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.. hot just the heaviest SM particle

LEPTONS * Top quark: heaviest known particle
® Most sensitive to the mechanism
Beciron Neulving Muon Neubrino Tau Neutrino .
Mass -0 < " of mass generation
o é ® Peculiar role in the generation of
Bectron Muon Tou flavor.
AN 105.7 1777 .
QUARKS ¢ TOp mlght not be the SM-TOp, but
0 have a non-SM component.
o oo ® Top as calibration tool for new
Mass: § 1500 -] physics particles (SUSY and other
d exotics)
Down monqe Batlarm ® Top production major background
] 140 4 250

*® Very special physics laboratory: [',>> Aqcp

it new physics searches

® One of crucial motivations for New
Physics

o Top treated a particle: Vo, Ppart, SPIN, Oy, do/d pygy ... — for scales > T
o General: Top is quantum state sensitive low-E QCD and unstable particle effects:

m,, endpoint regions — scales ~ I,

o Multiscale problem: v, p, m,, I';, Aqcp, - - - (depends on resolution of observable)
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Outline

® Top Threshold in a Nutshell

® Threshold theory: NRQCD + unstable particles

® Threshold continuum matching

® Fully differential treatment + MC simulations

® Associated threshold regions

® Top threshold at the LHC
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e*e- Top Threshold in a Nutshell

® Threshold runs: ILC, CLIC, FCC-ee

T . '46x1lo“fcm2‘s' I ' - IE
® Typical: 100 fb-" integrated luminosity ? e ® oo zen |
o H . ~ 5 H o B ILC (250 GeV baseline) 1

Typlcal . O-tot 1 pb — 1 0 ttbar palrs go 102 — \ - ILC (with Jumi/energy. Upgrade) =
. . . hat - TR)W'W (161 GeV): 6.4 x 10 cm?s! CLIC (Baseline) =
® Threshold scan: high precision method for = T oo ey i
top quark mass measurement in a well- [ A ARy e s o0t ams :
defined scheme: (AmPS1SMSR ~ 50 MeV)  § ™ E
e B [k A §
® Sensitivity to ', ag , v, i R ]
® Need: precise knowledge of beam effects " L I | E
102 10 \{§[G_eV]
st o - CDR
= g ti;hreshold-QQbar_Thres].hold NNNLO FCCe]e | JHEP10(2018)168
?0-95 ISR + FCCee Luminosity Spectrum £ 1.0 T | I T T
e Rad v o ey a2 ete” —tt, P(et,e”) =(0,-0.8)
§ 0.7 _— p‘variazionsxo.}s GeV 0.8+ ete™ = bBWHbW—, " i
§ 0.6 [ = ete” —»tt, P(et,e”)=(0,+0.8)
Sosf M = - W,
Cos5¢t \ - 06 ete” - bWT bW, .
0.4 S
031 = simulated!: a points ; 041 ]
0.2} preliminf::\f(bﬂlpo‘m E N
0_1 based on EPJ C73, 2530 (2013) _7 02 - N _
1 R z ] N 1 B
° 340 345 350 e € 0.0 J ! ! T —— - |
Vs [GeV] \ : I -0 500 1000 1500 2000 2500 3000
-3 V5 [GeV]
/ £
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e*e- Top Threshold in a Nutshell

* Threshold runs: ILC, CLIC, FCC-ee g 12 ST k
® Typical: 100 fb-" integrated luminosity § o _oneesey E
® Typical: 6,,~ 1 pb — 105ttbar pairs S b romatzeacveruncnoroy ane E
® Threshold scan: high precision method for = =
top quark mass measurement in a well- £ o 3 E
defined scheme: (Am}PS:1SMSR ~ 50 MeV) oal E

® Sensitivity to 'y, ag , vy, ook E
® Need: precise knowledge of beam effects 0 Bkttt T | .1
340 345 350 355

Vs' [GeV]

F.Simon, PoS (ICHEP 2016) 872

- tt threshold - m?® 171.5 GeV '
- —Beneke et al. NNNLO CLIC 350 LS + ISR

- —ISR only FCCee 350 LS + ISR
—ILC 350 LS + ISR

-y
I

0ss section [pb]
- N

|II|IIII\\IIII|III|I

5081

06 | 1sR
: Vo roa—
0.4 - S .
0.2 } based on CLIC/ILC Top Study 5
EPJ C73, 2530 (2013) -
o = | L L 1 1 | L L 1 1 | L i

