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t/L Top Threshold/Continuum at lepton colliders
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¢ 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

J.R.Reuter

error source AmPS [MeV]
stat. error (200 fb~1) 13
theory (NNNLO scale variations, PS scheme) 40
parametric (as, current WA) 35

non-resonant cContriputions (suchn as singie top

residual background / selection efficiency

luminosity spectrum uncertainty

beam energy uncertainty

combined theory & parametric

combined experimental & backgrounds 25 - 50

total (stat. + syst.) 40 - 75

Exclusive Top Threshold Matching

from 1702.05333
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t/L Top Threshold/Continuum at lepton colliders 2116

¢ 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: _error source Amy” [MeV]
stat. error (200 fb~1) 13
theory (NNNLO scale variations, PS scheme) 40
parametric (as, current WA) 35
Large ', Small I, / non-resonant contributions (such as single top

residual background / selection efficiency

T ot
Ttot

luminosity spectrum uncertainty
—_ T —_ L beam energy uncertainty
ete” > tt J ete”— bb \ = )

combined theory & parametric

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

from 1702.05333
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¢ 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: _error source Amy” [MeV]
stat. error (200 fb~1) 13
theory (NNNLO scale variations, PS scheme) 40
parametric (as, current WA) 35
Large rq Small |'q /" mnon-resonant contributions (such as single top
& & residual background / selection efficiency

luminosity spectrum uncertainty
—_ T —_ L beam energy uncertainty
ete” > tt J ete”— bb | = )

combined theory & parametric
Vs Vs combined experimental & backgrounds 25 - 50
total (stat. + syst.) 40 - 75
Threshold region: top velocity v~ s < | non-relativistic EFT: (v)NRQCD from 1702.05333

e C_I

~ asfv as/v) ~ (as/v)3
et q v o KL 1

Continuum region: “standard” fixed-order QCD
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¢ 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: _error source Amy” [MeV]
stat. error (200 fb~1) 13
theory (NNNLO scale variations, PS scheme) 40
parametric (as, current WA) 35
Large rq Small |'q /" mnon-resonant contributions (such as single top
& & residual background / selection efficiency
luminosity spectrum uncertainty
e+ e — tf J e+ e — bB beam energy uncertainty
combined theory & parametric
Vs Vs combined experimental & backgrounds 25 - 50
total (stat. + syst.) 40 - 75
Threshold region: top velocity v~ s < | non-relativistic EFT: (vV)NRQCD from 1702.05333
e C_I

=

Continuum region: “standard” fixed-order QCD
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t/L WHIZARD: our NLO MC framework 3 /16

P———

WHIZARD v2.6.2 (13.12.2017)  http://whizard.hepforge.org <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR
Simon Bral3/Vincent Rothe/Christian Schwinn/Marco Sekulla/So Young Shim/Florian Staub/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 [Jezo/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 4716

P————

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

double-resonant non-resonant

v/Z

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

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

€ 6;
et b
Z W~ b
o
single top w e single top w=
,%/E:Si J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18



t/L ete” — tt off-shell in the continuum 4716

PI——

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

Using massive b quarks: o+ double-resonant ; ot non-resonant
no cuts necessary for ete = W*W-bb A v/ % ]
v/Z 1 w b
Full process e*e~ = p*v,ev.bb exhibits > -
Coulomb singularity: )
e b e
et W+ e
e’ b
- b
Z W~ ¢
o
e single top w- e
INPUT PARAMETERS: Complex Mass Scheme (CMS):
mz — 91.1876 GCV, mwy — 80.385 GeV /1,2 — M2 — il M fori=W.Z.t.H 312” =1 — c%v =] — @
my = 4.2 GeV, my; = 173.2 GeV. Hz
[0, = 1.4986 GeV, rphe, = 1.3681 GeV,
IS 5 = 14757 GeV, I 2s = 1.3475 GeV.
myg = 125 GeV FH = 0.00431 GeV
't = 2.4409 GeV, 20 = 25060 GeV,
I = 2.0454 GeV, IHFO = 2.0978 GeV,
@/ : :
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t/L ete” — tt off-shell in the continuum 4716

