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Why ttbar + (heavy) bosons at NLO?

Phenomenology

Measurement of the couplings of the top quark with the Z and H bosons 1n
ttZ and ttH production
tty~y is an irreducible background to ¢t H, with the Higgs into 2 photons

Leptonic signatures of ¢¢H have many ttbar + heavy bosons processes as
background: W=, ttZ and ttWTW . ttZZ, tiW*Z
Top-quark central asymmetries in ¢V, at NLO

NLO calculations

“Only” QCD corrections (matched with showers) were available for

tfwi Garzelli et al *12, Campbell Ellis *12, Maltoni et al ‘14
ttZ Lazopoulos et al 08, Garzelli et al 11, Kardos et al ‘11

ttH Beenakker et al ’02, Dawson et al 03, Frederix et al ’11, Garzelli et al ‘11

tt")/’)/ Kardos Trocsanyi 14



OUTLINE

NLO QCD + PS to ttV, ttV'V and tttt

- Study of scale and PDF uncertainties and energy dependence
- Simulations of searches for ¢ H in leptonic signatures

NLO QCD and EW corrections to ttV
- Completely automated results at 8, 13, 100 TeV and 1n a boosted regime

Conclusions and Outlook



Automation of NLO corrections in MadgraphS aMC@NLO

The complete automation has already been achieved for NLO QCD.

MadGraph

aMC@NLO

CutTlools MI@@NNO,

The automation for NLO QCD+EW 1s 1n progress!.



OUTLINE

NLO QCD + PS to ttV, ttV'V and tttt

- Study of scale and PDF uncertainties and energy dependence
- Simulations of searches for ¢/ in leptonic signatures



Processes

ttW =, ttZ,  tty, | ttH

HWITW =, HZZ, tiyy, HWEy, tHWEZ, 72~y tHVV

ttit . T . o
... that is ¢t H and its possible irr. backgrounds
Scale definitions
We compare the scale dependencies for the fixed _He 1 -
scale and for two (common) definitions of Ha="N =N N T
dynamical scales: the arithmetic and geometric . N
mean of final-state transverse masses.
Mg = mr;
WE DO NOT SEARCH FOR THE BEST =1,N

SCALE!



Distributions: representative results at fixed order
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do/dy [pb/bin]

Distributions: representative results at fixed order
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Distributions: representative results at fixed order

tty (ug) , LHC13 NLOt —
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do/dp+ [pb/bin]
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Energy dependence
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ttH, leptonic signatures

Analyses based on: CMS, Search for the associated production of the Higgs boson with
a top-quark pair, arXiv:1408.1682

Three different signal regions:
SR 1: two same-sign leptons
SR2: three leptons
SR4: four leptons

Non-trivial leptonic and hadronic decays combinatoric from:
ttW=*, ttZ/v*, UWTW =, ttZZ, ttW* Z and tttt production

K and K'® are very similar for all SR and processes, besides in

13 TeV o|fb] SR1 SR2 SR3
PS +7.3% +4+2.1% +10.0% 4+2.0% +10.5 41.9
NLO 1.627 " hor 15 40 £0.02 2.85711 6% _o 50 £0.03 0.303'177s 155 +0.003
T * PS +36.7% 4+2.2% +36.4% 4+2.1% +35.8 4+2.0
t8Z ) LO 1.467136- 7% +2:2% 4 0,008 2.31736-2% +2.1% 4 0.01 0.240133-8 +2:0 4 9,001
K =1.23 KPS 1.11 £ 0.02 1.24 £+ 0.01 1.26 + 0.01




