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Flavour-changing neutral currents

Vanishingly small in the SM

[Eilam et al, 91]

e.g. top decays: BroM Bre® [Mele et al, 98]
t—=cg ~1071U <1074
t—cy ~10712 <1073
tcZ ~10°8 <10~*
t—sch ~1074 <1073

* .
from production processes

vs. about 107 tops produced at the Tevatron and LHC run |
108 from LHC run Il at 13 TeV (1.6 - 10°/ab™1)
6-10%9/ab~1 at 100 TeV
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http://dx.doi.org/10.1103/PhysRevD.44.1473
http://arxiv.org/abs/hep-ph/9805498

The SM EFT

parametrizes systematically the theory space around the SM

> in a low-energy limit, i.e. for heavy new physics
» assuming SM fields and encoding its symmetries
» systematic and consistent when global (RG running, renorm.,...)

BSM; BSM, BSMj;

measurements

energy
- -
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http://arxiv.org/abs/1802.07237
https://feynrules.irmp.ucl.ac.be/wiki/dim6top
http://beta.briefideas.org/ideas/8106c030eba22dd3a8d268940d5e42d8

LHC TOP WG standards

by the TH community, with extensive feedback from EXP [1802.07237]

- Fixing normalization and notation,
for convenient linear combinations,
dedicated implementation for MC simulation [here]

- General guiding principle for EFT use,
and conventional assumptions about BSM flavour
to prioritize explorations

- Specific example of global analysis strategy,
identifying useful EXP outputs
See also Recasting through reweighting [Cranmer Heinrich '17]

- Indicative direct & indirect constraints
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The up-sector FCNC operators [Grzadkowski et al 107
Two-quark operators:

Scalar: Oz, =gug (ple—v?/2),
_ b=
Vector: 0y + 0, = Gv"q QDTI<D_M> @,
Osa =0z = a@y'r'q ¢liDI ¢,
Opu = dy'u ¢'iD, ¢,

Tensor:  cwOu — sw Ouz
5w Our + cw Ouz
OuG

Two-quark—two-lepton operators:

go'u ¢ By,
Got TG W,
c_gcr‘“’TAu@ Gﬁ,,.

Scalar: Olsé,qu = Ie ¢ qu,
Vector:  Of; + O, = Iyl 3y"q,
qu -0, = Iv.7m'1 gy*r'q,
O1u = i'Yul iy u,
O = &7'e gquug,
Oeu = éye uv'u,
Tensor: Oliw =1loe ¢ go'u.
Four-quark operators: ... DY = ("B, - Du")
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http://arxiv.org/abs/1008.4884

Independent coefficients for top FCNCs

Two-quark operators: 10 x 2(,_1,7) complex coefficients

. (a3)  _(32)
Scalar: ¢, Gy s

Vector: .77, (down-Z)

i’V (up-2)
C<foau+3)7
Tensor: ¥ B3
do b
e, 3.
Two-quark—two-lepton operators: 8 x 2, x 2, complex coeffs

X S(a3) 5(3a)
Scalar:  Cloqy’s Clegqu s

Vector: ch(””f (up-v, down—¢)
cf?(aﬁ), (up—¢, down-v)
clz+3), (up=¢, up—v)
), (up=¢, down—¢)
C(a+3)

eu 5

) T(a3) T(3a)
Tensor:  Cioqy s Crequ -

Four-quark operators: ...
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Anomalous couplings/broken-phase eff. Lagrangian

Schematically:

Scalar: tq h

Vector: ty'q Z,

Tensor:  tohq Ay,
totq  Zu,

to"TAq Gp,

Mismatch with EFT:
1. Missing four-point interactions:

- four-fermion operators
- a tqgh vertex arising from
go"'T*u ¢ Gp,
2. Operators of seemingly different
dimensions

3. Missed correlations:

of 'v + h' type
of ‘"W + Z+~" type
of ‘(t[_ [VCKMdL]3)T’ type

et J
Psad
el .
g h
>
q t

e+><j
ef t
g%h
q t
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Direct searches

tqg, tqgh  tqy  tqZ tqll  tqqq tqh
T T T VT SV,TSVT S
The broken-phase effective Lagrangian: v X v 4 X X v
eete™ — tj OPAL, DELPHI, ALEPH, L3 v s X
e p—et H1, ZEUS v X
c
2 eppP ot CDF, ATLAS v/
S ppP oty D0, CMS v/
-5 epp—ty CMS X v
& pp—tlieT CMS v X XV
pp—tyy — L X
> t—jy CDF, DO, ATLAS, CMS v
g et — jete— CDF, DO, ATLAS, CMS X X X
C et —jyy CMS, ATLAS v

One single contribution is often assumed, although:
NP could generate several operators at A.
RG mixings would contaminate more of them at E.
EOM, Fierz identities, etc. have converted some op. into combinations of others.

