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Top threshold scan

Top threshold scan at a future EROBAE - e e
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« High sensitivity to I'; and o, - g
« Possibility to measure top 0.2 8
Yukawa COUpIing 0.1 - preliminary ]
e based on CLIC/ILC Top Study -
" EPJ C73, 2530 (2013) ]
. . . . I | | | | | | i
Requires precise theory predictions 345 350
« Known at NNNLO in QCD, \s [GeV]
scale uncertainty of 3% [Simon '16]
 NLO non-QCD effects up to 15%
e Full NNLO necessary
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Top quarks near threshold

Near threshold tops are non-relativistic with velocity v ~ o
 Multiple scales are relevant

hard scale m; mass
m; v momentum
ultrasoft scale m; v2 energy

« Coulomb singularities (as/v)™ from n exchanges of potential gluons
t

kO ~ myv?, k ~ myw

t

« Conventional perturbation theory in o, fails

e Coulomb singularities must be resummed to all orders
« Done with potential non-relativistic QCD (PNRQCD)

[Pineda, Soto '98; Beneke, Signer, Smirnov '99; Brambilla,
Pineda, Soto, Vairo '00; Beneke, Kiyo, Schuller '13]
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QCD cross section

Normalized cross section: R(s) =

Born cross section:

olete™ = ttX)
~ ooletem—putp)
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QCD cross section

Normalized cross section: R(s) = a;((ef:—_::?;)—) = 12me2 f(s) Im [TI®) (s)]

Resummed cross section at LO:
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QCD cross section

Normalized cross section: R(s) = a;((ef:—_::?;)—) = 12me2 f(s) Im [TI®) (s)]

Resummed cross section at LO:
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QCD cross section

Normalized cross section: R(s) = a;((ef:—_::?;)—) = 12me2 f(s) Im [TI®) (s)]

Resummed cross section at NNNLO:

ocll23) 51235 c(1:2 oV (1:2:3) 5cll-?
X X & O X
s SV VIR L sV sy sy )
e
ultrasoft
& m ®
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NNNLO QCD cross section

« NNNLO S-wave: [Beneke,
Kiyo, Marquard, Penin,
Piclum, Steinhauser '15]

 NLO P-wave: [Beneke,
Piclum, TR '13]

 QQbar_Threshold code:
[Beneke, Kiyo, Maier,
Piclum '16; Beneke,

oo( . . ] Maier, TR, Ruiz-Femenia
340 342 344 346 348 17??.2?2?2?7]

Vs [GeV]

 Stabilization of perturbative expansion at NNNLO
* 3% uncertainty due to scale variation from 50 to 350 GeV
« Similar conclusions at NNLL (5% uncertainty) [Hoang, Stahlhofen '13]
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Non-QCD effects

The physical final state is W W ~bb
e I'y ~mia ~myv? is not suppressed with respect to the usoft scale
« Narrow width approximation is unphysicall
« Top decay modifies cross section in non-perturbative way

Top instability implies existence of contributions to the cross section from
hard subgraphs that connect to the initial and final state

I e e

T. Rauh (IPPP Durham) EW and NR corrections to top-pair production at NNLO



Generalization of the EFT setup

Contributions can be organized systematically within Unstable Particle
Effective Theory [Beneke, Chapovsky, Signer, Zanderighi '03-04]

THEOMT(0)i08 ()]

o~ Im{ Z ngk)Cz(?l) /d4:c <e+e_

k,l

y el (eefotolee),, |

e+e_>
EFT
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Generalization of the EFT setup

Contributions can be organized systematically within Unstable Particle
Effective Theory [Beneke, Chapovsky, Signer, Zanderighi '03-04]

Resonant contribution
Involving non-rel. tops. o0

OHm)T
Width resummed into
propagators E— E + il
T (k) <z>/d4 <+ THO® (0100 +—>
o m{;Cp C; x{ete [0 H0)iO  (z)]c e i

y e (efoole),, |
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Generalization of the EFT setup

Contributions can be organized systematically within Unstable Particle
Effective Theory [Beneke, Chapovsky, Signer, Zanderighi '03-04]

Resonant contribution
Involving non-rel. tops. o0

@i ol O®t 4
Width resummed into
propagators E— E + il
i (k) <z>/d4 < o | THEO® 0O (21| e* —>
o m{;Cp C, x{ete [0 H0)iO  (z)]c e i

k Sk _
+ Z C’ie) <e+e ‘ine)(O)‘e+e >EFT }
k
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Generalization of the EFT setup

Contributions can be organized systematically within Unstable Particle
Effective Theory [Beneke, Chapovsky, Signer, Zanderighi '03-04]