13 TeV o|[fb] SR1 SR2 SR3
PS +5.8 +2.1 +6.3% +2.0% +7.1 +2.0
NLO 1.5672°5 T2 0 +£0.02 1.6370 20 T2 00 £0.02 0.1087 7 & 720 £ 0.002
r —+ — PS +35.7% +2.1% +35.2% +2.0% +34.9 +2.0
ttH(H - WTW ™) LO 1.395F 5010 2 op & 0.008 1.469735-500 1200 4 0.009 0.09767550 T30 +£0.0007
K = 1.10 KPS 1.12 £ 0.02 1.11 £ 0.02 1.11 £ 0.02
PS +5.6 +2.3 +6.2% +2.1% +6.4 4+2.0
NLO 0.04497 75 22 4+ 0.0004 0.13470-28 210 £0.002 0.01907¢% T2 £ 0.0003
r PS +36.0 +2.2 +35.3% +2.1% +34.8 +1.9
ttH(H — ZZ) LO 0.0416739°0 22 1+ 0.0002 0.12127552% 202 4 0.0008 0.0171155¢ 59 £ 0.0001
K =1.10 KPS 1.08 4 0.01 1.09 + 0.02 1.11 + 0.02
PS +5.2% +2.3% +6.4% +2.1% +7.1 2.1
NLO 0.5557 030, T3 a0 £ 0.007 0.696 10 sor 5 g £ 0-008 0.05297 /5 T3¢ +0.0007
I 4+, _— PS +35.9% +2.2% +35.3% +2.0% +35.1 4+2.0
titH(H — 77 77) LO 0.5157F 5000 1550 £0.003 0.6357 50 Doy 5 00 £ 0.003 0.04707557 725 £ 0.0003
K =1.10 KPS 1.08 & 0.02 1.10 £ 0.01 1.13 £+ 0.02
PS +15.5% +1.6% +13.1 4+1.7
NLO 5-891159% —1.29 +0-07 2730176 1.4 £0.02 }
T + PS +27.7% +1.8% +27.4 +1.8
tEW LO 4.597350 00 T 100 £0.03 2.2127508 715 £0.008 -
K = 1.22 KPS 1.28 + 0.02 1.23 + 0.01 -
PS +7.3% +2.1% +10.0% +2.0% +10.5 4+1.9
NLO 1627 5% T g £0.02 2.857 1 05 T5 a0 £0.03 0.303710°2 753 £0.003
T * PS +36.7% +2.2% +36.4% +2.1% +35.8 4+2.0
ttZ /)~ LO 1467700 (8 1220 +0.008 2.3170000 "o o0 £0.01 0.24013%-% 120 4 0.001
K = 1.23 KPS 1.11 £+ 0.02 1.24 + 0.01 1.26 + 0.01
PS +7.5 42.2 +7.3 +42.3 +8.5 +42.2
NLO 0.2877° 0 122 1+ 0.003 0.214777°. 732 £0.003 0.013775°, T2°2 £ 0.0002
i —+ — PS +38.3 4+2.3 +37.9 +2.2 +37.7 +2.2
ttwtw LO 0.267532 722 + 0.001 0.194T31-2 T2-2 4 0.001 0.012077577 722 4+ 0.00008
K = 1.10 KPS 1.11 4+ 0.01 1.0940.03 1.13 + 0.02
PS +3.3 +1.8 -3 +3.7 +1.8 -3 +6.5 +1.9 -3
NLO (9.62F5 3 715 £0.06) x 10 (5.82T 5L 712 £0.04) x 10 (0.28079'% T1°0 £ 0.009) x 10
r PS +36.3 +1.9 —3 +35.8 +1.9 —3 +35.5 4+1.9 —3
ttZZ LO (9.77155 2 T £0.02) x 10 (5.84755°5 110 £0.02) x 10 (0.289755°% 715 £ 0.004) x 10
K = 0.99 KFS 0.99 + 0.01 1.00 4+ 0.01 0.97 4+ 0.03
PS +8.5% +2.2% +8.3% +2.3% +7.1 4+2.3 —3
NLO 0.063277°% 2% +0.0007 0.030775 00 T332 £ 0.0005 (1.0977 7 132 £0.02) x 10
T 4+ PS +32.2% +2.4% +31.9% +2.3% +31.8 +2.4 -3
tIW=* Z LO 0.05997 3222 T25o £ 0.0003 0.0201 75595 220 4 0.0002 (1.08755°5 23 £0.01) x 10
K = 1.06 KPS 1.06 & 0.01 1.06 & 0.02 1.01 + 0.02
PS +28.6 +5.7 +27.1 4+5.2 +27.3 4+5.0
NLO 0.3357555 T3 L £0.004 0.221750 L 727 £0.003 0.0126735L2 T2'0 £ 0.0003
iy PS +80.9 4+4.7 +80.3% +4.4% +79.8 4+4.2
titt LO 0.267759% T ¢ £0.001 0.178 5000 T o £0.001 0.009887 773 T2 4 0.00007
K = 1.22 KPS 1.26 + 0.02 1.24 + 0.02 1.27 + 0.03
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OUTLINE

