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QL Top Mass Measurement: Threshold 2120

P————

¢ LC top threshold scan best-known method to measure top quark mass, AM ~ 30-70 MeV
¢ LC continuum top production best-known method to measure top couplings

Heavy quark production at lepton colliders, qualitatively:

Large [ Small [

ete” > tt / U ete™— bb

Vs Vs
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QL Top Mass Measurement: Threshold 2120

P———

¢ LC top threshold scan best-known method to measure top quark mass, AM ~ 30-70 MeV
¢ LC continuum top production best-known method to measure top couplings

Heavy quark production at lepton colliders, qualitatively:

Large [ Small [

ete” > tt / U ete™— bb

Vs Vs

0.5

M Position and shape of threshold depends on M
M Hadron collider measurements: kinematic reco
M Top threshold uses well-defined mass definition

M Joint theory/exp. effort to bring down uncertainties

346 348 350 3§52 354
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| 1D/2D Template Fits for the Top Threshold /=

P———

=0T i
o ~ tt threshold - NNNLO Beneke et al. ]
'C 0.6 [ SR + ILC Luminosity Spectrum R
. 2 [ — default - " 171.5 GeV, I', 1.37 GeV 1
¢ Method of Template Cross Sections 8 5| myerons s020ev
o 77 - —I'jvanations = 0. e
¢ Generate (pseudo-) signals with different parameters 2 04r
o -
& Fit the data to the (pseudo-)signal distributions 03} I simulted data points
10 fb™ / point
& Compare which values fit [pseudo-] data best 0.2 3
0.1 Egzgz‘ionnaéyLIC/lLC Top Study ]
EPJ C73, 2530 (2013)
C | 1 ! 1 | \ | A | L | !
e 340 345 350
< n A T N * 1D mass resolution Vs [GeV]
= 1.55 - y + MPV = > .
3 . ILF(;IS,10x10fb . % 1ocontour 4 — 0.5 8 (assuming def. I'y)
= {5 =171.5 Gey —2 o contour 18 MeV
- 3 Ft=1.37Ge\( . - Tp)
3 - 2D template fit g 1404 8 « 1D width resolution
E 145 - ‘i (assuming def. my)
; _ 43 MeV
1.4 n 1 -10.3 8
135F : S
TOE - S » Extensionof2D 10
13F = 0.2 9 contour:
: E = m+39 -35 MeV
1.25 - preliminary. E 0.1 E 't +109 - 90 MeV
- based on CLIt . 5 i
1.2 £ EPY C73, 2530 (8] = P correlation 0.26
! ! Lo ! r 1 ! | I L1 0 9
171.3 171.4 1715 171.6 171.7 o
fitted m, [GeV] Simon, 10/2017
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350
\s [GeV]

Exclusive Top Threshold Matching

1 i 4/2
t/L Top Threshold: parametric dependencies &
§1 a4 fithreshold - M’ 171.5GeV i
1.4 t ] Dependence on M;, [y, O, y:
S - — Beneke et al. NNNLO —ILC350LSonly ]
5 1217 —1sRonly —ILC 350 LS+ISR
Q@ -
O i — based on:
g . i Beneke/Maier/Piclum/Rauh, 2015
060 1 < 15 mwsi75Gev,lCLS
- - o~ . —do/dm, [A =20 MeV] —do/dy, [A=0.1] i
0.4 1 3 - —do/dT, [A =40 MeV] ----Ac, for 10 fo .
0.2 - based on CLIC/ILC Top Study "\; IR e -
- EPJ C73, 2530 (2013) 1 S -

preliminary
based on CLIC/ILC Top Study |
EPJ C73, 2530 (2013)

..............

350
\'s [GeV]
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Top Threshold: parametric dependencies 4120

\
l

E B _l T T T PS | I | | | | | |
__ tt threshold - 171.5 GeV ]
2 1.4 — fihreshold-m, € ] Dependence on M;, [y, O, y:
S - — Beneke et al. NNNLO —ILC350LSonly ]
= 1.2 = —sRonly —ILC 350 LS+ISR ]
(b B i
O i — based on:
3 . i Beneke/Maier/Piclum/Rauh, 2015
S 0.8 - —
: : IZ [ T T T T | T T T T | M|ay2017
0.6 — | 15— m171.5GeV, ILCLS —
- - o~ . —do/dm, [A =20 MeV] —do/dy, [A=0.1] i
0.4 1 3 - —do/dT, [A =40 MeV] ----Ac, for 10 fo .
4T {1 ¥ qg L —dofdo[A=0.0006] |
i 1 = : :
0.2 based on CLIC/ILC Top Study ] % IR e 2
- EPJ C73, 2530 (2013) 1 B el .
] ] ] ] | ] ] 1 ] I ] e _‘_,"' ]
340 345 350 BT | -
O _______________________________ e A LR E P EP PP _:
preliminary _
-5 based on CLIC/ILC Top Study ]
EPJ _C__?'_3, 2530 (2013) :
| 1 L ! I | ! M [ R
340 345 350
\'s [GeV]
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QL Top Threshold: overview of uncertainties 5 /20

