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SMEFT

systematically parametrizes the theory space Lorr = Lo+ 3 20® .S 2o
in direct vicinity of the SM ST L e —~ A
» based on SM fields and symmetries

» in a low-energy limit
» systematic (and renormalizable) when global

BSM1 BSM2 BSM3 f

(...) if one writes down the most general :
possible Lagrangian, including all terms !
consistent with assumed symmetry S, |
principles, (...) the result will simply be the EFT a0 |
most general possible S-matrix consistent O
with analyticity, perturbative unitarity, ﬁl\h qc) :
cluster decomposition and the assumed '
symmetry. [Phenomenological T T T :
Lagrangians, Weinberg '79] !
1

measurements
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SMEFT

systematically parametrizes the theory space FO0®
: : C L. Lerr = Lom + Yy gt
in direct vicinity of the SM ~ A

» based on SM fields and symmetries

l[dentify SM deviations through
precise measurements

(...) if one writes down th .
possible Lagrangian, including all terms
consistent with assumed symmetry
principles, (...) the result will simply be the
most general possible S-matrix consistent
with analyticity, perturbative unitarity,
cluster decomposition and the assumed T T I

energy
_________________)

symmetry.  [Phenomenological
Lagrangians, Weinberg '79]
measurements
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Top pair production
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o peaked at about 380 GeV catching up at multi-TeV
w/ unitarity breaking effects

enhanced for a left-handed beam Grojean, Walzer, You, Zhang]

fall-off as 1/s
single-top contribution increasingly important




Top

=W couplings

Two-quark operators:

Scalar:  O,, = qu @ ¢y,
—
Vector:  OL, = gv*q ¢'iD, ¢
03 = g~H7! T<‘5>’
pa = QV'T'q @D, @
— =AM 55
— =M 5+ 5
Opuds = uy*d @'iDy o,
Tensor: Owyp = qo*’u @ gy By,
Ow = c';o’“’T’uc,'bgWW,iu,
Ow = qo*7'd g gwW,,,
Ow = qo*’ T"u @gsGﬁu.
Two-quark—two-lepton operators:
Scalar: 07, = le & gu,
Oledq = ie aqa
Vector: 01, = Iv,l gnv*gq
O = Inut'l gy*rq
On = 1v,1 u~v*u
Oy = e7"e quq
Oeu = é’YILe ﬁ’y“u
Tensor: OlTequE loye € qot”u.
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Lerr = Xi 4 0;
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— NV A
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O,a —tan 0y O,z
= Oua + cotan 0w O,z
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0, — OF + Of,
= O[\\é + O/%\\,
= Oe\'j’ — Oi\q,
= Og + Og,

(CC also)
(CC only, mp

(CC also)
(CC only, m,
(NLO only)

(CC also, m,
(CC only, m,

(CC also)

(CC also, m.
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Top EW couplings

Two-fermion (vertex) Op

e t

(Axial-)Vector like | OY,, 04,

® Sensitivity independent of energy.

Dipole (CP-even) |ReOya, ReO,7

® ~ E in amplitude, but suppressed by
interference at tt level (cross section
and AFB)

® ~ E? sensitivity can be obtained with
0]0)

Dipole (CP-odd) |ImOya, ImO,7

Four-fermion Op

e t

Left-handed ee | O, Of

Right-handed ee | Oy, O%,

® FE2 dependence in general
observables.

® Similar to the V-A vertex operators.
Need at least two different CoM
energies to distinguish.



Optimal observable

minimize the one-sigma ellipsoid in EF T parameter space
(joint efficient set of estimators, saturating the Cramér-Rao bound: V-1 =]like MEM)

For small C;, with a phase-space distribution o(®) = oo(®) + > _ G 0i(P),
the stat. opt. obs. are the average values of O;(®) = gi(P)/oo(P).

The associated covariance at C; =0, Vi is
7i(®)a;(®)
oo(P)

e.g. 0(¢) =14 cos(¢) + Cisin(¢) + Cosin(2¢)

1. asymmetries: O; ~ sign{sin(i¢)}

cov(Ci, C) P =L /dcb

2. moments: O; ~ sin(i¢)

sin(i¢)
1 + cos ¢

3. statistically optimal: O;

—> area ratios 1.9:1.7:1

Previous applications in ete™ — tt, on different distributions:
[Grzadkowski, Hioki '00] [Janot '15] [Khiem et al "15]



FCC-ee

e 200 fb-1 at 350
e 1.5 ab-1 at 365
o No polarization

ILC
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o (-.3,+.8)&(+.3,-.8)

equally shared

CLIC
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FCC-ee
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Higher energy runs are useful:

¢ Individual limits on 2-fermion (axial-)vector operators are not
improved, but degeneracies with 4-fermion operators are
resolved with energy lever arm.

® At least a factor of three better than the most optimistic HL-LHC prospects.

e Dipole operators can be slightly better.

e 2 orders of magnitude better than HL-LHC prospects.

e 4-fermion operators are significantly improved.

e CC-like scenario would probes four-fermion operator couplings a factor of
a few smaller, and a ILC- or CLIC-like scenarios two to four orders of
magnitude smaller (comparing ggtt at LHC with eett at et e™)

e Flat directions are reduced.
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“FT prediction at NLO for eTe™ — ¢t