NLO QCD and EW corrections to ¢t/
- Completely automated results at 8, 13, 100 TeV and 1n a boosted regime



NLO QCD +EW for ttV production (V = H, W, Z)

H 1
Alpha(mZ)-scheme, NNPDF2.3 QED, U = 7T, 5 < g, br < 20
Contributions LOQCD LOEW
HBR (pp — ttV + V") is of the same ‘ ‘ ‘

order of NLO EW. / \ / \ / \

The Photon PDF (with large uncertainties) ‘ ’ ‘ ‘

enters In LO EW and NLO EW. : g
NLO QCD NLO EW
The generation of EW-QCD loops, real define p = p b b~ a
emission of gluons, quarks and photons generate p p > t t~ h [QCD QED]

1s completely automated. output ttbarh_QCD_QED

-

FKS IR counterterms completely
automated.



NLO QCD +EW for ttV production (V = H, W, Z)

H 1
Alpha(mZ)-scheme, NNPDF2.3 QED, U = 7T, 5 < g, br < 20
Contributions LOQCD LOEW
HBR (pp — ttV + V") is of the same ‘ ‘ ‘

order of NLO EW. / \ / \ / \

The Photon PDF (with large uncertainties) ® ©®© © o
enters in LO EW and NLO EW. oo 0202 0,0 o
NLO QCD NLO EW

Boosted regime 1o’

/o, do/dp;

HHU‘ T

pr(t) >200 GeV,  pp(f) >200 GeV,  pp(H)>200 GeV 2| ]
tt :pT,t

S/B increases for boosted tops and Higgs.

Plehn, Salam, Spannowsky ‘10

Sudakov logs are relevant in these regions! L. . .. W Py WH By
0 100 200 300 400 500 600 700
pGeV]



10°

107 ¢

— — —, —h 5
S 2 NDWA 22V &

— otk

o o
o N A

Numerical results

ttH production at the 13 TeV LHC ttH : 5(%) 8 TeV 13 TeV 100 TeV
NLO QCD | 25.909%) | 207788 (24.275) | 408737
e ] LO EW 1.8+1.3 1.2+0.9 (2.8 £2.0) 0.0 +0.2
omoacoew — | LOEW noy | —034+0.0 —0.4+0.0(—=0.2+0.0) —0.6=+0.0
e ey NLOEW | —0.6+0.1| —1.24+0.1 (-=8.24+0.3) |—-2.7+0.0
NLO EW no~v | —=0.7+0.0 —1.440.0 (-85+0.2) —2.7+0.0
HBR 0.88 0.89 (1.87) 0.91

MadGraph5 aMC@NLO
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Numerical results

ttZ production at the 13 TeV LHC

______

Pr (t)

LOQCD ---
LO+NLOQCD ——
LO+NLO QCD+EW —

LO+NLO QCD+EW, noy

MadGraph5 aMC@NLO

ratio over LO QCD; scale unc.