Resonant contribution
Involving non-rel. tops. o0 b

o 00 Ot 4
Width resummed into
propagators E— E + il
T (k) <z>/d4<+—T- 10100 +—>
o m{;Cp C; x{ete [0 H0)iO  (z)]c e i

k Sk _
+ Z C’ie) <e+e ‘ine)(O)‘e+e >EFT }
k

Non—resonant_contribution
from W1/ ~bp production oW+
In hard process

T. Rauh (IPPP Durham) EW and NR corrections to top-pair production at NNLO 13



Generalization of the EFT setup

Contributions can be organized systematically within Unstable Particle
Effective Theory [Beneke, Chapovsky, Signer, Zanderighi '03-04]

Resonant contribution

Involving non-rel. tops. o0 OBt 4+ oW O
Width resummed into

propagators E— E + il

o~ Im{ Z ngk)Cz(?l) /d4:c <e+e

k,l

Z < ‘ O )(0)‘€+€_>EFT } Both parts contain

spurious divergences!
Only the sum is finite.

Non-resonant contribution Calculations must be
from W1/ ~bb production ob 4. . done in the same
In hard process regularization scheme.
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Non-resonant part
at NLO

T. Rauh (IPPP Durham)

Endpoint divergences
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Non-resonant part
at NLO

T. Rauh (IPPP Durham)

Endpoint divergences

o b
v/Z v/Z
v/Z v/Z v/Z
e b e e w - e e W e
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Endpoint divergences

Non-resonant part
at NLO

t = pi/m;

1
/ dtg;(t) = / ALIPS ot o Sgw+b fi(Dets Pe— s PEs Pw+, P0) O ((Pwr+ + po)* — ym3)
y

1

2
my

—/dt/dLIPSe+e%tt/dLIPSt—)WJFb fi(pe+7pe_7pt_7pW+7pb)a

2T
Yy
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Endpoint divergences

Non-resonant part W Phase-space
at NLO factor \
(1_t)1/2—6
g1(t —> 1) ~ (1—1)2

2

.
i
=
~~
N
~—
Il

1
/ - /dLIPSe+e—>tW+b fi(Pet s Pe— P Pw+, Do) O((Pw+ + po)? — ym7)
y

1
mZ
= 2—;/dt/dLIPSe+e%tt/dLIPSt—)Wer fi(pe+7pe_7pt_7pW+7pb)7
Yy

Endpoint divergence for p; — m7 ,i.e. t — 1.
Must be regularized dimensionally for consistency with resonant part.
Other diagrams are finite because they contain at most one top propagator.
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NNLO non-resonant contribution

Endpoint divergent diagrams identified in [Jantzen, Ruiz-Femenia '13]

'Squared contribution': Gluon
corrections to hl, endpoint
divergent but UV & IR finite
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NNLO non-resonant contribution

Endpoint divergent diagrams identified in [Jantzen, Ruiz-Femenia '13]

'Interference contribution':
endpoint & UV divergent

'Squared contribution': Gluon
corrections to hl, endpoint
divergent but UV & IR finite
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NNLO non-resonant contribution

Endpoint divergent diagrams identified in [Jantzen, Ruiz-Femenia '13]

'Interference contribution':
endpoint & UV divergent

+ O(100) endpoint finite diagrams
(not drawn)

'Squared contribution': Gluon '‘Automated contribution': endpoint
corrections to hl, endpoint finite but UV divergent, computed
divergent but UV & IR finite with automated tools (MadGraph)
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NNLO non-resonant contribution

Endpoint divergent diagrams identified in [Jantzen, Ruiz-Femenia '13]

'Interference contribution':

endpoint &|UV divergent

Cancels
iIn sum

+ O(100) endpoi
(not

finite diagrams
awn)

'Squared contribution': Gluon '‘Automated contribution': endpoint
corrections to hl, endpoint finite but|UV divergent| computed
divergent but UV & IR finite with automated tools (MadGraph)
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'Interference contri

h2(1

Split endpoint and UV divergences:

/ dt gio(t) = / dt [gm(t) - Z (1 %%Hne

n

(EP fin)

Oint — int

EP finite but
UV divergent

bution'

I Vg

Subtraction terms: [Jantzen,
Ruiz-Femenia '13; Beneke,
Maier, TR, Ruiz-Femenia
17??.2?2?77]

'

Gt )

2

—ne

(EP div)
int

+

EP divergent
but UV finite
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'Interference contribution’

N ’ hfﬁ(
h 2a } 13a la

Cancellation of endpoint divergences with contribution from absorptive
matching coefficients

k ~J
TCbpare™ ;2

hare
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Organization of the computation