340 345 350

Vs [GeV]
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e*e- Top Threshold in a Nutshell

>:"1.6 [ —r r Tt | 1t 1. 1 T | r T 1T [I T |Fﬁ’|'ﬂ|20—1;9

ILC10x20fb™"/8x25fb™  + inputvalue
® Threshold runs: ILC, CLIC, FCC-ee 8 I ey P gk CLILG default |
. . . . 2 14+ I,=1.37 Ge\{ —68% CL ILC 8 point_|
® Typical: 100 fb-! integrated luminosity [ 2D template fit 1
® Typical: o,,,~ 1 pb — 10°ttbar pairs 121 E
® Threshold scan: high precision method for e éy ]
top quark mass measurement in a well- - ]
defined scheme: (Am,”S.1SMSR ~ 50 MeV) 08" g
¢ SenSItIVIty to rt, GS H yt 0-6:_efficienciesand signal yields _:
. | from EPJ C73, 2530 (2013) ]
® Need: precise knowledge of beam effects i o ]

0.4 ———— —
1713 1714 1715 1716 1717

error source AmPS [MeV] fitted m, [GeV]
stat. error (200 fb~!) 13
eor O scale variations, PS scheme . . .

ATl * Many analyses with similar outcome
fé?éf:fﬁﬁ;?ﬁ?;iiﬁ t(hﬂ?jgyl top) 157420 ® Basic message: prospects confirmed and trustable
luminosity spectrum uncertainty <10 (Wlth'n eXp+theO assumpthnS)
beam energy uncertainty <17 . . . . .
combinod theory & parametiic o o * No full simulations. Only o, with high precision.
combined experimental & backgrounds 25 - 50
total (stat. + syst) nw Martinez, Miquel *18 (arXiv:0207315)

parameter 8 point scan 10 point scan

2D fit m; and y; marg. marg.

my (35 (stat) £ 45(theo)) MeV | 17.0 MeV | (T3] (stat) £ 42(theo)) MeV | 15.2 MeV

m 0 30 staty £ 0.09(theo) 0.055 013 (staty £ 0.132(theo) 0.047
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We are very lucky

Top pair total inclusive cross section:

ole+e— = tt+ X) at F.p &~ 2my

& fooewetorPk T— |  Advantages:
= 1 Nominal ; { '
°© [ — LowQ AN g > count number of ¢t events
0.8 LowP e et Sesenrrrnrhinrrnrrnen s .
N P : > color singlet state
e e . > background is non-resonant
oab e > physics well understood
E (renormalons, summations)
0_2—_ ..................................................................................................................................................
OI'L‘."':"';"'.'"'." i N SN BN »  Top decay protects from non-pert effects
340 345 350 355 360

\'s [GeV]

®* Remnant of a topionium resonance (“positronium of QCD”): R, = m, ag ~ 30 GeV
® Crucial to control e+e- luminosity spectrum > N agmt
® Binding energy about twice the top quark width: bind =

® 0,,:can be calculated reliably in pQCD (nonrelativistic expansion)

® Non-resonant effects just tiny

~ 2Ft
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Top Threshold

Top pair total inclusive cross section:

olet+e— = tt+ X) at FEqp =~ 2my

& fooeweroeex — |  Advantages:
1= L Nominal [ ; i — '
° [ —tma I > count number of 7 events d-ﬁCI‘UCIaI t
0.8— LowP e T P . < Imerence 1o
- é . = _color singlet state -
- i J top pairs at
0B A e > background is non-resonant LHC
ab A > physics well understood
E (renormalons, summations)
0.2—_ ..................................................................................................................................................
OI'L- A N N B »  Top decay protects from non-pert effects
340 345 350 355 360
\'s [GeV]

® o, only observable known where a well measurable threshold structure with
resolution € 1 GeV is generated by QCD dynamics at much larger scale:

® Color single state protects from non-perturbative / ultra-soft effects
We could not be more lucky!

Quarkonium physics! R,y =m;ag~30GeV (> T, Nqcp) @é
("non-jet like”).

