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Data/NNLO

Motivation

The precision reached 1n ttbar measurements at the LHC has made both higher-
order QCD and EW corrections unavoidable ingredients for a correct
comparison of theory vs. experiment.

8 TeV data have shown a tension with NLO QCD predictions for pt(top)
distributions, which is partially explained by NNLO QCD corrections.
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EW corrections have a similar size (o2 ~ «), with
Sudakov enhancements in the boosted regime.
However, only a part of them 1s taken into
account 1n experimental analyses, and no
consistent combination with NNLO QCD (same
input parameters, PDFs and scale) 1s yet
available.



Data/NNLO

Motivation

The precision reached 1n ttbar measurements at the LHC has made both higher-
order QCD and EW corrections unavoidable ingredients for a correct
comparison of theory vs. experiment.

8 TeV data have shown a tension with NLO QCD predictions for pt(top)
distributions, which 1s partially explained by NNLO QCD corrections.

T T .
T NNLO =+~
o 6 S A
o
— ; ——
v 5L s CMS(14j) e
>
S
: 4 E ¥ e . e
# PP— tE+X (8 TeV)
&3 3.3 GeV |
T
I
s MF,R/mtE{O‘E’l’%}
o
~ H
H Ll |
1r e
0 a a ; —
1 . 3 I~ I """"""""""""""""""""""""""""""""""""""""""""" e EEEEENEEEEREER
1.2 T e e wmmewn T
; ;
0 50 350

|
100

EW corrections have a similar size (o2 ~ ), with
Sudakov enhancements in the boosted regime.
However, only a part of them 1s taken into
account 1 experimental analyses, and no
consistent combination with NNLO QCD (same
input parameters, PDFs and scale) 1s yet
available.

We provide predictions at complete NLO
accuracy including also NNLO QCD
corrections for differential distributions in
top-quark pair production at 8 and 13 TeV.



Motivation (part 2)

If you do not believe that NNLO QCD + NLO EW corrections are essential:
do you remember the forward-backward asymmetry at the Tevatron?

It 1s exactly the same process (top-quark production) at another hadron collider
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Calculation framework

The calculation of NNLO QCD corrections 1s based on
Czakon, Fiedler, Mitov 15

The calculation of the complete NLO corrections i1s performed with the EW
branch of MadGraphS_aMC@NLO (Frixione, Hirschi, DP. Shao, Zaro 14,1 5).
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Choice of input parameters

my = 173.3 GeV, my = 125.09 GeV, my = 80.385 GeV, myz = 91.1876 GeV .

G, = 1.1663787 - 107> GeV 2 for the parametrization of the EW couplings

Five-flavor-scheme for o

Which Factorization and Renormalization scale?

Which PDF set?



NNLO QCD: scale definition

The dependence on the ren. and fac. scale 1s mainly due to QCD effects.

The scale that minimizes NLO and NNLO corrections can be chosen as optimal
scale: “Principle of fastest convergence”.
The best-scale definition can also depend on the observable:
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EW corrections: PDFs choice

PDFs must have the same accuracy of the calculation of the matrix elements;
not only NNLO QCD but also NLO QED accuracy 1s necessary.
The best on the market 1s NNLO QCD + LO QED:

NNPDF3.0QED Bertone, Carrazza 16
LUXQED Manohar et al. °16 They both include a photon PDF!
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ED:

LUXQED Manohar et al. °16 They both include a photon PDF!

While the impact of the NNPDF photon PDF is huge in ttbar differential
distributions (and with large uncertainties), in the case of LUXQED 1s small.
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Can we do better?

Can we estimate NNLO mixed QCD-EW effects?

Can we reduce the scale-dependence from NLO
EW effects?



Can we do better?

Can we estimate NNLO mixed QCD-EW effects?

Can we reduce the scale-dependence from NLO
EW effects?

Combination of EW and QCD corrections
in the multiplicative approach

When QCD and EW effects factorize (e.g. soft QCD and Sudakov
Logarithms) multiplying NLO QCD with NLO EW 1s a good
approximation for NNLO mixed QCD-EW effects.

In general, 1t can be used as an estimate of uncertainties due to
mixed QCD-EW higher order effects.
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Conclusion

We provided predictions at NNLO QCD + complete-NLO accuracy for ttbar
production at the LHC (8, 13 TeV) with NNPDF3.0QED and LUXQED.

In pt distributions at 13 TeV EW corrections are outside the NNLO QCD scale-
uncertainty band (for LUXQED, which has a small photon PDF). Including EW
corrections, the total scale uncertainty 1s larger than with QCD only.

