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The 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;,

(...) if one writes down the most general

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, m
cluster decomposition and the assumed

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

BSM;

energy

measurements
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LHC TOP WG EFT standards [1802.07237]

Make reasonable assumptions

- focus a priori on processes and operators involving top quarks
- determine which contributions are relevant
- prioritize the study of flavour structures

Fix notation

- define d.o.f. natural for top physics at the LHC
- fix notation, normalization, and indicative allowed ranges
- provide simulation tools as TH/EXP interface

Discuss analysis strategies (one example)

- address the challenges of a global EFT
- highlight useful experimental outputs


http://arxiv.org/abs/1802.07237
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Statistically optimal observables
&

global determinant parameter



. . [Atwood,Soni '92]
Statistically optimal observables [Diehl Nachtmann '94]

minimize the one-sigma ellipsoid in EFT 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(®) = o¢(®) + > C; 0;(P),
i
the stat. opt. obs. are the average values of O;(®) = o;(P)/oo(P).

The associated covariance at C; =0, Vi is

cov(G, G) L =L /dCD %.

e.g. o(¢) =1+ cos(¢) + Cisin(¢) + G sin(29)

1. asymmetries: O; ~ sign{sin(i¢)}

2. moments: O; ~ sin(i¢)
sin(i¢)

3. statisticall timal: O; ~
statistically optima T+ cosd

— area ratios 1.9:1.7:1

Previous applications in eTe™ — tt, on different distributions:
[Grzadkowski, Hioki '00] [Janot "15] [Khiem et al '15]
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Global determinant parameter B

In a n-dimensional Gaussian fit,

with covariance matrix V,
GDP = ¥V/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.


http://www.arxiv.org/abs/1704.02333

2. Top-quark pair production
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catching up at multi-TeV
w/ unitarity breaking effects
[Grojean, Wulzer, You, Zhang]

single-top contribution increasingly important



Up-sector SMEFT

Two-quark operators:
+

Scalar:  O,, = qu ¢ @'y,
. 1 — S u 55
Vector: O,y = gq7"q ¢'iD, v
0} = gnks! 3o
pqg = 97T Q ‘Péu@
Opu = Uy*u ¢'iD, ¢
—
Opua = uy"d §5T’.D/1 ¥,
Tensor:  Ouwu = go"u ¢ gyBuy,
Ow = (.TIU”VTIu@ng‘LIW,
Ow = go"7'd ¢ gwW,,,
Owe = qot” TAu ;;"gsG;‘,,.
Two-quark—two-lepton operators:
Scalar: Ofequ = le ¢ qu,
Oreaqg = le dq,
Vector: 01, = Iv,1 gv*q
Ol = In7'l gy''q
O = J_.’yul ay*u
O = &7"e qyuq
O = é'}/ue l_l’y“u
Tensor: OlTequE Io,,e & go'’u.

C.
Lerr = X 5% 0;

= O::q + O;fq - oéqv
_ % A
= O»l”q - O<pq + qu
= qu + Oéq

= Oua —tanbyw O,z
= Oya + cotan 0w O,z

= O,; + O,‘g — O,f‘77
=0, — Oy + O,
=0y + O,
= o%, — Oi{,,
= O + 0%,

[Grzadkowski et al '10]

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

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

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

(CC also)

(CC also, me int.%


http://arxiv.org/abs/1008.4884

U p—SeCtor SM EFT [Grzadkowski et al "10]

Two-quark operators: EEFT =3 % Oi
Scalar:  O,, = qu @ ©lp,
Vector:  OL, = 3v"q ngBH o  =0.,+ 0% — 04
0% = 37'7'q w@i ¢ =0, 05+ 0%
Opuw = uy"u ngigH p = qu + Oﬁq

Oyus = uy"d ';:TID,I ©, b int.)

Tensor: Oy go"’u ¢ gy Buy

Ow = QU‘“’T'U P gu also)
Ow = qo (CC only, my int.)
Ow = (NLO only)

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

Vectol = 1 gy'q =0, + 0y — O,
0} = 171 gy'r'q =0, -0y + Of, (CC also)
O = 1v,1 iv'u = Oy + Op,
Oeg = &7'e  Gmug = Oy — O,
Oy = eyue uy*u = O;f, + Oép
Tensor: OlTOqu = Io,e & go'u (CC also, me int.g
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Anomalous vertices

~f ~Re,Im{Cya}
—_—~ /—"
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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



CLIC prospects

resonant ete™ — tt — bBWT bW~
myp/m; — 0, analytical LO observable def.
effective stat. efficiencies determined with full sim.
in semi-leptonic final state

500fb~! at /s = 380 GeV
1.5ab ! at /s =1.4TeV
3ab™!at /s =3TeV

P(et,e™) = (0%, F80%)



Sensitivities
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Sensitivities
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Global sensitivities
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10° dependence only
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SinTeV=2 Ax2 =1
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o + AFB: - gray numbers: global/individual ratios
0.00045 cp 2
o OA g
0-0005¢ CZ; S HLLHC (ind.)
0.31 Cly ]

v
0.0004 Cy

SOV
0.0005 Ceq

09 Cyy —
024 CcE, I
0.016 CcE,
1074 1073 1072 107! 10°
Statistically optimal observables:
0.00034 Cfg ) 380 GeV
ooa 38041400 GeV
000057 Ceq 380+140043000 GeV

