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Top-antitop threshold @ lepton colliders

tt threshold scan:
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Top-antitop threshold @ lepton colliders

tt threshold scan:

o -t Experiment (simulation):
Q0.8 |- tt threshold - 1S mass 174.0 GeV -
S - — TOPPIK NNLO + ILC350 LS + ISR . Am; < 100 MeV
5 | I simulated data: 10 fo"'/point ]
3 06 - top mass + 200 MeV — Art ~ 30 MeV
U) ]
9 ] Aag ~ 0.001
5 |
0.4 - Ay /y: ~ 35%
- [Martinez, Miquel, ‘02]
1 [Seidel, Simon, Tesar, Poss ‘13]
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Theory: NRQCD

QCD near tt threshold:

multiscale problem:

Voo L1

“nonrelativistic bound state”

m > 5va > EkinNmV2‘ (> Aqcp)

hard

soft

< 5

ultrasoft

e Large logarithms

 “Coulomb singularities” ~v (Oés/V)n

~ |asIn(v)] "

= Resummation using Effective Field Theory




Theory: NRQCD

EW effects:

e LO: top decay (t — W™Tb) [ ~ 1.5GeV > Aqcp

“IR cutoff”
_ s—2m s—2my+ily |
Veff = \/\/_mt - \/\/_ mtt - |Veﬂ-'| Z 0.1
)

[Fadin, Khoze, ‘87]

* Higher orders: known to NNLL —> talk by Ruiz-Femenia

[Hoang, Reisser, Ruiz-Femenia, ‘10]
[Beneke, Jantzen Ruiz-Femenia, ‘10]
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Theory: NRQCD

Problem of Coulomb singularities:

C (L, AL, L,

-~ ~ Qg /v ~ (as/v)? ~ (as/v)?

@Threshold: |v ~ a¢ << 1| = breakdown of perturbation theory

Solution:

Nonrelativistic EFT: | (v)NRQCD

— Use Schrodinger Equation to resum  (as/v)" terms !




Theory: NRQCD

Problem of large logarithms:

‘ m > p~mv > E.,~mv’

hard soft ultrasoft

E> as In(E?/m?), asln(p?/m?), asIn(E?/p?) ~ aslnv ~ 1

Solution:

Two renormalization scales: | lbs = MV, [, = mu? —  “v"NRQCD

I “subtraction velocity”

— RGE'sresum [as Inv]", agas Inv]", a2 [as Inv]" ... terms

LL NLL NNLL




Theory: NRQCD

nonrel. quark: k¥ ~ (mv?, mv)

NN\, soft gluon: k¥ ~ mv

VOO0 Uultrasoft gluon: kF ~ mv2
vNRQCD ’ power counting
T B in vV~ Qg
potentials:  § —>>< X
[Luke, Manohar, kM Tm, mv) Vilk

Rothstein, ‘00] . . o
effective production/annihilation current:
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Theory: NRQCD

nonrel. quark: k" ~ (mv2, mv)

NN\ soft gluon: kH ~mv

BOOOO® ultrasoft gluon: kM ~ mv2
vNRQCD power counting
T B in vV ~ Qg
potentials:  § —>>< X
[Luke, Manohar, K Tm, mv) Ve2k

Rothstein, ‘00] . . o
effective production/annihilation current: @<

x| L+ X O+ OO+ OO+
b T @O O@o




Total cross section at NNLL

Utot(S)NIm[Cl(V)2° G(0,0,E,v) + }

NNLL known ¢~ [Hoang, Manohar, Stewart, Teubner; 2002]
[Pineda, Signer; 2006]

N3LO known v/ [Beneke, Kiyo, Schuller; 2007]
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Total cross section at NNLL

Utot(s)mlm[cl(u)2 - G(0,0,E,v) + ... }
current
renormalization

LL
NLL: [Luke, Manohar, Rothstein; 2000]
C, V [Pineda; 2002] [Hoang, Stewart; 2003]
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Total cross section at NNLL

atot(s)wlm[ ()% - G(0,0,E,v) + ...

current “mixing” “nonmixing” (Hoang, ‘03]

renormalization
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Total cross section at NNLL

att()wlm[ ()% - G(0,0,E,v) + ...

