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N-Jettiness Subtractions and Power Corrections J




Fixed Order Calculations

e Higher order calculations require cancellation of infrared (soft and
collinear) divergences between real and virtual diagrams.

e NNLO:
Real-Real Virtual-Real Virtual-Virtual

\* | */ \* T l\ /*/
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e Significant recent progress towards feasible NNLO subtractions

e Local Subtractions: Colorful NNLO, Sector Decomposition, Antenna
. [Del Duca, Duhr, Kardos, Somogyi, Trocsanyi, Tulipant]
Subtraction,

[Anastasiou, Melnikov, Petriello]
[Gehrmann-De Ridder, Gehrmann, Glover et al.]
e Global Subtractions: g7, N-jettiness, ... [Catani, Grazzini]
[Boughezal, Focke, Petriello, Liu] [Gaunt, Stahlhofen, Tackmann, Walsh]
e See also “Higgs Differential”, “projection to Born”, ...
[Falko Dulat’s Talk] [Frederic Dreyer’s Talk]
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Global Subtractions at NNLO

e Use an observable, T, to regulate phase space.

cut

dT
0 0

(X)

o0 = [ a7 _ [ oo

T

+ / deZ(,;()

Tcut

e Want 7 to isolate collinear and soft singularities around a Born

configuration.

' do(X
oty = [ a7
0
Compute using factorization
in soft/collinear limits:

do
— =HB,® B, J e ® Iy
a7 RbEpR®SQIH R & JIn-1

do(X)
/ IT =47
Tcut

Additional jet resolved.
Use NLO subtractions.
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QT S u btra CthﬂS [Catani, Grazzini]

e For color singlet production can use Q.

%<<1 4

e All orders factorization theorem: [Collins, Soper, Sterman]

do
2
e Successfully applied to
pp = H, W, Z, vy, WH, ZH, ZZ, W+ W=, Z~, W~

[Catani, Grazzini et al.]



N_ J ettl n ess S u bt ra Ct I 0 n S [Boughezal, Focke, Petriello, Liu]

[Gaunt, Stahlhofen, Tackmann, Walsh]

e N-jettiness: Inclusive event shape to identify N jets.

2 .
TNZ@Zm'n{qa'Pk,Qb'Pk,ql'Pk,"' .qn - P} | g = Qnj
k

e Factorization:

d
% = HB,®B,®5® h®--®Jy 1+ O(7n) + Glaubers (af)
N

[Stewart, Tackmann, Waalewijn], [Gaunt], [Zeng]

e Succesfully applied to W/Z/HB/'y—i— jet

[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello, Williams]



Power Corrections
e Standard factorization drops power corrections in 7.

U(X):/dTNdU(X) _ 7_”thng(X)+ / dTNda(X)
0 0

dTn dTn dTn
Tl\clut

T Dependence for NNLO Z+ Jet
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e Difficult numerically to go to low 7" values for the NLO calculation.



Power Corrections to N-Jettiness Subtractions

e Approximation in the singular region receives power corrections
Power Corrections

Leading Power
) m

do n=oc o p2n—1 o |Ogm7' n=o0 as p2n—1 5 n=oc o p2n—1
e (T2 o (T) e () S e
T oa=0 T n=0 T + =0 T n=0 n=0 ~ T n=0

e Gives rise to power corrections in the integrated cross section
Leading Power Power Corrections

do = fag\n 20Tl o n=oo o \n20l
— o(reat) = / a2y (7) S elog™ (rene) + rent 3 (?) &® 1og™ (reu) + - -
0 n=0 n=0

n=0 - n=0

e The function 7.u¢log™(7cut) approaches zero slowly!

° NLO Tcut,log(TCut,) + -
e NNLO: Tcmlog:‘;(Tcut) +--
o NNNLO: 7. log” (Teut) + - -

e Very small values of 7., are required.
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Power Corrections

e Use functional form to estimate size of power corrections

A0'(7—011t) = J(7_(:ut)exact - U(Tcut)approx

Solid=LP Dashed:remove LL NLP
n=o00 a n2n71 o n=00 o 2)
s ~ s ~
U(Tcut) = Z (*) Z Cl(1r12|0gm(7_uut) + Tcut Z (*) Z Clgm |0g T(:ut) + -
n=0 4 n=0 n=0 ™
Estimated Missing Correction
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F7n?r F e q
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Teut = ﬁul/Q Teut = Teut/Q

e Factor of ~ 10 improvement by calculating leading log (LL) at NLP.
] LoopFest 2017 June 1,2017 10 /37