P Close to threshold: top quarks non-relativistic
B Very strong QCD attraction:

“Coulomb” gluon exchange
P Leads to a remnant |S toponium

(quasi-) bound state
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QL Top Threshold: overview of uncertainties 5 /20

P Close to threshold: top quarks non-relativistic

: error source AmP®S [MeV]
B Very strong QCD attraction: stat. crror (200 fb1) 13
“Coulomb”’ gluon exchange theory (NNNLO scale variations, PS scheme) 40
) parametric (a;, current WA 35
P Leads toaremnant IS t0P0nlum [ non-resonant contributions (such as single top)

(quasi-) bound state ~ residual background / selection efficiency

luminosity spectrum uncertainty

beam energy uncertainty

combined theory & parameEc 30 50
combined experimental & backgrounds 25 - 50
from 1702.05333 total (stat. + syst.) 40 - 75
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t/L Top Threshold: overview of uncertainties

P Close to threshold:
B Very strong QCD attraction:
“Coulomb” gluon exchange

P Leads to a remnant |S toponium

(quasi-)

Threshold region: top velocity v~ s < |

€

et

Continuum region:

J.R.Reuter

“standard” fixed-order QCD

top quarks non-relativistic

57/20
error source AmP®S [MeV]
stat. error (200 fb™1) 13
theory (NNNLO scale variations, PS scheme) 40

bound state

luminosity spectrum uncertainty

beam energy uncertainty

parametric (a;,

non-resonant contributions (such as single top)
residual background / selection efficiency

current WA 35

combined theory & parameﬁc 30 50
combined experimental & backgrounds 25 - 50
total (stat. + syst.) 40 - 75

from 1702.05333

q

~ asfv

=

~ (as/v)?

non-relativistic EFT: (v)NRQCD

v o KL 1

el o

Exclusive Top Threshold Matching

'\
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t/L Fixed-order vs. resummation uncertainties .

1.4 . ; :
NRQCD NNNLO fixed order i 5

+ s logarithms 1.0
0.8
0.6
0.4
0.2 =

0.0 | : l
340 342 344 346 348

Vs (GeV)

Kiyo et al., 2005; Beneke et al.,2008-2015 o
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t/L Fixed-order vs. resummation uncertainties o

—

1.4 , . ,
NRQCD NNNLO fixed order 1.2
+ s logarithms 1.0
0.8
Kiyo et al., 2005; Beneke et al., 2008-2015 o 4 0.6
0.4
0.2 =
00 L 1 1
340 342 344 346 348
[ 12 hl NN MIS — 172GeV, T, = 1.5 GeV{ Vs (GeV)
L30T mi2/2 < puore < 2mv/? )
10}
3 |
)
05| Resummation of
_ NNLL peak: Ao /o = 4.5% velocity logarithms

1 | 1 1 1 | 1 1

338 340 342 344 346 348 350 Hoang/Stahlhofen, 2012
Vs (GeV)
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t/L WHIZARD: our NLO MC framework 7120

PI——

WHIZARD v2.6.3 (10.02.2018) http://whizard.hepforge.org <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR
Simon Bral3/Vincent Rothe/Christian Schwinn/So Young Shim/Pascal Stienemeier/Zhijie Zhao + 2 Master

PUBLICATIONS
alpha power = 2

General WHIZARD reference: EP) C71 (2011) 1742, arXiv:0708.4241 alphas _power = 0

0’Mega (ME generator): LC-TOOL (2001) 040; arXiv:hep-ph/0102195 process eett = el,E1 => t, tbar

VAMP (MC integrator): ~ CPC 120 (1999) 13; arXiv:hep-ph/9806432 { nlo_calculation = “full” }
CIRCE (beamstrahlung): CPC I01 (1997) 269; arXiv:hep-ph/9607454

Parton shower: JHEP 1204 (2012) 013; arXiv:1112.1039 & FKS subtraction [Frixione/Kunszt/Signer, '95]
Color flow formalism: JHEP 1210 (2012) 022; arXiv:1206.3700 B Resonance awara s aumymm—

NLO capabilities: JHEP 1612 (2016) 075; arXiv: 1609.03390 [Je¥o/Nason, 1509.09071]
Parallelization of MEs: CPC 196 (2015) 58; arXiv:1411.3834 , : ;
, , & NLO QCD final validation phase
POWHEG matching: EPS-HEP (2015) 317; arXiv: 1510.02739
& NLO EW work in progress
Working NLO interfaces to: * GoSam 'N. Greiner, G. Heinrich... et al.]

