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Top threshold scan

Motivation
Consider the top threshold region of the ete~ — WTW~bbX cross section:

Matched inclusive W*bW ~b cross section, no QED ISR

T
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Top threshold scan

Motivation

Consider the top threshold region of the ee~ — W*W~bbX cross section:

Matched inclusive W+bW ~b cross section, no QED ISR

 Allows extremely precise oo B T . . . ]
determination of the top ]
quark mass E
800 [~
ém(m:) ~ 50MeV 700 |
600 [~
» Sensitive to 'y, as, y; 2 .ok
b

Requires very precise theory 00 |
predictions: a00 E

« Known at NNNLO in QCD, 200 F

- matched, no switch-off

scale uncertainty of 3% oo b - NLL _ o]
[Beneke at al. 2015] i / ;Eghed, combined, symmetrized
0E =
* NLO non-QCD up to 15% ' ' ' ' : —
330 340 350 360 370 380

+ NNLO non-QCD and N3LO V5 [GeV]

Higgs effects in this talk [Bach et al. 2017]



Top quarks near threshold

Relevant scales and Coulomb effects

Near threshold tops are non-relativistic with velocity v ~ a,
* Multiple scales are relevant:

hard my top mass
m;v  momentum
ultrasoft m,v? energy

+ Coulomb singularities (as/v)" from n exchanges of potential gluons

t

k% ~ myv2, k ~ myv

t

« Conventional perturbation theory in o fails

» Coulomb singularities must be resummed to all orders
+ Done with potential non-relativistic QCD (PNRQCD)

[Pineda, Soto 1998; Beneke, Signer, Smirnov 1999; Brambilla, Pineda, Soto, Vairo 2000; Beneke, Kiyo, Schuller 2013 ]



QCD cross section

Born approximation

Normalized cross section:

o(ete™ — ttX)
o(efem = utu™)

R(s) = = 127e2f(s)Im [mv)(s)}

Born cross section:

Js(Gev)



QCD cross section

Resummed cross section at LO

Normalized cross section:

o(ete™ — tiX)
o(efem = utu™)

R(s)=

= 12me?f(s)Im [ﬂ(v)(s)}

Resummed cross section at LO:
I

I
o




QCD cross section

Resummed cross section at LO

Normalized cross section:

R(s) =

o(ete™ — ttX)

~o(etem = utu)

Resummed cross section at LO:

= 1271e2f(s)Im [Tr(v)(s)}

rt#O




QCD cross section
Resummed cross section at NNNLO
Normalized cross section:

o(ete™ — ttX)
o(ete” = utu")

R(s) = — 127e2f(s)Im [n<v>(s)]

Resummed cross section at NNNLO:

(5(51 2,3) Sc123)s l,((}lz) 5‘/;\2’3) (5([1 2)
R ® ® ) ®
el sV gy a2 5el) SV sy sy
—0—0— +—000—
ultrasoft




QCD cross section

Resummed cross section at NNNLO

1.0
= 0.8 * NNNLO S-wave
=n 0.6 [Beneke, Kiyo, Marquard, Penin, Piclum,
S Steinhauser 2015]
S 04

« NLO P-wave [Beneke, Piclum, TR 2013]
* QQbar_Threshold code

0.0F ] [Beneke, Kiyo, Maier, Piclum 2016;
. Beneke, Maier, TR, Ruiz-Femenia 2017]

0.2

340 342 344 346 348

Vs [GeV]

« Stabilization of perturbative expansion at NNNLO
* 3% uncertainty due to scale variation from 50 to 350 GeV
» Similar conclusions at NNLL (5% uncertainty) toang, staninoten 2013)



Non-QCD effects

Top-quark decay width

# iy (B+im ) .

.20 t tht

Lyiinear = P [i8° + it Tt e ¥ + anti-quark

« ¢ lty: same order as kinetic term, shifts £ — E+il,  (E =+/s—2m;)
Causes divergences at NNLO: o D oolm [£] — oolm [E£]



Non-QCD effects

Top-quark decay width
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Non-QCD effects

Top-quark decay width

) 52 iT 82+ im,I ;)2 )
Loinear = $1 8%+ o— + =5+ # +... | ¥ +anti-quark
2mt 2 8mt
« ¢ lty: same order as kinetic term, shifts £ — E+il,  (E=+/s—2m,)
Causes divergences at NNLO: o D oolm [£] — oqlm [E£¢]

. —z/;Tr—%z/;: additional shift — E + i, —T'2/(8m,), but treated perturbatively

2.2
o Yt ’Zf , : time dilatation, reduces toponium width ', = 2I, — rtszcF +...