1 1 1 I 1
ratio over LO QCD; PDF unc.

- relative contributions

:— NLOQCD —
C LO+NLO EW —

pr(t) [GeV]

Frixione, Hirschi, DP, Shao, Zaro ‘15

ttZ . 6(%) 8 TeV 13 TeV 100 TeV
NLO QCD 43.21728 45.91732 (40.21117) 50.471%-3
LO EW 0.5+ 0.9 0.0+0.7 (214+16) | —1.140.2
LOEWnoy | —-0.8+0.1 —1.140.0(-0.3+0.0) —1.6%+0.0
NLOEW | -334+03| -3.84+02(-11.1+£0.5)| —5.240.1
NLOEWnovy | =3.740.1 —41+0.1 (-11.5+0.3) —54+0.0
HBR 0.95 0.96 (2.13) 0.85

(Boosted regime in brackets)

Scale variation

(NLO QCD+EW) PDF var.

ttZ



Numerical results

107

ttW™ production at the 13 TeV LHC LW 0(%) 8 TeV 13 TeV 100 TeV
NLO QCD 40.8115 50.17152 (59.77189) | 156.41350
A Loaco --- LO EW 0 0 0
A I__!___ LO+NLO QCD —— 7
» LO+NLO QCD+EW — LO EW no Y 0 0 0
10 oo aep e NLO EW —6.9+02 | =7.74+02(=192+0.7)| —9.34+0.2
]l¢ NLDOEWnoy | —=7.14£02 -8.0+0.2 (—20.0+0.5) —9.6+0.1
E HBR 2.41 3.88 (7.41) 21.52
3 12 : :
10 (Boosted regime 1n brackets)
17 E ratlio overl LO QbD;sclelIe uncI:. | | I _L___;
1o i Scale variation
1.4 F o=
13 F | | =
1.7 ratlio overl LO QbD; PDF uncl. A_f
1.6 —
4k 1 (NLO QCD+EW) PDF var.
1.3 | | ]
0.6 3 relative contributions T:
0.4 — NLOQCD — LO+NLOEW, noy ¢
02 F LO+NLOEW — HBR —= 3

Frixione, Hirschi, DP, Shao, Zaro ‘15



Numerical results

ttW" production at the 13 TeV LHC W™ 5(%) 8 TeV 13 TeV 100 TeV
NLO QCD | 42.2+119 51.5713% (66.3795:0) | 153.61377
10 F LoaeD --- 5 LO EW 0 0 0
LO+NLOQCD —— 7
LO+NLO QCD+EW — ] LO EW no Y 0 0 0
oo aeRE o NLO EW —6.0+0.3| —6.74+0.2 (-18.3£0.8)| —8.540.2
5 o« NLOEWno~ | —-6.2+0.2 -7.0+£0.2(-19.14+0.6) —-88+0.1
107 F 15
i 12 HBR 4.35 6.50 (15.01) 28.91
(Boosted regime 1n brackets)
0-4 L . . | : : : | §
17 _ ratio over LO QCD; scale une: _ . .
16k i Scale variation
1.4 F z
13 F | | 3
17 E ratlio overl LO QbD; PDF uncl. I I I I | 3
16 F '
15 (NLO QCD+EW) PDF var.
1.3 F
0.6
04 F NLOQCD — LO+NLOEW,noy ¢ 3
0.2 F LO+NLOEW — HBR == _
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CONCLUSION

We performed a thorough analysis of PDF and scale uncertainties at NLO
QCD for ¢tV and ttV'V processes with the public version of MadGraph5_
aMC@NLO. We provided also NLO+PS results, 1n a realistic experimental
set-up, for all the signal and background processes involved 1n the
searches of ¢t H with leptonic and diphoton signatures at the LHC.

The scale dependence in ¢tV and ¢tV 'V processes changes for different scale
definitions, with no clear sign of a general “best-scale choice™.