*  OpenLoops [].Lindert, P. Maierhofer, S. Pozzorini et al.]
* Recola [A. Denner, L. Hofer, J.-N. Lang, S. Uccirati]
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t/L ete” — tt off-shell in the continuum 8 120

P———

Cross checks for 2 = 2 and 2 — 4 with Sherpa & Munich

double-resonant ; non-resonant

Using massive b quarks: ¥
no cuts necessary for ete- = W*W-bb

Full process ete~ = p*v,e v.bb exhibits
Coulomb singularity:

single top w e single top w-
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P———

ete~ — tt off-shell in the continuum 8 /20

Cross checks for 2 = 2 and 2 — 4 with Sherpa & Munich

Using massive b quarks:
no cuts necessary for ete- = W*W-bb

Full process ete~ = p*v,e v.bb exhibits
Coulomb singularity:

INPUT PARAMETERS:

mz = 91.1876 GeV, my = 80.385 GeV

my = 4.2 GeV, m; = 173.2 GeV.

T, = 1.4986 GeV, R0 = 1.3681 GeV,

IS 5 = 14757 GeV, L, 05 = 1.3475GeV.
myg = 125 GeV FH = 0.00431 GeV

'O = 2.4409 GeV,
Iy = 2.0454 GeV,

J.R.Reuter

2O = 25060 GeV,
I = 2.0978 GeV.

Exclusive Top Threshold Matching

double-resonant non-resonant

e b et b
/% )
N7 tA w+ b
L
e~ b e
W+ e
et b
b
Z W~ ¢
-
single top w- e

Complex Mass Scheme (CMS):

fori =W, Z,t,H Sw=1—10¢y
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ete~ — tt off-shell in the continuum 8 /20

Cross checks for 2 & 2 and 2 =& 4 with Sherpa & Munich

Using massive b quarks:
no cuts necessary for ete- = W*W-bb

Full process ete~ = p*v,e v.bb exhibits
Coulomb singularity:

INPUT PARAMETERS:

mz = 91.1876 GeV, my = 80.385 GeV

my = 4.2 GeV, m; = 173.2 GeV.

T, = 1.4986 GeV, rED, = 1.3681 GeV,

IS 5 = 14757 GeV, L, 05 = 1.3475GeV.
myg = 125 GeV FH = 0.00431 GeV

'O = 2.4409 GeV,
Iy = 2.0454 GeV,

J.R.Reuter

2O = 25060 GeV,
I = 2.0978 GeV.

Exclusive Top Threshold Matching

double-resonant non-resonant

b b
v/Z _
v/7Z t/’“ W+ b

e+

P W
e~ b e
W+ e
et b
b
Z W~ ¢
-
single top w e

Complex Mass Scheme (CMS):

W= M2 —iT;M;  fori=W,Z t si=1—c3,=1—‘;‘§’
Z
Typical pentagons:
W- -
e’ b et t W+
e b e” b
W= b

ICHEP 2018, Seoul, 7.7.18



NLO QCD Results for off-shell ete™ — tt 9120

ete”™ = tt and ete™ — WTWbb at /s = 800 GeV

_ I T I T T I T T T T I I T I T T T I
ete” — tt and ete” — WTW—bb 1.025
[T T T I T T T T T I T T T T T I T T T T T I T T T T T I T T T T T I T_]
875 :_ 3.00 + T T 17T T1TT |I T T 17T T1TT + . LO tt_ _:
. 5 - --- NLOtt e
-ooF g I — LOW*Wbb | ]
: & 2.00- — NLO W+W~bb| T 10
- S ] I
- = . @
— 525 1.00 bt E 2
< 300 350 400 ] 5
b N Vs [GeV] ] 2
350 _- 2 g.975
N . ®
175 -
C ] I — NLO tt . l
- Tm=— 7] - —— NLO W+W_bl_), Ft = Ft([,LR) g
0 __ J WHIZARD+OPENLOOPS -------------- _— 0_95 —WHIZARD+OPENLOOPS - NLO W+W_bb’ Ft = Ft(mt) —
c oo oo by o by o b o by 1 | . | . | | . | |
1.15FT T = 0.125 0.25 0.5 1.0 2.0 4.0 8.0
: 3 m
= 1.10 E PR/
S 1.05E E
: ]
X 1.00 F E
0-95 - 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I l_:
w 2.0F7 =
Q 1.75 3 ete” > it ete™ — WHWbb
(1<) - 3
; 1.5F a9 Vs [GeV] o O[] oNO[fh]  K-factor cOlftb]  oNO[fb]  K-factor
1.25F = 0 y
S oF E 500 548.4  627.4104% 114 600.7 675.1704%  1.12
© ) —_1 cc by v ey e by oy e e e by 1_: 800 253.1 2709'8233 1.07 310.2 3207'(%;?/0 1.03
500 1000 1500 2000 2500 3000 - - 0.79% , S+
/5 [GeV] 1000 1664 175.9107%  1.06 217.2 22161 10%  1.02
1400 86.62  90.66105%  1.05 1264 127.9797% 101
3000 19.14  19.87795% 1.4 37.89  37.63104%  0.993