Subleading Power Fixed Order Calculations in

SCET

See also calculation in direct QCD by [Boughezal, Petriello, Liu], Xiaohui Liu's Talk



-
Effective Field Theory

[Bauer, Fleming, Pirjol, Stewart]

o Effective theory for long wavelength dynamics of soft and collinear
radiation in the presence of a hard scattering source
— Soft Collinear Effective Theory

n2 S

Collinear n Soft
n n n
[)2 . ()_) - P o 22
< n P2~ A202 n P2~ A\2Q2
Operator Bffl_L Xn | P | qus | Dl

Power Counting | /7 | 7 | V7 | 732 | 1

e Primarily used for factorization/resummation.

o Here will use SCET to perform fixed order calculations at subleading
power.



Soft Collinear Effective Theory

[Bauer, Fleming, Pirjol, Stewart]

e Hard scattering is described by operators in EFT

e Long wavelength dynamics of soft and collinear radiation described by
Lagrangian L




N
Fixed Order Thrust at NLP

Simple playground is Thrust in eTe™

Most interested in the leading log: o log(7), a2 log>(7), - - -

e More generally, interested in structure at subleading powers.

s~ T

N

Ny

ltAl . F&'{l{w v
T

;

SAA

Exact NLO result known.

Related to color singlet production at the LHC.



Leading Power SCET

e Leading Power SCET:
e Leading Power Hard Scattering Operators:

O = C(Q*)Xnlxa

e Leading power Lagrangian (eikonal/ collinear)

Zs T
< ("r r
e -'...}’6 p
15 / 37



Subleading Power SCET
e Subleading Power in SCET:

LsceT = Lnard + Layn = £+ >

i>0 i>0

Subleading Lagrangians

Subleading Hard Scattering Operators
S (\\
\° )
(2) //\___
L
et e
L @t
7
~ 7
v AN
\_J ~ O(1)
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Relevant Hard Scattering Operators

e For leading log (singularity), o log?™ (), two relevant hard
scattering operators:

gg In Same Sector qqg In Same Sector
N7 n r;\\ /:\*ﬁ no /o
S I 7 / ~—=<
T @%%giﬂ - ,/@W\ |
\_,/ _/I \:/ N
XnX#P1Bn XaXabBn

e gg in same sector has no LP analog.
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Subleading Lagrangian

e Subleading Lagrangians are universal, and known.
e Correct the dynamics of soft and collinear particles. e.g.
e Correction to eikonal emission:

1 ) in
£(2) = Xn ( must [pusL ﬁnJ_i

e Emission of soft quarks:

1
‘Cg(ln)CIus = Xn§g$nLqus +h.c.
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NLO Thrust at NLP

e Sum four graphs to get NLP result:

Soft Gluon Collinear Gluon Soft Quark Collinear Quarks
-4 @ 0 © 7T o® W _rRa oW
O©_~7 I8 OO Mx o OOL-T IS 0@ 00 TN 0
Ki &~ | ~ _
~ ~ V3

B
AR " ST

¢ Result gives directly (no expansions) the NLP contribution of the well
known NLO thrust result.



Fixed Order Consistency Relations

e Fixed order calculations made simple by consistency relation in EFT.
e EFT modes have well defined scaling:

ph=Q%,  pi=Q7, pi=Q7
e General form of n-loop fixed order calculation at NLP:

d (2,n) 2n—1 " 2n— 2 2(n—1) €
IO DL (W) +ZZ (m)

dr €
K i=0

° ]__loop: soft: K=s, m(k) =2,

collinear: Kk =c, m(k) =1
hard-collinear: Kk = hc, m(k) =1,
° 2—|OOpZ hard-soft: K =hs, m(k) =2,
collinear-collinear: K = cc, m(k) =2,
collinear-soft: K =cs, m(k) =3,

soft-soft: K =ss, m(k) = 4

e Pole terms must cancel — non-trivial constraints.



Fixed Order Consistency Relations

e Solving the set of equations, one finds:

e 1-loop:
Cs,1 = —Ccj1

’

e 2-loop: Ces,3

3
Ccs,2 = Chc,2 — 2¢ss,2 + dc,2 s

1
Che,3 = = —GCss,3 = _5(5h5,3 + Ccc,3) 5

Chs,2 + Ccc,2 = —2Che2 + Css,2 — de2 s
Chs,1 + Cee,1 = —(Ces,1 + Che,1 + Css,1 + de1 +ds 1)
e 2-loop NLP result can be written:

do(2:2)
dr

3 2
= Cpe3In” T+ (Cpep + Cos,2 + de2) In“ 7
+ (_Ccs,l + Che,1 — 26ss,1 + dc,l) InT

Q2
+dc2In — InT 4+ const
o

e LL can be computed from only the hard-collinear contribution.
= Hope can simply generalize to multi-jet final state.
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NNLO Thrust at NLP

[Ellis, Ross, Terrano]
[Garland, Gehrmann, Glover, Koukoutsakis, Remiddi]

e 1 (and 2) loop results for ete™ — 3 partons known.

e Calculation of NLP a2 log3(7) straightforward using consistency
relations: Only need hard-collinear contribution.