Non- Hermman Hamiltonian H = eigenstates do not form a basis

H|n)=&,|n), HY @) = En | @), En=E =(E,—iT,/2)*

exponentially exponentially (n|m) =6nm
decaying states growing states
¢n(0 ¢ (0)
(£)]0) ¥,

Non-relativistic Green function: G(E) = <5




Non-QCD effects

Non-resonant contributions

The physical final state is W*+W~bbX
* Iy ~ mea ~ mya2 is not suppressed with respect to the ultrasoft scale
» Narrow width approximation is unphysical!

+ Top decay modifies cross section in non-perturbative way (smearing of
toponium resonances)

Top instability implies existence of contributions to the cross section from
hard subgraphs that connect to the initial and final state




Non-QCD effects 10

Effective theory setup

Contributions can be organized systematically within Unstable Particle
EffeCtiVe Theory [Beneke, Chapovsky, Signer, Zanderighi 2003-4]

o(s) ~ Im{ ZC(k)C(’)/dAX (e~ et [T[iIOW(0)i0N (x)]|e”e")rr
Kl

+3_ G (e M0k (0)le e ) ey }
k



Non-QCD effects 10

Effective theory setup

Contributions can be organized systematically within Unstable Particle
EffeCtiVe Theory [Beneke, Chapovsky, Signer, Zanderighi 2003-4]

Resonant contribution

involving non-rel. tops. ; i“ S E ;0“
Width resummed into

propagators E — E+ il

NIm{ZC “x (em et |T[I0WT0)i0V (x)]|e"et) et

+Y Gl (e et [i0f(0) e e ) ey }
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involving non-rel. tops. ; i“ S 2 ;0“
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Non-resonant_contribution
from W+W = bb production on i+
in hard process



Non-QCD effects

Effective theory setup

10

Contributions can be organized systematically within Unstable Particle

EffeCtiVe Theory [Beneke, Chapovsky, Signer, Zanderighi 2003-4]

Resonant contribution

involving non-rel. tops. ; i“ S 2 ;0“
Width resummed into

propagators E — E+ il

NIm{ZC “x (em et |T[I0WT0)i0V (x)]|e"et) et

+3_ G (e M0 (0)le e )eer }
k

Non-resonant_contribution
from W+W = bb production on i+
in hard process

Both parts contain
spurious
divergences! Only
the sum is finite.
Calculations must
be done in the
same regularization
scheme.




NNLO non-resonant contribution 11

Contains endpoint divergences when the hard tops go on-shell yanen, ruiz-Femenia 13

'Squared contribution’: Gluon
corrections to h1, endpoint
divergent but UV & IR finite
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Contains endpoint divergences when the hard tops go on-shell yanen, ruiz-Femenia 13

‘Interference contribution’:
endpoint & UV divergent

< Py P
@ +0(100) er(lgg?gltawr:’;e diagrams

'Squared contribution’: Gluon ’Automated contribution’: endpoint
corrections to h1, endpoint finite but UV divergent, computed
divergent but UV & IR finite with automated tools (MadGraph)
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Contains endpoint divergences when the hard tops go on-shell yanen, ruiz-Femenia 13

‘Interference contribution’:
endpoint & UV divergent

/

cancel with
resonant part

+ 0O(100) endpoint finite diagrams
(not drawn)

’Automated contribution’: endpoint
corrections to h1, endpoint finite but UV divergent, computed
divergent but UV & IR finite with automated tools (MadGraph)



NNLO non-resonant contribution 11

Contains endpoint divergences when the hard tops go on-shell yanen, ruiz-Femenia 13

‘Interference contribution’:
endpoint & UV divergent

/

cancel with

resonant part cancel

+ 0O(100) endpoiniffinite diagrams
(not dfawn)

’Automated conffibution’: endpoint
corrections to h1, endpoint finite but UV divergent, computed
divergent but UV & IR finite with automated tools (MadGraph)
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Public code 13

Implementation of NNNLO QCD + NNLO SM + LL ISR + NNNLO Yukawa
results is available on HEPForge

* Home QQbar_threshold
« Download
o Documentation QQbar_threshold computes the top-quark pair production cross section near threshold in electron-

positron annihilation at NNNLO in resummed non-relativistic perturbation theory [1, 2]. It includes

° Vers!on 2 Higgs, QED, electroweak and non-resonant corrections at various accuracies and a consistent
o Version 1 implementation of initial-state radiation. Details can be found in
e Changelog

e M. Beneke, Y. Kiyo, A. Maier, and J. Piclum
Near-threshold production of heavy quarks with QQbar_threshold
Comput. Phys. Commun. 209 (2016) 96-115, arXiv:1605.03010 [hep-ph]
¢ M. Beneke, A. Maier, T. Rauh, and P. Ruiz-Femenia
Non-resonant and electroweak NNLO correction to the et e top anti-top threshold
arXiv:1711.10429 [hep-ph]

Please cite these (and possibly other articles, where the theoretical input was first computed) when
QQbar_threshold is used for published work.