Split cross section into three separately finite parts (1), (1) and (111):

(EP div)

NNLO __ (EP fin)
o — {O-sq + Ores, rest} + [O-int + O-CXZ) . } + {O-int + Taut

A\ J/ . y N J/
Ve

M) (1) (I11)

 (I): computational scheme for 'squared contribution’ fixed by existing QCD
results (Dim reg with NDR for ~°)

« (I): Use freedom of scheme choice to simplify calculation (some parts
done in four dimensions)

 (lI1): Endpoint finite part of 'interference contribution' must be computed
consistent with MadGraph

[Beneke, Maier, TR, Ruiz-Femenia 177?7?.?27?77]
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Resonant EW corrections

» Higgs contributions up to NNNLO

- Hard matching coefficients [Eiras, Steinhauser '06]
Lot = +...

- Local (not Yukawa) Higgs potential [Beneke, Maier, Piclum, TR "15]

1 1 2 6 (r
S N—2+O<q—2“”02) — 2()
qQ°+my My My My
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Resonant EW corrections

» Higgs contributions up to NNNLO
 QED Coulomb potential

= <> <>

[Beneke, Maier, Piclum, TR '15]
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Resonant EW corrections

» Higgs contributions up to NNNLO
 QED Coulomb potential
e Width corrections

[ =9I, — DCr

4n?2

/ X

toponium width time dilatation effects

[Hoang, Reisser, Ruiz-Femenia '10;

Beneke, Maier, TR, Ruiz-Femenia
177?7?.27??27?7]
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Resonant EW corrections

Higgs contributions up to NNNLO
QED Coulomb potential

Width corrections

Hard matching coefficients

ws (W
/%
A b -+ Vy AD +
|14
W - ——N\NNN——

[Grzadkowski, Kihn, Krawczyk, Stuart '87;
Guth, Kihn '92; Hoang, Reil3er '04-06;
Beneke, Maier, TR, Ruiz-Femenia
177?7?.2??7?7]
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Resonant EW corrections

Higgs contributions up to NNNLO

QED Coulomb potential

Width corrections

Hard matching coefficients

Absorptive part of hard matching coefficients

[Grzadkowski, Kuhn, Krawczyk, Stuart '87;
Guth, Kihn '92; Hoang, Reil3er '04-06;
Beneke, Maier, TR, Ruiz-Femenia
177?7?.2?7?7?7]
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Resonant EW corrections

Higgs contributions up to NNNLO

QED Coulomb potential

Width corrections

Hard matching coefficients

Absorptive part of hard matching coefficients
Initial state radiation

- Leading logs: electron structure functions [Fadin, Khoze '87]

A

ow. 15R(8) = [ day [ dzolee (v1)Tee (22)0° (21725)
0 0

- NNLO fixed order:

[Beneke, Maier, TR, Ruiz-Femenia 177?7?.?27?77]
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Non-QCD effects

1.3
> 12
U li
S [
\% l.lj 8
g | I
3 = BT 7]
i full
0.9
?;AJlOl | I34‘121 | ‘3214‘ | ‘3216‘ | I34‘18 321Ol | I34‘121 | ‘3214‘ | ‘3216‘ | I34‘18
Vs [GeV] Vs [GeV]

« Uncertainty due to renormalization scale variation between 50 and 350 GeV

 Effects significantly larger than QCD uncertainty
« Shape changes particularly in the important region at and below threshold
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80GeV)[pb]
O
(@)}

Initial state radiation

partonic "

Il 0.4+ .
=
b
0.2- ]
0.0 | s s ' \ \ \ \ | . | s I ' \ \ \
340 342 344 346 348
Vs [GeV]

* ISR reduces cross section by 30-45 %

 NLL precision is a must for a lepton collider (not just for ttbar)

T. Rauh (IPPP Durham)

EW and NR corrections to top-pair production at NNLO
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Parameter sensitivity

16 1.15}F
i m5-100 MeV i
1.100 1.10[ T,+100 MeV i ]
L [ t_ e ]
T 1.007 2 1.00+
3 ! 2 Z :
S 0.95] 5 0.95¢
b . b L
0.90F m,5+100 MeV 0.901
pgs i e s obEe el S e
340 342 344 346 348 340 342 344 346 348
Vs [GeV] Vs [GeV]

Estimate theory uncertainty by determining what parameter shift is needed to
obtain curves outside the scale variation band

Naive expectation: ém!> ~ 40 MeV and Ty ~ 60 MeV

Full simulation: theory uncertainty ém!> ~ 40 MeV [Simon '16]
Statistical uncertainty: ém!> = 18 MeV  (ILC) [Simon '16]
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Parameter sensitivity