A A A v 1% 1% R R I I R
pol /s [GeV] SM Clq Cé CW Clq Ceq Cyq C.y Ciu C.z Cua Cic
+3% +3% —3% +3% —2% —2% —2% +3% +3% +4% —4% -0.3%
00 380 835 +0.01% 64.5 £0.3% —56.6 £0.7% 3.72 £0.9% —1010 +£0.04% —666 +0.06% —13.7 +0.2% 48.9 +0.2% 288 +0.04% 0.00271 +2000% —0.226 +50% —0.271 +100%
138 o 146 g0, 146 gy 14T o 138 a0 138 30 138 3y 138 oo 138 oo = 3% = % = 03%
+1% +2% —1% +2% -1% -1% -1% +1% +1% +10% +5% —30%
00 500 648 +0.01% 267 +0.1% —236 £0.2% 8.5 +0.08% —1250 +0.03% —834 +£0.04% —9.45+0.4% 38.3 +04% 236 +0.04%  0.144 +60% 0.112 +200%  —0.136 +200%
114 12 _ o 12 oy 12 _jg 113 g 113 o 114 g 113 gy 113 —o% 4% = 20%
+0.6% +0.8% —0.7% +0.9% —0.4% —0.4% —0.3% +0.2% +0.2% —30% —50% +10%
00 1000 181 +0.02% 510 +0.2% —449 +0.3% 3.98 +0.3% —1280 +0.05% —859 +0.1% —2.29 +0.7% 10.27 +07% 688 +0.08% —0.00765 +900% —0.0094 +900%  0.665 +0.4%
106 _o 59 L8 o6% 108 iog% 109 _o7w 105 Losw 105 o5 103 o3y 102 gy 102 _gag T t20% T 40% —9%
+0.5% +0.6% —-0.5% +0.6% —0.4% —0.3% —0.4% +0.09% +0.06% —10% —6% +10%
00 1400 93.4 +0.03% 550 +0.3% —480 +0.3% 2.16 +0.3% —1280 +0.06% —860 +0.2% —1.17 +0.9% 5.43 +0.9% 35.4+0.1% —0.0194 +300% —0.0458 +100% 0.474 +5%
105 _o4% LOT o5% 106 Lo6% 106 _o5% 104 Lo4% 104 o4y 104 4059 1O _gos% 09 _gomn T 410% T 8% T 9%
+0.4% +0.4% —0.4% +0.4% —0.3% —0.3% —0.3% +0.4% +0.4% +900% —6% +10%
00 3000 20.4 +0.02% 577 £0.2% —508 +0.3% 0.494 +0.1% —1270 +0.09% —856 +0.1% —0.251 +0.5% 1.16 +1% 7.57 £0.2% 0.000148 +10000% —0.0563 +30% 0.203 +6%
104 3% 104 o030 104 o490 104 _g3y 104 4049 104 yo4q 103 ig3p 0954 _gg5p 0951 o500 T _1000% 8% T 9%
+3% +3% +3% —2% —2% +3% +3% +2% —3% —0.003%
+— 380 579 +0.01% 64.7 +0.3% — 2.06 +0.8% —1010 +0.04% — —32.3 £0.06% 116 +0.03% 174 +0.03% 0.00654 +200% —0.0393 +100% —0.151 +100%
138 _og, 146 3o 146 _gg 138 L3y 138 39 B - % T 43% T 40.05%
+1% +2% +2% -1% -1% +1% +1% —4% -1% +9%
+— 500 441 +0.02% 267 +0.09% — 4.8 +02% —1260 +0.03% — —22.6 £0.03% 92.1 +0.05% 142+005% —0.0599 +100%  —0.178 +80% 0.298 +30%
L4 g 12 19 12 19 L3 L3 g L8 g 113 g T 5% - 4% —8%
+scale up% +0.5% +0.8% +0.8% —0.4% —0.4% +0.2% +0.2% —60% +10% +10%
+— 1000 121 +0.03% 511 +0.08% — 2.24 +01% —1280 +0.05% — —5.63 +0.04% 26.1 +0.06% 41.2 +0.05% —0.0107 +300% 0.0532 +90% 0.474 +2%
Cen%(rg.lct‘or?lue +Monte Carlo%. 105 _o.5% LO08 _ 79 L9 _o7e, 105 Los59 105 os5% 02 _oa% 102 _goy T +50% T 8% T —o%
—scale down% +0.5% +0.6% +0.6% —0.3% —0.3% +0.06% +0.08% +9% +9% +10%
+— 1400 62.1 +0.04% 550 +0.1% — 1.22 +0.3% —1280 +0.07% — —2.85 +0.08% 13.4 +0.1% 21.2 +0.2% 0.0184 +300% 0.0136 +200% 0.342 +9%
L05 _o 4% 106 _¢ 505 L06 o505 104 L04% 104 Lo4% 099 _gosy 0991 _g o9y T % T 1% 3
+0.4% +0.4% +0.4% -0.3% —0.3% +0.5% +0.4% +2% —4% +10%
+— 3000 13.6 +0.03% 977 £0.2% — 0.28 +0.1% —1270 +0.1% — —0.614 +0.06% 2.85 +0.4% 4.52+03% 0.00756 +100% —0.00757 +100%  0.133 +6%
104 _ 39 104 5 3% 104 o4 104 L04% 104 049 09 _ggn 0952 _g5q —1% 5% —9%
+3% —3% +3% —2% +3% —2% +3% +5% —3% +100%
—+ 380 256 +0.02% — —57.1 +0.2% 1.6 +£0.1% — —666 +0.04% 18.7 +0.03% —67.1 +0.05% 114 +0.05% 0.00526 +200% —0.0465 +70% 0.000268 +50000%
138 o0 147 130 14T 39 1.38 3% 138 o 138 30 138 oy A 3% T _100%
+1% -1% +2% -1% +1% -1% +1% -1% -1% +10%
—+ 500 %qg +0.02% — —235 +0.07% %Zf» +0.9% — —835 +0.03% 1131.32 +0.06% —53.8 +0.04% %413? +0.04% —0.0211 +200%  —0.224 +30% 0.144 +6%
1% 19 12 1o% 4 1% L3 1% 1y L8 L1y M9 g T +1% T 4% T 8%
+0.6% —0.7% +0.8% —0.4% +0.5% —-0.1% +0.2% —20% +7% +10%
—4+ 1000 60.5 +0.03% — —448 +0.1% 1.73 £0.1% — —863 +0.03% 3.32 +0.04% —15.4 +0.07% 27.6 +0.08% —0.0105 +200%  0.0106 +300% 0.237 +4%
106 _ 595 108 Log% 108 _g79% 105 1059 105 g4y 102 L0 102 _go% ~ 130% T 5% &%
+0.5% —0.5% +0.6% —0.3% +0.4% —0.06% +0.07% —10% —3% +10%
—+ 1400 31.3 +0.03% — —483 +0.1% 0.942 +0.1% — —860 +0.07% 1.69 +0.1% —7.92+01% 14.2 +0.1% —0.00889 +200% —0.0414 +70% 0.16 +1%
105 _¢ 49 L06 Lg% 106 _os% 104 4049 104 _oa% 0994 1o05% 0992 _o00% T 10% T 43% T 9%
+0.4% —0.4% +0.4% —0.3% +0.4% —0.6% +0.4% +10% —9% +10%
—+ 3000 6.9 +0.02% — —509 +02% 0.216 +0.1% — —857+01% 0.364x007% —1.67+03% 3.04+02%  0.0122+50%  —0.00327 £200%  0.0698 +5%
04 _o39% 104 o4 104 g4y 104 o490 104 39 0943 o590 0953 o594 —9% - 4% —8%

Table 8. Linear effective field theory dependence of the total ete~ — tt cross section [fb]. The +—, and —+ labels specify the helicities of

the electron and positron, respectively. Any mixted polarization can be optained through (1 — P.-)(1 + Po+)[—+] + (1 + P.-)(1 — P.+)[+—]. In
particular, for unpolarized beams, denoted as 00, the sum of +— and —+ contributions is obtained. Note the large Monte-Carlo uncertainties 13
affecting most of the smallest values.



SM

“FT prediction at NLO for eTe™ — tt

central value +Monte Carlo%.

k-factor

+scale up%

—scale down%

pol /s [GeV] SM ch ca c4, cy cy, cy, CE, CE, ct,
+3% +3% —3% +3% —2% —2% —2% +3% +3% +4%
00 380 835 +0.01% 64.5 £0.3% —56.6 £0.7% 3.72 £0.9% —1010 +£0.04% —666 +0.06% —13.7 +0.2% 48.9 +0.2% 288 +0.04% 0.00271 +£2000%
138 o 6§ _sy, 46 g 14T g 3% 8 L% 8 3% 138 o 138 — s%
+1% +2% —1% +2% -1% -1% -1% +1% +1% +10%
00 500 648 +0.01% 267 +0.1% —236 +0.2% 8.5 +0.08% —1250 +0.03% —834 +0.04% —9.45 +0.4% 38.3 +0.4% 236 +0.04% 0.144 +60%
114 12 _ o o 12 iy 1% 3 19 4 Ly 113 gy 113 = _o%
+0.2% —30%
00 10 68.8 +0.08% —0.00765 +900%
102 9% T t20%
+0.06% —10%
00 14 35.4 +0.1% —0.0194 +300%
1 00 0993 _g 079 T 410%
+0.4% +900%
00 30 7.57 +0.2% 0.000148 +10000%
0951 o505  — _1000%
+3% +2%
+—- 3 174 +0.03%  0.00654 +200%
138 —2%
]_ O_ 1 = +1% —4%
+— Hg +0.05% —0.2599 +100%
1 V Y -1% +5%
dO'/d( n Olq ) [pb] +0.2% —60%
+— 10 %10.22 +0.05% —0.0107 +£300%
Y —0.2% o +50%
—2.6 resonant LO 008 o
+— 14 _ . R T 21.2 +0.2%  0.0184 +300%
1072 —2.8 non-resonant LO S R S A e
—0.4% - +0.4% +2%
+— 30 —-3.4 non-resonant NLO QCD 452 s03%  0.00756 £100%
+0.4% - 0852 o = i
| | | | |
+3% +5%
—+ & _4'5 _4 —3.9 -3 —2.9 —2 | 114 +0.05% 0.00526 £200%
1.38 i
P —2% —4%
+1% —-1% +2% —-1% +1% —-1% +1% -1%
—+ 500 208 +0.02% — —235 +0.07% 3.73 +0.9% — —835 +0.03% 13.2 +0.06% —53.8 +0.04% 94.2 +0.04% —0.0211 +200%
L g 2% b 1% 3 g B g 3 1% 3 1% - 1%
+0.6% —0.7% +0.8% —0.4% +0.5% —-0.1% +0.2% —20%
—4+ 1000 60.5 +0.03% — —448 +0.1% 1.73 £0.1% — —863 +0.03% 3.32 +0.04% —15.4 +0.07% 27.6 +0.08% —0.0105 +200%
106 _ 595 108 Log% 108 _g79% 105 Lo5% 105 _oga% 102 4go% —0.2% T +30%
+0.5% —0.5% +0.6% —0.3% +0.4% —0.06% +0.07% —10%
—+ 1400 31.3 +0.03% — —483 +0.1% 0.942 +0.1% — —860 +0.07% 1.69 +0.1% —7.92+01% 14.2 +01% —0.00889 +200%
105 _¢ 49 L06 Lg% 106 _os% 104 4049 104 _oa% 0994 1o05% 0992 _o00% — 110%
+0.4% —0.4% +0.4% —0.3% +0.4% —0.6% +0.4% +10%
—+ 3000 6.9 +0.02% — —509 +0.2% 0.216 +0.1% — —857 +01% 0.364 +0.07% —1.67 +0.3% 3.04 +02%  0.0122 +50%
104 39 104 o 4% —0.4% 104 L0.4% —03% 09 L05% —0.5% T %

Cia Ci
—4% —0.3%
—0.226 +50% —0.271 +100%
T +5% T 40.3%
+5% —30%
0.112 +200% —0.136 +200%
—4% T +20%
—50% +10%
—0.0094 +900% 0.665 +0.4%
o +40% —9%
—6% +10%
—0.0458 +100% 0.474 +5%
T 48% —9%
—6% +10%
—0.0563 +30% 0.203 +6%
T 48% O —9%
—3% —0.003%
—0.0393 +100% —0.151 +100%
T +3% - +0.05%
-1% +9%
—0.178 +80% 0.298 +30%
T +2% —8%
+10% +10%
0.0532 +90% 0.474 +2%
8% O —9%
+9% +10%
0.0136 +200% 0.342 +9%
T —10% 8%
—4% +10%
—0.00757 +100% 0.133 +6%
o +5% —9%
—3% +100%
—0.0465 +70% 0.000268 +50000%
T 43% o —100%
-1% +10%
—0.224 +30% 0.144 +6%
T +1% 8%
+7% +10%
0.0106 +300% 0.237 +4%
T 5% 8%
—-3% +10%
—0.0414 +70% 0.16 +1%
T 43% 9%
—9% +10%
—0.00327 +200%  0.0698 +5%
o +7% —8%

