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Standard Model Effective Field Theory

systematically parametrizes the theory space
in direct vicinity of the SM

» based on SM fields and symmetries
> in a low-energy limit
» systematic (and renormalizable) when global

BSM; BSM, BSM;

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

symmetry.  [Phenomenological T I
Lagrangians, Weinberg '79]

measurements
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Standard Model Effective Field Theory

systematically parametrizes the theory space
in direct vicinity of the SM

» based on SM fields and symmetries

1 1 i

Identify New Physics through precise
measurements

BSM; BSM, BSM;

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

energy
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Abstract

This note proposes common standards and prescriptions for the effective-field-theory in-

‘GareRahiep- (14 ERurements at the LHC. tt at Lepton Colliders

[J. Aguilar Saavedra et al.,’'18]

Contents

1 Introduction

2 Guiding principles

3 Operator definitions

4 Flavour assumptions

5 Example of EFT analysis strategy
6 Summary and outlook

A Indicative constraints

B UFO models

C Flavour-, B- and L-conserving degrees of freedom
D Less restrictive flavour symmetry
E FCNC degrees of freedom

Nov. 13 6


https://arxiv.org/abs/1802.07237

Top-quark EFT Optimal Observables tt at Lepton Colliders Prospects Exploration Conclusion

Outline

Optimal Observables

Cen Zhang (IHEP) tt at Lepton Colliders Nov. 13 7



Top-quark EFT Optimal Observables tt at Lepton Colliders Prospects Exploration Conclusion

Statically Optimal Observables

[Atwood,Soni, '92] [Diehl,Nachtmann, '94]
minimize the one-sigma ellipsoid in EFT parameter space
(joint efficient set of estimators, saturating the Cramér-Rao bound: V=1 =1 like MEM)

For small C;, with a phase-space distribution (®) = ao(®) + >_ G 7i(P),
the stat. opt. obs. are the average values of O;(®) = oj(®)/co(P).
The associated covariance at C; =0, Vi is
EPSNEE ai(®)a;(®)
cov(G, G) " =eL [dO oo(®)
e.g. 0(¢) =1+ cos(p) + Cisin(¢) + Gsin(2¢)
1. asymmetries: O; ~ sign{sin(i¢)}
2. moments: O; ~ sin(i¢)

3. statistically optimal: O; ~ %

—> area ratios 1.9:1.7:1

Previous applications in ete™ — t %, on different distributions:
[Grzadkowski, Hioki '00] [Janot '15] [Khiem et al '15]

Cen Zhang (IHEP) tt at Lepton Colliders Nov. 13 8
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Global Determinant Parameter

[Durieux, Grojean, Gu, Wang, '17]

In a n-dimensional Gaussian fit,

with covariance matrix V/,
GDP = ¥/det V

provides a geometric average

of the constraints strengths.

Interestingly, GDP ratios are operator-basis independent!
as the volume scales linearly with coefficient normalization
as the volume is invariant under rotations

= conveniently assess constraint strengthening.
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Optimal Observables
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ete” — bWbW~-

ONLO QCD [Pb]

(b ="08)

T T
e~et = tt,

emet - bWHIW -,
e"et =ttt (P = +0.8)

eet s bWHeWw -, 7

|
0 500

| I -
1000 1500 2000 2500 3000

V3 [GeV]

o peaked at about 380 GeV
enhanced for a left-handed beam
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Prospects Exploration
et . t
e t
et W t
v b
e~ w-

+ WW™ — tt

catching up at multi-TeV
w/ unitarity breaking effects
[Grojean, Wulzer, You, Zhang]

single-top contribution increasingly important
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Top-quark EFT

Operators in the top sector

Optimal Observables

Two-quark operators:

Scalar:

Vector: O}pq
034
Oypu
Ocp ud
Ous
Ouwv
Od W
OuG

Tensor:

Oup =

qug oo,

ar'a ¢'D, e
ar*r'q ° Dy
avy u <p ID#QO
iy'd ¢ ’Du v,
go*"u ¢ gyBuy,
30" 'u @ gw Wi,
go*r'd @ gwW,,,
go" T*u @ gsGlh,.

Two-quark—two-lepton operators:

Ofequ
Oledq
0Ol
03,
Olu
Oqq
Oau

T
Olequ

Scalar:

Vector:

Tensor:
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Ie ¢ gu,

Ie dgq,

1yl 3v"q
Il gGy*r'q
Iy,1 dy*u
&'e gwug

ey.e uytu
Iowe e gou.

ft at Lepton Colliders

Prospects

G
Lerr = i 50

O:;q + Oc‘;q O:a‘q’
= O:;q - Oc‘;q + Oéq
Ogq + O

Oua — tan Oy O,z
Oua + cotan Oy Oz

OJr + O,‘g — O,’;,
O+ 0,q + Op,
O,q + 07,
OV Ocq,
Oe‘{, + 04,

tt at Lepton Colliders

Exploration

(CC also)
(CC only, mp int.)