Renormalizability requires counterterms from other operators.

—> A consistent EFT treatment should include all operators up to a given dimension!
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Interferences and NLO

4
my,€[78,102] GeV _ 1TeV
9 U @3
Iq +0.060 0 —002-02i -0.053-01i -0.052+034i +0.014- 0013\ (G
(a+3) —9% +6% —9% —5% —8% —16% — — (a+3)
c§ £0.069 +0.017 + 0.1 —0053+0.08i —0054— 0.3/ —0.007+0.017i c§
(a+3) o 1.7 o 41 ;D% 0 6085‘ 5+70% 0 6(?5/“5' 027+ 0.2i (a+3)
Re | € = S e e % 27+ 0.2 Coa
@ +0.64 -39 -0029 +0.16+0.147 | | <)
uB —9% —9% —9% - - uB
. X —0.53 — 0.47i .
vaa) +§906/¢, 0.53 — 0.47i C‘(,va)
+0.002
o =\
clatd) f cla+3)
a +0.069 0  —0.02-02/ —0.053—0.i -0.052+0.34/ —0.002+ 0.013/ 1
(a+3) —9% +6% —9% —5% —8% —16% —8% - - (a+3)
ca +0.069 +0.017 +018i —0.053+0.00/ 0,054~ 0.37 +0.0067 —0.006i | | Cei
—9% +6% —9% —10% — +0% —8% - —
i +17 +17 —0. 0095: —5.7 —0.0095i  —0.17 — 0.09i clrd
+Re —9% —8% - —8% —8% - -
G Y ~3.9 —0.0297 —0.098—0.068 | [ (G
uB —9% —9% —9% — - uB
Cl(j;)* +f)£“ +0§1 + 031: CS/;)
o +0.00066 o
1(13) 2 1(31) 3(13) 2 3(31) 2
+ooz(\cequ\ +1G) + 081 (IGDP + G R)
two-quark op.: implemented NLO UFO model [Degrande et al. 14']

two-quark—two-lepton op.: analytically then (now in UFO too)  [Zhang 147
four-quarks op.: flavour conserving implementation in progress
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https://arxiv.org/abs/1412.7166
http://arxiv.org/abs/arXiv:1412.5594
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Four-fermion operators

~ [1412.7166]
dD (t — j£+6-)/dmge x 10° oleTe™ = tj +tj) [fb]
25 (a+3) N I [ A400F T T T T T T T
Cou 2.2 : i ]
20F T A2 T qev? i C((ﬁ:s) 15 I
(arn &V 200F o= + ]
15+ Ceu _ 8.4 r A T(‘V

A2 Tev? Ll
100 -
i clard 13 ]
ST L
0%0 20 60 7 102 120 190 195 200 205
mye [GeV] /5 [GeV]

More sensitivity in off-Z-peak region of t — j¢¢ (smaller Drell-Yan bkg).
High-energy lepton colliders are powerful probes for eetq.
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Four-fermion operators

B [1412.7166]
dD (t — j£+6-)/dmge x 10° oleTe™ = tj +tj) [fb]
25 5y y - " A0F T T T T
ogtY 22 : | ! :
00 A2 T T2 pnf CEY 15 L4
C(a+3) s s -
15f Ceu ™~ _ | —— ]
A2 T t— jle i
10 ]
5t = é3+3) 13 ]
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L—1 P N
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m V]
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C&L+3)
in units of (A/TeV)?
darker: a =1, lighter: a =2
marginalisation within final constraints

More sensitivityj
High-en

Drell-Yan bkg).
or eetq.
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https://arxiv.org/abs/1412.7166

