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| The Top as Window to New Physics | 76

Top Quark as only fermion has Yukawa coupling O (1)

Top decay happens before hadronization

Either all other fermions are weird, or: Top quark is something special
Top Quark could be composite object  (e.g. if the Higgs were)

Effect on Higgs potential: Top plays special role in EWSB
Higgs used for Top Physics — and vice versa

Top Quark portal to new physics

Precision studies of the top quark needed
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|Top Quark Productionl .

© s-channel production cross section: 0.1 - | pb (sub-TeV) Z] t
© 500 fb-!: 500,000 top pairs @ threshold
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Major bkgd for EW measurements (VVV and VBS); any [most] BSM searches
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Top Production & Decay: Theory Status 4115

On-Shell process: eTe™ — tt

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

NNLO QCD [Chetyrkin/Kiihn/Steinhauser, 1996; Harlander/Steinhauser, 1998; Chen/Dekkers/Heisler/Bernreuther/Si, 2016]
NLO EW [Beenakker/von der Marck/Hollik, 1991; Beenakker/Denner/Kraft, 1993; Akhundov/Bardin/Leike, 1991]
Threshold enhancement [Fadin/Khoze, 1987; Strassler/Peskin, 1991; Jezabek/Kiihn/Teubner, 1992; Sumino et al., 1992]

Off-Shell process: eTe™ — WHTbW b

¢ NLO QCD [Guo/Ma/Wang/Zhang,2008] X
¢ NLO QCD diff. [Chokoufe/|RR/Weiss, 2015; Liebler/Moortgat-Pick/Papanasthasiou, 2015;
Chokoufe/Kilian/Lindert/JRR/Pozzorini/Weiss, 2016]
+
A 1/ b
Top width: ¢ — Wb u
t w=
/ Z !
Y NLO QCD  [Jezabek/Kiihn, 1989] yv+
/
NNLO QCD [GuolLi/Zhy,2012] W+ b
\IW+
/ V"\’\'\«,\,\,\
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NLO QCD Results for off-shell ete~ — tt 5 /15

ete” — ptvue vebb, Nigws > 2, Vs = 800 GeV
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NLO QCD Results for off-shell ete~ — tt 5 /15

Full process ete = u*v.e~ve.bb contains
also ete" > W*W-H (!)

ete” — ptvue vebb, Nigws > 2, Vs = 800 GeV
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Top Mass Measurement: Threshold 6 /15

Top threshold scan best-known method to measure top quark mass, AM ~ 30-70 MeV

Heavy quark production at lepton colliders, qualitatively:

Large I_q Small ',

eTe” > tt / U ete”— bb

Vs Vs

P Close to threshold: top quarks non-relativistic v~ as < |

P Very strong QCD attraction due to “Coulomb” gluon exchange
P Leads to a remnant |S toponium (quasi-) bound state

e q
~ asfv ~ (ag/v)? ~ (as/v)?

S Backup slide

900009,

et q voos L1
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Top Threshold: overview of uncertainties| 7'°

0.5

04

M Position and shape of threshold depends on M

M Hadron collider measurements: kinematic reco

03

_ M Top threshold uses well-defined (short-distance)

mass definition < Backup slide

M Joint theory/exp. effort to bring down uncertainties

Peralta/Martinez/Miquel, 1999

346 348 350 382 354

error source AmP®S [MeV]
stat. error (200 fb~1) 13
theory (NNNLO scale variations, PS scheme) 40
parametric (g, current WA) 35
non-resonant contributions (such as single top) < 40
residual background / selection efficiency 10 — 20
luminosity spectrum uncertainty < 10
beam energy uncertainty < 17
combined theory & parametric 30 50
combined experimental & backgrounds 25 - 50
total (stat. + syst.) 40 - 75

J.R.Reuter Top physics at threshold 3rd FCC-France WS, Annecy, 2.12.21



Top Threshold: overview of uncertainties| 7'°

0.5
04 - M Position and shape of threshold depends on My
L M Hadron collider measurements: kinematic reco
| M Top threshold uses well-defined (short-distance)
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|Top Threshold: parametric dependenciesl e
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|Top Threshold: influence of beam profilesl T
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| Fixed-order vs. resummation uncertainties | 988

1.4 : ; .

