Resummed differential cross sections for
top-quark pairs at the LHC

Darren Scott

September 27th
DESY Theory Workshop 2017

A. Ferroglia, B. D. Pecjak, L. Yang, X. Wang
M. Czakon, D. Heymes, A. Mitov

X N
&l Ni.'ef

UNIVERSITEIT VAN AMSTERDAM /\




Top quarks at the LHC
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LHC already beginning to probe high energy tails of ¢ distributions
[CMS-TOP-16-008] [ATLAS-CONF-2016-100]
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Boosted regime not just a “corner of phase space”



Formalism

Consider tt production at hadron colliders.

i(p1) + 3 (p2) — t(ps) + t(pa) + X (px)

With ij € {qq, Gq,gg} at leading order. QCD factorisation allows us to
write the cross section for such processes as

d*o(r 8T Vdz
( ) = 6t Z/ fﬁij(T/Z,[,Lf)Cij(Z,M,mt,COSG,[Lf)
ig V7T o

dM dcosf  3sM

Lij(y) = /y

s = (Prn1 + Ph2)2 $=(p1 +p2)2
M =M? = (ps + ps)*

M2 M2
T=— Z

S S

True threshold: 7 — 1
Partonic threshold: z — 1



Factorisation: Threshold

Perturbative expansions can be plagued by threshold plus distributions

an[lnm(l —2)

4 1 ] 0<m<2n-1
— 5 N

The partonic cross section factorises in the z — 1 limit.
8, M2, m? >> 5(1 — 2)?

In Mellin moment space [Kidonakis, Sterman, 9705234]
Using the SCET framework [Ahrens, Ferroglia, Neubert, Pecjak, Yang: 1003.5827 ]
Factorisation allows Resummation

Cij = Te[H7 (Mg, me, g, . )SIH(VE(1 = 2),mu, iy, )] + O(1 — 2)

H™, S™, matrices in colour space

H,; - Hard Function. Related to virtual corrections
Si; - Soft Function. Related to real emission of soft gluons.
Contains distributions singular in (1 — z).



Factorisation: Booosted Tops

The boosted soft limit, 2z — 1 and M >> my,
5,11 >>m? >> 51— 2)? >>m2(1 — 2)?

logs of the form In(M/m;) become important.
Further factorisaton in this limit. [Ferroglia, Pecjak, Yang: 1205.3662]

Cij = Te[HJ} (Mg, mu, g, ) ST (VE(1 = 2),me, pg, .)] + O(1 — 2)

M? >>m?

Cij =Ch(ma, py) Tr [HU(M, pr,-)Si(Va(1l = 2), py, )] ®sp (me(1 — z), py)
®sp (me(1— z), 1) ® cij(z,me, py) + O(1 — 2) + O (m¢ /M)
H: [Glover et. al: '00-'01]
Each of these functions S: [Ferroglia, Pecjak, Yang: 1207.4798]

known to two-loops sp, Cp: [Melnikov, Mitov: 0404143],
[Becher, Neubert: 0512208]



Mellin Space

For this talk, we are going to work in Mellin space. Convolutions become

products 3 }
d6(N) = L(N)C(N)
where
N 1 c+i00 ~
fo) = [dee @) g =g [ ava V)

In Mellin space, the z — 1 limit corresponds to N — oo

In"(1 - 2)
1—=2

Pn(z>=[ L N = Ne

M[Py] = —In N + O(1/N)

MIP] = % <1n2 N + ﬂ;) + O(1/N)

1 _ 2 —
M[P,] = -3 (m3 N+ N+ 2((3)) + O(1/N)



Mellin Space

Our factorisation formula becomes

C(N) :C%(m,g7 pg) Tr

~ M?2
H(M, /,Lf, )S <1n W,Mf, )

x 8% <ln ]\Z;Lf’uf> &(In N, me, py) + O (1/N) + O (my/M)

We now have single scale functions.

Aside: Heavy flavour matching coefficient, Eﬁj, introduces additional In m
dependence which is not resummed. We add such contributions in fixed order.