P————

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

Using massive b quarks: o+ double-resonant ; ot non-resonant
no cuts necessary for ete = W*W-bb A v/ % ]
v/Z 1 w b
Full process e*e~ = p*v,ev.bb exhibits > -
Coulomb singularity: )
e b e
e’ W+ e
et b
Z W~ b
o
e single top w- e
INPUT PARAMETERS: Complex Mass Scheme (CMS):
2
mz — 91.1876 GCV, mw — 80.385 GeV ,LL,? — M,? o leMZ for i = W, Z, t, H 8120 =1 — C%u =1 — 'u_\;V
my = 4.2 GeV, m; = 173.2GeV. Mz
© ' .
L0, = 1.4986 GeV, IO — 1.3681 GeV, < Typical pentagons:
IS 5 = 14757 GeV, I 2s = 1.3475 GeV. W -
+ b
my =125 GeV Ty = 0.00431 GeV ’ et t_ W
't = 2.4409 GeV, 20 = 25060 GeV, e b e b
Iy = 2.0454 GeV, Iy =2.0978 GeV. W ;
°® : .
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NLO QCD Results for off-shell ete™ — tt 5116

ete”™ = tt and efe™ — WHTWbb 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 efe™ — WHTWbb 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 + LI L |I LI _l_ . LO tt— _:
C . - --- NLO ¢t B
7003 S i — LOWTW~bb | 1
- D - ] = -
- < T ] I
525 i - <
— - 1000 + | I T | I | N T | + T \3/.
< F 300 350 400 ] 5
b Vs [GeV] . =
350 F T Soors
- 5 ©
175 =
C ] i —— NLO tt _ i
- TS e —— . . — NLOW*W~bb, T;=Ti(ur)| -
O —— J WHIZARD+OPENLOOPS -------------- __ 0.95 —WHIZARD+OPENLOOPS - NLO W+W—bb7 Ft = Ft(mt) -
cooo0 oo by by by by oy T | | | | | R | | ! | a1
1.15E™ = 0.125 0.25 0.5 1.0 2.0 4.0 8.0
= 3 m
5 1.10F = Ha/me
S 1.05F E
I -
< 1.00 & 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_:
s 2.0F7 =
Q 1.75E = ete” > it ete™ - WHW—bb
[B<) - 3
; 1.5F a4 Vs [GeV] a O[] oNO[fh]  K-factor o Olfth]  oNO[fh]  K-factor
1.25F = g g
& of E 500 5484  627.4704% 114 600.7 675.1704% 1.2
© “E e o o v by oy e ey by oy e by | 1_: 800 253.1 270.9 t 8333 1.07 310.2 320.7 t é;g;c 1.03
500 1000 1500 2000 2500 3000 ” 0T . L%
/3 [GeV] 1000 166.4 17597 5o 1.06 2172 2216770 1.02
1400 86.62  90.66M05%  1.05 1264 127.9797% 101
3000 19.14  19.87F05% 104 37.89  37.63F04%  0.993

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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e = ptuge 7bb, Niews > 2,

Differential Results for off-shell ete~ — tt

/5 = 800GeV

— LO
—— NLO
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6 /16

ete = pltvue vebb, Nijs > 2, V5 = 800 GeV
: — LO :,:’_1

——— NLO

WHIZARD4OPENLOOPS
- [ | 1 | | (| | || | | 1 | 1 | | L
c s B
: [ | L | 11 | 1 1 | | | 1| | | | | | | L1
0 20 40 60 80 100 120 140 160 180
m;+jb[GeV]
2

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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t/L Top Threshold Resummation in (p)NRQCD 7/

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= 2 =0T (%) T o)

T k i

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

(p/V)NRQCD EFT w/ RG improvement

Desy | |.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18



(/L Top Threshold Resummation in (p)NRQCD 7/

———

¢ 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

e 5 (2] Sl

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

(p/V)NRQCD EFT w/ RG improvement
E G (SR () - F%(s)R%(s)

s-wave: LL-+NLL p—WaveNfUQ:NNLL

but contributes
at NLL differentially!
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t/L Top Threshold Resummation in (p)NRQCD 7/
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¢ 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

e 5 (2] Sl

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

(p/V)NRQCD EFT w/ RG improvement
E G (SR () - F%(s)R%(s)

s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but contributes
at NLL differentially!