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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o Diffe

rential Results for off-shell ete~ — tt 10/20

" =
ete” = pty,e” U.bb, Nigys > 2, /s = 800 GeV
£
D
3 10
| 1 —— NLO
4§ ete = ptv,e b, N > 2, /s = 800 GeV
> Z
& L
& I o :,:‘—_‘=
101 — % —— NLO |
E -
1072 —
1072 | WHIZARD+OPENLOOPS N
52 | (- I I | | | | B
4.5
1 L
5 3.5
5 3 10-3 WHIZARD+OPENLOOPS
M 25 ] —
:ﬁl 2 oo b b | L1 [ [ L1
1 - —
0.5 C—— T 5 135
1 175 180 g 12 &
mw;,[GeV] A~ 1 =
<10
efe” = wvue Vbl Niwe > 2, /5 =800GeV 09 & ——
J— 0_8-11'1[[llll[lllllllllllIll
% i 0 20 40 60 80 100 120 140 160 180
2 I Lo my+j, [GeV]
g —— NLO
5 L
) 2(mg;,)
— a2 Jb
1 — (cosbyj,)
- :I
e I 1
i WHIZARD+ OPENL DOPS
S| | | | I | | | |
1.4 = I /4 ofe o o o .
oF Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
g L=
£ - e
£ 1
X081
0'6 .__I | I | I | | I | 1 ‘
120 125 130 135
mIiz [GeV]

J.R.Reuter
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t/L Top Threshold Resummation in (p)NRQCD /2

P———

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v’
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

(522 55 (=) S

T k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement

@ J.R.Reuter Exclusive Top Threshold Matching ICHEP 2018, Seoul, 7.7.18



t/L Top Threshold Resummation in (p)NRQCD /2

I ——

NRQCD is EFT for non-relativistic quark-antiquark systems: separate M:v and M:v?

Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

| R= 2505 () 5 (o, o)

g k i
x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
R™(s)= F"(s)R°(s) + F°(s)R"(s)

s-wave: LL+NLL p-waveNfU2 ‘-NNLL

but contributes
at NLL differentially!
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%L Top Threshold Resummation in (p)NRQCD /2

I ——

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v’
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

| R= 2505 () 5 (o, o)

T pp k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
R™(s)= F"(s)R°(s) + F°(s)R"(s)

s-wave: LL+NLL p-WaveNfU2 ‘-NNLL

but contributes
at NLL differentially!

Coulomb potential gluon ladder resummation

C C
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t/L Top Threshold Resummation in (p)NRQCD /2

P———

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M:v and M-v’
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

R : Ui UZ (%)k Z (as Inv)" X

T k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
R™(s)= F"(s)R°(s) + F°(s)R"(s)

s-wave: LL+NLL p-WaveNfU2 ‘-NNLL

but contributes v/Z Gv/e
at NLL differentially! | Rv/@ 9m)LL s 1
(N)LL ™ gv/a 7
Coulomb potential gluon ladder resummation /\ -

can be mapped onto effective ttV vertex

far away from
threshold

v/a v/a pole
(D = Q(N)LL (N)LL( S Mt ) \/57 .7 Ft)
differential in off-shell tt phase space r e

@ J.R.Reuter Exclusive Top Threshold Matching ICHEP 2018, Seoul, 7.7.18
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JL Top Threshold in WHIZARD 12/20

P—

o Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
« G"%(0,ps, E +iI't, V) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

o Default parameters:
MS =172GeV, I, = 1.54GeV,

as(Mz) = 0.118

ole LL/NLL
M = A — A(C’o/ul.) )

cy?(v) G"3(0, pt, E+il, v)

0.8 — no structure (/L
Important effects: beamstrahlung; ISR; LO EW terms ' beamstrahlung
== QED ISR
Exclusive observables accessible 0.6 =ISR + beamstr.
2
- 0.4
[Hoang & Stahlhofen ‘13]
20 0.2
Theory uncertainties from scale “
variations: hard and soft scale ¢ 90 342 344 346 1348
1.0 .
pn = - my ps = [ - MV Vs [GeV] WHIZARD V2.2

0.5
0.5 1.0 1.5 20
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P———

* Transition region between relativistic and
resummation effects

- - ) w
_ exp \
ONLO+NLL = ONLO + (F NLL — FNLL)>"< -

t

f

2

6+ b ( b e+
Wt «.}\\ -
W-~"
AN
e~ b ) b €
r b ot )

( et b ¢’ b \
r'd
\ a; ) \
~ Wt wt
+ < Faon ’ _ + / )
’ M‘ ‘ a,"ﬁ LV
*
(& b [& b }
\
2

L
N

¢! b 2
\ W~
+ [FNLL i ,
e
|\
c b

Omatched = OFO [an] + oNRqen [fs an, fs as, fsaus]

O = O [NH = h.j\f;ftls} :
as = (g [[LS = }z,zwtlsfz/*] \

J.R.Reuter

: ded
B o-;xlg(zr(l}gc [f? aH, fs CVH} )

fs(v)

