tt(h) production in ete-
collisions
(a theorist’s view)

ﬁ HELMHOLTZ

I GEMEINSCHAFT

Jurgen R. Reuter, DESY

@i@ J.R.Reuter tth production at ete- colliders LCWS 2015,Whistler, 3.11.15



J.R.Reuter

/\/\/\

o B+ B

The importance of top / Higgs

. Electroweak vacuum &

Tt b excitations:

> |
5 150+
prysics © N 1
= 50
TOPR BSM K
Higgs mass M, in GeV
m m (note: plot under assumptions of NO
— N — additional JBGM[ )
tth production at ete- colliders LCWS 2015,Whistler, 3.11.15



The importance of top / Higgs
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Top pair production

Top pair production (top mass) and tth production (top Yukawa coupling)

= Flagship measurements @ e+e- colliders (350 GeV and 500+ GeV)

On-Shell process: eTe™ — tt

NLO QCD

NNLO QCD

NLO EW

[Jersak/Laermann/Zerwas, 1982]

[Chetyrkin/Kuhn/Steinhauser,
1996; Harlander/Steinhauser, 1998]

[Beenakker/von der Marck/Hollik,

Threshold enhancement

1991; Beenakker/Denner/Kraft, 1993]

[Fadin/Khoze,

| 987; Strassler/Peskin, 1991; Jezabek/Kihn/
Teubner, 1992; Sumino et al., 1992
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Top pair production

Top pair production (top mass) and tth production (top Yukawa coupling)
= Flagship measurements @ e+e- colliders (350 GeV and 500+ GeV)

On-Shell process: eTe™ — tt

¢ NLO QCD [Jersak/Laermann/Zerwas, |982]

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

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

& Threshold enhancement
| 987; Strassler/Peskin, 1991; Jezabek/Kihn/

Teubner, 1992; Sumino et al., 1992

Off-Shell process: ete™ — WHbW —b

¢ NLO QCD [Guo/Ma/Wang/Zhang, 2008]
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¢ NLO QCD in MC with POWHEG matching

[Chokoufe/JRR/WVeiss, 201 5; Chokoufe/Kilian/Lindert/

JRR/Pozzorini/Weiss, in prep.]
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Top pair production

Top pair production (top mass) and tth production (top Yukawa coupling)
= Flagship measurements @ e+e- colliders (350 GeV and 500+ GeV)

fixedorder
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Leptonic decays: eTe™ — bblT vl iy
¢ NLO QCD in MC with POWHEG matching
[Chokoufe/JRR/Weiss, 2015; Chokoufe/Kilian/Lindert/ < NLO QCD 2 — 6 : WHIZARD+OpenLoops
JRR/Pozzorini/Weiss, in prep.]
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(V)NRQCD for Top (threshold) physics

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-50 MeV

Heavy quark production at lepton colliders, qualitatively:

Large [ Small I,

ete” > tt / KJ ete”— bb
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Top Threshold Resummation in (p/v)NRQCD

< 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 etal.,’13-14

Phase space of two massive particles

5 (2] S

T k i

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

(p/V)NRQCD EFT w/ RG improvement
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Top Threshold Resummation in (p/v)NRQCD

< 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 etal.,’13-14

Phase space of two massive particles

h 5 (%) et

T k i

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

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

s-wave: LL-+NLL p—WaveNfUQ:NNLL

but contributes
at NLL differentially!
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Top Threshold Resummation in (p/v)NRQCD

< 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 etal.,’13-14

Phase space of two massive particles
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s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but contributes
at NLL differentially!

Coulomb potential gluon ladder resumption

. (@ (L
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Top Threshold Resummation in (p/v)NRQCD

< 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 etal.,’13-14

Phase space of two massive particles

e Ot UZ (%)kZ(as Inwv)" x

T k i

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

(p/V)NRQCD EFT w/ RG improvement
RY“(s) = FY(s)R°(s) + F*(s)R%(s) ,

can be mapped onto effective ttV vertex

s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but co.ntribut.es ~/Z Gv/s
at NLL differentially! Rv/@ YnLL y 1
~ A YNLL ~ Guva .
Coulomb potential gluon ladder resumption / )

far away from
threshold
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C> g(N)LL (N)LL(as’ Mt ) \/§7 .7 Ft)
differential in off-shell tt phase space r e
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o Default parameters:

)

Top Threshold Physics

o G"*(0,p, E+il't, V) from TOPPIK [Jezabek/Teubner]
Solution of non-relativistic Schrodinger

equation with Coulombic potential

MY =172 GeV, TNLNO =1.409 GeV

OéS(Mz) = 0.118

(Coul.)

available @ 4 loops: Talk by P. Marquard (Thursday)

J.R.Reuter

tth production at ete- colliders

o(ete

6m2a’e?

