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WHY TOP?
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Top is special because of large mass m; ~ 173 GeV
@ plays special role in many BSM models

@ decays before hadronizing and losing spin information
[Bigi, Dokshitzer, V.A. Khoze, Kuhn, Zerwas '86]

@ as(m;) < 1: can use perturbation theory
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WHY TOP NOW?

1) Tevatron: Top is relatively unstudied (o:zx ~ 7pb)

@ discovered 20 years ago at Tevatron but limited statistics on many
measurements

@ 1 pair per day produced

2) LHC: Top is everywhere (o:zx ~ 250pb at LHC8, ~ 800pb at LHC13)
@ top sample at LHC has long surpassed that at Tevatron

@ 1 pair per second at LHC13

The LHC is a top factory
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THE ASSEMBLY LINE OF TOP PROPERTIES
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BOOSTED TOP PRODUCTION

Tevatron /s ~ 2 TeV

LHC: /s =7 TeV
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e more and more LHC results in "boosted regime” Mz, pf- > m;

@ not just “corner of phase space”:

BEN PECJAK (DURHAM)

important for new physics searches

23.05.19

4/ 37



QCD RESUMMATION FOR BOOSTED TOPS

My talk is about precision QCD calculations for boosted top production
(my < Mgz or my < p1)

Such calculations necessarily involve a combination of

o finesse (effective field theory to deal with multiple scales)
[Broggio, Ferroglia, Marzani, BP, Scott, Yang, Wang: arXiv:1205.3662, arXiv:1207.4798,
arXiv:1306.1537, arXiv:1310.3836, arXiv:1409.5294, arXiv:1601.07020 (PRL)]

@ brute force (NNLO+NNLL QCD calculations for precision)
[Czakon, Ferroglia, Mitov, BP, Scott,Yang, Wang arXiv:1803.07623 |

@ and combination with EW for complete description in SM
[above plus Pagani, Papanastasiou, Tsinikos arXiv:1901.0828...]
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OUTLINE

@ top pair production: the basics

e factorization in soft and boosted soft limits

@ resummation

@ comparison with data
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FACTORIZATION FOR INCLUSIVE PRODUCTION

Factorization for hihy — ttX:
. A
do—;i),(h2 = Z XmdX2f;'hl(X11:U‘F)fJ-'hZ(X%.U‘F)d&U (§* mfﬂ"'70‘5(.“'R)7“F:.“'R)+O (@)
,j=4,3,8 me
5= (Ph1 +Ph2)2 , 8§ = X1X08
Strategy:
o take PDFs from data (PDF set collaborations)

e calculate partonic cross sections dgjj in QCD (Feynman diagrams)
@ simplest scheme is fixed-order perturbation theory

doy = 02d6\) + addstV + ..
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RESUMMATION FOR DIFFERENTIAL CROSS SECTIONS

Many differential observables involve two hard scales

Q>>M>>/\QCD

@ if agln % ~ 1, must “resum” logarithmic corrections to get a sensible
answer for d&

@ “resummation” = re-organization of large logarithms in perturbative
expansion. Defining L = In (%)

NNLO

NLO
————

d6 =1+ as(L>+ L+ 1) +2(L* + P+ 2 + L+ 1) +0(a?)
M
= exp(Lgl(asL) +g(asl) +asgs(asl) + - ) C(as) +0O (—)
N—— S~ Q
LL constants

—_————
NLL

@ will argue such resummation is important for boosted top production
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tt LO PARTONIC CROSS SECTION

q>w<t 9 t g t 9 t
q t (73“2’@<t (/j;if qiﬁ}<t
e LO squared matrix elements (color and spin summed/averaged)

4a5('u)2 L12+Lﬁ+ﬁ
9 §2 & S

A2 2 2 2 4
5 3 t u 4m 4m
<\Mq(—,|2>:ozs(/£)2 {(m*g) (?12+§%+ §t B t1ui )}

@ to be combined with phase space measure and flux factor to get d&

< ‘Mq<7|2 > =

@ gg channel dominates at LHC due to PDFs
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NNLO CALCULATIONS

dorgyx = deVY 4+ dg™ + dett

@ the total pp — ttX cross section is now known to NNLO
[Czakon, Fiedler, Mitov '13]

