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Top-pairs at the LHC

Additional final

D + D — t -+ f + X 4 | state radiation

Top pair production QCD corrections at hadron colliders
are known to NNLO

M. Czakon, D. Heymes, A. Mitov

p+p—t+t+H(or W/Z)+ X

Top pair + boson production QCD corrections at hadron
colliders are known to NLO ex. MadGraph5 aMC@ENLO, OpenLoops,

and other NLO providers


mailto:MadGraph5_aMC@NLO

Top-pairs at the LHC

_ Additional final
D D —> t 4+t -+ X 4 | state radiation

I For both processes, the theoretical predictions
Top pal can be improved by resumming soft gluon s
are knd emission effect to NNLL accuracy Mitou
For top pair production, in the tail of differential
distributions terms which become large in the

- A 2

limit s > m; are also relevant. We resum

them to NNLL' accuracy

Top pair + boson production QCD corrections at hadron
colliders are known to NLO ex. MadGraph5 aMC@ENLO, OpenLoops,

and other NLO providers


mailto:MadGraph5_aMC@NLO

Outline & Goals of the Talk

I. Explain in brief what we are resumming

Il. Top pair + H/W/Z: show some results for the total
cross section and several differential distributions
(obtained with an in-house Monte Carlo) at
NLO+NNLL accuracy

lil. Top pair production: show results for the pair invariant
mass distribution and the top quark transverse
momentum distribution at NNLO+NNLL' accuracy



Outline & Goals of the Talk

I. Explain in brief what we are resumming

Il. Top pair + H/W/Z: show some results for the total
cross section and several differential distributions
(obtained with an in-house Monte Carlo) at
NLO+NNLL accuracy

lil. Top pair production: show results for the pair invariant
mass distribution and the top quark transverse
momentum distribution at NNLO+NNLL' accuracy

Warning: emphasis on resummation effects rather than

on resummation techniques: | will skip a lot of very
Important technical detalls (can discuss after the talk)




“Pair” Invariant Mass kinematics

* For top pair production, we have two tree-level partonic

Processes

 Define the invariants

5= (p +P2)2 M? = (p3 +P4)2



“Pair” Invariant Mass kinematics

* For top pair production, we have two tree-level partonic
processes

q(p1) + q(p2) — t(p3) +t(pa)
g(p1) + g(p2) — t(p3) + t(ps)

 Define the invariants

)= (p1 + p2)° : (p3 + pa)*

—A
Invariant mass of the heavy particles
Partonic center of mass In the final state
energy (squared)




“Pair” Invariant Mass kinematics

* For top pair production, we have two tree-level partonic

Processes

 Define the invariants

5= (p +P2)2 M? = (p3 +P4)2

If real radiation in the final state is present, § # M?

M2

Z

A

S




“Pair” Invariant Mass

kinematics

* For top pair production, we have two tree-level partonic

Processes

 Define the invariants

Lo 1 o \2

§:(p1—|—]92)2 M? =

If real radiation In the final state Is

Partonic threshold limit
z — 1
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Factorization in a nutshell

Differential cross section:
d?c
dM ?

= f(z) ® C(2)



Factorization in a nutshell

Differential cross section:
d?c
dM ?

= F(2))© C(2)

Partonic luminosity -

I = /_fz/Nl () f5/N, (%)



Factorization in a nutshell

Differential cross section:

d?o
i (T )

-t Hard scattering kernel
(partonic cross section)

Partonic luminosity



Factorization in a nutshell

Differential cross section:
d?c
dM ?

= f(z) ® C(2)

In the soft emission limit a clear scale hierarchy emerges:

5, M?* m? > 3(1 —2)> > A?QCD



Factorization in a nutshell

Differential cross section:
d?c
dM ?

= f(z) ® C(2)

In the soft emission limit a clear scale hierarchy emerges:

5, M?* m? > 3(1 —2)> > A?QCD
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Factorization in a nutshell

Differential cross section:
d?c
dM ?

