 0.5 in t£bb ~
— within few % agreement with NLO tbbj

Federico Buccioni () javersitit

i+ Zirich™

pr of 1% light-jet (ttbb cuts)

= ARARRARS [T REAANRREE
3 E Db}y,

F L — thbpgy ]
s L P e ttbb-jigsi/p
S [ g tbb-gur/s_|
z E
N 3
3

E  Sgmrea+OrenLoors2

350 400
prlGeV]

e benchmark with precision of ~ 30%
to select optimal ttbb pp scale

e it motivates reduction of conventional tthb
scale by a factor 2 (or more)

e consistent with arguments based on

reduction of inclusive ttbb K-factor

18/19 QCD@LHC 2018



> ttH(H — bb) searches limited by theoretical uncertainty on £ + b-jets background

> crucial to understand sizeable discrepancies between NLOPS t£bb MC on the market
= most notably in the spectrum of extra light-jet radiation
s related to large ttbb NLO K-factor

> We have shown that the scale dependence of 0,57 and its interplay with the m;/m; mass gap
support a reduced ppr choice, which would:

= yield a smaller K-factor and a smaller scale uncertainty

= probably mitigate NLOPS discrepancies

> We have presented NLO predictions for pp — ttbbj
= first application of OpenLoops2 (with SHERPA)

= provides additional support for using a reduced pg choice in pp — ttbb

= should help reducing NLOPS uncertainties
(by discarding less accurate MC predictions for light-jet spectrum)

19/19 QCD@LHC 2018
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Master formula for hardest NLOPS radation:

do

®p

Rsoft(q)R)
B(®5)

B&44¢B)PunRy+Aau d¢4+ua¢R>—za#4¢Rnd¢1

Bosi(®p) = B(®p) + V(®3) + /d‘I’leaft(‘I)R) ~<—————_ NLO improved Born

POWHEG: MC@NLO:
Rsoft = R(q)R) gsoft(;u/Qv kT) Rsoft = B((I)B)K('I)l) gsoft(l'LQv kT)

K(@1) = 52 P(z,0) 20

Jet observables

do
= Rso ®
By 7i( R)(

Bsoft (':I)B)
B(®35)

Alty) — 1) + R(®R)
TN

formally of O(a)
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