Table 8. Linear effective field theory dependence of the total ete~ — tt cross section [fb]. The +—, and —+ labels specify the helicities of
the electron and positron, respectively. Any mixted polarization can be optained through (1 — P.-)(1 + Po+)[—+] + (1 + P.-)(1 — P.+)[+—]. In

particular, for unpolarized beams, denoted as 00, the sum of +— and —+ contributions is obtained. Note the large Monte-Carlo uncertainties

affecting most of the smallest values.
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The SMEFT @ NLO UFO

http://feynrules.irmp.ucl.ac.be/wiki/ SMEFTatNLO

Standard Model Effective Theory at Next-to-Leading-Order in QCD

Céline Degrande, Gauthier Durieux, Fabio Maltoni, Ken Mimasu, Eleni Vryonidou & Cen Zhang
A complete implementation of the SMEFT compatible with NLO QCD predictions.
The implementation is based on the Warsaw basis of operators and includes all degrees of freedom consistent with the following symmetry assumptions:

« CP-conservation.
o U(2)q x U(2)y x U(3)g x U(3)L x U(3)e flavor symmetry.

The CKM matrix is approximated as a unit matrix. The flavor symmetry imposes that only the top quark is massive. The model therefore implements the 5-flavor scheme for PDFs. The bosonic operators are
implemented as in the Warsaw basis employing the Mz, My, G scheme of Electroweak input parameters.

The Standard Model input parameters that need to be specified are:
MZI MWI GFI MHI Mtl CIS(MZ)

The fermionic degrees of freedom (2 & 4 fermion operators) are defined according to the common standards and prescriptions established by the LHC TOP WG for the EFT interpretation of top-quark
measurements at the LHC (see the =>dim6top page for more information). This model has been validated at LO with the dim6top implementation.

A new coupling order, NP, is added to the model for the SMEFT interactions. It is assigned through the universal cutoff parameter, Lambda , which takes a default value of 1 TeV2 and can be modified along
with the Wilson coefficients in the param card.

The = definitions.pdf document specifies the operators definitions, normalisations and coefficient names in the UFO model

Usage notes
Restriction cards

Because of the mixture of LO/NLO compatible operators included in the model, restriction cards must be used to access the SMEFT interactions.

Default loading of the model
> import model SMEFTatNLO U2 2 U3 3 cG_4F LO_UFO

will load the pure SM without any effective operators.

The Lo restriction card should be used when importing the model for LO generation:
> import model SMEFTatNLO U2_2 U3 3 cG_4F LO_UFO-LO

For NLO QCD generation, the NLO restriction card should be used when importing the model:
> import model SMEFTatNLO U2 2 U3_3 cG_4F LO_UFO-NLO

This invokes a restricted set of operators for which the required counterterms are implemented.

(missing 4F and 3G operators)
14
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The SMEFT @ NLO UFO

http://feynrules.irmp.ucl.ac.be/wiki/ SMEFTatNLO

Standard Model Effective Theory at Next-to-Leading-Order in QCD

Céline Degrande, Gauthier Durieux, Fabio Maltoni, Ken Mimasu, Eleni Vryonidou & Cen Zhang
A complete implementation of the SMEFT compatible with NLO QCD predictions.
The implementation is based on the Warsaw basis of operators and includes all degrees of freedom consistent with the following symmetry assumptions:

« CP-conservation.
o U(2)q x U(2)y x U(3)g x U(3)L x U(3)e flavor symmetry.

The CKM matrix is approximated as a unit matrix. The flavor symmetry imposes that only the top quark is massive. The model therefore implements the 5-flavor scheme for PDFs. The bosonic operators are
implemented as in the Warsaw basis employing the Mz, My, G scheme of Electroweak input parameters.

The Standardeddagaliaot o oo T T s P et

Mz M MG5_aMC>import model SMEFTatNLO_U2_2_U3_3_cG_4F _LO_UFO-NLO

j:jjjf:;‘ MG5_aMC>generate p p >t t H~ QCD=2 QED=1 NP=2 [QCD]

me —cernifl M[ G5 _aMC>output

reatriction ol MLGD_aMC>la,unch

Because of the mixture of LO/NLO compatible operators included in the model, restriction cards must be used to access the SMEFT interactions.

Default loading of the model
> import model SMEFTatNLO U2 2 U3 3 cG_4F LO UFO

will load the pure SM without any effective operators.

The Lo restriction card should be used when importing the model for LO generation:
> import model SMEFTatNLO U2_2 U3 3 cG_4F LO_UFO-LO

For NLO QCD generation, the NLO restriction card should be used when importing the model:
> import model SMEFTatNLO U2 2 U3_3 cG_4F LO_UFO-NLO

This invokes a restricted set of operators for which the required counterterms are implemented.

(missing 4F and 3G operators)
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Top FCNC

e Neutral couplings that
involve one top quark t%
and one light quark. ]

BroM Br&®
. . ] t— cg g ]_0—11 g 10*4*
e Forbidden in the SM (by GIM mechanism) t—cy ~1072 S 1073
.. ] t—>cZ ~10713 < 10~*
Definite sign of BSM. e oh 1014 2 10

o A complete and systematic description of FCNC interactions
based on SMEFT.

e Leading dim-6 FCNC operators are classified in the TOP WG EFT

notes. [Aguilar-Saavedra et al. ’18]
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Top FCNC

f Warsaw basis operators \

[B. Grzadkowski et al. 10]

O(”) ud (H'H), I(Ukl = (L") (@ ),
Ol = (H WD W H) (G a5), 3(wkl = (") (@ ),
OS(Z.J.) (HTZE, H) (@ r'gy), O(”kl = (L") (uy*w),
O&?) = (H"WD ,H)(ay"u;), OLTH) = (evPe;) (kv qr),
Ogi()j = (HiD,H)(uy"d)), OWk) — (g ve;) (ugyHuy),
0%} = @™l u) HWy o) _ (o)) ¢ (o),
Oé%; = (Gio"rd; )HWJV, ?e(;ikl) — (o™ ¢;) & (Gromwur),
0\4) = (10" u;) H B, 0T — (Tie; (day) (v wa),
KO%) = (o™ T ;) HGY,.

[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

18



Top FCNC

[B. Grzadkowski et al. 10]

@) = qu; H (H'H ij _
(1 ) _ (gtin . O = (Iy™1) (@)
O’ —( LD H)(qﬁ %) O?q(ijkl) = ("7 1) (@Y @1)
3(@3) H p i ~
" ( ) — B 155 @) O — Ty 1) (v wy),
) ..
Opu = 0 5, O = (@int"e;)(@r"a),
Opug = (H'iD,H)(ain"dy), OWk) — (g e (v uy),
Ouiv = @ rup) AWy QIGH) _ (10)) ¢ (gyun),
(ZJ) gV I I Iy —
( ) — %) H W O?e(qikl) = (lic*"e;) € (qroww),
V) _ (7. KV i _
Ou = (@™ us) H By z(efz];l) = (Liej(drqr) (" wy),
Ry

f Warsaw basis operators \

[Aguilar-Saavedra et al. ’18]

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

~

k

Relevant D.o.F for tops
[Aguilar-Saavedra et al. 18] ¢, /"**) = Blro (1139

1)(1,34a) — [Slf ~(113a)
c—H1(3+a) = [%]{01(3@ . 03(3a)} [ ] ) {C H
va vg 7 [I](l 3+a) _ [\s] C(113a)
lE+a) = Bl ooy o ? 1 |3
[1)(1,3+a) — (113q)
410 = ey O + iy, O = RIOL,
[1 (a3) _ \s]{ o<‘§’> ts C(a3)} Cfe[;i(lﬁa) — [J]{Czle%l?’a)}

a) _ [ 3a a S[1(1,a3) _ [S]r~1(11a3
[I (3 — ]{ )+ C3 )} le[qu( ) = | ]{Cle(qu )}
T[I)(1,a3) _ [ ~3(11a3
leLJf =6 ]{Cle(qu )}

~
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[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

Top FCNC

f Warsaw basis operators \ 4

Relevant D.o.F for tops )