= [f(2) ® C(2)
In the soft emission limit a clear scale hierarchy emerges:
8, M? m; > 5(1—2)>> Adep
In this limit, the partonic cross section factors into two parts:

Cij = TI’E@'J' (M, {pz’}vﬂ)iij&/g(l — 2), {pz’}vﬂﬂ

Soft function
(real soft emission )

Hard function
(virtual corrections)



Factorization in a nutshell

Differential cross section:
d?c
dM ?

= [f(2) ® C(2)
In the soft emission limit a clear scale hierarchy emerges:
8, M? m; > 5(1—2)>> Adep
In this limit, the partonic cross section factors into two parts:

Cij = TI’E@'J' (M, {pz’}vﬂ)iij&/g(l — 2), {pz’}vﬂﬂ

Soft function
(real soft emission )

Hard function both are matrices
(virtual corrections) (in color space)



Factorization in a nutshell

Differential cross section:
d’c
- = ff(z2) R C(z2)
Soft gluon emission resummation:
use RG equations satisfied by H and S to resum
terms which are singular in the z - 1 limit

_lnk(l — z)_

1 —z
L d+

[i

(In reality we work in Mellin space where the
plus distributions turn into In N)

Hard o
(virtual corrections) (in color space) ission )



Factorization in a nutshell

Differential cross section:
d?c
dM ?

= f(z) ® C(2)

In the soft emission limit a clear scale hierarchy emerges:

This resummation program can be carried out
with relatively few changes also for the
production of a

[i

Top-pair + H (or W/Z)

Soft function

both are matrices -
(real soft emission )

(in color space)

Hard function
(virtual corrections)



Mass logs in top pair production

 The LHC has the abllity to probe top quarks with an energy of a
few TeV — “boosted” tops, 3 > m.;

« Within the soft gluon correctlons there are terms which are
further enhanced by In(m3/3)

» Essentially, in the small mass limit the hard function and the soft
function factor further:

H? (M, my, cos0, py) = Hij(M,cos 0, pg) Cp(my, pig)

M? - M?
Sij | In =5, M, my,co80, g | =3sij | In ——, M, cos0, uy 59 (ln r_m—t,,uf>
]V-Mf ]V-Nf Ny

* A framework for the simultaneous resummation of threshold
and small mass logarithms in top-pair differential cross sections

at the LHC is available AF, B. Pecjak,and L.L. Yang (‘12)
D.Forde, B. Pecjak,X. Wang and L.L. Yang('16)



Types and accuracy of the
resummation

We have all of the elements needed to carry out soft gluon
(partonic threshold) resummation to NNLL accuracy (for
both top pair and top pair + H/W/Z)

Resummation in the soft-boosted limit can be carried out
to NNLL' accuracy (i.e. massless hard and soft functions +
fragmentation to NNLO, technically NNLLg 3/ )

The matching of NNLL soft gluon resummation to
NLO/NNLO calculations well understood

The soft - boosted resummation formula in alpha_s is the
small mass limit of the threshold resummation formula at
any fixed order in alpha_s. This can be used to match the
two resummation procedures and obtain NNLO+NNLL’
predictions



Top-quark pair + H (or WI2).
NLO+NNLL (soft-limit) resulits

Total cross section
+

Four differential distributions

A. Broggio, AF, G. Ossola, B.D. Pecjak, R. Sameshima, L.L. Yang

JHEP 1609 (2016) 089 [arXiv:1607.05303]
JHEP 1702 (2017) 127 [arXiv:1611.00049]
JHEP 1704 (2017) 105 [arXiv:1702.00800]



Total cross section @ 13 TeV

order PDF order code o |fb]
LO LO MG5 _aMC 378.71g2%°
NLO NLO MG5 _aMC 474.8730%
NLO-+NLL NLO MC +MG5_aMC | 480.17°07
NLO+NNLL | NNLO | MC +MG5_aMC | 486.47377

ttH boson production pur = M/2,up = M ,us = M/N

The scale uncertainties get progressively smaller
when moving from NLO to NLO+NLL to NLO+NNLL,
and the higher-order results are roughly within the
range predicted by the uncertainty bands of the
lower-order ones.