current “mixing” “nonmixing” (Hoang, ‘03]

renormallzatlon NLL
X x

XK W )X e XX
% §< [Hoang, MS, 2006/2011]

[Plneda 2011]




Total cross section at NNLL

atot(s)wlm[cl(y)2 - G(0,0,E,v) + ... }

l

1.10 S
[Hoang, MS, ‘11] |
108 NNLL ]
— uncert.al-nty from missing |
1 06l soft mixing terms ]
Cl(V) : |
1.02 ’

1.00
o1 02 03 04 o5

vV
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Total cross section at NNLL

M> =172 GeV, 'y = 1.5GeV |
- v=20.15 .
1.5 .

OO ' ' : : : ' ' ' : ' ' I L L . I L L | | ! | |
338 340 342 344 346 348 350
V5 (GeV)

29.05.2013 Maximilian Stahlhofen - DESY ECFA LC2013 - 16



Theory error from scale uncertainties

“Unphysical” scales:

matching scale:

Mhard = hm

renormalization scales:

Msoft — hmv

2
HMusoft — hmy

default choice:
h=1 v, = 0.05 + ‘Veﬂ-"

scale variation:

200,
15
14 ﬁ
Ve |
10
05
05 10 15 20
h
\/\/5—2m—irt
Veff —
m
1/2<h<?2 my2 /2 < fusofe < 2My2




Theory error from scale uncertainties

1/2<h<?2 MIS = 172GeV, Ty = 1.5 GeV -

1.5 _ myf/Q < Uysoft < 2me

o (pb)

I NLL
0.5 _
NNLL peak: Ao /o =~ 4.5%
OO T
338 340 342 344 346 348 350

Vs (GeV)
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Theory error from scale uncertainties

Ch=—1 M{> = 172 GeV, I, = 1.5GeV -

ISr1/2<v/v. <2 ]

00 ‘ ‘ ‘ ‘ : : : | : ‘ ! ‘ w w w \ w ‘ ‘ \ ! ‘ ‘
338 340 342 344 346 348 350
V5 (GeV)
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Theory error from scale uncertainties

1/2<h<?2 MIS = 172GeV, Ty = 1.5 GeV -

1.5_y:y* —

OO ' ' : : : ' ' ' : ' ' I L L . I L L | | ! | |
338 340 342 344 346 348 350
V5 (GeV)
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Theory error from scale uncertainties

15 _ B
Uncertainty for peak position: Mg™ = 172GeV, T = 1.5GeV

1/2<h<?2 M2 /2 < flusofe < 2My2
o
renormalon
cancelation
. at work!
NNLL N .

3440 3441 3442 3443 3444 3445
Vs (GeV)
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Summary/Outlook

* precise My, Vi, O, [ ¢ from tt threshold @ LC
. atotwlm[ -G(O,O,E,u)}Jr...

« G(0,0,E,~) known up to NNLL ¢/

* New at NNLL (good approximation) ¢/
 EW conributions up to NNLL ¢/

* Ao/o ~ 4.5% (NNLL peak)

* Stable peak position: AI\/I%S’QCD ~ 20 MeV

More detailed error analysis soon! | \W/.|.P
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Backup

29.05.2013 Maximilian Stahlhofen - DESY ECFA LC2013 - 23



Theory error from scale uncertainties

00 ' ' : : : ' ' ' : ' ' I L L . I L L | | ! | |
338 340 342 344 346 348 350
V5 (GeV)
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Top-antitop threshold: EW effects
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Top-antitop threshold: EW effects

®* Power counting: rt/mt ~ EW " Ozf ~v? <1

® Physical final state: ete™ — WHTW bb

. Apply loose invariant mass cuts on reconstructed tops/antitops:

pre = (M £ AM)? = m{ + A\° mele < A2 < m?

—> no effect on resonant contributions! e s
v, Z .
—» hon-resonant background suppressed: >\N\gu

LO: E=+1s—2m; — E+il; (replacementrule) "

I 1
t b, t

E/2+p0 —p?/(2m) +il/2 « [Fadin, Khoze, ‘87]

unstable top propagator:




Top-antitop threshold: EW effects

Beyond LO:

®* QED: “Coulomb photon” — trivial extension of QCD corrections \

®* Gluon exchange with final state — negligible at NLO and NNLO @>
[Fadin, Khoze, Martin ‘94] [Hoang, Reisser ‘05] !