The functionality of the package can also be used to compute the bound state energies and
residues of bottomonium S-wave states and high moments of the bottom production cross section
at NNNLO, including the continuum (see M. Beneke, A. Maier, . Piclum, T. Rauh, Nucl.Phys. B891
(2015) 42-72, arXiv:1411.3132 [hep-ph]).

QQbar_threshold is written in C++ and Wolfram Language. It can be used as a C++ library or
through a Mathematica interface.

For questions, comments, and bug reports write to qqbarthreshold@projects.hepforge.org.


https://qqbarthreshold.hepforge.org/

Non-QCD effects

14
NNLO SM and NNNLO Yukawa contributions

80GeV)

X/ (K

340 342 344 346 348 340 342 344 346 348
Vs [GeV]

Vs[Gev]

Uncertainty due to renormalization scale variation between 50 GeV and
350 GeV

« Effects significantly larger than QCD uncertainty
» Shape changes particularly in the important region at and below threshold



Non-QCD effects 15

Initial state radiation

1.0} :
without .

= 0.8f ISR/ e
2 oo
% 0.6k - - with ISR
o}
s S pf TT—m—m
3 e
g 0.4+ with ISRq
S

02F ..

0.0- : ; ‘ ‘

34 342 344 346 348
Vs [GeV]

* ISR reduces cross section by 30-45 %
» Band is envelope of different LL accurate implementations
* NLL precision is a must for a lepton collider (not just for ttbar)



Determination of SM parameters 16
Top-quark mass

0.6 1.15
! PS_
0.5F m,”5-100 MeV S 110 m"5-100 MeV
(5]
_ 04 2 1.05¢ -
2 ) % m;"S-50 MeV
=03 m"S+100 MeV 2 1.00F
g % m;*5+50 MeV
0.2 5 0.95F
Z !
0.1 £ 0.90f m"5+100 MeV
0.0 ) ) ) ) 0.85
340 342 344 346 348 340 342 344 346 348
Vs [GeV] Vs [GeV]

Estimate theory uncertainty by determining what parameter shift is needed
to obtain curves outside the scale variation band

+ Naive expectation: §mFS ~ 40MeV
» Full simulation: [Simon 2016]

« theory uncertainty: §m"S ~ 40MeV
« Statistical uncertainty (CLIC): §mFS = 21 MeV



Determination of SM parameters

Top-quark width

I''—100 MeV

I'+100 MeV

340 342 344 346 348

Vs [GeV]

T1SR/TISR(K
(=]
©
o

,.
e ¢
©
S

I'+100 MeV

I',—100 MeV

340

342

to obtain curves outside the scale variation band

» Naive expectation: éI'; ~ 60 MeV

344 346
Vs [GeV]

348

Estimate theory uncertainty by determining what parameter shift is needed

17



Determination of SM parameters

18
Top-quark Yukawa coupling

1.15f
1.10f
S 1.05f Ki=1.2
<

i ————
1.00F

O'QSW

1SR/TISR(K

£ 0.90F
L 1 1 1 0'85 7\ n L n n
340 342 344 346 348 340 342 344 346 348
Vs [Gev]

Vs [GeV]

Estimate theory uncertainty by determining what parameter shift is needed
to obtain curves outside the scale variation band

« Naive expectation: dk, ~+22 %



Determination of SM parameters 19
Strong coupling

07 a@s(mz)=0.1204 1.15F
06 S 110
0.5 3 as(mz)=0.1204
5 as(mz)=0.1164 S 1.05&_4
204 o
= 1
E 3 1.00F
g 03 E
02 £ 095F ay(mz)=0.1164
g
0.1¢ 5 0.90f
0.0 ‘ ‘ ‘ ‘ 0.85}
340 342 344 346 348 340 342 344 346 348
Vs [GeV] V5 [Gev

Estimate theory uncertainty by determining what parameter shift is needed
to obtain curves outside the scale variation band

* Naive expectation: da ~ 0.0015



Summary

+ Determination of several SM parameters possible from scan of the
total ete™ — WHTW~bbX cross section near the top threshold

* NNNLO QCD + NNLO SM + LL ISR + NNNLO Yukawa prediction
known and available in QQbar_Threshold