K-factors of charged final-states strongly depend on the total energy of the pp
collision and on specific kinematic variables. B
NLO QCD corrections reduce the value of the top-quark asymmetry i ¢1-y.

The automation im MadGraphS aMC@NLO of NLO EW and QCD
corrections is in progress. NLO QCD and EW corrections to ¢t} have been
calculated 1n a completely automated approach.

The ttV (V = H,W, Z) processes show non-negligible corrections for large
pt and in a boosted regime, due to Sudakov logs. B
NLO EW corrections are particularly large for t£tW T and ttW —.
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Automation of NLO corrections in MadgraphS aMC@NLO

What do we mean with automation of EW corrections?

The possibility of calculating QCD and EW corrections for SM processes
(matched to shower effects) with a process-independent approach.

generate process [QCD] generate process [QCD EW]
output process_QCD output process_QCD_EW

The automation of NLO QCD has been achieved, but we need higher precision
to match the experimental accuracy at the LHC and future colliders.

NNLO QCD automation 1s out of our theoretical capabilities at the moment.
NLO EW corrections are of the same order (a2 ~ «), the Sudakov logarithms
can enhance their size. NLO QCD and EW corrections can be automated.



Amplitudes and matrix elements

NLO UFO models: - SM-alpha(mZ) (EW+QCD, Weak+QCD)
(UV CT, R2) - SM-Gp (EW+QCD, Weak+QCD)

Weak = EW without photonics corrections (to be used when gauge invariant).

The matrix element calculation is completely automated. Example: ¢tV

NLO orders of ¢tV ‘ ‘ ‘ ‘
oo oo’ oo o

Processes with only final-state massive particles

The generation of EW-QCD loops, real emission : Heavy Boson Radiation (HBR)
of gluons, quarks and photons 1s completely
automated.

pp — ttH +V

FKS IR counterterms completely automated. Vi=HW, 2z

Also for photons 1n the 1nitial state. 2

Formally of order a%a?



Why do we care about photons 1n the proton?
2 representative examples:

High-mass Drell-Yan, Z — e*e

- S ;
s Process Tt Without cuts [pb] 107 4= BN oPA(1 +8,) + 0y .
tt - Hl*ﬁﬁ A ogM(1 +dg, +9,,)+ 0, 3
Born correction <10” 3 '1*1,;.% Ii]@l f2_=5’7pT|T e;/ o5 GeV E
o 51,95 1 S F NNPDF23_nlo_as_0119_ged J
- ' 810° = o =
dd 21.61 -0.228 : 2 F o -
55 4.682 -0.0410 : S10" = e =
NLO QED E © - g = .
cc 2.075  [-0.0762 ; 0L ) .
qg 407.8 2.08 : ; -
g 10°
t gy 4.45 1 3E |
; pp 470.4 478 e
o 1 zaﬂ+o+o+g+g+q
Integrated hadronic cross section for ¢t production at the LHC, at NLO QED 82;_5 , -
Hollik, Kollar *07 MRST2004QED Carrazza ‘14 NNPDF2.3QED
a2 oo o? o?
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Rapidity distributions: unboosted vs. boosted

ttH production at the 13 TeV LHC
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ttH production at the 13 TeV LHC
boosted cuts: pr(t), pr(t), pt(H) > 200 GeV

LO QCD

y ( t ) LO+NLO QCD+EW

LO+NLO QCD+EW, no y

LO+NLO QCD

F— relative contributions
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MadGraph5 aMC@NLO



o per bin [pb]