QOF = Qg [ﬂp = hl‘ftls I/*] y

U = (g LLLUS — thtls(fl/*)Q]

Exclusive Top Threshold Matching

1.00

D.80

D.60

0.40

0.20

0.00

<

Top threshold: validation and matching

13720

T — S R B AL B B
A — (v/3)|
I, =1.4GeV | Re[v(/5)]
o Imfu(v/3)
l / \ — L) ]
[ 1) LR ]
[ - LOmp(va)) ]
[ f \ ]
B | ‘ i
/ \ _
S ; “ ,.//
| | \ e ]
/ .
F ve — 0.3 h \45 \, )
A
B . AN
N/
W\
2 = 0.1 / \
\
| s m e e m = m-- S A LR R RN RE R I R g _
| | . 1 | | |
300 320 340 360 380 400
/2 [GeV]

Smoothstep matching function:

1
1-3 (e
0

o

v<

V—U1
V2 —V]

3
) v S U< vy

V> V9
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1000
900
800
700
600
500
400

o [1b]

300
200
100

1.10
1.05
1.00
S 0.95

0.90
" 1.10

le vars

S

+

= 1.00
® 0.95
S~ .

I+

"b 0.90

. J.R.Reuter

Top threshold: validation and matching

NLO predictions for on- and off-shell ¢ production

W+W_bl:), My [mls], Ho = mls\/l/_*
W+W_bl_)’ m¢[mas], o = Mas
WTW~bb, my = mus, o = mis
tt, my = mas, po = Mg

I 1 1 1 I 1
:_ I 1 1 1 I 1 T \ I 1 1 1 I 1 1 1 I 1 1 1 I _:
— 5
E_ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _E
330 340 350 360 370 380
Vs [GeV]

14/ 20

A,,, = 30 GeV, expanded, evaluated with a, only s-wave contributions

1000

800

600

o [fb]

400

200

1.50

1.25

1.00

0.75

o / O.Whizard factorized

0.50

—— Whizard signal
Analytic
Whizard factorized

Exclusive Top Threshold Matching

350 360
Vs [GeV]
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Top threshold: validation and matching 14/20

NLO predictions for on- and off-shell ¢ production
| | |

o [1b]
=
T

W+W_bl:), mg[mis], o = Misy/Vs
W+HW~bb, m[ms], po = ms 3
WTW~bb, my = mus, o = mis
tt, my = mag, po = Mg

330 340 350 360 370 380
Vs [GeV]

1500 :
1200 :

900 :

o [fb]

300 :

Whizard factorized

g
e
N
S

0.50

A, = 30 GeV, LL, only s-wave contributions

600 :

—— Whizard signal
Analytic
Whizard factorized

1.75 [
1.50 E

1.25 [

330 340 350 360 370 380
Vs [GeV]
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o [1b]
=

@ J.R.Reuter

Top threshold: validation and matching

NLO predictions for on- and off-shell ¢ production

:_ I I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _:
3 WHWbb, me[mas], po = misy/vi ]
C W+HW~bb, m[ms], po = ms =
2 W+W_bb, my = Mys, Lo = M1S .
:_ tt, m¢ = Mas, Lo = MiS _E
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14/ 20
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L Matching threshold NLL to continuum NLO ~ '¥/®

matched, v; = 0.15, v; = 0.30 Matched inclusive W+bW ~b cross section, no QED ISR
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Symmetrization of error bands: £ 100 | :
D - i
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o Threshold matching with QED ISR

matched, no switch-off Matched inclusive W+bW —b cross section, with QED ISR
'_ | ' ' ' ' | ' ' | ' ' ' ' | _' I T T T I T T T I T T T I T T T I T T T I
1000 | Cmeiges 1 1000 L | |
h— 1’/2 F=2 L e matched, no switch-off i
- Ch=1 /2: f=1 - i matched, combined, symmetrized |
800 [ he2 f=1 n NLO
h=2f=1/2 1 - i
N envelope 5 |
600 - envelope symmetrized 750
2 ; -
b I | ] I
400 N /{i n |
200 |- /x" - % 500 |-
S i !
of— - i
| | | |
1.10 | | I | T i
: 250 |-
w 1.05 |- ] i
0 .
@ I
>
o 1.00 I
3 I
2 0.95 |
- O B ]
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330 240 250 260 330 340 350 360 370 380
Vs [GeV] Vs [GeV]
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Matched threshold differential distributions ke

h
ete™ - WHbW b, Niets > 2, Vs = 344GeV ete” = WHOW b, Nigws > 2, Vs = 344GeV
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Matched threshold differential distributions
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Summary & Outlook

18720

Next steps: higher QCD order, EWV corrections (ISR matching!!), soft gluons ... ... ...
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t/L Summary & Outlook 19120