A
0,26 Cly
oV

2
0.00027 Cy

4 OV
0.00032 Ceq

023 CV
EE )
0035 CF, high energy benefits
4 R .
0011 Gy four-fermion op.
0.06 Ciz °

with linear coefficient

dependence only



SinTeV=2 Ax2 =1
- white marks: individual constraints

GIObaI sensitivities - dashed vertical lines: GDPs

o + AFB: - gray numbers: global/individual ratios
0.00045 cp 2
o OA g
0-0005¢ CZ; S HLLHC (ind.)
0.31 Cly ]

v
0.0004 Cy

SOV
0.0005 Ceq

09 Cyy —
024 CcE, I
0.016 CcE,
1074 1073 1072 107! 10°
Statistically optimal observables:
0.00034 Cfg ) 380 GeV
ooa 38041400 GeV
000057 Ceq 380+140043000 GeV

A
0,26 Cly
oV

2
0.00027 Cy

4 OV
0.00032 Ceq

0.23 ng

0.055 CcE, runs at two \/E
4 R .

0014 Cjly are required

0.06 ct, °

with linear coefficient

dependence only



-in TeV~2, Ax? =1

vt - white marks: individual constraints
GIObaI sensitivities - dashed vertical lines: GDPs
o+ AFB. - gray numbers: global/individual ratios

oA
0.00045 Ciy

o OA
0.00056 Cgq
4 OA

031 Cgy

a4
0.0004 Cy

0.016
1.2

1072 107t 10°

Statistically optimal observables:

. 380 GeV
380+1400 GeV

; A
0.00034 C;
e la
W OA
0.00037 C,
2o eq
026 C4
i3
0.00027 CY/
T2

0.00032 CY.

11 CR
0.0 Cly
o
0.06 Cyz
. 1
0.028 Cy g

1074 1073 1072 107! 10°

3804140043000 GeV

runs at two /s
are required

with linear coefficient

dependence only



Robustness



Linear EFT truncation

dashed: linear dependence only
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Linear EFT truncation

dashed: linear dependence only
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Experimental reconstruction [1807.02441]

Full-detector simulation performed by CLICdp.
Good reconstruction can be obtained with moderate quality cuts.

Effective tt reco. efficiency in semileptonic channel (Bret# ~ 20%):

Vs [GeV] 380 1400 3000
P(e™) —80% +80% —80%  +80% —80%  +80%
12.9% (o)
c 47% (Ars)  12.1% 6%  5.8% 46%  4.7%
7.8% (00)

- bW mis-pairing with left-handed beam at low energy
- larger beam energy spectrum tails at high energies
- larger single-top bkg. at high energies

Systematics expected to be controlled to the level of statistics
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Experimental reconstruction [1807.02441]

Full-detector simulation performed by CLICdp.
Good reconstruction can be obtained with moderate quality cuts.

Effective tt reco. efficiency in semileptonic channel (Bret# ~ 20%):

Vs [GeV] 380 1400 3000
P(e™) —80% +80% —80% +80% —80% +80%
10% (o)
€ 10% (Aeg) 10% 6% 6% 5% 5%
10% (00)

- bW mis-pairing with left-handed beam at low energy
- larger beam energy spectrum tails at high energies
- larger single-top bkg. at high energies

Systematics expected to be controlled to the level of statistics

numbers used here, for simplicity
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TheOI’etICal pred|Ctlon [similar procedure in Gristan et al]

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 (0(10)%)
102 F 7]

€.8. 12

10t 10!

100 do /d(30y,) [pb] 100 do/d(04,) [pb]
—0.045 resonant LO 0.0097 resonant LO
0.049 non-resonant LO 0.0091 non-resonant LO
101 F ~0.06704% non-resonant NLO QCD 0.01 zj{‘ % non-resonant NLO QCD
1 1 1 1 1 1 -1 1 1 1 1
—0.08 —0.07 —0.06 —0.05 -0.04 —0.03 107" =506 —0.04 —0.02 0 0.02
10
101 -
100 | -
100 .
—1 -
10 do/d(101,) [pb] 0 do/d(£04,) [pb] 1
0.19 resonant LO 1.3 % 1075 resonant LO
0.2 non-resonant LO 0.00011 non-resonant LO
—2 ; B 102 » )
10 0.25"04% non-resonant NLO QCD 0.00036* 197 non-resonant NLO QCD
1 1 1 1 1 1 1 1

1 I | |
0.05 01 015 02 025 03 03 —0.1 —0.05 0 0.05 0.1

&

V5 = 500 GeV, P(el, e™) = (+30%, —80%),
quoted average values of distribution are O; /L in pb,
QCD scale variation from m¢ /2 to 2m¢
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TheOI’etICal pred|Ctlon [similar procedure in Gristan et al]

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)%)

102F 3
€.8. 12
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10°F do/d(;;05,) [pb) 100
~0.045 resonant LO
10-1F  —0.06784% non-resonant NLO QCD

008 007 006 005 00 ‘\‘a‘o\efS
10! 0‘056(
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do/d(50;) [pb]

1.3 x 1079 resonant LO

do/d(;;0/) [pb]
0.19 resonant LO
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V5 = 500 GeV, P(et, e™) = (+30%, —80%),
quoted average values of distribution are O; /L in pb,
QCD scale variation from m¢ /2 to 2m¢
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Run parameter optimization

Warning: In specific models, certain EFT directions would have more weight.