@ the FB asymmetry in pp — ttX cross section is now known to NNLO
[Czakon, Fiedler, Mitov '14]

@ arbitrary differential cross sections now known at NNLO

[Czakon, Heymes, Mitov '15, '16]

NNLO is now the baseline for QCD in top-pair production
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ToTtAL CS AT NNLO

ATLAS+CMS Preliminary o summary, vs =8 TeV  TOPLHCWG May 2015

~ stat uncertainy
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L,-53203t"

+6.2pb

Effect of LHC beam snergy uncertainty 4.2 pb.
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Impressive agreement between NNLO and ATLAS/CMS for total CS
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SCALE CHOICES FOR DISTRIBUTIONS

The difficulty for fixed-order calculations: multiple-
scale process with complicated kinematics!

h P top quark mass
\ / P
pr of top
pr of anti-top
P2 p3

) . ) rapidity of top
Many kinematic variables: .- :
rapidity of anti-top

Invariant mass M

Which (combination) should be used for the
renormalization/factorization scales?
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NNLO WITH DYNAMIC SCALES

Czakon, Heymes, Mitov: 1606.03350

Determine optimal “scale scheme” by
minimizing higher order corrections

Ho ~ my

o ~ mp = 1/7!:,;2 + pgﬂ s
o ~ Hp = mf + p%-_t + ,/mf + [)%L— s
po ~ Hy = \Jmd -+ fmd + e+ Y prs . R 0=
i H—iT for : all other distributions.

o ~ Ep = \/m} +pF/mi + ph s
po ~ Hpjug = \/(m1/2)2 + P, + \/(W/Q)Z + 1’%,? ) l

Ho ~ My

= for: pre, prgand ppy,

mu ~ Hyscale for My distribution!
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NNLO WITH DYNAMIC SCALES

Czakon, Heymes, Mitov: 1606.03350
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Vastly different behaviors with different scales, even at NNLO
and especially for pr, My >> my (boosted regime)
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LARGE CORRECTIONS IN BOOSTED PRODUCTION

Hard extra emissions
Top quark nearly massless

suppressed
soft gluons quasi-collinear gluons
5 27 2
I’ Mi  Need to resum both! 1
2
Mtf Ferroglia, BP, Yang : 1205.3662 ME{
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QCD MADE SIMPLER

Interplay of soft and collinear emissions is characteristic for high-
energy processes. In both limits interactions simplify:

e Collinear limit, where multiple particles move in a similar
directions

/\/.1.. - H\ M, (Sp

e Soft limit, in which particles with small energy and momentum
are emitted. Eikonal interactions.

At the same time the cross sections are enhanced in these regions.
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EFFECTIVE DIAGRAMMATIC FACTORIZATION:
SOFT-COLLINEAR EFFECTIVE THEORY (SCET)

The simple structure of soft and collinear
emissions forms the basis of the classic
factorization proofs, which were obtained by
analyzing Feynman diagrams.

Collins, Soper, Sterman, ...

Advantages of the the SCET approach:

e Simpler to exploit gauge invariance on
the Lagrangian level

e QOperator definitions for the soft and
collinear contributions

® Resummation with renormalization group Colins and Soper8

e (Can include power corrections
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ALL THAT FOR $507!

Introduction to Soft-Collinear Effective Theory (Lecture Notes in Physics) 2015th Edition
by Thomas Becher (Author), Alessandro Broggio (Author), Andrea Ferroglia (Author)
Be the first to review this item

Look inside ¥
Paperback  Other Sellers

LectureNotes n Physics 896
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Thomas Becher *) Buy used $33.30
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In Stock. Sold by SuperBookDeals- +$3.99 shipping

Introduction
Soft-Collinear ooy

Add to Cart
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4 Springer
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FACTORIZATION IN THE SOFT LIMIT (M = M;;)

_ M?,
Soft limit: z= % — 1
8,t1,m? > 8(1 - 2)?
Partonic cross section factorizes [Kidonakis, Sterman '97]

déy =Tr [H,’-}’(M7 me,cos b, ur) ST(VE(1 — z), M, my, cos@,pf)] +0(1-2)