Transverse momentum distributions: unboosted vs. boosted

107 107
ttH production at the 13 TeV LHC ttH production at the 13 TeV LHC
boosted cuts: pr(t), py(t), pt(H) > 200 GeV
_____ LOQCD --- LOQCD ---
LO+NLOQCD —— LO+NLO QCD ——
LO+NLO QCD+EW — = 103 £ 7 LO+NLO QCD+EW —  _
) Q - ]
10 LO+NLO QCD+EW,noy ¢ 1 & LO+NLO QCD+EW, noy
c r T ___L3 e
<
{10 @ 1o
Q @]
{2 5
]
o 10% % 3 1o
<
-3 o 1«
10 ] 5 pT (t) ‘] g
1% E
= 1=
L L L | L L L | L L L
1.4 1.4 E ratioover LO QCD; scale unc. _
1.3 [ 1.3 E E
10 E 1.2 E
" F 1.1 E
1.1 = 1
1 - | I halniniaiate Pl B R 09 E
1.4 ratio over LO QCD; PDF unc. E 14 E
13 [ ' 1.3
1.2 | 1.2 F
: 1.1 E
1.1 ] 1 E
1 - | A i Pttt B .““‘; 09 E
0.4 | _relative contributions . 0.4 | -
[ i NLOQCD — LO+NLOEW, noy ¢ |
0.2 | 0.2 LO+NLO EW — HBR — -]
e _ LOWNLOEW — =~ =~ =~ = R o4 b L/ o ]
o T I e e e
o L L L | ! ) ) | ! ! 1 7] - | | ‘ul‘. b il
0 200 400 600 200 400 600 800

ttH

p(t) [GeV]

13 TeV



Pheno studies

.
10 '
; ttH production at the 13 TeV LHC

NLO purely Weak and QCD
corrections to ¢t H production have

LO ---= ]
LO+NLOQCD —— b

been produced “assembling by & 10? |
hand” the FKS counterterms. z

Frixione, Hirschi, DP, Shao, Zaro 14

MadGraph5 aMC@NLO

- ratio over LO

e a I L P 17777’7_777777777777777{

1.4
1.3 F :
1.2 F Be
1.1F =
]
4

- relative contributions QCD ——  Weak ——  HBR ——- -

Now, for the complete NLO QCD o L L
and EW corrections, with photons 0 fr e
in the itial state, we need to type: 0 200 400 600

define p = p b b~ a In this talk I presented results for

generate p p > t t~ h [QCD QED] NLO QCD and EW corrections to
tput ttbarh_QCD_QED T
B — ttV.  V=HW,Z

Frixione, Hirschi, DP, Shao, Zaro ’15
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Structure of NLO EW-QCD corrections
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Structure of NLO EW-QCD corrections
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Structure of NLO EW-QCD corrections
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Structure of NLO EW—QCD corrections
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Structure of NLO EW-QCD corrections
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IR singularities
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Comparison between different schemes

mw = 80.385 GeV ,

myz = 91.188 GeV

1
a(mz) scheme = 128.93
( Z) a(my)
1
G, scheme G,=116639-107° — = =132.23
87
ttH ttZ W= W~
oLo qcp(pb) | 3.617-1071 5.282-1071 24961071 1.265-107!
G, 1 1 —1 ~1
o pb) | 3.527-10"! 5.152-107! 2.433-10"! 1.234-10 G
AL‘?“QCD( <7) 2.5 2.5 25 25 AGx _ 7L0QoD %16 qop
1O ocp (/) : : ' ' LO QCD OLO QCD
5o ew(%) 1.2 0.0 0 0
5% o (%) 1.2 0.0 0 0
AT o (%) 2.5 2.5 2.5 2.5
OnLO EW(Y0) —1.2 —3.8 —7.7 —06.7 5 ox
G —
St o mw (%) 1.8 —0.7 —45 —3.5 X 50 00D
NS
o mw (%) —0.5 —0.7 —0.9 —0.9

Table 11: Comparison between results in the a(my)

and G, scheme, at 13 TeV.



Why Weak corrections to ¢¢H production?

We calculated NLO corrections of mixed QCD-Weak origin, 1ignoring QED
effects. We compared them to NLO QCD corrections.