¢ Top physics is cornerstone of future lepton collider program
¢ Leptonic top fully off-shell at NLO QCD

¢ Inclusive processes: off-shell background grows with energy

e

¢ Complete VNRQCD threshold / QCD-NLO continuum matching

¢ Offers framework for new differential top mass measurements
¢ Can in principle be reweighted to NNNLO QCD accuracy at threshold

¢ Next steps: EW corrections, semi-leptonic/hadronic top decays,
ttH threshold matching, top threshold matched with EVWcorrections

e
r;__—v— ————————— ————————— —

¢ WHIZARD 2.6 framework for automated (QCD) NLO
Li‘ NLO QCD (almost) done — WHIZARD 3.8 [EW in validation]

S ———— - e E—

= — —— _ __
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tt continuum production (on- & off-shell) 2/

Paradigm processes at lepton colliders: precision determination of top properties

Major background for EW measurements (VVV and VBS); any [most] BSM searches

On-Shell process: eTe™ — tt

NLO QCD [Jersak/Laermann/Zerwas, 1982]

NNLO QCD [Chetyrkin/Kiihn/Steinhauser,
1996; Harlander/Steinhauser, 1998]

NLO EW [Beenakker/von der Marck/Hollik,
1991; Beenakker/Denner/Kraft, 1993]

Threshold enhancement [Fadin/Khoze,
| 987; Strassler/Peskin, 1991; Jezabek/Kuhn/
Teubner, 1992; Sumino et al., 1992

Top width: t— WTh
NLO QCD  [Jezabek/Kiihn, 1989]

NNLO QCD [GuolLi/Zhy,2012]

@ J.R.Reuter

Exclusive Top Threshold Matching

Off-Shell process: ete™ — WTbW ~b

NLO QCD [Guo/Ma/Wang/Zhang, 2008] X

NLO QCD diff. [Chokoufe/|RR/WVeiss, 2015;

Liebler/Moortgat-Pick/Papanasthasiou, 201 5; Chokoufe/
Kilian/Lindert/|RR/Pozzorini/VWeiss, 2016]

non-resonant

v/Z

double-resonant

S|

single top W e singletop W~
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o NLO Automation in WHIZARD
: : * i inri 5
Working NLO interfaces to: GoSam [N. Greiner, G. Heinrich, |. v. Soden-Fraunhofen et al.]
* OpenLoops [F Cascioli,]. Lindert, P. Maierhofer, S. Pozzorini]
*x Recola [A. Denner, L. Hofer, J.-N. Lang, S. Uccirati]
alpha _power = 2 ete™ — tt at NLO with WHIZARD
alphas power = 0 0.8 - -
{ N, NLO, GoSam
process eett = el,E1 => t, tbar 0.7 - NLO, OpenLoops
{ nlo_calculation = “full” } 06 - ‘
T 05|/
& FKS subtraction [Frixione/Kunszt/Signer, 1995] ©
0.4 |
& Resonance-aware treatment [Jezo/Nason, 1509.09071]
0.3 | T~
& Virtual MEs external
0.2 S T
& Real and virtual subtraction terms internal 350400 450500 515;’[0 ?/"]0 650 700 750 800
S|z€
& NLO decays available for the NLO processes
& Fixed order events for plotting (weighted, either LHEF or HepMC) \
& Automated POWHEG damping and matching oy %\m
& NLO QCD (massless & massive emitters) fully supported g i
& Status of EW corrections: all parts s e ="l

technically completed, validation phase started [Rothe et al.]

@ J.R.Reuter
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|
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NLO Automation in WHIZARD 2
Working NLO interfaces to: *x  GoSam [N. Greiner, G. Heinrich, |. v. Soden-Fraunhofen et al.]

* OpenLoops [F Cascioli,]. Lindert, P. Maierhofer, S. Pozzorini]

*x Recola [A. Denner, L. Hofer, J.-N. Lang, S. Uccirati]
alpha_power = 2 1000 F . ] ;
alphas_power = 0 . - -  NLO Recola

e e — it

process eett = el,E1l => t, tbar soof NLO OpenLoops ]

-

€0 "€0 €0 T€0 f€o t€o t€0 t€cC

{ nlo_calculation = “full” }

— 600
FKS subtraction [Frixione/Kunszt/Signer, 1995] %
Resonance-aware treatment [Jezo/Nason, 1509.09071] wor
Virtual MEs external 200
Real and virtual subtraction terms internal

300

NLO decays available for the NLO processes

—  LO O'Mega

400

Fixed order events for plotting (weighted, either LHEF or HepMC)

Automated POWHEG damping and matching
NLO QCD (massless & massive emitters) fully supported

Status of EW corrections: all parts

technically completed, validation phase started [Rothe et al.]
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QL Resonance mappings for NLO processes 24

& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
& In general: resonance masses not respected by modified kinematics of subtraction terms

& Algorithm to include resonance histories
[Jezo/Nason, 1509.09071]