» Theoretical uncertainty of 2-5% (energy-dependent)

» Expected theoretical uncertainties for parameters:

dmPS ~ 40MeV 6 ~ 60MeV
Skt =120 % Sas ~0.0015

20



Power counting 21

32
OLEWNOLtEftNOéNVZ’
4
oo i 1 LO
2 As ) ) sV NLO
TQCDonly ~ Cpyy v E — ,
QCDonly Ew v ai, asv, V2 NNLO
k=0 o, a2v,asv?,v> NNNLO
Qem

NLO

v

v

2
Qem Qem
oo as)k ( ) X {as,v},agw,\/agwar,at NNLO
X

UN(XEWV E _— v
v (7 3 (o3 2 (o3
em em em
k=0 (T) ( » ) X{as,V},TX{ai,asv,vzm/aEwat},
(o7
o x {—" ag, v} NNNLO
v

QEW NLO
+ oy X { agwas NNLO
NNNLO



Organization of the calculation 22

Split cross section into three separately finite parts (1), (II) and (ll1):

EP div EP fin
O,NNLO = |osq Jro'res, rest:| —+ |:0'i(m )+0'C(k) :| —+ [Ui(nt )+Gau{| .
, Abs,bare N -

0} (I (1

* (I): computational scheme for 'squared contribution’ fixed by existing QCD
results (Dim reg with NDR for +°)

* (II): Use freedom of scheme choice to simplify calculation (some parts
done in four dimensions)

« (ll1): Endpoint finite part of ‘interference contribution’ must be computed
consistent with MadGraph



Divergence structure

UV finite IR finite  EP finite

[0} v v v
Osq 4 4 —
2513 ..... hlf) v —
Sgl """ 6 v - *
Ores, rest 4 4 -
oqacp 4 4 -
OP-wave v v -
oH v v v
O5Vep v v v
or \/ \/ -
o (k) \/ \/ \/
CEW
O'C(k) ‘/ ‘/ -
Abs, Z¢
oo v v v
m 7 7 v
(EP di
int Y v v —
o (k) / ‘/ -
Abs,bare
(1 v v v
(EP fin)
i " - v v
Taut - 4 v




Dependence on u,, scale 24

Regularizing width-related/endpoint divergences dimensionally splits some of
the large logarithms by introducing the scale p,,

Hw mev
ol O Inv= In— +1In .
me Hw
—— —
Conon-res Cores

The dependence on u,, cancels exactly at a given order.

1.20f¢
1.0 \
S L15%
> \
0.8 g 1.10% )\ resonant
=06 resonant 3 1_05Q \ + NLO non-res.
Che NLO non-res 5 AL
5 - s 2 1.00
041 =
5 0.95
>
020 S 0.90}
0'07\ L L L L 085 B L L L L
340 342 344 346 348 340 342 344 346 348

Vs [Gev] Vs[Gev]

We choose a central scale of u,, = 350GeV to minimize the unknown
logarithms from the NNNLO non-resonant part.



Invariant mass cut 25

Consider "loose" invariant mass cuts
(mt - AMt)2 < Pfyf < (mt + AMt)z,

with AM; > I';. Since the off-shellness in the resonant part is parametrically
of the order I'; they only affect the non-resonant part:

0.00F

-0.05¢

-0.10¢

Onr(w=350GeV)[pb]

-0.15,




Non-QCD effects

Individual contributions

1.10
s
& Lost
(=3
<
S 108} /\ _______
£ 104}
R NNLO Higgs
§ 102}  —— NNNLO Higgs
5
1.00 ‘ ‘
340 342 344 348
Vs [GeV]
s
2]
9]
(=]
<
1]
3
=
E
% 0857
S /
< 080l
5
0.75

1.10

80GeV)

1.05 AN

%

1.00

TQCD+ H+EW/T Qe+ H
o
©
o

340 342 344 346

—— NNLO non-res.

== NLO non-res.

340

342

344 346 348

Vs [GeV]

348
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Determination of SM parameters
Correlation between top Yukawa and strong coupling

0.641 k=15
0.62} )
5 a@y(mz)=0.1204 ‘=12
QA
= 0.60 ay(mz)=0.1194
5 01174 Peak height and width
0.58}
«=0.8
ay(mz)=0.1164
0.56 k=05
343.9 344.0 344.1 344.2
Vs [GeV]

Estimate theory uncertainty by determining what parameter shift is needed
to obtain curves outside the scale variation band

« Naive expectation: 6k ~22 % and da ~ 0.0015

Effects from variation of Yukawa coupling and strong coupling very similar
Need full simulation to see how well they can be disentangled

27