NRQCD NNNLO fixed order 1.2
+ Qs logarithms 1.0

0.8
0.6
0.4
0.2
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Kiyo et al., 2005; Beneke et al.,2008-2015 o
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o (pb)

| Fixed-order vs. resummation uncertainties | 0SS

NRQCD NNNLO fixed order
+ Qs logarithms

Kiyo et al., 2005; Beneke et al.,2008-2015
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Top physics at threshold
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Fully exclusive Threshold in ete™ = W*W~bb

11/ 15

Fully Exclusive Events: assess selection
uncertainties

A,,, = 30 GeV, NLL, only s-wave contributions
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Fully exclusive Threshold in ete™ = W*W~bb

11/ 15

Fully Exclusive Events: assess selection
uncertainties

A,,, = 30 GeV, NLL, only s-wave contributions
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Matched threshold differential distributions 12/15

ete™ = WTbW b, Nigts > 2, Vs = 344GeV
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Matched threshold differential distributions 12/15

ete™ = WTbW b, Nigts > 2, Vs = 344GeV
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‘ Challenges for the top threshold ... \ 13/15

Theory improvements: higher QCD order, EW corrections (ISR matching!!), soft gluons ... ... ...
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Top-Forward Backward Asymmetry Bl

e Ay AP A%/
tt -0.535 -0.539 1.013
W+W~bb -0.428 -0.426 0.995
Arg . §
pte v, .bb -0.415 -0.409 0.986
uv+c_1/ﬂz_/ebl_), without necutrinos -0.402 -0.387 0.964
tt 0.535 0.539 1.013
_ WTW ~bb 0.428  0.426 0.995
Arp . _ ‘
pe v, Uebb 0.415  0.409 0.986
pe v, b, without neutrinos 0.377 0.350 0.928

Ars of the top quark

Forward-backward asymmetry

Agy 1=

ol = U Sedis el

o(p > 0)+o(pl <0)

J.R.Reuter Top physics at threshold

NLO QCD Corrections

Gluon emission symmetric in 6 =

NLO QCD corrections small

Djouadi/Lampe/Zerwas, hep-ph/941 1386

Bardin/Christova/Jack/Kalinovskaya/Olchevski/S.
Riemann/T. Riemann, hep-ph/9908433

Altarelli/Lampe, NPB391 (1993) 3
Ravindran/van Neerven, hep-ph/980941 |
Catani/Seymour, hep-ph/9905424
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Top-Forward Backward Asymmetry Bl

e Ay AP A%/
tt -0.535 -0.539 1.013
W+W~bb -0.428 -0.426 0.995
Arp * . )
pe v,v.bb -0.415 -0.409 0.986
uv+e_z/#17€bl_), without necutrinos -0.402 -0.387 0.964
tt 0.535 0.539 1.013
_ WWbb 0.428  0.426 0.995
Arp . _ ‘
pe v, Uebb 0.415  0.409 0.986
pe v, b, without neutrinos 0.377 0.350 0.928

Ars of the top quark

Forward-backward asymmetry

ol = U Sedis el

Agy 1=

o(p > 0)+o(pl <0)

Threshold region: P-wave (axial
vector) resummation important

J.R.Reuter
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0.00

Top physics at threshold

w. S/p-wave resummation

NLO QCD Corrections

Gluon emission symmetric in 6 =

NLO QCD corrections small

Djouadi/Lampe/Zerwas, hep-ph/941 1386

Bardin/Christova/Jack/Kalinovskaya/Olchevski/S.
Riemann/T. Riemann, hep-ph/9908433

Altarelli/Lampe, NPB391 (1993) 3
Ravindran/van Neerven, hep-ph/980941 |
Catani/Seymour, hep-ph/9905424
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Top-Forward Backward Asymmetry

ete™ - ALQ ANLO - ANLO/ALO NLO QCD Corrections
i -0.535 -0.539  1.013 Gluon emission symmetric in 8 =
WHW —bb -0.428 -0.426 0.995 :

App ) 7 NLO QCD corrections small

-0.415 -0.409 0.986
-0.402 -0.387 0.964

pte v, .bb
p e~ v, bbb, without neutrinos Djouadi/Lampe/Zerwas, hep-ph/94 11386

Bardin/Christova/Jack/Kalinovskaya/Olchevski/S.

t _ 0.535 0539 1013 Riemann/T. Riemann, hep-ph/9908433
Aprg WrW™bb 0.428  0.426 0.995 Altarelli/Lampe, NPB39 1 (1993) 3
e VyUebb 0.415  0.409 0.986 Ravindran/van Neerven, hep-ph/980941 |
pe v, b, without neutrinos 0.377  0.350 0.928 Catani/Seymour, hep-ph/9905424
Chen/Dekkers/Heisler/
Bernreuther/Si, 1610.07897
Ars of the top quark
: - _ Apg© = AFR(1 + A1 + Ay)
Vs [GeV] | AR (%] ARg® (%] ARRMC (%] | Al (%] Ap [%] | SARE™C (%]
+0.05 +0.12 +0.35 +0.46
360 1491 1554 0051623701274 017035 4 5gF046 40,59
+0.08 +0.11 +0.29 +0.11
400 28.02  28.971008 99 63101l | 3 411029 9 36+0.11 | 1097
+0.08 +0.08 +0.19 +0.01
500 41.48  42.421008 42917008 | 99g+019 g 9g+001 | 403
700 51.34  51.817903 52.057907 | 0.911008  0.47700; +0.06
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Conclusions and Outlook 1515

* Top physics precision program: top mass, top width, top Yukawa, ds
* Top threshold scan: high precision mass measurement (AM¢ = 30-70 MeV)
* Severe theory challenges (!)