° HZ7 are color-space matrices related to virtual corrections

° SZ-7 are color-space matrices related to real emission in soft limit

Soft corrections involve §(1 — z) or

a”|:|n(1_z):| : m:07...72n_1
+

° 1—=z
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HARD-SOFT FACTORIZATION (QUARK CHANNEL)

SJ 1
99 iy
9 9999 § Y 03\0\0“033«

999
q
T L T,

Ti~ (M, me, .. ) X R2 X3 73x2% x ¢l x 05,

qq _ qq __ 4C c
(Cl ){a} = 0ay2,02524 » (Cz ){a} = toataza, s

dé ~» CS,C; =Tr[HS]
1,J
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THE BOOSTED SOFT LIMIT

Boosted soft limit: M > m; > M(1 — z)

déy =Tr [H,’-}’(M7 me, cos b, ur) ST(VE(1 — z), M, my, cos@,uf)] +0(1-2)

Can no longer use formula derived in soft limit, because both HZ7 and EZ-’
contain large logs of form In(m;/M) in the boosted soft limit

However, these small-mass logs are of collinear origin: can understand and
factorize them
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FACTORIZED HARD FUNCTION IN m?/§ < 1 LIMIT

Three pieces

[M(e, M, my, t1)) = Zjg (€, me, 1) [M(e, M, t1))  [Mitov/Moch]
Ii_r}n0 Z (e, M, my, tr, 1) [M(e, M, me, t1)) = | Myen(M, me, t1, 1)) [Neubert/Becher]

IimOZ_l(e7 M, t1, p) [ M(e, M, t1)) = | Mren(M, t1, 1)) [Catani; Neubert/Becher]
€e—

Combine to get a relation between Z factors and finite matching function Cp [Ferroglia, BP,
Yang '12]

Z[q](57 me, “‘)Z;I(@ M7 me, t17l1/) = CD(mtv M)Zil(ﬂ M7 ty, M) .

It follows that

m2
H (M, my, t1, 1) = Ch(me, p)Hy(M, t1, ) + O (f) .
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FACTORIZED SOFT FUNCTION IN m? < § LIMIT

Factorization of soft-function relies on analysis of phase-space integrals
using method of regions [Ferroglia, BP, Marzani, Yang '13]

S}}'(w, 8, t, m, ) = /dws dwy dw!; §(w — ws — wg — wh)

w t1 wygme w!my
x Sjj <W57 75? —§1H> Sp (wd7 Tv,u') Sp (w:iu dg ,M)
+ O(mw/3) + O(m7 /3)

e S related to wide-angle soft emission to massless gg, qq — QQ

e Sp related to soft emission collinear to top or anti-top (soft part of
heavy-quark fragmentation function)
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THE BOOSTED SOFT LIMIT AT NNLO

m2
d&yj ~ Te[H;(M, 1)S;(M(L — 2), )] ® CB(me, p)S(me(1 — 2), 1) + O(1 = 2) + O (Vg)

All component functions known at NNLO

@ Cp and Sp from fragmentation function for generic z [Melnikov, Mitov '04] (along
with calculation of [Becher, Neubert '05])

@ H; from virtual corrections to massless gg, qG — Q@Q scattering [Glover et. al
'00-'01] after IR renormalization procedure [Broggio, Ferroglia, BP, Zhang '14]

@ S;; from double real emission corrections to massless gg, qg — §'q’ in soft limit
[Ferroglia, BP, Yang '12]

BEN PECJAK (DURHAM) 23.05.19 24 /37



TOWARDS RESUMMATION

déy =Tr [H,’-}’(I\/I7 me, cos b, ur) ST(VE(1 — z), M, my, COSH7/,Lf)j| +0(1-2)

@ involves two one-scale functions, so large logs appear for any choice of uf

@ standard EFT solution of deriving and solving RG equations resums logarithms in
hard function

H(M, ps) = Un(pr, pn)H(M, pn ~ M)

@ for technical reasons, resummation for soft function done in Mellin space
(= Laplace space in soft limit)