(CC also)
(CC only, my int.)
(NLO only)

(CC also, me int.)
(CC only, me int.)

(CC also)

(CC also, me int.)
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Two-fermion (vertex) Op Four-fermion Op
e t e t
(Axial-)Vector like | 0¥y, Ofg Left-handed ee | O, Of

® Sensitivity independent of energy.

H v
Dipole (CP-even) Right-handed ee

e ~ E in amplitude, but suppressed by e E?2 dependence in general
interference at tt level (cross section observables.
and AFB) .
® Similar to the V-A vertex operators.
e ~ E2 sensitivity can be obtained with Need at least two different CoM
00 energies to distinguish.

Dipole (CP-odd)
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Prospects

Scenarios

e FCC-ee

e 200 fb~ ! at 350 GeV;
e 1.5ab™" at 365 GeV;
e no polarization.

e |[LC

e 500 fb~" at 500 GeV;
e 1.0ab ' at1 TeV (i.e. no luminosity upgrade);
e (-0.3,+0.8) and (+0.3,-0.8), equally shared.

e CLIC

500 fb~' at 380 GeV;
15ab~'at1.4 TeV;

3.0ab "at3.0 TeV;

(0,+0.8) and (0,-0.8), equally shared.

Cen Zhang (IHEP) tt at Lepton Colliders

Nov. 13



Top-quark EFT

Optimal Observables tt at Lepton Colliders Prospects Exploration

Uncertainties

Vs [GeV] 350 365 380 500 1000 1400 3000
acceptance times efficiency [%)] - - 64-67°  ~ 50 - 37-39  33-37
equivalent ¢ event fraction (%] 10 10 10 10 6 6 5

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 eTe™ — ¢ cross
section for the nominal centre-of-mass energy and the integrated luminosity, these yield the number
of events available for analysis.

Full-detector simulation performed by ILC and CLIC collaborations.

Good reconstruction can be obtained with moderate quality cuts.

Systematics expected to be controlled to the level of statistics.

Cen Zhang (IHEP) tt at Lepton Colliders Nov. 13
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Sensitivities

A

Total cross section (left pol.): FB-integrated cross section (right pol.):
T T T T T T T
1021 1 90 g ---—d-cl 10°F 1 80*® —cA
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4-C! 10!
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T

T
1 80;
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Prospects Exploration

xsec+AMB vs. Optimal Observable (CLIC)

Global (marginalized)
sensitivities at CLIC:
® inTeV=2 Ax2 =1
® white marks:
individual
constraints

® dashed vertical
lines: GDP

® gray numbers:
global/individual
ratios

GDP improvement:
a factor of 1.6
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Prospects

Prospects
Higher energy runs are useful:
e Individual limits on 2-fermion (axial-)vector operators are not

improved, but degeneracies with 4-fermion operators are
resolved with energy lever arm.

e 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 qqtt at LHC with eett at ete™)

e Flat directions are reduced.

Cen Zhang (IHEP) tt at Lepton Colliders Nov. 13
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Prospects Exploration

Quadratic vs. Linear (CLIC)

dashed: linear dependence only
plain: linear+-quadratic dep.
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TH robustness

Non-resonant and NLO QCD effects can be studied
mostly flat k factor (24% at /s = 500 GeV)

couple-of-percent shape effects,

excepted on axial operators (O(10)%)

O . 102
= B 10t -
e
do/d(50Y,) [pb] 10 do/d(104,) [pb]
—0.045 resonant LO 0.0097 resonant LO
0.049 non-resonant LO 0.0091 non-resonant LO
= 0.067:4% non-resonant NLO QCD 0. 012‘2 o nun—rlesunant NLO QCD
Il Il Il 1 ! | —1
—0.08 —007 —0.06 —005 —-0.04 —0.03 10

do/d(;0.%) [pb]
0.19 resonant LO
0.2 non-resonant LO
0. zr+U 4% non- rcsnnam NL() QCD

107!