Comparison among predictions at
different factorization scales
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tTH distributions at NLO+NNLL
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Top-quark pair production:
NNLO+NNLL’ (soft-boosted)
results

Pair invariant mass

Top-quark transverse momentum

M. Czakon, AF, D. Heymes, A. Mitov, B. Pecjak, D. Scott,
X. Wang and L.L. Yang

(In progress, preliminary results)
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tT M distribution at NNLO+NNLL
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Resummed soft+boosted results depend on 5 scales
scales.

The residual perturbative uncertainty is obtained by
varying all of these scales by factors of 2 and 2 around
their central values

In Mellin space all (central values of the) scales can be
fixed in a “ ~ standard” way, except for the factorization
scale

The optimal choice of the factorization scale was studied
In detail in the context of NNLO calculations by
Czakon, Heymes, Mitov (‘16)
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produce the opposite effect in the right plot (M/2 scale)



tT M distribution convergence
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The NNLO results demonstrate a strong dependence on the
factorization scale at high M. The NNLO+NNLL’ results are more
consistent with each other
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Top quark pT distribution at
NNLO+NNLL’
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The resummed calculation has less of an effect on the pT distribution
that on the M distribution, producing results which lie close to the NNLO
calculations




Top pair production
total cross section
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Results for dynamical scale choices are obtained by integrating the
differential cross sections obtained in the previous sections.

The impact of the resummation on the total cross section compared to
NNLO is minimal, but NNLO+NNLL’ results for the three scale choices
are very similar




Conclusions

* We implemented a method to study partonic threshold
corrections to top pair (+ H/W/Z) boson production

* In top pair production, we also resum “small” mass
logs, important in the tail of the distributions

* NLO+NNLL results in the soft emission limit are
available for top pair + H/Z/W production (total cross
section + diff. distributions)

e [preliminary] NNLO+NNLL’ (soft+ “boost.”) results are
available for the invariant mass and top transverse
momentum distributions in top pair production



Backup Slides



How to resum soft logs
(very short version)

The hard and soft functions are free from large logarithms and
can be evaluated in fixed order perturbation theory

The hard and soft functions satisfy RGEs regulated by
anomalous dimensions which can also be calculated up to a
given order in the strong coupling constant a_s

By solving the RGES one can resum large corrections
depending on the ratio of hard and soft scales

In practice, it is more convenient to solve the RGEs in Laplace
space or Mellin space, where convolutions become regular
products

do L dz T do ~ _
iy oc[r ?ﬁ(;)Tr HS(2)] & 5 o fTr[HS]

[T =M?/s, s = (collider energy)?]



Mellin space

 The resummation can also be carried out in Mellin
space (by taking the Mellin transform of the factorized
Cross section), similar to “direct QCD” resummation

&N, 1) = / ARG / APS,Tr [H ({p}, 1) S (V5(1 = 2), {p}, 1)

 The total cross section can be then recovered with an
Inverse Mellin transform

1 [t dr 1 cF100

28 Jo T 2m [ 0o

o)

ANTNF(N, ) [ dPSar (N, )



Resummed kernels in Mellin space

* RG evolution is used to obtain ¢ at the scale

c(pg) = Tr | Ulug, s o) Bpn) UT (g, pons pis)8 (1)

e By rewriting as(¢f) and as(us) as a function of as(up)

- Amr s (fin)
U = A A A A A A
eXp{%(M)m( JAf) g2 (A Ap) + ym g3 (AN, Af) + }

X u({p}ﬂuhvlu )
° )\ _ aS(’Uh)BO hl &’ >\f . &S(Hh)ﬁo lnlu_h

2T Is 2m L

NNLL resummation requires:

1) 91,92, g3, U 2) Soft function to NLO  3) Hard function to NLO




Matching: technicalities

NNLO terms subleading in the soft limit

7 N\

(N)NLO+NNLL = __ NNLL,, (N)NLO NNLL,,
do = do — do do (NINLO
expansion

soft terms subleading in m;—o0

A
r7 N\

doMNLO+NNLL' _ j NNLL; | ( doNNLLy, _ dUNNLLm‘

mt—>0>

X (dO(N)NLO _ doNNLLi

(N)NLO )