* High precision top Yukawa measurement (needs ~550 GeV)
* Top: telescope to BSM physics < Backup slide
* Top electroweak couplings: deviations guideline to distinguish BSM models
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* Top physics precision program: top mass, top width, top Yukawa, ds
* Top threshold scan: high precision mass measurement (AM¢ = 30-70 MeV)
* Severe theory challenges (!)

* High precision top Yukawa measurement (needs ~550 GeV)
* Top: telescope to BSM physics < Backup slide

* Top electroweak couplings: deviations guideline to distinguish BSM models
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Top-Forward Backward Asymmetry 17113

COSiE=
do(ete™ — ti 2 AM?2 e’ t
()‘(ed;;cl\/[_> 3 = CB_ s St Sin2 9) Gl(S)
4 M2
(s) + \/1 — QCOSHGg(s)} v, 4
S
e t

G1(s) = Q2Q7 +2Q.Q:V.ViRe [Xz(s)] + (V2 + A2) (V2 + A7) | Xz(s)’
Ga(s) = (V2 + A2) A?|Xz(s)|?
Gs(s) = 2Q.Q:A.ARe[X7(s)] + A V.V AL Ay | X ()|

Axial vector photon-Z and vector—axial-vector interference

Linearly dependent term generates Forward-Backward Asymmetry
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Top-Forward Backward Asymmetry 17113
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Gg(S) — 2 QthAeAtRe [XZ(S)] —|_ 4V€‘/15A6At ’XZ(S>‘2 <§l (a)l ! §<01004
< 800 n>0.008 -
z t +

ey =
g =2
TTII’T]T]YT T 5 1
Q)
+
Q)
+ |
A
=
7<:|
llllll 1 1 1 1 1

Axial vector photon-Z and vector—axial-vector interference 20T 4=001+0.07 2
Linearly dependent term generates Forward-Backward Asymmetry 0 1 ST T ,
LEP | cosO
y o(cosf, > 0) — o(cosb; < 0)
BB o(cosb; > 0) + o(cosb; <0) Asymmetry is function of collider energy
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|Top Threshold: a demanding theory calculationl B

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

Phase space of two massive particles

| R= 2505 (%) 5 (0, o)

g 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: a demanding theory calculationl B

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

©

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

©

©

Phase space of two massive particles

| R= 2505 (%) 5 (0, 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: LL4+NLL  p-wave~v2:NNLL

but contributes
at NLL differentially!
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|Top Threshold: a demanding theory calculationl B

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

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

©

©

Phase space of two massive particles

| R= 2505 (%) 5 (0, 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!

Coulomb potential gluon ladder resummation
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Top Mass Definitions‘ 768

P On-shell mass M: inverse quark propagator has zero at on-shell mass

)\

MSmass m: just divergent part is subtracted to achieve a finite quark propagator
P Short-distance masses: PS [potential subtr.], IS, RS [renormalon subtr.] masses

o w6
Z???,S =1 + Ev(q2 — M2) -+ ES(QQ — M2) a) rainbow ; b) overlapping w i
[EHS R 1 d’q i n b.u.t;bles k q
m==M = 3 Ja<u, eeV @ B q
* IS mass is half the (pert.) mass of the13S; bound state o) spider ; i A

t
m!® = M + 2 EY q
a?—alen—1 ; {\%\{
P

e) quark-bubble f) one-loop

 Relation between pole and MS mass @ 4-loop
Marquard/Smirnov/Smirnov/Steinhauser, 1502.01030

My = my (14 0.4244a, + 0.8345a7 + 2.375a° + (8.49 £ 0.25)a})
= 163.643 + 7.557 + 1.617 4 0.501 4 0.195 & .005 GeV

Final uncertainties from top mass conversions:

AMpg = 23 MeV AMig = 7MeV AMpg = 11 MeV
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BSM Telescope: Anomalous top couplings| /s

2 =2
O;q = !—g; qgy*q cpTzDu<p Wtb vertex
03, = % griyiq iDLy .
y2 - tH l'[. i
Opu =% uytu @liDyp
2 -
Opud = %L uyhd  ple 1Dy

Ouc = yigs qT 40" u ep*Gi,
Ouww = yegw qrio"u ep*W},
Oaw = ygw qrlo"d ecp*W‘fV Z/y tt vertices
OuB = Yty @U”VU CCP*B,“,