[B. Grzadkowski et al. 10] [Aguilar-Saavedra et al. 18] Clqma 3+a) _ [\s]{ (113a)},
O(v:j) — Gu;H (H'H), 1(zgkl = (I @), N [I](1,3+a) — [J{C(ll3a)}
Ol(”)_( TZ‘D H)(mu%) 3(”kl = (L) @ q), ot 1 = RUCK — G, [1](1 3+a) _ [9] (313(1) 7
O = (1" W@ 745), O(”kl) (L") (apy ), [I](3+a = \S]{C(Sa)} | QIL 1,3 [6{0213 !
0l = (HTZD H)(ulfy uj), O(”k’) — 7“ej)(qk7 ), _ \S‘]{ Cq(LB) N SWCS{;‘Z/)}, - cll(3+a) = {C( 91,
el e I A T
?Z; (_Zaﬁ“/ Idj) HWI ;{;iklj (l—z ) & (di), - J]{ 3a)} le[qu( ) = [J]{Cle(qua )}
O(m ((fz o pv> le;’i (l_z Ye;) € (qrowur), [I J(a3) —_ \9]{ CzSB) P 0(03)} ;-’;22(1 3a) _ [J]{CZSJBG)}
1(”5) - Vujj e .\ O = (liej (dyar) Wy w), T)(1,a3) _ [\9]{ c301a3)y

K“G = (go™'T uJ)HGW. J K lequ lequ J

a 28 DoFs relevant for ee->tj )

—(1,34a) (1 3+a) —(3+a) (a3) (a3) S(1,a3) T'(1,a3)
lq ) Ceq ) Cpq ’ CuA s Cuz s clequ ’ Clequ ’
(1,3+a) (1 3+a) (3—|—a) (3a) (3a) S(1,3a) T(1,3a)
lu ’ Ceu ’ Cou CuA s Cuz > lequ lequ
—1(1,3+a) I(l 3+a) —1(34+a) I(a3) I(a3) SI(1,a3) TI(1,a3)
lq » Ceq » Cpq v Cua 0 Cuz lequ ’ lequ )
I1(1,3+a) I1(1,3+a) I1(34+a) I(3a) I(3a) SI1(1,3a) TI(1,3a)
Clu ’ Ceu » Cou ) Cua > Cyz Clequ ’ Clequ ’
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Top FCNC

f Warsaw basis operators \

[B. Grzadkowski et al. 10]

Ol = qu;H (H'H),
0L — (HYD ,H)(ain"q;),
0¥ = (HYDLH)(@n*r'qy),
OU) = (H'ID ,H) (i u;),
0%, = (YD, H) (" dy),
01%; = (Gio" ;) HWI
0 (qor1ay) ]
Oz(:%) = (gio* uj)HBW,

_ (@

Ok

lq

O3kl

lq

Ok

Ly L) (@y an),

Ly ) @y m a),
M) (v w),
= (ev"ej) (@ @),

eivte;)(upy ),
liej

(Qkauyul)

[Aguilar-Saavedra et al. ’18]

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

~

CP even

CP odd

k

¢ y] (3+a) — [S] {01(3a) _

[I |(3+a) — [\S]{C(i’»a)}

CuA —
[I ](3a) — [S] {

Relevant D.o.F for tops )

c —[11(1,3+a) __ [\s]{ (113a)}

lq

[Aguilar-Saavedra et al. ’18]

3(3a
Cog,

—M{ wCy +swCyp}, * ©
C£B>+s C(“?’)}

3(1)}

053) +ec C(“3>}

,9+a _[\S] a
[I](l 3+a) — {C(;B N,

’LL

[I](l 3+a) __ [\S]{C(113a)},

[1(1,34+a) — [\s]{C(nsa)}
CS[I](1,3a)
SLa3) _
J(130) _

T[1](1,a3)

lequ

lequ

lequ

lequ

(1 3+a) —(3+a)
; »  Cog
(1 3+a) (3+a)
s Cou
L3+a) - ~I(3+a)
; » Cog
I(1,34+a I(3+a
[0t I3+

28 DoFs relevant for ee->tj

Y

Y

S1(1,a3)

SI1(1,3a)

T'(1,a3)
lequ
T(1,3a)
lequ
TI(1,a3)
lequ )
TI(1,3a)
lequ )

~

Left-handed g

Right-handed g

18



Top

FCNC

f Warsaw basis operators \

[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

~

~

Relevant D.o.F for tops
. ~[B.TGrzadkowskl et al. 10] [Aguilar-Saavedra et al. 18] Clq[I](l 3+a) _ [\s]{ (113a)}
Oup’ = GiusH (H'H), ORI = (Iy"1;) (@ ar), M3+a) = S o(i1sa)y
1G5) _ (it o 7 ) c—H1(3+a) = [9]{01(3@ — C3(3a)) eq ;
O ( D H) @ ), O?q(wkl) = (L") @y ' ), ¥4 va D [I](l 34a) _ [\s]{ C,(113@)}
O = (HYD [H)@v'a), o) _ (1o (g, A = Felry, | [1;](1 3+a) _ 9] l1sa),
O = (MBI 0, ok _ ot ) Bl €00 ¢ g0y, o) =BG,
OE;ZL (H'iD, H)(a:y"dy), O — (b (axyPun), [11]4(@3) _ [\s]{ C,(B) + S C(a3)} Cfe[;i(l,sa) — [J]{Clle%?’a)}
(i3) _ v I I g _ “u v
O,IZW/)- == ( ZO'/’L TIUJ) HWI Olle(;_;kl) — (lz ) € (qkul) [I](3a _ [\S‘]{ 3(1)} fe[;u(l a3) [\S‘]{Clle(q].,i.a?))}
¥ — v ..
O((i:j; (C{zo'“ d;) HW,,, O?e(;ikl) _ (l_m“”ej) e (qro ), [I](a3 [\s]{ 0153) P C(a3)} ;.I;EJIu(l 3a) __ [J]{Cl362153a)}
OU? = (qio" uj)HB,ﬁ,,, Ol(gj];l) — (Tye; (drqy) (@), T[1)(1,a3) _ [J]{03(11a3)}
Koq(llzé) — (@;O'“VTAUJ) HG;‘V. ) L lequ - lequ
a 28 DoFs relevant for ee->tj )
c—(1,3+a) (1 3+a) C—(3+a) C(a3) c((13) S(1,a3) T(1,a3)
lg ) Ceq ) ¥q ) uA uz lequ lequ ]
CP even (1,3+a) (1 3+a) (9 1 -\ (9. (9. S(].,BG,) T(1,3a) I_eft‘haﬂded q
lu ’ Ceu ) lequ lequ
Cl—I(1,3+a) Iél ,3+a) .lSI(l,a3) lTI(l,a,S) |
q Y Y ) equ Y equ Y i
CP odd 1(1,3+a) I(13+a) ~ I(3+a)  [IBa) I(a) SI(13a)  TI(13a) Right-handed g
S Ceu y Cou ) Cud v Cyuz > lequ ) lequ 2
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TO p F C N C [Aguilar-Saavedra et al. '18]

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

f Warsaw basis operators \ a Relevant D.o.F for tops )

. ~[B. Grzadkowski et al. 10] [Aguilar-Saavedra et al. 18] Clq[I](l 3+a) _ [\s]{ (113a)}
Ouf) = qu;H (H'H), ORI = (Iy"1;) (@ ar), M3+e) = Bl p(itsa)
OL69) — ( TZD H)( AP, 3q("kl) ~ C—[I](3+a = [9]{01(3a) . 03(3a)} { eq }7
o HT 0,7 = (v v 1) (@' @), ¥d ve [I](l 3+a) _ [\s]{ C,(113@)}
03(23) (wa IH) (qz’YMT qj) Ol(ijkl) _ (l_ify/‘lj)(fakfy“ul), [I](3+a — [\S]{C(?)a)} \ Clu lu )
O = (HYB )@y, i) _ (e (o e _ ), o0 ey 08T = Blofsay,
E‘j;) ’ J Oeq] - (ei')/“ej)(Qk'Y“QI)a CuA { uB + sw uW }7 SU1(1.30) S, 1(115a)
Opua = (D), 0G0 — (eyte iy, ™ = S CiB) . C(“?’)} Cequ =% Crequ )
1j) uv : —
O,IZZ/)- = (_ZO'NV’/"IUJ) HWI O;é;ikl) — (lz ) (qkul) [I](3CL _ [\S‘]{ 3(1)} fegu(l a3) [J]{Clle(q]ja?))}
O(ZZ; (({Zo d;) HW,,, O?é;ikl) _ (l_ia“”ej) e (Quo ), [I](a3 [\9]{ Csz) . C(a3)} 7;22(1 3a) _ [J]{Clg,e%m)}
Oun = (@™ )HB‘i g O = (liej (dyar) Wy w), TUI(1a3) _ [S)y o3(1163)y
Koq(j%) — (qio.uuTAuj) HG;?,,. ) k lequ - lequ J
- a=1: tuV/tull
a 28 DoFs relevant for ee->tj )
( ) ) (3+a) (a3) (a3) S(1,a3) (1,a3) a=2: tev/tel
—(1,3+a 1,3+a —(3+a a3 a3 1,a3 T(1,a3
clq ) Ceq ’ Cpq ) CuA s Cuz s clequ ’ Clequ ’ ]
CP even (1’3_*_&) (1 3+a) (9 1 -\ (9. (9. S(1,3a) T(1,3a) I_eft‘haﬂded q
Clu ’ Ceu ) lequ lequ
—1(1,34a) I(1 3+a) SI(1,a3) TI(1,a3)
CP dd Clq  Ced D — lequ ’ lequ o -
O 1(1,3+a) I(13+a) ~ I(3+a)  [IBa) I(a) SI(13a)  TI(13a) Right-handed g