BEN PECJAK (DURHAM) 23.05.19 25 / 37



MELLIN TRANSFORMS

@ Under Mellin transforms

F(N) = MIfI(N / o X" () M (x) = 23” /ﬁ_mdNX’Nf(N)

dF(N) = Lij(N, pe)5d& (N, M, me, cos 0, pir)

i

e Factorization in Mellin space soft limit: M, m; > M/N:

~ M? 1
déj=Tr {H (M, m¢, cos 0, pue)sy (In N2 27I\/I7 mt,cosé,m)} + O (N)

@ Mellin-space soft function has simple RG equation

d ~m M? mht | =m _ =m M? m,h
dlnus’j =— [rcuSplnl\_lT;ﬂ — i —Sjf rcuSplnl\_lTp? -

@ can solve with standard RG techniques to get resummed partonic
cross section in Mellin space
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RESUMMED CROSS SECTION IN SOFT LIMIT

4

0‘5(/%)

~ [0
05(ur) = o [T ) + P ) + gy 4|

2

x Tr [ﬁ?(;th,;ts)HZ-"(M, my, cos 6, uh)ﬁZ.’T(uh,us)EfJ'-’ (In W2 M, my, cos 6, us> ]
S

S R e A

—m as(ps) do
ui (g, pts) = Pexp {/@ ) @’Y,T’h(’w» mt,cose,a)}

e choosing pp ~ M, pus ~ M/N resums all logs into exponentials

e inverse Mellin transforming (using Minimal prescription [Catani,
Mangano, Nason, Trentadue '96]) gives resummed cross section
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RESUMMED CROSS SECTION IN BOOSTED SOFT LIMIT

Can derive and solve RG equations to get joint resummation formula
[BP, Scott, Wang, Yang '16]

d&j(pe) = Tr | Uy, in, s H(M, cos 0, 1)U (1, pan, ps)

~ M2 ~ ™ me
X §jj (ln =>—»M,cos b, Ms) x U3 (uuf, tean, tras) C3(me, pan) 85 [ In =——, pias
N Hs N,“ds

ro3)+o i)

@ remove large logs in matching functions through choices
pr~ M, ps~M/N, pan ~ me pas ~ me/N

° U,'j and Up are RG factors which resum logs

@ can estimate perturbative uncertainties by varying all scales independently
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LOGARITHMIC ACCURACY: THE FRONTIER

Resummation involves anomalous dimensions I', v and matching functions

I"Cusp Yi H,E, cp, §D
NLL 2-loop | 1-loop | O-loop
NNLL 3-loop | 2-loop | 1-loop
NNLL’ | 3-loop | 2-loop | 2-loop

Analytic frontier (differential cross sections):

@ soft limit: NNLL [Ahrens, Ferroglia, Neubert, BP, Yang, Kidonakis]

@ boosted soft limit: NNLL': [Ferroglia, BP, Yang]

Numerical implementations of resummation (not fixed-order approximations!)

@ soft limit: NLL in Mellin space for Arg [Almeida,Sterman,Vogelsang '08]

@ soft limit: NNLL in momentum space [Ahrens, Ferroglia, Neubert, BP, Yang '10,'11]

@ soft limit to NNLL and boosted soft limit to NNLL’ in Mellin space

[Ferroglia, BP, Scott, Yang, '16]

BEN PECJAK (DURHAM)

23.05.19

29 / 37



MATCHING WITH NNLO

We have 3 different calculations

Soft
resummation

/ a(n<2) ofIn™ N  alIn™N; o} In™(my /M)

NNLO Soft+small-mass resummation

a(n > 2) 1/N suppressed  1/N suppressed terms; my/My
s terms suppressed terms

Need to remove double- and triple-counting
when combining them!
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NNLO+NNLL'

A jOint effort Of the NNLO group  czakon, Ferroglia, Heymes, Mitov, BP,
and the resummation group Scott, Wang, Yang: 1803.07623

doMNLONNLL' _ g NNLL <dU(N)NLO — doNNLLG,

NNLL;, NNLLy,, _ 7 NNLL,, \
do + (da’ do mﬁo> match to NNLO

/

soft & small mass
resummation

(N)NLO >
expansion

match to soft
resummation
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Hr AND THE LARGE-M;; REGION

In the boosted limit, t- and u-channel @ RO,
propagators push the effective hard K\
Scale to OO0 T

M2 ; cos . ; ; .
~ (]~ cosB) +m2cosf 07N p2 4 m2 = md = H2/4,

7t1|m,,—>0 ~ 2

]\/12’ cos —1
~ (] 4 cosf) — m2cosf N 2 = H2 /4.