Global constraints at NLO in QCD

[1412.7166]

e e ———
e T RrS ot ) M— 2.3 . .
R N in units of (A/TeV)?
‘Cq(tas)l or ‘C(3a)| —— _1'2—2 red: a =1 (up)
al 3a §
ICPlor IC5Y| ===l blue: a =2 (charm)
O] or |39 L0.046 MRS individual limits
G or O3] 1.6 light shades: putq
\Cl;(“+3)\ or \CZ(ZH)I =__1415‘7 Observables:
CL) o |0l =15 t—= vy
3(a3) 3(3a) 0.49 ’ t—J Ve
|Clequ Clequ | = I
! pp — ty, ty
pp — t,t

ete™ — tj, tj
Potential improvements:
- Off-Z-peak region in t — j£7¢~ and update of pp — t £~
- Angular distributions like ‘helicity fractions’
- Experimental-grade combination
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HL-LHC prospects

2014
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vector 4f

vector tqZ
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tensor 4f

DI
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to assess putq sensitivity

limited improvement on eetq, dominated by LEP2
factors of 2-4 on tqZ,v,g,h and putq expected from HL-LHC
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HL-LHC prospects
2019
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factors of 2-4 on tqZ,v,g,h and putq expected from HL-LHC
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HL-LHC prospects
2038
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HL-LHC prospects
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Other recent studies

e CMS combination of pp — tZ and t — gZ
with anomalous couplings (no four-fermion operators)

e Br(t — euq) < 6.6 x 107°

What proportion of g = u,c and £ = e, i, 7 in
Br(t — £¢'q) < 1.86 x 107°?

o t — 00U q four-fermion operator prospects

[CMS-PAS-TOP-17-017 (Nov '17)]

[ATLAS-CONF-2018-044 (Sep '18)]

[Chala Santiago Spannowsky 1809.09624]
(and t — Zq recast for pputc)
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individual constraints,
present: off-Z

28 034 (HLILHC: off-Z, on-t)
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T1(06) |
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Future lepton collider prospects  (cuic vr 181202003 [GD in preparation]

Use statistically optimal observables

Extrapolate efficiencies from existing studies [TESLA: hep-ph/0102197]
[FCC-ee: 1408.2090]

global 95% CL limits, in TeV ™2, CLIC scenario (0.5, 1.5, 3ab_1)
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decay, current, HL-LHC!?
more sensitive than FCNC decay

available below tt threshold and benefits from high energies
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Top-quark FCNCs

Global EFT interpretations are manageable (at NLO in QCD).

Relevant four-fermion operators are still ignored by exp.
Off-Z-peak my, regions have enhanced sensitivities.

Production and decay processes are complementary.

Internal anomalous-coupling combinations cannot be
EFT-reinterpreted.

The HL-LHC would bring 2-4 improvements on tqZ,~, g, h
and putq operator coefficient limits.

Future lepton colliders would dramatically improve eetq,
starting from below the tt threshold.
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Extras



. . [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;(®) = no;(P)/oo(P)

The associated covariance at C; =0, Vi is

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

e.g. 0(¢) =1+ cos(¢)+ Cisin(¢) + Cosin(29)
1. asymmetries: O; ~ sign{sin(i¢)}
2. moments: O; ~ sin(i¢)

3. statistically optimal: O; ~ —sm(l¢>)

1+ cos ¢
— area ratios 1.9:1.7:1

Applications in ete™ — tt, on different distributions:
[Grzadkowski, Hioki '00] [Janot '15] [Khiem et al '15] [GD et al '18]
G. Durieux — Top LHC France — 25 April 2019
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http://dx.doi.org/10.1103/PhysRevD.45.2405
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http://arxiv.org/abs/1503.04247
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Future lepton collider prospects e’ a

. : t v
[1812.02093] [GD in preparation]
b
, .
» Pseudo OO's (quadratic dependence!) _
- u,c
vs. WW background € )
[TESLA: hep-ph/0102197]
» Choose € to match existing studies [FCC-ee: 1408.2090]
Vs [GeV] c [fb_l] P(et,e™) Br(t — j~) before fit € before fit € after fit Br after fit
240 3000 (0,0) 3.70 x 1075 0.30 0.30 3.7 x 1073
350 3000 (0,0) 9.86 x 1070 0.19 0.14 1.1 x 1075
500 3000 (0,0) 6.76 x 10~ 0.057 0.072 6.0 x 106
500 300 (0,0) 2.2 x 1072 0.054 0.072 1.9 x 1072
800 500 (0,0) 7.8 x 1070 0.037 0.029 8.7 x 106

» Extrapolate to CLIC run parameters and go global

e =¢(y/s) = (125 GeV//5)'92

- include four-fermion operators
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