Collinear Gluon Collinear Quarks

Hard
1-Loop

1 dol?
p ”;;“’ 8Cr(Cr + Ca) (—) log?(7)
Cusp Scaling! Total Not Cusp!
1 do(22) e\ 2
=97 _8Cr(Ca—3C (7) log>
oo dT F(Ca F) 47 og (7)




|
Extension to pp

e Operators and Lagrangians also applicable to perturbative power
corrections in pp.

dor = 37 [ A€ fi(ée) (66) 40y (6ar €5
ij

e Partonic cross section at O(7°) written as

~(2,n) . 2n—1
daU (ga,gbvx) X n 2n) In™
q@dva, —0@X) (g, D Cim (Ca8e) "7
m=0
qgqg channel qg channel
~ = - _
~ - (1) I
\\(2\))2 ‘\ a’/,« Qﬂ@& ; L(l)
L// | ‘\\ _>= | &\*
_r ‘r Al (9(0)\ OO0~
‘\\O‘rt.', “ O&)//‘ .*‘.
o e 7o) Lo >~



|
Extension to pp

e Power corrections arise from residual momentum routed into pdfs.

e Must be expanded homogeneously:

i+ g)| = r@+ ger@ 4 T

9
r
N

o We take £f/(€) ~ fi(S).
o Coefficients of partonic cross section at O(7%) involve ¢'.

e Use the shorthand notation

8 =x,0" (65— xa) 8p = xp 8" (Ep — xp)
for the §’ acting on either beam direction.



Observable Dependence J




Observable Dependence: Q7 Subtractions

e Highly desirable for power corrections to be independent of Born
kinematics
—> e.g. Q7 subtractions: Q7/Q independent of rapidity.

Q e
Qi P W % n
; L a P
L J(‘f k’l_
(‘f L —rf ~7 r()

e Want to choose definition of N-jettiness such that power expansion is
well behaved throughout phase space.



Observable Dependence

e Analytic calculation of power corrections allows understanding of
observable dependence

T — Zmin{)\x Nk, A - k}
k

Hadronic: A =1 Leptonic: A\, = e
: ¢t a

b

e Definition generalizes to final state jets using reconstructed
momentum of jets.

e Hadronic definition currently used in most studies.



Observable Dependence

e Leptonic definition = constraint on radiation is independent of
rapidity.
e Consider boosting thrust in eTe™ — dijets:

-] - ; g -
o Z’ 71 s g ffﬁ ™
1 doNLO 1 Cras Cras
- == —6—8l 44+ 4]
S = TP 6 Blog(r)] + L[4+ 4log(r)] 7] ]+
Leading Power Next to Leading Power

e Result invariant |F observable changes accordingly.

e Ensures power corrections independent of rapidity.
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Results for Beam Thrust in Drell Yan: Leptonic Definition

(2,m) . _
dé;7 7 (8ay €bi X)
gravar ~ @0 (32)" Z (0 &) 7

e NLO results for partonic cross section at O(7°)
6L8p 040}
c(iczyi (€a:€p) = 8CF (5 5y + 22%b | ab>

2 2
@D _
qg,l (é-aagb) - 72TF 536b

e NNLO results obtained from hard-collinear contribution using
consistency

Céii (faafb) = —32C,%— <5a5b + S + ;

CSE% (€a,€b) = 4TF(Cr + Ca) 6ads

5155 @%)

e Note no explicit dependence on rapidity.