Unfortunately no such observable at the LHC ! Q@/

»
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Theoretical Background
o / E~T,

m > p~mv > E~mv?, Aqcp

® Strong scale hierarchy:

v L1
production momentum binding and hadronization
decay inverse size kinetic energy energy
® Momentum regions: “hard”: (K0, k) ~ (m,m)
“soft”: EV k)~ muv, muv 0 — |
BR) ) (v, )
“potential”:  (k”, k) ~  (muv% muv) e
Ratardation effects .
“L amb-shift’ ultrasoft™ (k. k) ~ (mv? mov?) Vi~ O
perturbation theory in o, breaks down (g /v)"
® Usual fixed-order expansion t . . o
g { | v g EER TEER Coulombsingularities
OeS no a AW A gq A CB ; AN é g §
pPly — = - — — Schrédinger Equation
1 Og/v (ag/v)’ (Og/v
perturbation theory in o, breaks down — large logs (a,lnv)"
2
me=175GeV, p~25GeV, E~4GeV = In (2—:;) =8 — RGE’s
FO approach: RGI approach:

ooy (%) [1, {v, a5}, {12, 050,02}, ] oo Y (%) (asinv) [1, {v,0.}, {v*, 00,02}, }

LO NLO NNLO LL  NLL NNLL
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Theoretical Background

®* Two NRQCD formulations for RGI approach:

pPNRQCD vNRQCD
po~m Hp ~m
soft/potential
“soft” NRQCD modes
Y
s ~ P~ mu
“ultrasoft” pPNRQCD ultrasoft modes
Y B Y w ~ E ~ mv?
pu ~ E ~mu M
Pineda, Soto, Brambilla, Vairo Luke, Manohar, Rothstein, Stewart, A H.
EFT construction: Soft (mv) and EFT construction: Soft (mv) and
ultrasoft (mv2) scales independent ultrasoft (mv2) scales correlated

Both theories are different, but obtain equivalent results at NNLL for top production.
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Total Cross Section o

* Simple factorization formula up to NNLO/NNLLycp + LOgyy :

o o c(v)? ImG(0,0,+/s) +... — More complicated beyond
V2 V4

; i ~ AHH, Beneke, Melnikov, Nagano, Ota, Penin, Pivovarov,
Total cross section at NNLOQCD (FO In dg V) Signer, Smirnov, Sumion, Teubner, Yakovlev, Yekhovsky ‘01

Total cross section NNLL AHH, Stahlhofen, ‘13

Total cross section NNNLOQCD Beneke, Kiyo, Marquard, Piclum, Steinhauser ‘13

N0n-resonant EW effeCtS NNLL, NNNLOpartiaI AHH, Reisser, Ruiz-Femenia ‘04, ‘10

* Non-resonant EW effects NNNLO Beneke, Maier, Rauh, Ruiz-Femenia ‘17,
) (CO60TT
@\\H—- _}/*\_m >’\&
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Total Cross Section o

* Simple factorization formula up to NNLO/NNLLycp + LOgyy :

o o c(1)2 IMG(0,0,1/3) +... — More complicated beyond
vz v
(— — = V() - (v/s — 2m — 26m) — th) G(r,r') = 6@ (r — 1)
1.4
1.2 -
1.0 -
0.8 -
® Total cross section in good shape: do,,/0,,; ~ 2-3% “ 06l
(for NNLLqcp/ NNNLOGep) 0.4+ 4
0.2 =
0.0 ! ! 1
® Combination of NNLL,cp and NNNLOqp to be done. 340 342 344 346 348
Vs (GeV)
® Why are ultrasoft gluon retardation effects not NLO ? ) (666060,
e Ty
They do contribute at NLO, but cancel in the total @«;" “\{ '\,f’
. _,-'/ \"--.._ __.-"'/\\-\.

cross section for a ttbar pair in a color singlet state. I
Effects do not cancel if experimental cuts are applied, but effect small, if cuts are weak.

® Differential cross section in much worse state.
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Threshold Continuum Matching

® Total cross section:
Combination of the of NNNLO FO and NNLO+NNLL threshold cross section

OnRaco [Pb]

0.0E

Widl, AHH to appear

Omatched — 0QCD =+ (UVNRQCD - Udoublc-countcd) ' fsé

FO Cross Section

IThreshoId Crpss Segtion . . ‘ MSR_mass Scheme - 0.8 u switchoff f;
ol L e L s NNLL ] 1.0 M = 1.5 GeV, 7, = 163 GeV. go'ﬁ
0_8 0.4
g 0.6 0.0
S 0.4 thSR(R=mtV) 340 350 360J;[(3;:3] 380 390
0.2
mys = 171.6 GeV ] — oS oMo ghLo
34'10‘ 350 3;30‘/_ C[ZOV] 3;30 3£‘30 4(‘)0 0.%20‘ 340‘ ' 360 38‘0’ 400
S e
‘Matched cross section‘/; [GeV]
1.4 Scale-setting subtle!
1.2
1.0 Dependence on matching
508 function smaller than
506 scale-dependence.
0.4
0.2 L — NLL — NNLL Uncertainties much larger
0.0f ‘ ‘ in the pole mass scheme.
340 350 360 370 380 390 400
Vs [GeV]