[Melnikov, Yakovlev ‘94] [Beneke, Jantzen, Ruiz-Femenia ‘10]

® Corrections to current matching:

__ _born QCD QCD . bW, abs EW
= CoLL T CrNLL T S NNLL TG NLe TGN T

[Kuhn, Guth 92]
complex matching /

et t

A

[Hoang, Reisser ‘06] b
N W
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Top-antitop threshold: EW effects

Beyond LO:

®* QED: “Coulomb photon” — trivial extension of QCD corrections \

®* Gluon exchange with final state — negligible at NLO and NNLO @>
[Fadin, Khoze, Martin ‘94] [Hoang, Reisser ‘05] !

[Melnikov, Yakovlev ‘94] [Beneke, Jantzen, Ruiz-Femenia ‘10]

® Corrections to current matching:

__ _born QCD QCD . bW, abs EW
= CLLL TSN T SO NN T 1S N T ConneL e
. asl ..
) Oiot ™~ Im[ G(0,0,E +il, V)] ~ —° 4 finite
€

phase space lsums phase space logs in C(y) at NLL v/

divergence . ;
e e
) >< |
e et [Hoang, Reisser,

Ruiz-Femenia “10]

® “Phase space matching” for C(v)to allow for /A cuts: NLO, NNLO, N3LO v/
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Top-antitop threshold: EW effects

o (pb)

Moo dashed line: NNLL pure QCD prediction
" (add step by step)
—— + NNLL QED effects
+ NNLL EW current matching (real)
+ NNLL EW current matching (absorbtive)
+ NLL+NNLL+N3LL phase space
matching contributions (psm)

1.0
0.8 |

0.6 |

0.4 |

12— -
0.2 | ‘

00—+ L L L L
336 338 340 342 344 346 [
0.8 ¢
J @ .,

large psm correction due to unphysical
phase space in pure QCD prediction

0.6 |

o (pb)

0.4 |

[Hoang, Reisser,
Ruiz-Femenia “10]

0.0 — —
336 338 340 342 344 346 348 350

—> Shift in peak position: 30-50 MeV hﬁ(&,w
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eTe — ttH

Associated Higgs production

29.05.2013 Maximilian Stahlhofen - DESY ECFA LC2013 - 30



Associated Higgs production: eTe™— tt H

0-030 B T ' 1 ' T T T T , T T T T |
0.005 - m,|°=180 GeV, my=120 GeV A,_,,,;;::-*f'f;‘;i;., 1 [Farrell, Hoang; 2006]
< : \/-:-=500 GeV _— e resummed NLL (QCD)
v N e —e .
O 0.020 + o ]
§ N S F .
0.015 -
= 7 B -
Lﬂ B ~ -
% 0010 - / |~ .
S 00055 Vs &~ 500 GeV 3
' (ILC phase 1) .
0'000 1 1 ] | 1 | 1 | | ! ! | ! "‘ ! 1 | L
120 125 130 135 140
EH (GeV)

e For light Higgs (my &~ 120 GeV): full t t phase space nonrelativistic!
— must sum (as/v)", (asInv)"terms — recycle tt results (VYNRQCD)

— factor 2 enhancement over tree level (+ factor 2 from polarized beams)

+ realistic studies: (dy;/yt)bogcey ~ 30% — 10 —15%?  [luste, '02,06]
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Associated Higgs production: eTe™— tt H

Dominant contributions from Higgs radiating of the top/antitop Lz A
e precise extraction of top Yukawa coupling possible t
At large Ey endpoint: tt dynamics nonrelativistic

For \/s < 500 GeV (ILC phase 1) and my ~ 120 GeV:

full t t phase space nonrelativistic !/l = must sum (as/v)", (aslnv)™

VNRQCD | Recycle tt results: , G(0,0,v,v)

d
<—"> ~ + | x Im[G(0,0,v, )]
dEH E . ~~Emax
[Farrell, Hoang; 2005]

VAVAVAVA e
. o
z X Ad
VAVAVAVAY S
N

.. [Denner, Dittmaier, Roth, Weber; 2004]
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