At 8 TeV, top and top-pair large rapidities are sensitive to the photon PDF 34 la
NNPDF.

The combination in the multiplicative approach leads to a reduction of scale
uncertainties.

We are producing results also for asymmetries at the LHC with this accuracy.
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PDF sets with a photon density

MRST2004QED: Martin et al. 04
NNPDF2.3QED: Ball et al. ’13

CTEQI14QED(inc): Schmidt et al. '16 These PDF sets have at least NLO
NNPDF3.0QED: Bertone, Carrazza '16 QCD + LO QED terms iIn the
LUXQED: Manohar et al. '16 DGLAP evolution.

MMHTQED? °16 ?
Additional Studies: Harland-Lang, Khoze, Ryskin '16

- The photon PDF determination is very different in the various sets.

- The different treatment of the QED and QCD DGLAP evolution has a huge
impact at small x and large Q (NNPDF2.3QED), but does not lead to visible
effects in ttbar phenomenology.

- We explicitly calculated EW corrections with NNPDF2.3QED and
CTEQ14QED. All the others can be estimated, (for_ttbar), from these two
calculations.
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The different photon PDFs ...
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- APFEL_NN23 (Bertone, Carrazza, DP, Zaro ‘15) 1s at the 1nitial scale equivalent to
NNPDF2.3QED for all the PDFs. But, the DGLAP QCD and QED running 1s
consistent (similar to NNPDF3.0QED, where also quark and gluons have been
updated to NNPDF3.0).

- At small Q: APFEL NN23 1s like NNPDF2.3QED. At large Q: 1t 1s like
CTEQ14QED at small x, while 1t 1s like NNPDF2.3QED at large x.

- CTEQ14QED is close to the upper edge of the CTEQ14QEDinc band.



The different photon PDFs ...
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dL / dm?

... and the different photon-gluon luminosities
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- NNPDF2.3QED and APFEL NN23 are equivalent! (diff. running 1s not relevant)

NNPDF2.3QED representative for (NNPDF3.0QED, APFEL NN23)
CTEQ14QED representative for (CTEQ14QEDinc, LUXQED)
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Measured (normalized)

difterential distributions
at the LHC 8 TeV

Comparison of experimental errors and theory uncertainties
with NNPDF2.3QED and MMHT14 (no photon PDF and
no LO QED running).

ATLAS data: arXiv:1510.03818, arXiv:1511.04716
CMS data: arXiv:1505.04480



(1/5)do/dly]

10°

107"

1.1

0.9 f
1.03

1.04 F

0.96

8 TeV

comparison theo. unc. and exp. err.

photon PDF NO

tt (QCD+EW, MMHT2014), LHC8
N data (ATLAS, arXiv:1511.04716) —HH
I u=m(tt) —
Ll=+4T/2 — ]
p=my
iis
3
— %
[ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 _Z
[ (QCD+EW)/data; scale+PDF unc. 7
= = — = —F —F :
L 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 _-
[~ (QCD+EW)/QCD data unc.
S S S SR
;éCII3+IIEWI; PDFIunIc. dlatal unlc. II—| ]
T T T - T i
i == =+ B L 1 4
-_ 1 I 1 I 1 1 I 1 1 I _-
0 0.5 1 1.5 2 2.5
ly(t)]

(1/c)do/dly|

10°

107"

1.1 |

0.9 f
1.03

1.04 [
0.96 |

tf (QCD+EW, NNDPF2.3QED), LHC8

1 1
MadGraph5_aMC@NLO

- data (ATLAS, arXiv:1511.04716) —H
I nu=m(t) — ]
B }l=+4T/2 — ]
p=my
—F—
[ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
[ (QCD+EW)/data; scale+PDF unc. 7
= - == = = = |
L 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I B
- (QCD+EW)/QCD data unc.
___{E _______ .F ___ —_— E ___ :::1;::::‘ _________________ —
1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I
[ QCD+EW; PDF unc. data unc. H ]
T T T T T ]
X = E= . 1
L 1 I 1 I 1 I 1 I 1 E
0 0.5 1 1.5 2 2

photon PDF YES



(1/c)do/dly|

107"

1.1

0.9 f

1.03

1.04

0.96 [

8 TeV

comparison theo. unc. and exp. err.

tt (QCD+EW, MMHT2014), LHCS8

- data (ATLAS, arXiv:1511.04716) HH ]
T == p=m(tf) —
M=HT/2 — ]

1

A

IR T T T T T N T T TN N S R S S N S T mE
[ (QCD+EW)/data; scale+PDF unc. N
R e = = T i
5 PR ST R TR (N SRR TN T T NN SR N TR T N ST S ST TR SN SR S T B
'_(QCD+EW)/QCD data unc. H i
1T T e ]

- IJ-I L IJ-I L IJ-I L I JI- L L L I L L L I L L L L

- QCD+EW; PDF unc. data unc. H ]
i ——— T ]
a 1 E
| ] L | ] .