1.0

__— Switchoff- function
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More loops may be needed

Interesting observation: There is a mass sensitive region above the threshold region
(at E,,=360-380 GeV) where the renormalization scale uncertainty is much smaller

than the mass scheme change uncertainty. Widl, AHH to appear

mass errors
----------------------

0.98¢ ] oo
0.964 1 esf
el ||W}q]]qqqqqlm[|[|[|[|1|[HIH[MIH[\IM[MIMWM1"‘.H[M]M"H_ -
% 05 st 10 2 ,,HHHHHHHHHHHHM|
380 400 420 440 460 480 . | | | | |
s[GeV] 35° 4°° ®° w > .

Vs [GeV]

Likely related to the pole mass renormalon, so that MSR certainly favoured.

N4LO O(ag*) computation may resolve the issue.

In principle mass measurement with uncertainty ~250 MeV possible at E_,,=360-380 GeV
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Differential Top Threshold

Differential Cross Sections:

® Has not received much attention in the past, but important to correctly simulate
experimental cuts and to interpret anything beyond the total cross section

® Very (!) hard problem due to ultrasoft (E < I',) gluon exchange between the top quarks
and their decay products.

wt
b

b
2 W
q
b S \\'a
W b

® Large (non-factorizable) effects possible for selection cuts (size in principle unknown!!)
Effects increase the more restrictive cuts are. AHH. Reisser, Ruiz-Femenia 10
Small for generous (wide) cuts Beneke, Maier, Rauh, Ruiz-Femenia ‘17,
Contribute at NLL/NLO order for differential cross sections.

® Theoretically hard due to existence of Coulomb form factor that is defined in the non-
relativisitic limit only (usual subtraction techniques known from NLO-revolution do not

apply)
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Differential Top Threshold

Differential Cross Sections: b v
% W 3 b
b S W
Differential cross sections available in \Whizard w .
Bach, Neja, AHH, Kilian, Reuter ‘17

® Whizard threshold implementation does NOT contain these ultra-soft effects !
Therefore NLOgg + NLLy cshoig ONlY for total cross section, NLOgg + LL ochoq Otherwise.
— Parton shower with coherent amplitude evolution needed und top decay needed.

ete” = WHIW b, Njes > 2, /5 = 344GeV

1000 E— ' ' I I ‘ I ‘ I ' ' ' ' ' ' —E ?
s et E &} 102 —— NLO
900 | o —— - E " matched
soo A 88
Y N A 10t
600 ; F
2 500 |F
b - LE
400 | F
300 |
200 - 1071 L
N Y T matched, no switch-off 20 F !
- - - NLL 18
100 - matched, combined, symmetrized }2
E NLO o) :
o F 3 = 12
S T T TR T S B % 10
330 340 350 360 370 380 Iy g
V3 [GeV] 4E
2 |
Bach, Neja, AHH, Kilian, Reuter ‘17 160 165 170 175 180

mW i [GeV]
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Differential Top Threshold

Top quark anomalous coupling measurements:

Large QCD phases of the ttbar+y/Z vertices due to Coulomb effects can
interfere with CPV anomalous couplings of the top quark.

Reconstructed top quark spin affected. Jezabek, Nagano, Sumino ‘00
(Happens also in the continuum.)

May supplement anomalous coupling analyses in the continuum, where

threshold measurements are an important input.
See Durieux, Perello, Vos, Zhang " 18

llaria Brivio’s talk
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Associated Top Threshold Physics (l)

—=10° . . .
® A future e*e collider with many associated ttbar i ff
thresholds ft"’z 3 i
® Technology exists to extend ttbar threshold machinery :¢= 10;_ & 1
to them, but much less event S:

e} L _
ttbar H:  (similar story for ttbar 2) 1 v, ]
* NLO QCD Dawson, Reina ‘03, 107 (IJ T '10|06 - 2060@{(3:;({(/)]0
®* NLO EW corrections Dener, etal,, Belanger, etal. You, etal ‘17,
® NLL ttbar threshold Farrell, AHH ‘05
® CPV couplings Hagiwara, Yokoya, Zheng ‘18 0

o
o
0

® Kinematic threshold enhancement reaching far
into the continuum region for associated tt
production, enhances cross section

o
o
o
I

do/dEyg (fb/GeV)
T T

=3
=
S
I

o
=)
S

120 125 130 135 140 145
Ey (GeV)