Coulomb potential gluon ladder resummation

Ct Ct i
t : t —
~ 1 ~ (N /V ~ (g

,%/{S/{/ J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18



t/L Top Threshold Resummation in (p)NRQCD 7/

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_ Ot :UZ(%)kZ(aslnv)ix

Tun k i

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

(p/V)NRQCD EFT w/ RG improvement
RV (s) = FY(s)R°(s) + F*(s)R%(s) |

can be mapped onto effective ttV vertex

s-wave: LL-+NLL p—WaveNfUQ:NNLL

but contributes v/Z Gv/e
at NLL differentially! | pv/e 9nLL . 1
(N)LL ™ “gv/a , ’
Coulomb potential gluon ladder resummation //\ éf
ar away from
t , t - —
| E w | w 8§ w( & & &

threshold
®

v/a ’U/CL ole
(D > g(N)LL (N)LL(as’ Mtp 9 \/ga .7 Ft)
BE‘S{ J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18
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t/L Top Threshold in WHILZARD 8 /16

P

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

o Default parameters:
M® =172GeV, I, = 1.54GeV,

ole LL/NLL
M = (1L — A(C’o/ul.) )

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

0.8 — no structure J}
Important effects: beamstrahlung; ISR; LO EW terms | beamstrahlung
-= QED ISR
Exclusive observables accessible 0.6 =ISR + beamstr.
=
- 0.4
[Hoang & Stahlhofen “13]
20 0.2
Theory uncertainties from scale -~
variations: hard and soft scale ¢ %0 342 3as 346 348
5 1.0 .
pp = h-my i = S s [GeV] WHIZARD V2.2
010 5 20 cf. Frank Simon’s talk
L : .
BE‘S{ J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18
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* Transition region between relativistic and
resummation effects

6+ b ( b e_+
- ~ ) W W+t .\‘_\\’L\ /
= onvo + | (Frur, — FE2 >
ONLO+NLL — ONLO NLL NLL W W- m/’} \
e b ) b €

2

full : :
Tmatched = OFO [aH] + oNrQeD [fs ans fsas, fsaus]

[fs CH, fs CVH] )

expanded

— ONRQCD

fs(v)

OH = Q5 [,uH — hMtIS] )
as = [,us = hMtlsfl/*] :

aF = O [,LLF = hMtls V*} .
ay = as [pus = kM (fri)?]

K«
DESY
)

J.R.Reuter

e b
( et b e b \ ( b et 3
/
\ a” \ ’
I W w wt F
+ 9 P 5 W™ T P W™ W™ \ NLL ¢
x
\ ¢ ) ¢ b ) b ¢ J
¢! g 2 ¢! b 2
\\ 9-« b \ I’ -
a “w 2 !
+ | FNLL ;W 4 PN |
y w- ’ ~ W
&
e b e b

Exclusive Top Threshold Matching

Top threshold: validation and matching

9 /16
10041 T T T
-r D O — g
[ Te=1.4GeV j’ *,s %é[[v((g/_\/lz%]]
m|v S
080 |- / \ — Llova) ]
[ - RRelo(vE)) ]
[ | \ - Lamp(E)
0.60 |- /i \ -
0.40 |- / \ e .
: N \
T v = 0.3 \\\( \/,//
i I\ X
0.20 [ AN /\ i
i '; N\ / \ 1
fomem s f-- -\ :
Y |
0.00 | - —
| | T S T S (T TN S ST S NN T | e a1
300 320 340 360 380 400
Vs [GeV]
Smoothstep matching function:
,
1 v<mMm
2
{1 -3 —9 ms v < v <
V2—P1 V2—V1 1= - 2
0 V> U9
\

CLIC 2018,CERN, 25.01.18
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1000 F
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Top threshold: validation and matching

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

400 E
300 E

W+W—bl:), me[mis], o = Mis/Vs
W+HW~bb, mi[ms], po = mus
WHW~bb, my = mys, o = mis

tt, my = mqs, po = M1s

340

J.R.Reuter

350

Vs [GeV]

360

370

380

o [fb]

o / O.Whizard factorized

10/ 16

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

1000 |

800

600

400

200

—— Whizard signal

Whizard factorized

330

Exclusive Top Threshold Matching

Vs [GeV]

380

CLIC 2018,CERN, 25.01.18



t/L Top threshold: validation and matching 10/16

——
NLO predictions for on- and off-shell ¢t production A, = 30 GeV, LL, only s-wave contributions
I 1 I n I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I .
1000 1500 | —
I —— Whizard signal i
200 £ Analytic
800 F 1200 [ Whizard factorized
700
__ 600 | ooo |
= F — [
= 500 Q
b ]
400 b i
_ 600
300 W+W—bl_), me[mis], o = Mis/Vs ; i
200 | W+HW~bb, m[ms], po = ms 3 i
W+HW~bb, my = mys, o = mas ] -
100 tt, my = mas, po = Mas E 300 1
OF | | | | | 3
0
= 1.75 :
S X
T 1.50 F
*g "
< 1.25 F
= C
§§ 1.00 L
® 0.75
By
L | | 0.50
330 340 350 360 370 380 330 340 350 360 370 380
Vs [GeV] Vs [GeV]