_|_
& Most important for narrow resonances (H — bb) € b
& Additional soft mismatch integration component ,L’ b
_ ’ vy
> D™ = [(pbb mu) "‘murh] +
2 —1 K
> DReaI [(pbbg m%{) —I—mQHI‘%{] e
e Ve
0 B A DBorn pbb—>mH 1 Agbg
Ping = Dhp + D DReal T mITe

@ J.R.Reuter Exclusive Top Threshold Matching ICHEP 2018, Seoul, 7.7.18



t/L Resonance mappings for NLO processes e
——
& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
& In general: resonance masses not respected by modified kinematics of subtraction terms
& Algorithm to include resonance histories Factorization in the soft limit
Jlezo/Nason, 1509.09071] O e st
*+ Resonance-aware FKS
& Most important for narrow resonances (H — bb) |
10 | . -
& Additional soft mismatch integration component S L
> DBorn _ [ = m 4 m ]_ ’ e 1 - -,:-v:__ E - -
(pbb 11) I E ﬁ;k
2 -1 SRR
DReal — 2 2 T2 Rt AT
> Pobg — M3 ) +myly 01 ke - 45 .
f,‘:-':.,:_o;.:,".::' .. | .
::H‘:‘._\' v.?*
_ DBOI’n pbb_>mH A4 00v B 0 -.‘.. :-:1..‘1'. .1 L
pgbg — pbb + Abbg DReaI 1 + mi’%gz 0.00 0.01 o.o%g [GeV(])'OS 0.04 0.04

J.R.Reuter
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24/ 20
t/L Resonance mappings for NLO processes
——
& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
& In general: resonance masses not respected by modified kinematics of subtraction terms
& Algorithm to include resonance histories Factorization in the soft limit
[Jezo/Nason, 1509.09071] e AR ' andanrks
¢+ Resonance-aware FKS
& Most important for narrow resonances (H — bb) !
10 E
& Additional soft mismatch integration component S
B p— 7] 2 B c.cza -_ ::-:;4...-. 'l - |
> D™ [(pbb mu) +mj, II] ' W %‘3 S
) _1 A
. DRl _ [(pbbg my) + m%r%,] O S
'...'-:..:_'ﬁ".’:."" "o " . .
‘“:‘.'1\?:.:.:.-; . ver '
4 0.01 | , ! 1 P.‘ :-.'-1..-1'. \1 [
2 =2 A DBorn pbb_>mH 1 _I_ Abbg 0.00 0.01 0.02 0.03 0.04 0.04
pbbg - pbb + bbg DiIeal %IF%I E, [GeV]
& WHIZARD complete automatic implementation: example e*e- — pubb  (ZZ ZH histories)
lIt Calls Integral[fb]l Error[fb] Err([%] Acc Eff[%] Chi2 N[It) i
! 1 11988 9O.6811847E+00 6.42E+0@ 66.30 72.60%« 0.65 !
2 11959 2.8539703E+00 2.35E-01 8.25 9.02x 0.69
3 11936 2.4907574E+00 6.54E-01 26.25  28.68 0.35
< 11908 2.7695559E+00 9.67E-01 34.91  38.09 0.30
5 11874 2.4346151E+00 4.82E-01 19.80 21.57% 0.74
! 5 59665 2.7539078E+00 1.97E-01 7.15 17.47 0.74 0.49 5 !

standard FKS

J.R.Reuter
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t/L Resonance mappings for NLO processes e
P———
& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
& In general: resonance masses not respected by modified kinematics of subtraction terms
& Algorithm to include resonance histories Factorization in the soft limit
[Jezo/Nason, 1509.09071] e AR ' andanrks
¢+ Resonance-aware FKS
& Most important for narrow resonances (H — bb) '
10 E
& Additional soft mismatch integration component S
Born _ | (& 2 | NS .
> D™ [(pbb mu) +mj, II] ' W %‘3
1 I '-3'.::}5-27': " :
2 L A )
Real _ 2 12 R At AT g
D pbbg My + mHFH 0.1 »f} :_' Y AN N .
el e
B 4 001 g, .. 1 P.‘ .:-.'-1..-1 \1 i
2 =2 + A D P pbb_>mH 1 _I_ Abbg 0.00 0.01 0.02 0.03 0.04 0.04
Pbbg = P bbg DFI?fal m2,T2, E, [GeV]
& WHIZARD complete automatic implementation: example e*e- — pubb  (ZZ ZH histories)
| |
lIt Calls Integral[fb] Error[fb] Err[s] Acc Eff[%] Chi2 N[It) i | It Calls Integral[fb] Error[fb] Err(s] Acc Eff[%] Chi2 N[It] |
! 1 11988 9O.6811847E+00 6.42E+0@ 66.30 72.60%« 0.65 ! ! 1 11988 2.9057032E+0@0 8.35E-02 2.87 3.15%  7.90@ |
2 11959 2.8539703E+00 2.35E-01 8.25 9.02%« 0.69 2 11962 2.8591952E+0@0 5.2@QE-02 1.82 1.99« 10.91
3 11936 2.4907574E+00 6.54E-01 26.25  28.68 0.35 3 11936 2.9277880E+00 4.0@9E-02 1.40 1.52%« 14.48
4 11908 2.7695559E+0@0 9.67E-01 34.91  38.09 0.30 < 11902 2.8512337E+00 3.98E-02 1.40 1.52% 13.70
5 11874 2.4346151E+00 4.82E-01 19.80 21.57% 0.74 5 11874 2.8855399E+00 3.87E-02 1.34 1.46% 17.15
| |
5 59665 2.7539@78E+00 1.97E-01  7.15 17.47  0.74  0.49 | 5 59662 2.8842006E+00 2.@4E-02 ©.71  1.72 17.15 @.53 5 !