_u1|mﬁ0 ~

Hag (1n)

g9 7 — 1+7
Hyg (pin) H, L,

a;(Guh) {,781112 <;il> +241n <7il> (342In,) 4372 — 168
i ' L

t1—0

* Hris emergent scale in large Mtt region!
supports fixed-order scale choice Czakon, Heymes, Mitov: 1606.03350
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NNLO-+NNLL’ FOR THE M, DISTRIBUTION

Ratio

do/dM, (pb/GeV)

Czakon, Ferroglia, Heymes, Mitov, BP,
Scott, Wang, Yang: 1803.07623

o
777770 NNLO+NNLL' (u, = H/4) §1 | Normalized Distributions
[T NNLO( ,=HT/4) an
L W
m, = 173.3 GeV 1.0?
E = LHC 13 TeV
10°E T— 0.9
10k r
. o8-
1.4 r [:l NNLO (u=Hy/4)
1.0 A i L NNLO (1 =My/2
i ) ””///J;//////////ﬂ 0.7~ (=My/2)
O.Qt ; o L [ NNLO+NNLL' (1 =M,/2)
i / A AN BRI PR IR B
500 1000 1500 2000 250¢/ 3000 3500 € 500 1000 1500 2000 2500 300& %500
M, (GeV) i (GeV)

NNLL slightly feduces
scale uncertainty for

mu ~ HT
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NNLL elimina(es large
difference between
mu ~ HT vs. mu ~ Mtt
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NNLO+NNLL’ FOR THE TOP-p7 DISTRIBUTION

Czakon, Ferroglia, Heymes, Mitov, BP,
Scott, Wang, Yang: 1803.07623

3> E—_ 7777 NNLO+NNLL' (4, = my/2)
‘;2 T [0 NNLO (1 =my/2)
FvE
E 102k — :..m=173.3 GeV
© E — LHC 13 Te'

10° —

104k -

1075 ——

> E—_ [ZZZ77) NNLOANNLL' (u, = my/2)
L e [0 NNLO (1, =my/2)

i=} —

<4 =

g — m = 173.3 GeV
5w == LHC 13 TeV

10E

(1/0)
=]

o 1.05 2 1.05
3 3
T 1.00% — T 1.008
0‘95 ﬂr ///{;l/'llh]lllwnm’:””” 0 j// ///////

Mivmmy//////j;;///
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\
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NNLL softens NNLL 'éoftens
absolute pT normalised pT
spectrum spectrum
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COMPARISON TO DATA: M,; DISTRIBUTION

CMS Preliminary ~ 35.9 fb™ (13 TeV)
L L L

; 102 = . —

) E Dilepton: parton ® Data 3

(\5 e — Powheg v2+Pythia8 3

-8_ e er ¥ NNLO+o,, (LUXQED17) 7

g0 E A NNLO+o,, (NNPDF3.1) 3
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COMPARISON TO DATA: p7 DISTRIBUTION

CMS Preliminary ~ 35.9 fo™ (13 TeV)
T T T T T

= F |
8 102 Dilepton: parton ® Daa 4
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-o E E
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Persistent shape difference in the
transverse momentum spectrum

The high precision of the
theoretical calculations
and the experimental
measurements allows to
see this difference clearly!
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CONCLUSIONS

Summary:
@ QCD for boosted top production is an interesting multi-scale problem

@ presented formalism for joint resummation of soft and small-mass logs in Mellin
space

@ brought together fixed-order and resummation (groups) for NNLO+NNLL’

@ resummation effects significant at high M;, less so for pr distribution
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