Phenomenology motivations

Electroweak corrections are in general small. However, the Sudakov logarithms
oy In® s/M2, can enhance their size. They originate only from Weak corrections

The cross section of ttH depends directly on A?ZH' At NLO, only Weak

corrections introduce a dependence on other Higgs couplings.

Automation of NLO corrections

Without QED (photons), the structure of IR singularities 1s simpler
tt H was the first pheno study of EW corrections in the MG5 aMC@NLO
framework.



Inclusive rates

Numerical results weak corrections

NLO corrections

(Boosted regime in brackets)

ONLo (%) 8 TeV 13 TeV 100 TeV
QCD +25.6107 (£19.67970) | +29.37 11 (+23.9777,)  +40.47776 (+39.175,)
weak 1.2 (—8.3) 1.8 (_8.2) 3.0 (—7.8)
Heavy Boson Radiation
ouBr (Y0) 8 TeV 13 TeV 100 TeV
W 10.42(4+0.74) [10.37(10.70) | +0.14(+0.22)
Z +0.29(+0.56) |+0.34(40.68) | +0.51(40.95) Partial Compensati()n of
H +0.17(+0.43) |+0.19(40.48) | +0.25(+0.53) Sudakov logs
sum +0.88(+1.73) [+0.90(+1.86)| -+0.90(-1.70)
NLO weak subchannels
onLo (70) 8 TeV 13 TeV 100 TeV
g9 —0.67 (=2.9) | —1.12 (—4.0) —2.64 (—6.8)
Ul 0.01 (—3.2) | —0.15 (—2.3)[  —0.10 (—0.5)
dd —0.55 (=2.2) | —0.52 (—1.9) —0.23 (—0.5)




Scale dependence: ¢tV processes
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Scale dependence: ¢tV 'V processes
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NLO different scales i = u [uw]
13 TeV o|[fb] ttZ 7 W W [4f] ttyy
+3.8% +1.9% +8.3% +2.3% +13.9% +1.3%
NLO 2'117—8.6% —1.8% 11'84—11.2% —2.4% 10'26—13.3% —1.3%
36.1% +1.9% 38.3% +2.2% 36.5% +1.5%
LO 2°137i_24.4% 1—1.9% 10'781—25.4% 1_2.2% 8°8381—24.5% tl.ﬁ%
K-factor 0.99 1.10 1.16
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NLO vs LO = u [u’]
13 TeV o|fb] ttWw*2z ttZy tEW
+9.8% +2.2% +10.5% +1.8% +12.0% +1.8%
NLO 4'157—10.7% —1.6% 5'771—12.1% —1.9% 6'734—11.6% —1.4%
+32.6% +2.3% +38.0% +1.9% +324% +2.1%
LO 3'921—22.8% —2.2% 5'080—25.3% —1.9% 6'145—22.6% —2.0%
K-factor 1.06 1.14 1.10
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Scale dependence: tttt
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NLO vs LO, different scales.

Studies performed also in
Bevilacqua and Worek ‘12

+5.8%

. +25.8%
ONLO — 13'31—25.3% —6.6% fb
_ +81.1% +4.8%
0L.O — 10'94—41.6% —4.7% tb
K —factor = 1.22



do/dpy [pb/bin]

Additional study for pt of ttbar in ttbarW

- LHC13 W (ug) — NLO — 1
_ tW (ug) - LO — _
01El T ¥ NLOpq(j) > 100 GeV --- 3
- (
[ ()
0.01 )
0.001 %
0.0001 E é
T I T BT BT BT T e
’;c‘» 5 B tW pr(j) > 100 GeV LOunc. =01 NLO unc. Im - LO QCD NLO QCD
M t t t t
pr(tt) [GeV]
4%




