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Processes at the LHC
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N-jettiness

The N-jettiness event shape variable is defined as [lain Stewart et al,
2010]

TN = Z miin {n,- . qk}
k

Here n; (i = a, b, 1, ..., N) are light-like reference vectors
representing the moving directions of massless external particles.
When g is soft or collinear with any external partons 7Ty — O.

In this limit, the cross section is factorized as [lain Stewart et al,
2009,2010]

N

do

— x [H®BI®BR5® J

dTN / 1 2 (;!i[l n)
The beam functions are known up to NNLO [Gaunt et al, 2014] . The
jet function has been calculated at NNLO [Becher et al, 2006, 2010] .
The soft function has been studied up to NNLO for massless
parton production [Boughezal et al 2015] .
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N-jettiness with massive particle

Application of factorised cross section using N-jettiness variables

@ Resummed distributions [Stewart et al, 2000-2010; Kang et al,
2012-2015; Berger, 2010; Jouttenus, 2013; Alioli, 2015, ---] .
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N-jettiness with massive particle

Application of factorised cross section using N-jettiness variables
@ Resummed distributions [Stewart et al, 2000-2010; Kang et al,
2012-2015; Berger, 2010; Jouttenus, 2013; Alioli, 2015, ---] .
@ NNLO calculations [J.Gao, C.S.Li and H.X.Zhu, PRL 2013, Gaunt et al,
2015;Boughezal et al, 2015; Gaunt et al, 2015; Berger et al, 2016; Abelof et al,
2016] .
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N-jettiness with massive particle

Application of factorised cross section using N-jettiness variables
@ Resummed distributions [Stewart et al, 2000-2010; Kang et al,
2012-2015; Berger, 2010; Jouttenus, 2013; Alioli, 2015, ---] .
@ NNLO calculations [J.Gao, C.S.Li and H.X.Zhu, PRL 2013, Gaunt et al,
2015;Boughezal et al, 2015; Gaunt et al, 2015; Berger et al, 2016; Abelof et al,
2016] .

What happens for massive coloured particle production such
as top quark?
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N-jettiness with massive particle

Application of factorised cross section using N-jettiness variables

@ Resummed distributions [Stewart et al, 2000-2010; Kang et al,
2012-2015; Berger, 2010; Jouttenus, 2013; Alioli, 2015, ---] .

@ NNLO calculations [J.Gao, C.S.Li and H.X.Zhu, PRL 2013, Gaunt et al,
2015;Boughezal et al, 2015; Gaunt et al, 2015; Berger et al, 2016; Abelof et al,
2016] .

What happens for massive coloured particle production such
as top quark?

@ Because there are no collinear singularities along the moving
direction of the heavy particle, the definition of Ty can
control all the infrared (both soft and collinear) singularities.
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N-jettiness with massive particle

Application of factorised cross section using N-jettiness variables

@ Resummed distributions [Stewart et al, 2000-2010; Kang et al,
2012-2015; Berger, 2010; Jouttenus, 2013; Alioli, 2015, ---] .

@ NNLO calculations [J.Gao, C.S.Li and H.X.Zhu, PRL 2013, Gaunt et al,
2015;Boughezal et al, 2015; Gaunt et al, 2015; Berger et al, 2016; Abelof et al,
2016] .

What happens for massive coloured particle production such
as top quark?

@ Because there are no collinear singularities along the moving
direction of the heavy particle, the definition of 7y can
control all the infrared (both soft and collinear) singularities.

@ And the effect of including heavy external particle amounts to
modifying only the soft function.
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Kinematics

We consider the process
Pi+P— QR+ X

where P; and P, denote incoming hadrons, @ represents the
massive colored particle, and X includes any inclusive hadronic
final state.

For later convenience we introduce two light-like vectors

n* =(1,0,0,1), n =(1,0,0,-1)

The momenta can be written as

m

m _ m -
p'f = En# s Pg = En#a Pg = E(n# + n,u) )

where m is the mass of particle Q. The O-jettiness event shape
variable in this process is defined as

TE%:Zmin{n-qk,ﬁ-qk}
k
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The soft function is defined by the vacuum matrix element

) (xfrvvivf)
5<T—Xk:min (n./sk,n.fak)>)

measurement function

S(r, 1) = Z<O)TY,,TY;,Y\, TY, Y]V
X,

S

where the soft Wilson lines are defined as

0
Yn(x) = Pexp (igs/ dsn- A2(x + sn) ta>

—00

0
Y,-:r(x) = Pexp (—igs / dsn-A(x+ sn)ta>

—00

0
Yi(x) = Pexp (igs/ dsn-Ai(x + sn)t")

o0
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NNLO soft function

The LO and NLO soft function is easy to calculate. The NNLO
contribution consists of two parts

5O(r) = S8 () + SR(7)

B 2r %

Virtual real corrections

= = >

Double real corrections
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NNLO soft function-virtual real