Expansion
\ 4

NNLO terms Subleaging in the soft limit




Scales

 |n fixed order calculations, one needs to choose a default value
for the factorization scale 7.0

 In resummed calculations we also have to pick a value for the
default hard and soft scales Kr,0 ; Hs,0

* |n order to keep the hard and soft functions free from large
logarithms in Mellin space, one chooses

M

pho =M pso= =

 The choice of the default value for the factorization scale Is
more delicate (see following slides)



Scales in the boosted-soft limit

* |n partonic threshold resummation one needs to choose a
default value of 3 scales Hf.0 s Hh,0 5 Hs,0

* In the soft boosted limit the hard function and the soft function
further factor in the product of two functions. This fact gives rise
to two addictional scales tdn,0 , Hds,0

* In Mellin space, one chooses

gz
Hdh,0 — Tt Hds,0 — —=

N
* [n order to determine the residual scale uncertainty, all scales
are varied separately and the variations are combined In
guadrature



Scale uncertainty

* In fixed order results, the scale uncertainty is evaluated
by varying ps € [pr,0/2,2p,0]

* For resummed results, we vary all scales (hard, soft and
factorization) independently in the range t € [14i,0/2; 21440

 For an observable O (the total cross section, or the
value of a differential cross section in a given bin) one
evaluates (for ¢ = s, f,h and k; = p;0/M )

AO; = max{O(k; = 1/2),0(k; =1),0(k; = 1)} — O(k; = 1)

* The quantities AO;" (AO;") are then combined in
guadrature in order to obtain the scale uncertainty
above (below) the central value



tT M distribution convergence
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two different choices of the factorization scale




Top quark pT distribution
converaence
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The resummed calculation has less of an effect on the pT distribution
that on the M distribution, producing results which lie close to the NNLO
calculations




tTH production scale dependence

800. |
700
600
O N — NLO
0 _
— 500 NLO+NLL
O NLO+NNLL
' — nNL
400 nNLO
0.1 0.2 0.5 1 2
/M

The factorization scale should be chosen such in such a way that
logarithms of the ratio p_f /M are not large. Since we are working in
the partonic threshold limit it is natural to choose a dynamical value for
the factorization scale which is correlated with M




tTH production scale dependence

800, |
| M
700 We chose o = >
600
O N — NLO
=,
b 500 NLO+NLL
| NLO+NNLL
. —— nNL
400 nNLO
0.1 0.2 0.5 1 2

/M

The factorization scale should be chosen such in such a way that
logarithms of the ratio p_f /M are not large. Since we are working in
the partonic threshold limit it is natural to choose a dynamical value for
the factorization scale which is correlated with M




Total cross section @ 13 TeV

order PDF order code o [fb]
LO LO MG5 _aMC 378.77120°
app. NLO NLO MC 473.3759,
NLO no qg NLO MG5_aMC 482.1132
NLO NLO MG5 _aMC 47481502
NLO+NLL NLO MC +MG5_aMC | 480.11577
NLO+NNLL NNLO | MC +MG5_aMC | 486.41357 7
nNLO (Mellin) NNLO | MC +MG5_aMC | 497.91%°
(NLO+NNLL)eyp. | NNLO | MC +MG5_aMC | 482.7730-7

ttH boson production puy = M /2




Total cross section @ 13 TeV

order PDF order code o |fb]
LO LO MG5 _aMC 293.578%2
app. NLO NLO MC 444.77355
NLO no qg NLO MG5_aMC 447.0132-2
NLO NLO MG5 _aMC 423.07595
NLO+NLL NLO MC +MG5_aMC | 466.2755°%
NLO+NNLL NNLO | MC +MG5_aMC | 514.37552

nNLO (Mellin) NNLO | MC 4MG5_aMC | 488.47327

(NLO+NNLL)eyp. | NNLO | MC +MG5_aMC | 485. 7+15 0

ttH boson production py = M




Comparison with 1704.03363
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