S e N N T 1.15-
1.10/—\ . f 1.10°
: o1 ' ; m)=0.1204
% 105/ k=12 3 1.05, i
2 1.00+ el % 1.00+ e
S T ok
% 0.95— \fﬁ:of, % 0.95 as(mz)=0.1164
0.90" 0.90"
0850 QISSIEi  eE e e  e
340 342 344 346 348 340 342 344 346 348
Vs [GeV] Vs [GeV]

Consider rescaling of top Yukawa coupling y; = /stytSM

Naive expectation: dx; ~720 % and da, ~ 0.0015
Effects from variation of Yukawa coupling and strong coupling very similar
Need full simulation to see how well they can be disentangled
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Parameter sensitivity

0.64 k=15
0820 hmp=0.1204 T .
= Peak position
= 0.60F (Mmz)=0.1194 .
b R : and height
0.58; as(mz)=0.1174
B Kt=0.8
1 ay(my)=0.1164
0.56? Kt:05
343.9 344.0 344.1 344.2
Vs [GeV]
SM

Consider rescaling of top Yukawa coupling y; = ky;
Naive expectation: dx; ~132 and da, ~ 0.0015
Effects from variation of Yukawa coupling and strong coupling very similar
Need full simulation to see how well they can be disentangled
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Conclusions

* QCD uncertainty under control, non-QCD effects are important

« NNNLO QCD + NNLO SM + NNNLO Higgs known and available
In QQbar_Threshold (soon)

« Ultraprecise measurement of m; and I'; from threshold scan
e Sensitive to top Yukawa and strong coupling

T. Rauh (IPPP Durham) EW and NR corrections to top-pair production at NNLO
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Conclusions

* QCD uncertainty under control, non-QCD effects are important

« NNNLO QCD + NNLO SM + NNNLO Higgs known and available
In QQbar_Threshold (soon)

« Ultraprecise measurement of m; and I'; from threshold scan
e Sensitive to top Yukawa and strong coupling

Outlook

« NNNLO + NNLL QCD accuracy
 NNNLO resonant contributions

« NLLISR

« Other applications of formalism

T. Rauh (IPPP Durham) EW and NR corrections to top-pair production at NNLO
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Application of formalism: Higgs pair production

8-1074
7-107%
6-1074
5-107"

4-1074

Vfin [GeV2]

IR e e R N 7
R
‘ Q!! ]%:'lﬁ

. full

[ reweighted HEFT

* [n/n+0,2] e _
T30 400 450 500 550 600 650 700

[Grober,
Maier, TR
1709.07799]

» Reconstructed top-quark mass dependence of 2-loop ggHH amplitude with
Pade approximants based on LME and of top threshold expansion

« Can be applied at NNLO and for other gluon-fusion processes
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T. Rauh (IPPP Durham)

Thank you!

EW and NR corrections to top-pair production at NNLO
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T. Rauh (IPPP Durham)

Backup

EW and NR corrections to top-pair production at NNLO
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Non-QCD effects

1.10 1.10
s T
T 108 S 1.05--""" AN |
8 CO. [ N — -
5 1.06 T 1.007
A - S i
o i o [
S 104 . £ 095
E LT NNLO Higgs % S
S 1.02°  ——— NNNLO Higgs E 0.90+ —— NNLOEW
b i 2 i
.00 & 0.85
340 342 344 346 348 340 342 344 346 348
Vs [GeV] \/s [GeV]
1.00-
S - =
S 095 T TTTTTTTTTTTTTTT
o : r
x [
2 090
= i
5 .
A 0.85" NLO non-res.
U L
g 0.80 3_/,’ — NNLO non-res.
2 ,
S i
0755 e
340 342 344 346 348
Vs [GeV]
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Top Invariant mass cuts

0.00

= _
= _
(% ~0.05- e NLO
% A e NNLO
3; -o.1o0.. o~ - aNNLO
S : NLO+NNLO

-0.15"

5 10 20 50
AM;[GGV]
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Consistency check

e My=4.7GeV = mp=0.1GeV

1r E
0.100 - i
S 0.010 ]
£
Io
0.001+ 5
107
100 110 120 130 140 150 160 170
me—AM;
e Mp=4.7GeV = mp=0.1GeV
1.02/ | C
o 1.00i; - ® v v
= 0.98¢ i :
o 0.96¢
0.94:
0.92L. ‘ ‘ . ‘ . . e
100 110 120 130 140 150 160 170

T. Rauh (IPPP Durham)

my—AM;
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