Contact interactions

Ol = qua "l
EITI'Y#q /TI’)/#I OS

>
1

* 7 - = quele
O = D'Ypu 1 OZ; o = qo*u e Iow,e lequ C_’ 6_
- - ¢ Oledq — dq le
O = quuq eY'e
Oeu = uyyu eyte
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BSM Telescope: Anomalous top couplings| /s

2 =2 e
Ope =% @"q ¢liDuyp Wtb vertex
03, = % griytq ¢tiDL i
y2 - f'<_> l/]. i
Opu =% uytu @liDyp
2 e
Opud = % uy*d @leiDyyp

Ouc = yigs qT 40" u ep*Gi,
OuW = Ytgw C-T"IU“UU 6¢*W;{V
Oaw = yegw qrlo*’d ap*W‘fV Z/y tt vertices

OuB = Yt9y (—70#”“ GLP*B,“,

Contact interactions

O, = qug Il

3 Y | -
Olg = a1 IT2"1 - O3 =aquele
Ow = uyuu  Iy#l OL,, = qo*u e lo,e lequ — 77 ©_
— _ 1 Oledq — dq le
O = quuq eY'e
Oeu = uyyu eyte

Strong handle on BSM (e.g. compositeness, partial compositeness, Little Higgs, SUSY etc.)
Main Observables: cross section & Forward-Backward Asymmetry (Arsz)

Top quark polarization: spin correlations

Optimally CP-odd observables: CP properties (!)

Statistically optimal observables

‘o0 ‘o ‘e o ‘o ‘tec

Excellent top reconstruction in e*e”
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Precision means Discriminative Power

Z | 42
1702.05333 5gL /gL
' Light top partners Alternative 2
O
20% +
ILC Precision
10% + —
RS with Z-7Z’ Mixing |27 SM

350% 20%  -10%

Alternative 1

79

5D Emergent |78 7 , , :
o -20%4 RS with Custodial SU(2) [28
® Composite Top [77
Ag, /g, o
R -T- +20%
LHC Precision ™ Typical deviations in models = 10-20%

ey,
I[”
l"
"
l"lu,, ’ +10%
4y
l’,
4
L

ILC Precision

s,
s,
s,
s,
s,
7, 1,
s, Yay,
'y, ey
vy, ,
s, ey,
tay, ,III'I
"ty "y, R R
sy, et sy,
"y,
", 1 l ",
7 LA
", ",
"y l | (/

20% 0%, | SM 108 +20%%, 308 ™ Unique opportunity for lepton collider
,,,,,,,,,,, @) e
® T ™ Sensitivity at 365 GeV?

Richard: 1403.2893; Richard et al., 2015

J.R.Reuter

Top physics at threshold

Light top partners
e -10%4# Light top partners 35

¢ Little Higgs [76

1 ] > Z Z
e O9r/ IR
e4D Composite Higgs Models |

21/ 15

7D

I

™ Below resolution power of HL-LHC

S cf.Talk by Patrizia Azzi, Yuichi Okugawa
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| D/2D Template Fits for the Top Threshold 22/ 15

=0T
Qo N tfthreshold-N!\lNL‘O Beneke et al. ]
, | o6 S lcummeen
¢ Method of Template Cross Sections S g5  mvarionss02Gey.
o 77 - —I'jvanations = 0. e
¢ Generate (pseudo-) signals with different parameters 2 04r
o -
@ Fit the data tO the (PSGUdO-)Signal diStribUtiOnS 0_3: I simulated data points —:
10 fb™ / point
& Compare which values fit [pseudo-] data best 0.2 =
0.1 Egzg?ionnaéyLIC/lLC Top Study ]
EPJ C73, 2530 (2013)
C | 1 ! 1 | \ | L | L | !
o 340 345 350
';1 55 [ N IR IR N> * 1D mass resolution Vs [GeV]
Q "Y' oILc,10x10f" ] : l:\np\c/omour 1405 @ (assuming def. I'y)
O - mS=1715GeV 2° our O 18 MeV
.~ 1.5 =137Gev < o eomol - 1o e
3 - 2D template fit g 1404 8 « 1D width resolution
E 1451 - ‘i (assuming def. my)
; _ 43 MeV
1.4 n 1 -10.3 8
N § Q
1.35 : . 05 2  Extensionof2D 10
1.3F = ) contour: . st
: E D 43035 MeV Ongoing studies: |
1250 e —8 0.1 ;—fa It +109 - 90 MeV F. Zarnecki
- based on CLI . . :
1.2 £ EPJ C73, 2530 (3¢ = P correlation 0.26
! ! L ! r [ ! | I [ O 9
S
171.3 1714 1715 171.6 171.7 .
fitted m, [GeV] Simon, 10/2017
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