Vs [GeV]|my [GeV]|| o(Born) [fb]| o(as) [fb]|| o(NLL) [fb]| —ZXLL) o(NLL) | o(NLL)jp|<0.2

o (Born) o(as) a(as)B<0.2

pu | 500 | 120 || 0151 | 0263 | 0.357(20) | 2.362 1.359 1.78

Farrell, AHH ‘05
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Associated Top Threshold Physics (ll)

tt + y:

Boronat, Fullana, Juster, Gomis, Vos, AHH, Widl, Mateu ‘19

® Radiative return to the tt threshold allows for top threshold top mass

measurements at higher energies.

=2¢(z, 9)\/ 253

e 7§ y

or(1-22)

® Matched threshold (NNLL+NNLO)-
continuum (NNNLO) cross section

® Realistic simulation experimental

analysis
® Statistics dominated

do tty

dcosfd+/s'

i

Events

200}

100

400F

ISR
enhancement
L L R LR B 1] II\
i e*e’ — tty, CLIC, Vs=380 GeV GCJ [ e*e — tty, ILC, Vs=500 GV
Theoretical prediction I : Lﬁ1 500+ Theoretical prediction
: } Pseudoexperiments ]{ 1 : { Pseudoexperiments |
__ I:Istal envelope: = 10 (1000 fb™) { { _: 1000 :_ |:|statenvelope: =10 (4000 fb™) -:
f 1 ]
o f ] 500 |- e i .
i i3 4
1 ¥
e S ST ST R SN TN SR SR NN S SO SO N N HNY ol;...l....l....
340 350 360 370 350 400 450
Is' [GeV] Is'[GeV]
cms energy CLIC, /s = 380GeV |ILC, /s = 500 GeV
luminosity [fb~!]| 500 1000~ 500
statistical 140 MeV | 90 MeV 350 MeV 110MeV
theory 46 Me 55 Me
lum. spectrum 20 MeV 20 MeV
photon response lfi/Me’V_\ 85
total 150 Mo\ 110MeV |360Mey 150 MeV
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Associated Top Threshold Physics

it + Y- Boronat, Fullana, Juster, Gomis, Vos, AHH, Widl, Mateu ‘19
®* Running MSR mass measurements Probes top mass ISR
sensitivity at enhancement
doz — 2z « scales myv <m
% em f t
7 29(37, 0) ( )
dcosfdvs 8
E
r=—1, s’—us< ) " —\
Vs £ \
q) -
> -
LLI 1500 i
- L B L L L L - i
%, e*e” — tly, ILC, (s=500 GeV 10001 ]
(H 175 .
= " :
% binl| bin2 bin 3 bin 4
=.170 . e — T —
£ 350 400 450

\s' [GeV]

Total uncertainty

I Theory uncertainty

Prediction (R-evolution)

0501(I)O150
R [GeV]
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Top Threshold at the LHC

— Parton-parton collisions lead to significant complications compared to e*e- collisions

2
4m; 5

Parton level top pair threshold: B=\1-—=F =0 ie 3= m

Parton energy just enough to produce the top pair + soft radiation.

— Factorization formula for total cross section (straightforward extension compared to e*e’)

w
Opp (8, 1) Z mt, It) /dw Jr(E — 5) WR(‘-‘J,,U) Beneke, Falgari, Klein, Schwinn ‘11

R=1,8 7‘ T
Color singlet + Color singlet + Soft radiation function
octet ttbar octet Coulomb (O(a) effects for pp collisions )

Greens function
(O(a4®) effect for e*e"— ttbar )

Mttbar distribution for Mttbar — th: Yu, Wang, Wang, Xu, Xu, Yang ‘21

ttbar pair (with small relative velocity) can have any p; and can be color singlet or octet
kl =~ k2

It is problematic to identify My, with (p+pPy.r)? » when the
ttbar is in a color octet state:

“toponium-jet ”

PH Very challenging yet unresolved problem !
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Conclusions

Gold-plated measurements at the top threshold based on the total
cross section (m,l',, y,) are well-understood

BUT: No full coherent simulations. + No consistent threshold MC
Theoretical understanding adequate for total cross section
Threshold continuum matching for total cross section

Fully differential treatment + MC simulations still in infancy.
Associated threshold regions important

Top threshold in do/dM,, . at the LHC not yet understood.
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