Clu ’ Ceu » Cou ) Cua v Cyz lequ ) Clequ )
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Top FCNC: 2-fermion and 4-fermion operators

4 28 DoFs relevant for ee )

—(3+a a3 a3 S(1,a3 T(1,a3 —(1,34a 1,3+a

C‘Pé ) ’ C’ELA) ’ C’EI,Z) ’ CleE;u : ’ Clegu ) ) Clq( ) ’ ng ) ’
3+a 3a 3a S(1,3a T(1,3a 1,34+a 1,3+a
S(OU )’ C'ELA)7 C’EI,Z)’ leE;u )’ legu )’ Cl(u )’ Ct(eu )’
—I1(34+a I(a3 I(a3 SI(1,a3 TI(1,a3 —I1(1,34a 1(1,3+a

CWI( )’ cuE4 )7 Cu(Z )’ clqut )’ Clqut )’ Clq ( )7 CEC(I )
I(3+a) I(3a) I(3a) SI(1,3a) TI(1,3a) I1(1,3+a) I1(1,3+a)

C(pu C Ceu

k ’ ud o Cuz Clequ ’ clequ v Cly ) )




Top FCNC: 2-fermion and 4-fermion operators

4 28 DoFs relevant for ee )
@3%), cﬁ)’ Ciaz?’m, Ciglzla?’)’ Clz;g}u,as)’ Cl;(l,S-{-a), L3+,
o o (B0 6221123@), 21;2;3@’ 3Ha) (3t
c;;(3+a), C{LEZB)’ Ci(Za?))’ CZ{JS’GB)’ ;.1;5121,(;3), cl—qI(1,3+a), c£é1,3+a)

I(3+a)  J(a) I(3a) | SI030)  TI(30) J(3+a)  I(3+a)

CSOU ’ ud » Cuz } Clequ ’ clequ v Cly ’ ¢

J

2-fermion FCNC

- u T{B) =< %-=‘<\/
79 P IHu® N

: i
gy r'q 'iD. p,

'L_lfy“u (PT;B)M @, %j ii
qa-li'/u 95 BI“M
qO.,LLVTIu 95 W/il/? ? i :i i
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Top FCNC: 2-fermion and 4-fermion operators

| |

L= 75 3 |Vi(@nPie) (v Pic) + Sy (ePe) (EFyc)
2-fermion FCNC T (6o, ) (Fou, P

2
g [Bar-Shalom, Wudka '99]
= ~ /M ’rfﬁ DY
Q7 ' q @ Uy, .

t,j=L,R
— u 5 —
Q7 7Tq @ £ w P Hadronic Semi-leptonic Combined
ivtu  @'iD, o,

4 28 DoFs relevant for ee )
—(3+a a3 a3 S(1,a3 T(1,a3 —(1,34a 1,3+a
Gpé +a) ’ C’SJ,A)’ C'ELZﬁ Cleslu ) ) Clegu ) ) Clq( *a) ) ng o) )
3+a 3a 3a S(1,3a T(1,3a 1,34+a 1,34+a .
cs(ou ) C'SLA)’ C’EI,Z)’ CleE;u ) legu ) Cl(u Lo, 4 _fe rmion
_IB+a)  I(a3) I(a3) || SI(1,e3) TI(,e3) —I(1,3+a)  I(1,3+a) >
Cpq v Cya T Cuz lequ ’ Clequ ) Clq » Ceq F C N C
I(3+a) I(3a) I(3a) SI(1,3a) TI(1,3a) I1(1,3+a) I1(1,3+a)
CSOU ) Cua v Cuz ) Clequ ’ clequ v Cly ) Ceu ) ‘

Scenario topology topology topologies
obs. —1lo exp. +lo| obs. —lo exp. +lo| obs. —lo exp. +lo
SVT | 1218 1268 1180 1097| 1315 1406 1301 1203| 1402 1468 1366 1264

qo™u ¢ B, S 577 604 556 520| 647 647 603 555\ 685 693 641 593
qg/“’q—’u¢ W/iw 1% 953 1003 933 863| 997 1069 997 921| 1073 1141 1068 980
. : T | 1069 1117 1045 969| 1124 1232 1142 1052| 1204 1300 1210 1114

Table 5: Observed and expected 95% CL lower limits on A (GeV)
[DELPHI, CERN-PH-EP/2010-056]
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m HL-LHC
LEP2
B CEPC B (cut & count)

/

CEPC T (+shapes & c-tagging)

—-0.5

0

0.5 -

~0.6

—04

02

0.0
~G+2)

¢q

02 04
(tqV) >~v-(

0.6

See Liaoshan’s poster for more results and details

tcV/tcee
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B HL-LHC

m LEP2 / \
—

06  -04  -02 0.0 0.2 04 0.6

cpt? (tqV) >«N<

See Liaoshan’s poster for more results and details

20



B HL-LHC

m LEP2 / \
—

m L m

0.0 0.2 04 0.6

cpt? (tqV) >«N<

See Liaoshan’s poster for more results and details

06 -04  -02
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Theory prediction

o NLO QCD for FCNC operators, consistent with LHC TOP WG. Based on
[Degrande, Maltoni, Wang, CZ ’14]. Four-fermion operators added.

o Extending to other ee colliders, FCCee, ILC, ...

e ISR and beamstrahlung will be taken care of by a new MG branch

(in development)

— MadGraph
—— HELAC-Onia
Whizard

-~ - T T T 1 I e L
2 - 4 _ -
S 5 e'e —11 5
—
T ' (Extremely) preliminary iE
3 ~ =
- B g |
= n
8 10°% == .qf— [3
> — £ -
m — *:J-‘_};'—pj ]
B . = ]
| ) j:;;f_fug.sfw _
— e 5
1070 R O =
E L | L | 1 L | L L L | L 1 1 | _
400 420 440 460 480 500

M[tt tt,](GeV/c?)

Total rates agree
at per mile level
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Theory prediction

o NLO QCD for FCNC operators, consistent with LHC TOP WG. Based on
[Degrande, Maltoni, Wang, CZ ’14]. Four-fermion operators added.

o Extending to other ee colliders, FCCee, ILC, ...
With Gauthier Durieux, Benjamin Fuks, Hua-Sheng Shao, Liaoshan Shi

e ISR and beamstrahlung will be taken care of by a new MG branch

(in development) by Stefano Frixione, Marco Zaro, Xiaoran Zhao

T I T T T I T T T I T T T I T T T I

© - _ 3 | — MadGraph
= - 4+ - —
S § e'e — 1t 1 |~ HELAC-Onia
T ' (Extremely) preliminary = | \Whizard
S - 1 3
- B E_I _
§ vt 3
e — e -
= - = 1 Total rates agree
B m::ﬂf_fprréw ] "
10¢ bpampooa o | atpermile level
40:0 ' 220 a40  ae0 480 560—

M[tt tt,](GeV/c?)
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Ot: tops below 350 GeV

A e
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Top loops

Top operators entering at one loop lead to complication in future precision
Higgs measurements.

e Higgs/diboson channels can reach ~1% or even better precision with future lepton
collider. When this happens, we want to be able to disentangle

Y ~h v
e H coupling tree level and b _‘;i: . Mz MW
e Top coupling loop level? :: M M

e At future CC even below ttbar threshold, it’s possible to probe top EW couplings
with good precision (better than HL-LHC).

e Strong correlation between top/H couplings -> top uncertainty will downgrade
precision on H couplings.
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Automatic

W NLO based on reweighting

Top coupling at one loop:

WH,ZH

O =
’\/\O\/\/ =
i
e -
) —O: _

A
H=>Z11LWlv
"
+ - —{ /. +
I
+ A A% +

[ Yo
+ - —</ Y
\\\\
\/\."/‘
-
.-/1'/.
+ - <
“\\\
T

._‘\

H = e

0 O

H-bb

(4\
‘l
ANCGANAL

r\",\j\)
e J
e '/“'\ _
— 4.\ + | .l + ~
- N
N -
MY 1
e
o7 [
- :
- 'l + —‘C\_’I
U A
i S

W,Z masses, oblique paretmers

)
—

A

1 decay

[Vryonidou, CZ ’18]

All dim-6 top loop
contributions in Higgs
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https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling

RG miIXing

+ J—
Ocp t O((p (2) Ofp Q) O(p tb OtW OtB Otcp
1 1 1 _ ot 7,
Opwa Iswew  3syew Bsy ey 0 2ecyy 2esyy 0
2 2_ 2 2_ 2
Oup et 3%t Vb 3%t Yp _glttb 0 0 0
@ o2 &2 &2 &2
2 2. 62 2. 0,2
0,0 _3% _ Ut 6yt +3%p 3YtVb 0 0 0
® 2 g2 2e2 2e2 e?
1 1 Syt
Opw | 0 4s§v 453'/ 0 2esyy 0 0
1 1 1 Syt
OB 3c2, 12¢2, 1202V¥ 0 0 2ecyy 0
Oy |0 = ~ sy 0 0 0 0
4 1 1
O 3ecyy 3ecyy 3ecyy 0 0 0 0
2,52
O 0 b y, 2, 3y D727 T 3yt¥p
® 2¢%, 462 4s, 2esyy 462
81 —3y2 —5y7 21+y2 —6y2
+Yb —Vt
462 262
0 0 _ 3yu (y;2 +y§) 3y (yt2 +y§) 3ytypYu 0 0 3ytyu
pe 262 262 e2 262
0o 0 3T (yt2 +y§) 3yr (y,2 +y§) 3ytypYr 0 0 3ytyr
7Y 2e2 2e2 g2 2e2

agrees with [R. Alonso et al., ’13,’14]
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ete- = W+HW-

e ete- = W+W-: Dim-6 contribution to YWW leads
to anomaly.
o In our scheme (KKS) this is reflected by the R2

dependence on the “reading point” when
tracing the top loop. E.g.

e’ v? { "% (P20 — Pao) Y

" (P3e — Pr1o) W7
e.uvpa(p1a L p20) W—

e This is fixed by adding a Wess-Zumino-Witten
term.
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Global fit

o

o

o

o

®

o

[Durieux, Gu, Vryonidou, CZ ’18]

Below tt threshold: CEPC 240 GeV 5 ab-1
Above tt threshold: FCC-ee 350 GeV 0.2 ab-1, and 365 GeV 1.5 ab-1

Higgs ZH, WW fusion, all decay channels.
Based on [Durieux, Grojean, Gu, Wang, '17]

Diboson Angular distributions.
Precision tests Assuming oblique new physics and a factor of 5 improvements.

Top ttbar with statistical optimal observable.
Based on [Durieux, Perello, Vos, CZ, '18]
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Global fit at future ee collider: H/top interplay

e How does the top-coupling uncertainties downgrade the H precision at future CC?
e Global H + top loop fit

light shades: 12 Higgs op. floated + 6 top op. floated
dark shades: 12 Higgs op. floated + 6 top op. — 0

u CC 240GeV circular collider with unpolarized beams §
- |l CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)]

L . CC 240/350/365GeV M light shade: marginalized over top parameters
. CC 240/350/365GeV + HL-LHC solid shade: all top parameters set to zero

| 1 ol | | i' |

699 6yt 6yc 6yb 6Yr 6Yp Az 6k A 02

precision

Uncertainties on the top have a big effect on the Higgs

- Higgsstr. run: insufficient

. Higgsstr. run @ e"e~ — tt: large y; contaminations in various coefficients
- Higgsstr. run @ top@HL-LHC: large top contaminations in Cyy gg,7+,2z

- Higgsstr. run @& ete™ — tt @ top@HL-LHC: top contam. in Tz, only
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Global fit at future ee collider: H/top interplay

e How does the top-coupling uncertainties downgrade the H precision at future CC?
e Global H + top loop fit

light shades: 12 Higgs op. floated + 6 top op. floated
dark shades: 12 Higgs op. floated + 6 top op. — 0

u CC 240GeV circular collider with unpolarized beams §
- |l CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)]

L . CC 240/350/365GeV M light shade: marginalized over top parameters
. CC 240/350/365GeV + HL-LHC solid shade: all top parameters set to zero

| 1 ol | | i' |
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precision

Uncertainties on the top have a big effect on the Higgs
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. Higgsstr. run @ e"e~ — tt: large y; contaminations in various coefficients
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Global fit at future ee collider: indirect top limits

On a linear scale, in the (G, dcz) plane:

o HL-LHC gives the blue limits. :
. . . Ax? =1
o A global fit of Higgs data in CC, 0.01F ¢ opeHL-LHC
at LO, will give the 240 GeV (tree)
, vertical direction. 0.005 = + 240 GeV (loop)

o Aglobal fit of Higgs datain CC, & L | T TS
at NLO including top loops, will | T
also constrain top couplings, —0.005 -
giving the green contours,
both vertical and horizontal. _0.01

D e R N A Sy

e Constraining power ~ a factor ' | ' | |
e —0.2 —0.1 0 0.1 0.2
of 3, reflected by the individual Cor

case (dashed line). - extra parameter space covered thanks to loop sensitivity

- room for improvement between glo. and ind. constraints
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Conclusion

e Clean and global EFT analyses for top couplings are feasible at future lepton
colliders, leading to direct or indirect constraints, with limited model dependence.

e ttbar production: statistically optimal observables are theoretically well-
motivated and experimentally amenable. Lepton colliders would cover orders of
magnitude of unexplored top-quark EFT parameter space.

e Single top FCNC: ee colliders are ideal for testing top-quark flavor-changing
interactions. In particular it explores the parameter space that will be left
uncovered by the HL/HE-LHC.

e Virtual tops: Top-couplings can be probed indirectly at e+e— colliders, even
below tt threshold. Individual reach is better than HL-LHC. Strong correlation
between Top- and Higgs-couplings is however present, downgrading
precisions on both sectors.

e Fully automated tools are available for SMEFT (also other BSM models), including
NLO QCD prediction, EW loop corrections, and (on-going) ISR+ beamstrahlung.

o Accurate TH predictions for not only SM background but also BSM signals can be
obtained, with no almost cost from the user side.
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Thank you
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Sackups
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Top FCNC: 2-fermion and 4-fermion operators

e Currently no dedicated search for 4f eetq couplings at the LHC/Tevatron

o Recasting existing bound from t>qgZ (->ee) suffer from the Mee mass

window cut.
o Best official bounds are from LEP2 '
| ] [ ] e
o Recast limits from LHC: \
—(2223) (2223) (2223) (2223) 1(2223)  1(2232) 3(2223) 3(2232) 10° ' ' ' '
Clq Ceq Clu Ceu clequ clequ clequ clequ 6(32) \
| == uB 1
CR1 |84(12) 84 (12) 84 (1.2) 84(1.2) 18(2.7) 18 (27) 2.3(0.35) 2.3 (0.35) —(2223) : |
NEW | 3.1 (1.0) 3.1(1.0) 3.1(1.0) 3.1(1.0) 6.8(2.2) 6.8(22) 0.87(0.28) 0.87 (0.28) — Gy " :
1(2223) |
Table 2: Bounds on ¢ for A = 1 TeV, asuming one operator at a time, using the different 10-1F — lequ N : i
signal regions defined in the text. The numbers without (within) parenthesis stand for the f 0 S(2229) oy ]
LHC13 (HL-LHC). The boldface indicates limits using actual data. These numbers can be ! fequ ‘ |
obtained from the master equation (2.14) using the coefficients in Table 1 and the upper B
bound on the following number of signal events: s¢& = 143 (315) and sYEW = 18 (179),
where again the number in brackets correspond to HL-LHC projections. The projected ' |
bounds on the coefficients get a factor of ~ 3 weaker for systematic uncertainties of 10 %. 10-2 .| 1 LY - . 1T
0 20 40 60 80 100 120 140
[Chala, Santiago, Spannowsky ’18] my+p- |GeV]
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Top FCNC: current limits

Mode Br Ref.  exp. Vs L remarks
t—qZ
u 1.7 x10 % [1176] ATLAS 13 TeV  36.1fb decay, |mg — myz| < 15 GeV
c 24x107*
u 24x107* [1177] CMS 13 TeV  35.9fb" " production plus decay
c 45x%107%
u 2.2x 1074 [1178] CMS 8TeV  19.7fb"'  production, 76 < my < 106 GeV
c 4.9 x 1074
t—qg
v 0.40x 107* [1179] ATLAS 8 TeV  20.3fb" " o(pp — t) X Br(t — bW) < 3.4 pb
c 20x107*
v 0.20x10 % [1180] CMS 7,8 TeV 5.0,17.9fb " inpp — tj
c 41x107*
t— qy
v 1.3x107*[1175] CMS 8TeV  19.8fb"' o(pp — ty) x Br(t — blv) < 26 fb
c 17 x 104 o(pp — ty) x Br(t — blv) < 37 fb
t — qh
U 19 x 1072 [1181] ATLAS 13 TeV  36.1 b1 multilepton channel
c 16 x 10™*
u 55 x 1074 [1182] CMS 8 TeV  19.7fb ! multilepton, v+, bb
c 40 x 107*
u 47 x 107* [1183] CMS 13 TeV  35.9fb " bb
c 47 x 1074

[HL/HE-LHC yellow report]