0 0.5 1 1.5 2 2.5

ly(tH)]

photon PDF NO

(1/5)do/dly|

10°

107
1.1

0.9}

1.03

1.04
0.96

ti (QCD+EW, NNDPF2.3QED), LHC8

N data (ATLAS, arXiv:1511.04716) HH ]
[ —= u=m(tt) —
H=HT/2 —

g

-:j

I T KN T SO S (N SR T ST T N S SR S A R T ._g
[ (QCD+EW)/data; scale+PDF unc. ]
[ == =& = —= I :
_. PR SR TN (NN TR TN TN TR AN TR TN TN T [N TN TN TR S N TR T ._'
'_(QCD+EW)/QCD dataunc. M T i
-_.'E' " '.'}.' R S S
- QCD+EW; PDF unc. data unc. ]
i : I -
5 | ] L | I | ._'

0 0.5 1 1.5 2 2.5

|y (t)

photon PDF YES



8 TeV

comparison theo. unc. and exp. err.

Ll L L1l
MadGraph5_aMC@NLO

10~ £ tt (QCD+EW, MMHT2014), LHC8 . 10~ £ tt (QCD+EW, NNDPF2.3QED), LHC8 .
e data (ATLAS, arXiv:1510.03818) - ] = data (ATLAS, arXiv:1510.03818) - ]
L = =m(tt) — - Ly = =m(tt) — -
3 1072 ES } FI_T:(/Z) ~ 2 1072 k£ = " rl_r:( ) -
< =+ HETTe O] 5 =S w=Hr2 — 3
3 + u=m, 3 + h=m,
& 10°F o EE & 10°F =% E
© J® ©
® = B8 E
o 10 ©
107 | ‘ﬁ 107* | E
| | A | | | I_T....I....:g :....I....I....I....I....I If_l |
1.4 | (QCD+EW)/data; scale+PDF un — 1.4 |- (QCD+EW)/data; scale+PDF un —
1 H—F T T T T CT ] 1 T T T T T T QI- ]
0.6 .__J- =4 TE T == R 0.6 .;J_- L TE CF — R
et O O 3 i YT —
09 = 0.9 =
|l S S T PEE (N A P PR T T T W o I =TEr i B PR ' PR AR | | | |
g oo D) . ] T
09 - = 09 -
11 ERegBpprohe T e = O B T = T o B B i E—
1F 1
090, ol bl Loyl I I a 090, ol ), Loyl I I a

300 400 500 600 700 800 900 1000 1100 1200

pr(t) [GeV]

photon PDF NO

pr(t) [GeV]

300 400 500 600 700 800 900 1000 1100 1200

photon PDF YES



(1/0)do/dpy [1/GeV]

8 TeV

comparison theo. unc. and exp. err.

tf (QCD+EW, NNDPF2.3QED), LHC8
1072 F data (CMS, arXiv:1505.04480) i =
- — pu=m(t) —
: ——— p=hr2 — ]
107 F —= H=My — o
 , oS s e
1 = £ —T— —x- T =T = =
1.04 -1*' - f. ﬁ 1 -¢- J-I L 1 L l
. — (QED+EW)/QC data unc.| — -
S 1l % _____________________
L]
06 E.— v 1+ 7 A -
1.04 - QCD+EW; PDF unc. Tdata unc.| H ]
. 1 L T T T T T 5
oo+ ~ + L1 1 >
PETEPE BRI BT BT A .
0 100 200 300 400 500

pr(t) [GeV]

photon PDF YES

Data/NNLO

(1/0)do/dpy,. [1/GeV x 10'3]

. . .
= = [\ w o

Czakon, Heymes, Mitov (2015)
NNLO F
NLO = = =
LO -------
L CMS(1l+]j) +—e—
I
I
)
PP— tt+X (8TeV)
lllllllll 3 mt_173.3 Ge(‘”
=== MSTW2008
g, r/mE{0.5,1,2}
..... it
e T e Lt T e e
1 [ ettty el e R —
T T — ¥ |
........... ! ! 1
1
0 50 100 150 200 250 300 350 400
Pr,¢ [GeV]

Czakon, Heymes, Mitov 2016

NNLO QCD