3% J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN,25.01.18
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Top threshold: validation and matching

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

400 E
300 E

W+W—bl:), me[mis], o = Mis/Vs
W+HW~bb, mi[ms], po = mus
WHW~bb, my = mys, o = mis

tt, my = mqs, po = M1s

340

J.R.Reuter

350

Vs [GeV]

360

370

380

o [fb]

o / O.Whizard factorized

1000

800

600

400

200 |-

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

10/ 16

—— Whizard signal
Analytic
Whizard factorized

330

Exclusive Top Threshold Matching

340

350

Vs [GeV]
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matched, v; = 0.15,v; = 0.30

1000 I T T Ll 1 l T L] T T I Ll T T L) I

900
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e gl i s s
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1.20 |
1.10 |

1.00 F —

2 0.90 [ E

ale vars

S

080 & 1 . S

330 340 350 360
/s [GeV]

Total uncertainty: h-f variation band and
matching [switch-off function]

Symmetrization of error bands:

Omax = Max |maxo; , o9 + (0p — min o;)
i€HF i€HF

Omin = Min | min o; , 09 — (max o; — og)
icHF icHF
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Exclusive Top Threshold Matching

Matching threshold NLL to continuum NLO

Matched inclusive WTbW ~b cross section, no QED ISR
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v Threshold matching with QED ISR

matched, no switch-off Matched inclusive W+bW ~b cross section, with QED ISR
1000 '_ | ' ' ' ! | ! ! ! ! | ! ! ! ! | _‘ 1000 B I T T T I T T T I T T T I T T T I T T T I ]
. Z _ i’/ch P L N I matched, no switch-off 1
N > - i matched, combined, symmetrized |
800 |- /2 f -
I h=2f=1 1 NLO
h=2,f=1/2 - i i
_ envelope B X
_ 600 - 750
cé |
b - | Baasa ! -
400 |- . i
200 [ 1 € 500}
[ /' ] o} -
o[ o - i
| | | |
1.10 F 1 T T e 050 i
w 1.05 |- — B
5 I
>
o 1.00 I
E i
2 0.95 | o k |
0.90 :_ I I I I I I I ;‘. v “I I I I I I I I _: I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I
330 240 250 260 330 340 350 360 370 380
V5 [GeV] Vs [GeV]
@ : :
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Matched threshold differential distributions L

r_‘
ete™ = WHbW b, Njets > 2, V5 = 344GeV ete” — WHOW b, Nigs > 2, V5 = 344GeV
= 107 & = i
(@] - —— NLO 0] 2| —— NLO
2 N = 10°
£ 10! —— matched £ g matched
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[ L
S 10t —
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Next steps: higher QCD order, EWV corrections (ISR matching!!), soft gluons ... ... ...

ete™ = WHbW b

o ———— ———— —————————————————
o it
800
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nnnnnnnnn
|||||||||||||||||

o [fb]

------- matched, no switch-off
- NLL
matched, combined, symmetrized
NLO
100 A NNLL
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............
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t/L Summary & Outlook 15116

¢ 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 3.0 [EW in validation]
/%/E:S/{/ J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18
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Outlook to PDG 203x:
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tt continuum production (on- & off-shell) '8/

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
NNLO QCD

[Jersak/Laermann/Zerwas, |982]

[Chetyrkin/Kuhn/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:

NLO QCD

e

[Jezabek/Kuhn, 1989]

NNLO QCD [GuolLi/Zhy,2012]

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]

double-resonant

single top W=

non-resonant

v/Z

single top

CLIC 2018,CERN, 25.01.18
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Working NLO interfaces to:

alpha _power = 2
alphas power =

process eett =

{ nlo_calculation =

*€c

FKS subtraction

€0 €0 t€0 *6o €0 €0 T€0 *€c

0

*x GoSam
*  OpenLoops
* Recola

el,E1l => t, tbar

Virtual MEs external

“fu'L'L’, }

[Frixione/Kunszt/Signer, 1995]

Real and virtual subtraction terms internal

NLO decays available for the NLO processes

Automated POWHEG damping and matching

Status of EW corrections: all parts

NLO Automation in WHIZARD

19/ 16

[N. Greiner, G. Heinrich, J. v. Soden-Fraunhofen et al.]
[F. Cascioli, J. Lindert, P. Maierhofer, S. Pozzorini]
[A. Denner, L. Hofer, J.-N. Lang, S. Uccirati]

]

Resonance-aware treatment [Jezo/Nason, 1509.09071]

NLO QCD (massless & massive emitters) fully supported

0.8

ete™ — tt at NLO with WHIZARD

0.7 -

0.6

0.4

0.3

0.2

05 |/

LO —
NLO, GoSam
NLO, OpenLoops

350 400

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

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

Working NLO interfaces to: *x  GoSam [N. Greiner, G. Heinrich, |. v. Soden-Fraunhofen et al.]