. ToSpraEE0T T T



Results for Beam Thrust in Drell Yan: Hadronic Definition

o Power corrections for hadronic definition are enhanced by e

Cia (60 &) = —16CE [ 0u(0n + ) + ¢ (s + 62)00]

q4,3

C2A(¢, ¢) = 4TF(Cr + Ca)e” 8,6

qg,3

CL (&, ) = 4TF(Cr + Ca)e " 0ads

89,3

e Physical origin of enhancement:

Eikonal Next-to-Eikonal

Aus
Xn ‘é§ Xn

L — > —— —————

= igT?n" lgTa

e Expansion parameter for hadronic definition is )\2 ~ relYl.

e Breaks down away from central rapidity.

npusu
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Observable Dependence

e Exponential growth of power corrections for hadronic definition.

o Power corrections for leptonic definition close to rapidity independent!

e Very important when computing differential distributions. (e.g.

rapidity spectrum)‘

100 (do (Tew) /dY) / (doo/dY)

= Leptonic Definition Strongly Preferred!‘

1.0

L e e e i

2 3,
Q Teut In"Teue

Taw=100

0.5

L o e

Power Correction (Linear)

T

1 2 3 4

LoopFest 2017

[do(Tew) /Y| / (doo/dY)

10°

0 1

Power Correction (Log)

L L e e e e
a2 Toye Inr, i
s Teut cut rhadem
—3 0

Teut =10

2 3 4

June 1, 2017
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Numerical Results for Color Singlet Processes J




Numerical Comparisons

[Campbell, Ellis, Williams]
e Exact fixed order result can be computed numerically (MCFM).

e Subtract known leading power result to obtain power corrections:

MCFM Power Corrections = Nonsingular

’g; e o) log"™ T n=oe rag\n20=l @)
57"§< ) Z < >+:§)(;) gcnmwog S

Leading Power

e Allows a numerical study of the size of power corrections in
N-jettiness subtraction scheme.



N
NNLO Beam Thrust at NLP

e Leading logarithm provides good approximation at NNLO.

e At NNLO there are subleading logarithms which we have not (yet)
calculated.

[T T T T g aanu)
¥ 0.6F pp = Z (13TeV) B
_5 L qg NNLO ]
>~ 0.4 { nonsing. data -
E r . 7]
g L —— nonsing. fit 1
[S) Lo asT In®r ]
0.2~ a7 ; N
E\ [ ——-asT ln37+ag“r In*r ]
] P asT lns‘r-f—ZmafytT In™r 1
b 0.0F=
S = ]
S L ]
2 L ]
= -0.2[- R —
Coovvvnnd v e W il il
1073 1072 107! 10°
To [GeV]

Calculated

do_nons O[s

dr (47r
Nonsingular (Linear)

(1/010) |do™™/d InTg|

10t

LoopFest 2017

5 [
) e® |og3(T) +e&@ Iog2(7') + & log(7) + & 4 o(r)

Nonsingular (Log)

[
(=]
—

T

T
pp — Z (13TeV)
qg NNLO

{ nonsing. data
—— nonsing. ﬁt

100

T

10-1 o\ ]
a3t In°T

- =-asT 11131'+a.:"‘r In%r

XTI
N

T

o

|

Ll

""" a37 In*1+ %, In™
2L il vl vl il il
1073 1072 107! 10° 10t 102
To [GeV]
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N
NNLO Beam Thrust at NLP

e Combined result for Ao (7cyt) for both channels at NNLO.
Power Correction (Log)

(100/01.0) Ao (Teut)

Power Correction (Linear)

1.0
L as 3 4
[---agl’+alitL? ]

0.5~ full nons. —
[ full—ayL?® ]
[ = full—a3L®—af'L? ]
0.0F |
L |
-0.5F -
[ pp — Z (13TeV) ]
[ad+ag NNLO N
1.0 AT T el NN
107° 1074 1073 1072
Teut = TcuL/Q

o Agrees well with scaling
estimate.

10~ g
F pp — Z (13TeV) 3
=) | 44 + g9 NNLO
Z 107°¢
£ E
) r
a4 10‘3§
3 I~
bﬂ L
S 107 —— full nons.
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10-5 Pl el 0l i
10-° 1074 1073 1072 107!
Teut = Teur/Q
1()-1E ] A AL
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— -2 :_ — sl r
l:S 10 E---7ln* %7 s
N =
;é 1073
Y £
< 1074
E NLO_ -
10_{ N T P T IR
10°¢ 10-° 1074 1073 102
Teut = Teur/Q
LoopFest 2017 June 1, 2017
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Conclusions

e \V-jettiness subtractions are a general method
for NNLO subtractions with jets in the final
state.

e Subleading power fixed order calculations can
be performed efficiently in SCET using
consistency relations.

e Power corrections for N-jettiness subtractions
can be analytically computed.

. ToSpraEE0T

T T
pp — Z (13TeV)
[ 99 + g9 NNLO

1070

- asl®

- - azL*

—— full nons,
full —ay L*

= I‘ull—a1‘L“—n.’_,“L"

L +n',“l.‘_-

5l L
107° 1074 1073
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Thanks!
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