o |fb] 8 TeV 13 TeV 14 TeV 25 TeV 33 TeV 50 TeV 100 TeV
2205021500 o 21200 Tike 2590 ke 10T TAg 200000 Tl 51670 TG 204555 ey
HWEW ] 267507 g 18T g 14455 Den 666750k Doty 13000050 Tie 327 006g Traw 1336Tay Tian
thyy | 277EG T 10850550 Tise 12006y Tiaw M8TISEN Toon TS2NSen Toor 184TNRTE Toew 62403337 TVon
HWEZ | 18T55E g 4161007 e 49600k e 1785056 Tile 30270007 Togn 6671050 Town 210705k Towy
2y | 139100y Dan STTIRYg Tiaw 6951000 ise 2990530 Tie 5651500 e 138Th0n ite 933150 11og
HWEy | 20100 g 6735060 Tiiw T Ten Mg 27600 Toon 4637050 Toag 984Mirog Torm 3187000 1ot
it LTI Thie 13305550 Totn 1781y e 18013050 Yise 2971035 Thew 929000 Tion 493415757 1

o [pb] 8 TeV 13 TeV 14 TeV 25 TeV 33 TeV 50 TeV 100 TeV
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ttH with (H — ~vv) decay

Analyses based on: CMS, Search for the associated production of the Higgs boson with
a top-quark pair, arXiv:1408.1682

pr(e) > 7GeV,
In(y)] < 2.5,

100 GeV < m(y17y2) < 180 GeV
AR(’ylafyz)a AR(’Yl,Qaj) > 047

In(e) < 2.5[,
pT(,]) > 25 Gev,

pT(/'L) > 5G€V,
n(j) < 2.4],

m(y1v2)

pr(v) > 5

AR(W/LQ’K) > 0.4 )

In(p) < 2.4],

pT(’YQ) > 25 GeV,

pT(fl) > 20 GeV

preselection cuts

Analysis cuts

and AR(l;,1;) > 04, if leptons are more than one.
13 TeV o|[fb] ttH X BR(H — ~v7) ttyy ttH(H — ~v7) ttyy
+6.0% +2.1% +8.7% +1.6% PS +5.9% +2.0% +11.4 +1.5
NLO 1.191709% +20%0 146657 %, 1198 | NLO 0.194F2-9% +2:9% +0.002  0.374T735 T2 £0.004
+35.5% +2.0% +37.0% +1.7% PS +35.2% +2.0% +36.4 +1.7
LO 1.0871355% +2.0%  1.340F37:0% *17% | LO 0.172F3%-2% +2.0% +0.001  0.310%3% % T1'7 +0.002
K 1.10 1.09 KPS 1.13 +0.01 1.21 + 0.01
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e Signal region one (SR1): two same-sign leptons

Exactly two same-sign leptons with with pr(¢) > 20 GeV are requested. The event is
selected if it includes at least four jets with one or more of them that are b-tagged. Further-
more it is required that pp(¢1) + pr(€2) + EFS > 100 GeV and, for the dielectron events,
im(eTeT) — mz| > 10 GeV and E}s > 30 GeV, in order to suppress background from
electron sign misidentification in Z boson decays.

e Signal region two (SR2): three leptons

Exactly three leptons with pr(f1) > 20 GeV, pr(f2) > 10 GeV, pr(f3 = e(u)) > 7(5) GeV
are requested. The event is selected if it includes at least two jets with one or more of them
that are b-tagged. For a Z boson background suppression, events with an opposite-sign
same-flavor lepton pair are required to have |[m(£1£~) —my| > 10 GeV. Also, for this kind
of events if the number of jets is equal or less than three, the cut E%liss > 80 GeV is applied.
e Signal region three (SR3): four leptons

Exactly four leptons with pr(¢1) > 20 GeV, pr(£2) > 10 GeV, pr(l34 = e(p)) > 7(5) GeV
are requested. The event is selected if it includes at least two jets with one or more of
them that are b-tagged. Also here, for a Z boson background suppression, events with an
opposite-sign same-flavor lepton pair are required to have |[m(£7¢~) — mz| > 10 GeV.