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

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

e e’ =it
process eett = el,E1 => t, tbar 800 S NLO F)penLoops |
{ nlo_calculation = “full” } — LO O'Mega
= 600]
& FKS subtraction [Frixione/Kunszt/Signer, 1995] ©
& Resonance-aware treatment [Jezo/Nason, 1509.0907 1] wor
& Virtual MEs external 200 |
& - c c | | | | . .
€ Real and virtual subtraction terms internal T T
& NLO decays available for the NLO processes V5 |[GeV]
& Fixed order events for plotting (weighted, either LHEF or HepMC) \
& Automated POWHEG damping and matching o *«\S‘M
& NLO QCD (massless & massive emitters) fully supported i
& Status of EW corrections: all parts :m o o ﬁ| |
technically completed, validation phase started [Rothe et al.] R e i
@/ : :
BE’S{ J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18



t/L Resonance mappings for NLO processes 208

& 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

—1
» D™ = {(pbb mH) "‘murh] ’

) -1
» DReal — {(pbbg mQH) +m2HF2H]

€
e Ve
2 2
5 A2 D™ Ppp =My 1+ bbg
Pibg = Pip + D Dl = m2, T2,

0.

BE:{ J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18
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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
1 Algorithm to include resonance histories Factorization in the soft limit
[Jezo/Nason, 1509.0907 1] R
s -« Resonance-aware FKS -
& Most important for narrow resonances (H — bb)
10 | . . E
& Additional soft mismatch integration component L '
B 2]t ' ';* ST ‘
orn _ = S5 = 4 - - commessss o sames o -
> Di {(pbb mu) + murn] ' W %3 AT T
Real _ 2\’ 2 T2 o | ‘;:?&, A
ea 2 0T X AN 0, * % . .
: R i e :
_ RS A .
B =2 2 4 00 |, , . ..’....:::'0.:-:'1..:,{‘.';.- : AT
2 A DI‘_?rn pbb__>mH 1+ bbg 0.00 0.01 0.02 0.03 0.04 0.04
Pibg = Diy T Dby Dl = mZ,T7, 7, 1GeV]

0.
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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
[Jezo/Nason, 1509.09071]

& Most important for narrow resonances (H — bb)

& Additional soft mismatch integration component

1
DBom_ {(ﬁbb mu) "‘mu II] :

9 —1
» DReal — {(pbbg mQH) +m2HF§{]

pgbg Dy + Abbg

& WHIZARD complete automatic implementation: example

| It Calls Integrall[fb] Error[fb] Err([%] Acc Eff[%] Chi2 N[It] |
I I
1 11988 9.6811847E+00 6.42E+00 66.30 72.60% 0.65
2 11959 2.8539703E+00 2.35E-01 8.25 9.02« 0.69
3 11936 2.4907574E+00 6.54E-01 26.25 28.68 0.35
4 11908 2.7695559E+6@0 9.67E-01 34.91  38.09 0.30
5 11874 2.4346151E+00 4.82E-01 19.80 21.57% 0.74
I I
5 59665 2.7539078E+00 1.97E-01 7.15 17.47 0.74 9.49 5

standard FKS

@ J.R.Reuter

Factorization in the soft limit
wgr- 1 11 g
F etem — utp—bb *+ Standard FKS
*+ Resonance-aware FKS
10 3 E
i . .‘;: it
a :.’,'4 ~.'
CED 1 i . - ]
IS 3 %Eiﬂu . *.
C {*‘. .}:‘ %y, ’ ° o
5 4 '.l-d. e : . .
A AT, : '
’ -'.‘:’ ‘:". ‘ . ‘
J*.._[ _.-." .-.. .
0.1 E ‘l:;‘.b I-' - .,: :-' . o’ -
o -’;'.-‘ |. o o . ° . - .
At i e " .
".‘:'3',..'4 e, L .
RECL PYCAER '
Vzia:: e A
0.01 = R PR TR TR o o7 TR v SR M
0.00 0.01 0.02 0.03 0.04 0.04
E, [GeV]
+ b bb ° °
ete” = MM (ZZ, ZH histories)