The virtual-real contribution to the soft function is given by
2'yEe 4e
s = <2 ame | [ aan(@ ) 4@ V(@07 0)| |

where the unrenormalized one-loop soft current can be written as
[Bierenbaum et al,2011]

o p
1 A p:
YV (q) = ifape E TbTC( - )gij(ﬁ,q,phpj)-
oyt pi-q9 pj-q

The factor F(n, n,q) is a measurement function, embodying the
constraint from the O-jettiness variable. In the center-of-mass
frame, it is defined as

F(n,f,q)=6(qg" —7)0(q~ —q")+ (g~ —7)0(¢" —q7) ,

where we use the notations, g* =qg-nand g_ = g-n.
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NNLO soft function-virtual real

The result of virtual real contribution is

2 _SCACF SCZA 4Cx
SVR = 3 + 2 + 3¢
4Cp

+5 <CA(7T2 —33¢ +12(In?2 +2In2)) + 16C3CF>

<(7r2 —6—24In2)Cy + 3W2CF>

- e% {QCA <7r4 + 30772(3 —4In2 + In? 2)

—10(24 4 31n*2 + 72Lig(1/2) — 124(3 + 63(3 In 2)> + 7r4CF}

+ (9(62)
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NNLO soft function-double real

The full integrand for double-real emission can be found in
literature [Catani et al, 2001; Czakon, 20011] . The contribution from

double gluon radiation is

2e2VE€
SA) = 25 [ dandani(a?)ied)
X Jalyl( )T(qhQ2)dmuz(ql)duluz(q2)-/a12ayz2( )(q17q2)F(”’ n, 41, 92)

142

where F(n,n, g1, g2) is the measurement function

F(n,7,q1,q2) = 0(qf + g5 —7)O(q1 —a7)O(q5 —a3)
+6(qf +a, —7)0(q; —af)O(a; — 2‘)
+0(qy + a9 —7)O(qf — ¢1)O(a; —a3)
+6(qy +9; —7)0(a7 —q;)O(a3 —a3)

The whole phase space is partitioned into four pieces.
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NNLO soft function-double real

It is convenient to perform the phase space integration in the
light-cone coordinates.

1 B _
/ddq: 2/dd qrdqtdg,

Then we insert two identities

:/dné(n—qf), 1:/d7'25(7'2—q;:)

to extract the contributions from the two hemispheres. Finally, the
integrals we need to calculate boil down to four-fold integrals over
a unit hypercube. For example,

1+25 —1+2E(1 ) 252—1—25( t)——— ———e
l_/dx/ dy/ dZ/ dt™ 2T 7 23) (1= 2% + X272 1 4by) :
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We have adopted two different methods to deal with phase space
integration so that they can provide a cross-check.
@ Mellin-Barnes representation

1 1 1 oo yz
CER O / dz sz (A + 2)(~2)

@ Sector decomposition method: the basic idea is to factorise
the overlapping singularities

1 1 e e - 1
/odx/0 dy x~172¢y =P (X—|—(1 X)y)
VA EE

y

1 1 -1
+ / dyy—l—(a—l-b)e/ dr t— 12 <1 + (1 _ _)/) t>
0 0
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NNLO soft function-double real

The final result of the double-real contribution is

8CACr — 32C%

(2)
Shp =
DR &3

n ;2(46.667CACF —8C2 — 2.667n;Cx)

1 (67.226CACr + 2.667n¢C s — 5.6423C2 — 4.444n,Cry + 263.189C2)
€

+ (—316.07CACr — 2.957n¢Ca + 54.485C% + 4.853n;Cr + 641.097C3)
+ ¢(—531.488CACr — 2.905n;Ca + 92.248C% + 10.171nCr + 874.517C})
+0O(€) .
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Cross-Check with RG equations

Because of the independence of the cross section on the
renormalisation scale u, in Laplace space, RG equation for soft

function is
dlng dinH dinB;, dInB,

ding 7 “ding ding  ding

The expression for renormalisation factor Z; is
nz = O Y N A N (%)2 3607 N A — 4670 N A
ST 4r |\ 4e? 2¢ 47 16€2 16¢€2 4e

4 3 2 1
SCET prediction | -24.8889 | 96.8889 | 158.568 | 354.032
real calculation | -24.8889 | 96.8888 158.577 | 353.820

difference 0 1x107% [ 9x10°3 | -0.212

Comparison of the coefficients of e/, i = 1,2, 3,4 in double real

contribution in two different methods.
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Application

@ 160

do/dIn(t/G
]
=

—SCET

== MG5

SCET/MGS
O o=
OCOLOa

2-15-1-050 05 1 15 2 2
In(t/GeV)

5 3

The NLO 7 distributions from

SCET and

MadGraph5_.aMC@NLO

do = do(t < ") + do (T > 7°)

@ Can be used in NNLO
calculation for coloured
particle production using
phase space slicing method

@ |s one boundary condition
for moving coloured particle
production

@ Can be extended to the case
of single top production or
top pair production at the
LHC
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Thank you !

Jian Wang  Technische Universitat Miinchen  with Hai Tao Li  Next-to-Next-to-Leading Order N-Jettiness Soft Function for On