Sharing 1.5ab™! between two energies and polarizations

Optimal repartition:
Vs =500GeV  570fb! 61% with P(e™,e™) = (+0.3,-0.8)
1TeV 930fb ! 52%

— GDP is 1.02 times better than the benchmark one
(for the OO analysis with all 10 coefficients)

£ 12F — T3 F T T T T 9 F T T T T 3
ol - - - K _
A 1.15
S 11f 4 kK 1} .
& 105 . —\L A4 -
8 . 1 | | | I/\/ | |
0 02040608 10 02040608 10 02040608 1
£1 TCV/LBOO GeV+1TeV E?—?—%%?YO& /£500 GeV E%Eg.\g’_o.s) /El TeV

Same performances require 5.6 ab™! with only /s = 380 + 500GeV:

/s = 380 GeV 1.7ab™! 59%  with P(et,e”) = (+0.3,-0.8)

500 GeV 3.9ab7! 53%
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Degrading polarization or energy lever arm

[P(et)] [%]

500 GeV + 1 TeV

T T T

10% polarization costs ~ 5% of GDP

w.r.t. P(et,e™) = (£30%, F80%):
P(e*) compensated by 140% lumi

P(et,e”) 1

by 460% lumi

1071
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fT T T T 1=

E\' 100 1 at \/5 = 350 GeV 1z
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r 100 b= at 350 G 1%
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— b1 at =

3 T EES
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[ +15ab~lat 1.4 TeV —

e lat @ Gey, ‘
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\/s lever arm is necessary



3. Interpretation
in composite Higgs models



Framework

e The Higgs is composite, pPNGB of a new strong sector
e Typical strong sector coupling and mass: g, m,
e Linear mixings between SM states and composite ones: €, €,

— dimensional analysis for strong-sector operator coefficients

my g &«
* O|m6< 3/21/) 7’:#1/ ¢

&7 my

up to order-one factors
or justified suppressions

in particular y: ™~ €,€484

e
g*
=1, eq ;’f fully composite top right

fix either €, = ¢4~ . equally composite top left and right
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CLIC prospects

[Higgs fit from 1704.02333]

One-sigma sensitivities in (coupling,mass) plane

100

CLIC — fully composite ¢ -

top vertex operators
top dipole operafors

top four-fefmion op.

= - - -
é20 ~ "~ bottom four-ferm. op.
3 N — \‘Hi%\‘ and diboson
g ~
10 - ~ B

=

T
CLIC - equally composite q/t

~

~

\/
L

5 10

9%
power counting exactly satisfied

Gx

Five-sigma discovery reach in (mass,tuning) plane

10° —

CLIC - fully composite ¢ 9x

top and bottom a
10 Higgs and di

m, [TeV]

CLIC - equally composite q,t g+

5 10 20 50
m, [TeV]

power counting satisfied up to £[1/2,2] — filled: pessimistic
— dashed: optimistic
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http://arxiv.org/abs/arXiv:1704.02333

4. Top-quark FCNC production

accessible from the lowest energies
still benefiting from the highest



v

v

v

i ) e’ A
e'e — tj setup
t v
b
Use pseudo OO's (quadratic dependence!) o
. A - u,c
on the semileptonic final state € ’
[TESLA: hep-ph/0102197]
Choose € to match existing studies [FCC-ee: 1408.2090]
V5 [GeV] L1 Plet,e™) Br(t — j~) before fit e before fit € after fit Br after fit
240 3000 (0, 0) 3.70 x 1075 0.30 0.30 3.7 x 1079
350 3000 (0,0) 9.86 X 1076 0.19 0.14 1.1 x 1075
500 3000 (0,0) 6.76 X 10_6 0.057 0.072 6.0 X 10_6
500 300 (0,0) 2.2 x 1075 0.054 0.072 1.9 x 1072
800 500 (0,0) 7.8 X 1076 0.037 0.029 8.7 X 1076
Extrapolate to CLIC run parameters and go global
- e = e(y/5) = (125 GeV/,/5)192
- include four-fermion operators
Use LHC TOP WG standards [1802.07237]

v
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ete” — tj prospects PRELIMINARY

Marginalized 95% CL constraints
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Global probes for the top-quark EFT
Clean global EFT analyses are feasible
at future lepton colliders.

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

CLIC would cover orders of magnitude of unexplored top-quark
EFT parameter space.

High-energy top pair production is particularly relevant to
composite Higgs models.

Single top FCNC production is a powerful probe
that should be further studied experimentally.
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