L L L
—0.06 —0 04  —0.02 0 0.02

10°

do/d(50{z) [pb]
4.3 x 1076 resonant LO
00011 non-resonant LO

00003619 non-resonant NLO QCD
L L L

0.05 0.1 015 02 025 0.3 0.35

IHEP)

tt at Lepton Colliders

L I
—0.1 —0.05 0 0.05 0.1

/5 = 500GeV, P(eT, e ™) = (+30%, —80%),
quoted average values of distribution are O; /£ in pb,

QCD scale variation from m¢ /2 to 2m¢
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Optimization

L | \l\g 1// | |
0 02040608 10 02040608 10 02040608 1

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

e |ILC: the optimal repartition of 1.5 ab~" in total is the following:

/S =500 GeV 610 fb~ 57% with P(e*, ™) = (+30%, —80%)
1 TeV 890 fb~! 51% "

e |t requires about 4.6 ab~" shared between /s = 380 and 500 GeV runs
to achieve the same performance:

/s =380 GeV 1.5ab~" 57% with P(e™, e™) = (+30%, —80%)
500 GeV 3.1ab”" 51% "

Cen Zhang (IHEP) {t at Lepton Colliders Nov. 13 28
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107 \ \ \ e
L 100 b=t at /s = 350 GeV 12
[\ +500fb~'ats= xGeV 1|
>N
F 1
Il
I IN
-9 Y
—2 i Y
CRd: i
F 100 b at 350 GeV 1
[ +500 fb~! at 380 GeV 1
F+l5abltat14Tev =
- ztb lat x GeV
10—3 1 | | 1
380 500 1000 1400 3000
Vs [GeV]
v

e Runs at two separate centre-of-mass energies are indispensable to
distinguish two- and four-fermion operators.

e Average constraint strength improves significantly with the separation
between available centre-of-mass energies.

e Four-fermion operators are the mostly affected.
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Conclusion

Conclusion

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

o Statistically optimal observables are theoretically well-motivated
and experimentally amenable.

e Lepton colliders would cover orders of magnitude of unexplored
top-quark EFT parameter space. The individual limits on the
coefficients of the operators modifying top-quark electroweak
couplings are one to three orders of magnitude better than
present constraints. Improvements by factors of three to two
hundred are also expected compared to the most optimistic
prospect for the individual reach of the HL-LHC.
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Top-quark EFT Optimal Observables ft at Lepton Colliders Prospects Exploration Conclusion

existing expected at high luminosity expected at ete™
TOPFITTER Ref. [74] Ref. [74] 8V [14, 75] tIV 10% &V 3% tZj [76] CC ILC CLIC
Chq [-12,13] [-1.3,1.0] [-2.0,2.0] [-0.6,0.6] [-17,17] 0.14 0.076 0.098
c3, [-5.3,3.1] [~1.0,1.3] [—2.0,2.0] [—0.6,0.6] [—2.8,1.5] 0.14 0.076 0.089
Cou [~20,17] [~1.3,3.0] [—3.4,2.8] [-0.8,1.0] [—26,20] 029 0.15 0.18
Coud [—11,14] [-8.4,11] [-8.4,8.4]
Cun [-20,14] [-4.8,4.8] [-12,12] [-6.6,4.0] [~12,11] 0.022 0.022 0.024
Cuw  [-20,28] [-2.7,1.6]  [-1.3,1.3] [~1.4,1.4] [-3.6,3.8] [-2.2,2.2] [-1.3,1.3] 0.015 0.014 0.016
Caw [-3.4,3.6]  [-2.9,3.1]

Table 6. Individual 95% C.L. limits on two-quark operator coefficients deriving from measurements
at hadron colliders. The first two columns show the existing limits derived by the TOPFITTER
group [59] and in Ref. [74]. The next four columns are expected limits with 3ab™! of integrated
luminosity at the LHC, derived from single top and top decay measurements [74], from differential
distributions in t£V production [14, 75], and from the total ¢£V cross sections measured with 10%
and 3% precision. The tZ; columns show limits expected with 300fb~! using a pr(t) > 250 GeV
selection cut. The last three columns are the individual limits obtained in this work for CC-, ILC-
and CLIC-like run scenarios. As discussed in Sec.6.4 individual constraints are similar in those
three cases although global ones are less so.
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Anomalous couplings
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Insufficiencies:
® miss four-fermion operators,

® conflict with gauge invariance, do not allow for radiative corrections to be
computed,

® complex couplings where the tree-level EFT prescribes real ones,

hide correlations induced by gauge invariance, preclude the combination of
measurements in various sectors.
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Conclusion

LHC TOP WG EFT standards

Reduce the number of OPs to start with (avoid 500+ 4-fermion
OPs):
Baseline U(2)q x U(2)y x U(2)q: _
Forces the first two generation to appear as qq, tu, dd.
Extended U(2)gtq4u:
Allows right-handed td and light chirality flipping ones qu, gd.

Restricted Top-philic:
All operators with SM bosons and (just) top. (and reduced to

Warsaw basis)

Define the relevant degrees of freedom natural for top physics,
and fix notations.

Provide simulation tools and benchmarks: DIM6TOP

https://feynrules.irmp.ucl.ac.be/wiki/dimé6top

Strategy: validity, linear vs. quadratic approximation, useful
outputs, ....
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