standard FKS

J.R.Reuter

FKS with resonance mappings
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PI——

o(cos @ > 0) — o(cos b, < 0)

Top-Forward Backward Asymmetry

Gluon emission symmetric in 0 =

AFB —

o(cosf; > 0) + o(cos b, < 0)

NLO QCD corrections small

Ars of the top quark

e 4G AV ANO/AR

tt -0.535 -0.539 1.013

W+W ~bb -0.428 -0.426 0.995
ArB o

pte v, vebb -0.415 -0.409 0.986

,u+e_1/“17€bg, without neutrinos -0.402 -0.387 0.964

tt 0.535 0.539 1.013
_ W+W~bb 0.428  0.426 0.995
Arp P

pre v, vebb 0.415 0.409 0.986

ute~v,v.bb, without neutrinos 0.377 0.350 0.928
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t/L Matched NLO QCD results 26/20

Precise predictions of multi-parton final states require properly matched samples
NLO QCD including POWHEG matching already available [WHIZARD+0OpenLoops]
All descriptions at NLO at the moment for the on-shell process

Even LO simulations are demanding, e.g: ete™ — bbbbjjly,, bbjjjjjjlvye

@ J.R.Reuter Exclusive Top Threshold Matching ICHEP 2018, Seoul, 7.7.18
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[fb]

do
dcos(l

K-Factor

J.R.Reuter

Matched NLO QCD results

Precise predictions of multi-parton final states require properly matched samples

NLO QCD including POWHEG matching already available

All descriptions at NLO at the moment for the on-shell process

Even LO simulations are demanding, e.g.:

I

T

s
|

IIN|III|IIIII\'

0.2

1.6

ete” — tth

POWHEG

WHIZARD+OMEGA+OPENLOOPS

]

‘ | | | | I

| | | I | | | |

1.4
1.2
L

IlllHII‘I [ I 1

0.8 —
0.6 —

0.4:|111||111\111w1

1 -0.5 0 0.5 1

26/ 20
[ WHIZARD+0OpenLoops]
ete™ — bbbbjjlyy, bbjjiiiilve
ete™ = tth
=
© 003~ — LO
=} - —— NLO pr=p
350025 = —— NLO u, = 2u
F NLO pr = p/2
0.02 — —— POWHEG
0.015 —
0.01
0.005 ~
1.6 E gﬂf
1.4 —
5 12
s 0.8 =
0.6 — L
0.4— |I|I|l[[l||||l||1 {IJIX
250 300 350 400 450 500
Ej, [GeV]
[Chokoufe/JRR/WVeiss]
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QL Top Threshold: influence of beam profiles

fraction [%] / 600 MeV

—
<

1073

300

J.R.Reuter

2 L

Ilm | TR N ST SRR A

T I T T I T T LI I T

— ILC 350 GeV TDR
— ILC 350 GeV less BS

= normalized over full energy range

310 320 330 340

do/dX [foltyp A]

Simon, 10/2017

27120
f
* Reducing amount of beamstrahlung?
3  possible with modified machine setup
il * costs of up to 50% instantaneous lump
E * Mild reduction on statistic uncertainty
100 fb~1:  17.6 — 15.8 MeV (stat.)
PRI B
350 360
Is' [GeV]
ILC TDR - ILC Low BS o
15 Im,F’SI17'1.5Ge‘v, ILC Lé | o 15 Im{’5171.l5GelV, IL'CLé - o
| —do/dm, [A =20 MeV] —do/dy [A=0.1] i —do/dm, [A =20 MeV] —do/dy, [A=0.1] i
- —do/dl, [A =40 MeV] -~ Ao, for 10 fb™ - —do/dr, [A = 40 MeV] -+~ Aoy, for 10 fb™ .
10 | —do/dug [A = 0.0006] N 10 — do/dag [A = 0.0006] N

preliminary

| 1 ! I | I L

based on CLIC/ILC Top Study —|
EPJ C73, 2530 (2013) 7] B

----- l..-.-.l..--.--l-----n I

I|lll|[||l||
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preliminary
based on EPJ C73, 2530 (2013) |
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