Present constraints

6o or 62| it
|Ceq+3)| or |c(a+3)| =i% 6
ei™™] or e ==l
e or |7 OL3) o
|c(a3)| or |c(3¢1)| =—_00{3§5
19| or |39 10,038

a3 3a
|Cle(qu )| or |Cle(qu )l

|cle | le

|c(a3)| or |C(3a)|

[Durieux, Kitahara, CZ '18]
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Top FCNC: current limits

Mo n 9B5%CL = -~ — ~
t— . : . HL-LHC (3/ab at 14 TeV)
Present constraint
. 4-fermion e 4-fermion — . .
c 4 t—jete 0 | HC 4+ |
1 = - 5 o2 t— el HL-LHC
L §s 1.4
U =9 = =1.6
C 50 s 0 'll%lG
t— % 2
. 5o LEP2 | & ’ LEP2
C |
u —4 : — —4 i -
¢ Y E— . i—2-fermion ——% ; i—2-fermion
t— c;§a+3) or C((pa,u—ll-3) c;§“+3) or c<(pau+3) 16
,u =
¢ Fig. 59: Current (left) and prospective HL-LHC (right) 95% C.L. limits on top-quark FCNC operator
P, coefficients in a two-dimensional plane formed by two- (z axis) and four-fermion (y axis) operator coef- 18
, fcients. Other parameters are marginalized over, within the constraints obtained when all measurements =17
¢ are included. Red and blue regions are the combined constraints for top-up and top-charm FCNCs. The 1)
u 1mpact of t — j£+€— and e’ e” — t7,t7 measurements is displayed separately in dark and light gray !
¢ colors for top-up and top-charm FCNCs, respectively. ]
U

[HL/HE-LHC yellow report]



Taking
C=1, A=1 TeV:

2-fermion OP

4-fermion OP

LHC

2f: 8.1e-5 GeV

-

Phase space
suppression

4f: 3.2e-6 GeV

ee collider

€ t

Fad

2f: 1.8 fb

€ t
><q

E4/mz* scaling
enhancement

4f: 120 fb
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Taking LHC ee collider
C=1, A=1 TeV:
4 N
2-fermion OP ‘—"‘4,/2
- Y,
2f. 8.1e-5 GeV
0.04
4-fermion OP
Phase space E4/mz4 scaling
suppression enhancement
\_ J

4f: 3.2e-6 GeV 4f: 120 fb



Top FCNC: MC tool

o Leading order, MadGraph+UFO

¢ One model for all top operators: dimé6top
https://feynrules.irmp.ucl.ac.be/wiki/dim6top [Durieux, CZ *19]

< X
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https://feynrules.irmp.ucl.ac.be/wiki/dim6top

Top FCNC: MC tool

o Leading order, MadGraph+UFO

¢ One model for all top operators: dimé6top
https://feynrules.irmp.ucl.ac.be/wiki/dim6top [Durieux, CZ *19]

o QCD corrections: FCNC specific UFO. Need 4f implementation

http://feynrules.irmp.ucl.ac.be/wiki/TopFCNC [Degrande, Maltoni, Wang, CZ ’14]

MG5 aMC>import model TopFCNC

MG5 aMC>generate e- e+ > t j NP=2 [QCD]
MG5 aMC>output

MGS aMC>launch

real diagram 5 NP=2, QCD=1, QED=2 real diagram 6 NP=2, QCD=1, QED=2

36

diagram 3 NP=2, QCD=2, QED=2 diagram 4 NP=2, QCD=2, QED=1


https://feynrules.irmp.ucl.ac.be/wiki/dim6top

@

CEPC scenario, 240 GeV, 5.6 ab-1

Signal and backgrounds both
simulated at LO+PS, with
MadGraph5 and Pythia8

FCNC implementation: dim6top

Detector effects: Delphes with CEPC
card

Signal:

P

Mtop,rec =~ 172.5 GeV

2

~ H8 GeV
NE :

Ej,rec ~

=

g
e
N
/X

m ~ 80.4 GeV
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Normalized Entries

Angular distribution

0.12
- ‘ _C;|)(3+1) 012__ _C-(3+1)
- q - =3 ¢q
O.1J_ cl@d) 0.1 — L (a3)
i uzZ " L Cuz
- (a3) Q0 B
0.08]- Con = 0.08- Con’
- __ ~-(1,3+a) L B -
0.06= “a o L —cg
i = _|_| (1,3+a) N 0.06[-
B c\” b - (1,3+a)
H e — = €q g - Ceq
0.04— — — ~S(1,a3) = |
- Ciogt 5 0.04F _ Cigdas)
- __ T(1,a3) B — ~T(1,a3
0.021 Clequ 0.02 Clequa )
| e P N N A B N AP Y o O:.|...|...|...|...|...|...|...|...|. "= Wijj bkg
-1-0.8-0.6-0.4-02 0 02040608 1 ~1-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
COS6,,, cosb

top

Template fit:
4 bins in Q; % cos b4,, + charm tagging
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Normalized Entries

Normalized Entries

0.082— Vs = 240 GeV Signal cf]aze')
0.07F- Signal ¢,
0.061- v Background
0.05/
0.04[
0.03[-
0.02F- ;
0.01F
" / ‘ /452 S
0 60 80 100 120 140 160 180 200 220 240
m,,, [GeV]
0.12F @)
~ Vs =240 GeV Signal ¢
0.1 2 _|signal ¢;**?
Z ? % Background
0.08- %
0.06[ %
0.04F %
0.02]- Y
—1_4 ///' Z / /'f){ (PR YAy WS TURRR T DR e <R SN TN T N A S S
00 20 40 60 80 100 120 140 160 180 200

m; [GeV]

Normalized Entries

(a3)

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

(s = 240 GeV Signal ¢
 |Signal c;a*a)

VA Background

IllllllllllllllllllIlll]lllllllllllllllll

,// '.

40

60

E [GeV]

OO

100 120

Baseline:

E; <60 GeV,

m;; > 100 GeV,

Mo, < 180 GeV .
Exactly 1 b-tagged jet

1400 events at 5.6 ab
95% CL limit on xsec: 0.0134 fb
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o Xsec dependence from simulation of 28 sampling points in the space of C’s
e Convert into 95% 7-D bound in the dim-6 parameter space (0.0134 fb)

1.5+ Individual limits -
© A=1TeV
1.0~ i
05¢F B i
il [ . n
—(3+a) (a3) (a3) —(1,3+a) (1,3+a) S(1,a3) T (1,a3)
C¢q CuA Cuz Clq Ceq Clequ lequ

FCC-ee: 4f operator limits are not available; 2f slightly better
CLIC: 380 GeV run + polarization, 3~4 times better on 4f

O O 0O OO0 0

[H

LHC+LEP u
LHC+LEP c
HL-LHC+LEP u
HL-LHC+LEP ¢
FCC—ee u&c
CEPC baseline
CEPC template fit

. Khanpour et al. '14]

Larger energy -> better limits  [G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]
[W. Liu, H. Sun 1906.04884]

LHeC: similar limits
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o Xsec dependence from simulation of 28 sampling points in the space of C’s
e Convert into 95% 7-D bound in the dim-6 parameter space (0.0134 fb)

1.5+

Individual Iimits i
I A=1TeV
- 2f OPs:
about same reach as 7 LHC+LEP u
, yalldatlon from an 5 HL-LHC+LEPu
- independent channel
I ( \ 1] HL-LHC+LEP ¢
- 1 [ FCC-ee u&c
0.5 - N [1 CEPC baseline
1 ] [ CEPC template fit
ool [ . N
~(3+a) (a3) (@3) ~(13+a) _(13+a) S(1a3)  T(1a3)
KC(ﬁq CuA Cuz J Clq Ceq Clequ Clequ
FCC-ee: 4f operator limits are not available; 2f slightly better [H. Khanpour et al. ’14]

CLIC: 380 GeV run + polarization, 3~4 times better on 4f
Larger energy -> better limits  [G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]
LHeC: similar limits [W. Liu, H. Sun 1906.04884]
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o Xsec dependence from simulation of 28 sampling points in the space of C’s
e Convert into 95% 7-D bound in the dim-6 parameter space (0.0134 fb)

1.5+ 1ndividual limits
A=1TeV

- 2f OPs:

- about same reach as

1 o HL-LHC, but a useful

~ validation from an
- iIndependent channel

054 _
il [ . B
—(3+a) (a3) (a3) —(1,3+a) (1,3+a) S(1,a3) T (1,a3)
KC(ﬁq CuA Cuz J @q €q lequ Clequ J

FCC-ee: 4f operator limits are not available; 2f slightly better
CLIC: 380 GeV run + polarization, 3~4 times better on 4f

Larger energy -> better limits

LHeC: similar limits

4f OPs:

1~2 orders
of magnitude
Improvement

[0 LHC+LEPu

[ LHC+LEPc
HL-LHC+LEP u
HL-LHC+LEP ¢
FCC—ee u&c
CEPC baseline
CEPC template fit

O O O O O

[H. Khanpour et al. ’14]