Resummed Results

One can derive and solve RG equations for each function.
The result can be written as,

C(N) = exp {—(gl(xs, M)+ 0P s Ads Ap)

as(pn)
(@O A7) + 08 Oans Adss Ap) + }

x Tr {u(M, €080, i, p1sYH(M, cos 0, iy Ju' (M, cos 0, ., pis)

§ (1022 a1 coso c? 2 (10
X HNTM? , COSU, s D(mt, pan)3p nmﬁlds

Where,

/

) s
A= 2elin) gy (“—”) u(M,cosO ) = Pexpd [ S (ar, cos0, alu')
2 i n W

We can pick the scale for each function to free it of large logs.

pn ~ M, ps ~ M/N, pan ~ms and pigs ~ my/N



Resummation accuracy

Schematically,
Boosted soft:

O et } Tr [uHm) uf Sws)} C2 (e, an)5 (1)

47
C(N) = exp {—m +2+
Qs 47

Soft:

4 -
CV) = oxp { STa + g5+ S0 o p T [ H () ! 87 )
S

To achieve a given resummation accuracy

gi Th H™ 50" ¢p,3p
NLL g1, g2 LO LO

NNLL | g1, g2, g5 | NLO | NLO

NNLL’ | g1. g2, g5 | NLO | NNLO

In this work we work to NNLL accuracy for the soft resummation and NNLL’ for the
boosted soft resummation.



Combining and Matching with NNLO results

We wish to combine the results from the two separate
resummations and match these with recent NNLO calculations
[Czakon, Fiedler , Heymes, Mitov]

Matching:

dop ~ boosted soft factorisation

dOThreshold ~ threshold factorisation

Adds in parts subleading in m /M
but enhanced by In N

NNLO+NNLL" __ NNLL’ NNLL NNLL
do = doy + | d0Threshold  — A0y )
~— N— Hdh=[th
Missing parts subleading Missing parts Hds=}ts
in m¢/M and 1/N subleading in 1/N Removes double
counting
+ [ doNN-© — dah't';';'[ine,,
NNLO
expansion

Adds exact NNLO results,
avoiding double counting



Distributions: M,
pp = My /2
E =1 U/} NNLO+NNLL'
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Distributions: M,

up=Hr/A, (Hr = \Jm?+p3, +\/m} +12,;)
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Distributions: My

M, (GeV)
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Distributions: M,

What do we gain from the joint resummation compared to pure
threshold resummation? (pr = M/2)
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Distributions: M,

What do we gain from the joint resummation compared to pure
threshold resummation? (uy = Hp/4)
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Distributions: pp

pp =mr/2, (mT = \/m? +p%,t>
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Total Cross Section
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Impact on actual value of total cross section is minimal from the
resummed results (mostly affects the tails of distributions!)
Result from three dynamic scale choices at NNLO+NNLL' is very
similar.



Conclusions & Outlook

Presented factorised differential cross sections:
m Threshold resummation (z — 1)
m Boosted Soft resummation (z — 1, My >> my)

Combined these and matched with fixed order NNLO results,
NNLO-+NNLL’

Results for My, and pr distributions at 13 TeV LHC

Resummed results for the My; distributions are less sensitive
to the scale choice
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Total Cross Section

We can also look at the effect on the total cross section

[ LHC13TeV | NNLO | NNLO+NNLL' |
o(ps =mr) | T91.8 T | T87.8 1775,

o(py =mr/2) | 8275 155 | 808.9 *i3

olpg = My/2) | 7794 1555 | 793.8 15

o(ps = Hr/4) | 828.0 Ts5s 809.3 1398
o(pg =my) [ 802.7 1355, —

o(py = my/2) | 830.8 55 —

top++ can perform NNLL threshold resummation.

O,NNLO-‘FNNLL(Mf — mt/2) — 8277i82



Parton Luminosity in Mellin Space

Our calculation requires parton luminosities in Mellin space. Normally
given in momentum space.

£ = [ Foun @asm(z/o

We approximate the luminosity in terms of Chebyshev polynomials
[Bonvini: 1212.0480] [Furmanski, Petronzio :164978]

%Zn: wil Zn: (;) Cr

i=0 min g—;

The Mellin transform gives

/deN 1£ ) Z( jﬁ)lﬂrl

where
B w I~k
Cp wfnm];(k_p);ck



Mellin Inversion

To obtain results in momentum space, we need to invert the Mellin

transform "
do(t) 1 [ _n d&(N)
dM dcos® 27Ti/c N T dM dcos 6

—100
With ¢ to the right of all singularities. But our resummed coefficient
function contains (exponentiated)

91 (e Ag) = %&[M(kxs In(1-A)+ A n(1-An)] A= %) g, <%)

Since we pick pus ~ M/N, pole at A\, =1

|
2m
N1, = exp (a 50)




Minimal Prescription

m We need to select a method to
deal with the Landau pole.

m We use the Minimal Prescription:
Select our point on the real axis
to be to the left of the Landau
pole, but to the right of all other

Im N

N

singularities in the integrand.
[Catani, Mangano, Nason, Trentadue '96]

do(T) 1

_Go\r) L -N
dM deosf 27 Jyp,, N TP LIN)CN)

/



Distributions: pp

up=mr, (mr =\ /m? +p3,)
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