— tt)ihr = ImG(Z =0;E +1il')

my

AM =30 GeV

M'S x2

[Hoang & Stahlhofen ‘13]
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Top Threshold Physics

v,a . 2,22
« GV%0,p, B+ 1iI't, ) from TOPPIK [Jezabek/Teubner] o(ete™ — By = GW,(E % ImG(E = 0; E + iT)
my

» Solution of non-relativistic Schrodinger

equation with Coulombic potential

o Default parameters:
M2 =172 GeV, T'H° =1.409 GeV 2
OéS(Mz) = 0.118

ole LL/NLL
M = = A((Jo/uz.) )

available @ 4 loops: Talk by P. Marquard (Thursday) Vs [GeV]

[Hoang & Stahlhofen ‘13]
allows for AM ~ 30-50 MeV, Al ~ 60 MeV 1506.05992

AM =30 GeV

M'S x2
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Top Threshold Physics

o G"*(0,p, E+il't, V) from TOPPIK [Jezabek/Teubner]

Solution of non-relativistic Schrodinger

equation with Coulombic potential

o Default parameters:

allows for AM ~ 30-50 MeV, Al ~ 60 MeV

MY =172 GeV, TNLNO =1.409 GeV

OéS(Mz) = 0.118
11 i pole LL/NLL
M= Mt (1 i A(C’oul.) )
available @ 4 loops: Talk by P. Marquard (Thursday)

1506.05992

even tth from virtual Higgs ~30-50%

)

Harlander/Jezabek/Kuhn, 1998; Martinez/Miquel, 2002

J.R.Reuter tth production at ete- colliders

o(ete
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M'S x2

[Hoang & Stahlhofen ‘13]
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Top Threshold Physics

« GV%0,p, B+ 1iI't, ) from TOPPIK [Jezabek/Teubner]

Solution of non-relativistic Schrodinger
equation with Coulombic potential

o Default parameters:
MY =172 GeV, TNLNO =1.409 GeV

OéS(Mz) = 0.118

ole LL/NLL
M = = A((Jo/uz.) )

available @ 4 loops: Talk by P. Marquard (Thursday)
allows for AM ~ 30-50 MeV, Al ~ 60 MeV  1506.05992

even tth from virtual Higgs ~30-50%
Harlander/Jezabek/Kuhn, 1998; Martinez/Miquel, 2002

L2 , :
@ J.R.Reuter tth production at ete- colliders
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Top Threshold Physics

o GV(0,ps, E +il'y, V) from TOPPIK [Jezabek/Teubner] 6m°a’e}

olete™ — tt)r = :

ImG(Z =0; E+ 1)

» Solution of non-relativistic Schrodinger M
equation with Coulombic potential matching NLL
o Default parameters: | ?/L .
MY =172 GeV, T'}M0 =1.409 GeV . o 1
750 . -
as(My) = 0.118 f <
1S __ agpole LL/NLL | | £
M = Mt (1 T A(C’oul.) ) % 5004 : i
available @ 4 loops: Talk by P. Marquard (Thursday) » |}
allows for AM ~ 30-50 MeV, Al ~ 60 MeV  1506.05992 ] | . :,,,,?:,,,2["1 I
: ‘ ”;f'w.xu.[n"‘ns]
even tth from virtual Higgs ~30-50% | I oG
ol — ma . 1l
Harlander/Jezabek/Kiihn, 1 998; Martinez/Miquel, 2002 T T—
V#1GeV]
1 B iz w | Bach/Chokoufe/Hoang/JRR/
0.10 - <

Stahlhofen/Weiss, in prep.
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Top pair + Higgs production

® eTe” — tth for top Yukawa meas. [Hagiwara/Murayama/Watanabe, 1991; Djouadi/Kalinowski/Zerwas, 1992]
® NLO QCD corrections [Dawson/Reina, 1998; Dittmaier/Kramer/Liao/Spira/Zerwas, 1998]

® QED and electroweak corrections [Denner/Dittmaier/Roth/Weber, 2003]
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Top pair + Higgs production