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]
[W. Liu, H. Sun 1906.04884]

40



Improvement from c-jet tagging

If no signal is observed

=l

| m LEP2
‘| m CEPCB

CEPCT

206 -04 02 00 02 o4 | o6

teV/tcee

—-(3+2)
Coq

0.05
0.05
0.- Sz 0.
=2
Q
B Baseline
—0.05] ] Template fit
. : -0.05-—___
—-0.05 0 0.05 -0.05 0 0.05
cg}l,3+2) Cig egu 23)
Fig. 8. Two-dimensional limits on four-fermion

coefficients, at 95% CL, under the SM hypothesis,
with other coefficients turned off. The template

fit approach improves the sensitivity.
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Discriminating between operators

Using angular observable

0.1f 0.05¢
0 3 8 0
o :g .
Q
\ M Baseline
S [[] Template fit
|| Template fit u
-0.1k -0.05%
-0.1 0 0.1 -0.15 0 0.15
Cgl J3+a) c,ls; Ellu ,a3)
Fig. 9. Two-dimensional limits on four-fermion

coefficients, at 95% CL, with other coefficients
turned off. Two hypotheses are considered. Left:

g*t = ¥ = 0.05. Right: p*P =
0.065, Z;gza:%) = 0.025. Both points are labeled by

a black dot in the plots. The template fit helps
to pinpoint the coefficients. Better precision is
obtained for operators involving a charm-quark

(i.e. a=2).

-0.05

Using c-tagging

0 ¢ V=005, c_(1’3+2) =0

—(13+1)_ ~(13+2)_
¢y Clq =0.035

e Ys

0. / \ @
\ [
Y

2005 0 0.05
w " tcee

Fig. 10.  Two-dimensional limits on c;, ~(L3ta) ¢

efficients with a=1 and a=2, at 95% CL. Other
coefficients are turned off. Three hypotheses are
considered. The template fit helps to identify the
light-quark flavor involved in the FCN coupling.

In contrast with LHC:

No such info from top decay
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Normalized Events

Discrimination power

from distribution.

t_costheta {I_charge>0}

o
-y

0.08

0.06

0.04

0.02

cos(6y,,)

Parton_eeTOtc_cpQMx32_1.0_delphesCEPC_ecm240
Parton_eeTOtc_ctZ_1.0_delphesCEPC_ecm240

Parton_eeTOtc_ctA_1.0_delphesCEPC_ecm240
Parton_eeTOtc_cQex1x32_1.0_delphesCEPC_ecm240
Parton_eeTOtc_cQIMx1x32_1.0_delphesCEPC_ecm240

Parton_eeTOtc_ctlSx1x23_1.0_delphesCEPC_ecm240

Parton_eeTOtc_ctlTx1x23_1.0_delphesCEPC_ecm240

A second energy, or ttbar
with FCNC decay will help.
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ttbar uncertainties

Vs [GeV]

acceptance times efficiency [%)

equivalent t¢ event fraction [%)

64-67°

Table 5. Summary of the efficiencies obtained in Refs. [1, 21] (first row) and effective rate fractions
available for analysis used in this study (second row). When multiplied by the e*e™ — t ¢ cross
section for the nominal centre-of-mass energy and the integrated luminosity, these yield the number

of events available for analysis.

e Full-detector simulation performed by ILC and CLIC collaborations.

e Good reconstruction can be obtained with moderate quality cuts.

e Systematics expected to be controlled to the level of statistics.



Sensitivities

Total cross section (left pol.):

0100 | o =G 102 LaaFB _ gt = —Caq
o 9C; C;=0, Vi =" +Cl,3 oFB oC; Ci=0,_Vi : _ *(V,\,{.
10! 1-CY 10!
_Cé‘z
100 — ] JI_Cl{{A 100
+CZR
-1 _ uZz -1
10 o oV 10
) +CA -2 -+-C‘.r
10 ete” =t LO 1% 1075 - ete— = ti, LO - q
P(e*,e”) = (0%, —80%) Plet,e” ) = (0%, +80%)
10—3 L l A 1 L lllllllllllllll 10—3 ll l L L L l L L L l LA L L L AL L LA Lllll
380 500 1000 1400 3000 380 500 1000 1400 3000
Vs [GeV] Vs [GeV]
Statlstlcally optlmal observable (Ieft / rlght poI )
+Clq ' | ! | —'CA
102 -cy 102 O; A4
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10* 1 v 10!
-cY
100 i +C¢{f4 100 L
+CE,
101 +C£q 10-1+
) _Cl"q
1072 ete~ — tf— bW+ BW~, LO | 10721 ete~ — tf— bW+ BW—, LO |
P(e*‘ e”) = (0%, —80%) P(e*‘,e )= (0%, +80%)
10~3 . 103 |
500 1000 3000 500 1000 3000
Vs [GeV] Vs [GeV]

I I

FB- mtegrated Cross sectlon (rlght poI ):

llllllll

| ! I |
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TH robustness

Non-resonant and NLO QCD effects can be studied

€.8. 10
10

10°

10°
10~1

10~2

«—0.4%
_0'06+0.4%

|

da/d(};qu) [pb]
—0.045 resonant LO

0.049 non-resonant LO

|

| |

non-resonant NLO QCD

|

|

-0.08

-0.07 -0.06 —0.05

-0.04

—0.03

do /d(;04%) [pb]

0.19 resonant LO
0.2 non-resonant LO

0.25*04% non-resonant NLO QCD |
| | | | | | |
005 01 015 02 025 03 035

mostly flat k factor (24% at /s = 500 GeV)
couple-of-percent shape effects, excepted on axial operators (O(10)%)

102 [
10' -
10° da/d(%O;:q) [pb]
0.0097 resonant LO
0.0091 non-resonant LO
0.012’:8'23; non-resonant NLO QCD
10-1 1 L 1 1 !
—0.06 —0.04 —0.02 0 0.02
10' -1
10° - .
10- - do/d(£0!,) [pb] -
4.3 x 1079 resonant LO
10-2 0.00011 non-resonant LO
0.00036fé(c)70% non-resonant NLO QCD
] ] |

1 1
-0.1 —0.05 0 0.05 0.1

V/5 = 500 GeV, P(e™, e™) = (+30%, —80%),
quoted average values of distribution are O; /L in pb,
QCD scale variation from m¢ /2 to 2my¢

46



Optimization

\

0 02040608 10 02040608 10 02040608 1

1TeV 500 GeV+1TeV ,500GeV 500 GeV 1TeV 1TeV
L /E £(+0.3,—0.8)/‘C ‘C(+O.3,—O.8)/£

—

4

e |LC: the optimal repartition of 1.5 ab™" in total is the following:

v/8 =500 GeV 610 b~ 57% with P(e*,e™) = (+30%, —80%)
1 TeV 890 fbo~" 51% "

e |t requires about 4.6 ab—' shared between /s = 380 and 500 GeV runs
to achieve the same performance:

v/S =380 GeV 1.5 ab™! 57% with P(e*,e™) = (+30%, —80%)
500 GeV 3.1 ab™’ 51% I
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Individual limits

Individual one-sigma reach, one at a time

precision of individual operator coefficients at LHC and CC (Ax?=1)

10°— HL-LHC -
; +g-;’m ‘2’20 GeV only / 2 Afofggé?ggé?(fes\(/;ev circular collider with unpolarized beams

i *e™— t1, 350/365GeV 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab) -

10— ombined 240GeV only / 240/350/365GeV -

@ Good sensitivity to top couplings below tt threshold.

@ Loop suppression of top-quark operator contributions is compensated by the high precision
of lepton collider.

@ Still ee — tt above 350 GeV provides best sensitivity.

@ Diboson sensitivity increases with energy.



Marginalized limits: Top

Global one-sigma precision reach on top-quark operators

precision of top operator coefficients (global fit, Ax2=1)

Bl HL-LHC circular collider with unpolarized beams

l CC 240GeV 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)
B CC 240GeV + HL-LHC solid shade: 6k, setto 0
Il CC 240/350/365 GeV light shade: &k, set free
Bl CC 240/350/365 GeV + HL-LHC

T llllllll T IIIIIIII

T
[T BRI SR ETIT B A RA i |

T T lIIIII,

@ Indirect bounds are much worse. In particular, large degeneracies if only run at 240 GeV.
@ Correlations between Top/Higgs, e.g. Ct,, Cig and Cy~; Ct,, Cig and Cgg.



Marginalized limits: Higgs

Consider H — vy on Ciz and

H — ~~ imposes a strong constraint,

but also leaves a flat direction.

Including loop corrections to all other

measurements lift this flat direction,
but not strong enough to eliminate
the degeneracy.

HL-LHC is too weak.

ee — tt at 350/365 will fix Cis which

in turn improves C.~.

Cyy

~0.3}

0.3f ¢
o.zf—
0.1
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“01]

-0.2}
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""""" efe" > tt
—e== Yy only
— Higgs + WW
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