Exclusive Top Threshold Matching

CLIC 2018,CERN, 25.01.18



t/L Resonance mappings for NLO processes 200
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 softlimit
[Jeso/Nason, 1509.09071] wo T
+*+ Resonance-aware FKS
& Most important for narrow resonances (H — bb) Y
10 E
& Additional soft mismatch integration component L j
pBorn _ | (52 2 )2 22 ] o1k £ ——
> D™ = | (P, —mi)” +mp T ha i S ;
2 —1 -'11‘_':.‘3‘: ; . :
5 ¥ 3t X AT
> DIR{eal - [(pgbg —_ m2H) -+ mhI‘%{] o1 *f T _ ]
“;‘.-'::_'.'%"g:.,‘" . . i ,
RE ERR
B =2 2 4 00 gy , 0 |:a1x:hikezau. ;: i
2 _ =2 A2 DI;m pbb__>mH 1+ bbg 0.00 0.01 0.02 0.03 0.04 0.04
Prbg = Php + bbg D?—Ieal — m%{r% E, [GeV]
& WHIZARD complete automatic implementation: example e*e- — pubb  (ZZ ZH histories)
| |
:It Calls Integrallfb] Error[fb] Err[s] Acc Eff[s] Chi2 N[It] l | It Calls Integral[fb] Error[fb] Err([%] Acc Eff[%] Chi2 N[It] |
! 1 11988 0O.6811847E+00 6.42E+0@ 66.30 72.60% 0.65 ! | 1 11988 2.9@57032E+00 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 5.20E-02 1.82 1.99%x 10.91
3 11936 2.4907574E+00 6.54E-01 26.25 28.68 0.35 3 11936 2.9277880E+00 4.09E-02 1.40 1.52%« 14.48
< 11908 2.7695559E+0@0 9.67E-01 34.91  38.09 0.30 4 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
I 5 59665 2.7539078E+00 1.97E-01 7.15 17.47 0.74 8.49 5 | - 5 59662 2.8842006E+00 2.04E-02 0.71 1.72  17.15 .53 5 !
| |
standard FKS FKS with resonance mappings
00/

DESY
o

J.R.Reuter
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PI———

o(cosf; > 0) — o(cosb; < 0) Gluon emission symmetric in O =

o(cos; > 0) + o(cosby < 0) NLO QCD corrections small

AFB —

Ars of the top quark

cte o A AN AV /AR

tt -0.535 -0.539 1.013

WHW —bb -0.428 -0.426 0.995
Arp P

pre v, vebb -0.415 -0.409 0.986

ute v, Ubb, without neutrinos -0.402 -0.387 0.964

tt 0.535 0.539 1.013
_ WW —bb 0.428 0.426 0.995
Arp P

ute v, vbb 0.415  0.409 0.986

ute~v,Ubb, without neutrinos 0.377  0.350 0.928

/%/E:S/{/ J.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18
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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,, bbjjjjjjlve

Desy | |.R.Reuter Exclusive Top Threshold Matching CLIC 2018, CERN, 25.01.18
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Precise predictions of multi-parton final states require properly matched samples
NLO QCD including POWHEG matching already available =~ [WHIZARD+OpenLoops]

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

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

ete” — tth ete™ — tth
£ - ¢
3 12— © 003>~ — LO
* C <, - —— NLO pr = p
1 $/20.025 — —— NLO p, =24
3 E NLO pr = /2
0.8 — 0.02 — —  POWHEG
F LO E
0.6 — 015 —
- —— NLO gy = s ols
0.4 - —— NLO g, = 2p 0.01 -
r NLO pr = p/2 B
POWHE -
0.2 L WHIZARD+OMEGA+OPENLOOPS OW G 0.005 :_
1.6 : | | l Lol | l | 1.8 E
1.4 = 1.4 —
5 12— 5 12
't . F RTS =
LE 1 E | S—— e S e T s T e L‘E 1 =
0.6 — 0.6 — L
0_4:|| I| | I|I1 ‘ll | | 0'4'_1 |111|1111|11|1111\ L‘fllll
-1 -0.5 0 0.5 1 250 300 350 400 450 500
cos O E;, [GeV]

[Chokoufe/JRR/Weiss]

0.
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