+ t + t
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® ete™ — tth for top Yukawa meas. [Hagiwara/Murayama/Watanabe, 1991; Djouadi/Kalinowski/Zerwas, 1992]
® NLO QCD corrections [Dawson/Reina, 1998; Dittmaier/Kramer/Liao/Spira/Zerwas, 1998]
® QED and electroweak corrections [Denner/Dittmaier/Roth/Weber, 2003]

o[ ses — 1% 7 ()
| T T T ) V= ! ) ! I l l tree !
T —— ) : electroweak 1 B .
7 T . I 30 - ' weak m E corrected ------ :
1 / - 20k photonic - ) ;
E 1 L h.o. ISR ------ 1 N |
tree | QCD ---- - N
orrectod . 0 S LTI - -
| ] correcte i T L 0.1 N -
0.1 k| 4 -10f, 3 : \'
| My =115GeV 1 _go L/ - [ /5 = 500GeV
- | - .'"l|| = 115 GeV I
- : - _3" - - ™
0.01 L L L L —40 L L | L 0.01 | ! ! !
200 750 1000 1250 1500 200 750 1000 1250 1500 100 110 120 130 140 150
NE [(;(‘.\"I NE :(;“\"] My [GL'.V]

® Photonic and gluonic corrections largely cancel
® Large effects at threshold (ISR, but more so QCD — more soon)

® Depends crucially on Higgs mass: sweet spot for M(h) = 125 GeV is for E ~ 800 GeV
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Matched NLO QCD results

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
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Matched NLO QCD results

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
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[Chokoufe/JRR/VWVeiss]
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Threshold enhancement @ 500 GeV for tth

» Close to threshold: Coulomb enhancement of non-relativistic top pair
» Energy distribution of Higgs enhanced in top pair recoil  [Farrell/Hoang, 2005-2006]

~ 1 Ej large 1
Yol En= 37 s BT 5 (s + M2 — 4m?]
b/ ¢
K R / ke Enhancement most pronounced in Higgs energy distribution
do(ete= — tth
¥ i lim eyt ) —  vNRQCD resummation
Ep— Eax Ey,
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» Energy distribution of Higgs enhanced in top pair recoil

)

Threshold enhancement @ 500 GeV for tth

» Close to threshold: Coulomb enhancement of non-relativistic top pair

dO'/dE” (fb/GeV)

[Farrell/Hoang, 2005-2006]
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Farrell/Hoang, 2005
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Threshold enhancement @ 500 GeV for tth

p» Close to threshold: Coulomb enhancement of non-relativistic top pair

» Energy distribution of Higgs enhanced in top pair recoil  [Farrell/Hoang, 2005-2006]

1

Ep large 1
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¢ K Enhancement most pronounced in Higgs energy distribution
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Farrell/Hoang, 2005
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Threshold enhancement @ 500 GeV for tth

p» Close to threshold: Coulomb enhancement of non-relativistic top pair

» Energy distribution of Higgs enhanced in top pair recoil  [Farrell/Hoang, 2005-2006]
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Farrell/Hoang, 2005

P Goal: properly matched NLL threshold/NLO cont.  [Chokoufe/Hoang/JRR/Stahlhofen/Weiss, in prep.]
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Threshold enhancement @ 500 GeV for tth

1S Peak -
7 \'s = 500 [GeV]

tiz (w/ NRQCD) Pol,.=0

“HH (W/ NRQCD) ........ \ ‘ .................... m = 175 [GeV]

Yonamine/lkematsu/Tanabe/Fujii/Kiyo/Sumino/Yokoya, 201 |
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Conclusions & Outlook

< Top pair production (after WW and ee) largest cross section in ee
¢ Top threshold: top mass to 30-50 MeV [ Top session]
¢ NLO QCD / Matching available in Monte Carlos
¢ Indirect determination of top Yukawa from top threshold (30-50%)
< tth production for top Yukawa extraction, best @ 700 GeV
¢ Theory driving horses: NNNLL threshold resummation,

4-loop |S/pole mass conversion

¢ Proper matching: NLO fixed order
and threshold in Monte Carlos
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Conclusions & Outlook
¢ Top pair production (after WW and ee) largest cross section in ee

¢ Top threshold: top mass to 30-50 MeV [ Top session]
¢ NLO QCD / Matching available in Monte Carlos

Indirect determination of top Yukawa from top threshold (30-50%)

(

tth production for top Yukawa extraction, best @ 700 GeV

«

Theory driving horses: NNNLL threshold resummation,

4-loop |S/pole mass conversion

Proper matching: NLO fixed order

and threshold in Monte Carlos
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