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Introduction



Top quark couplings: form factors

Objective: to study the potential of a global fit in the top EW sector.
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Abstract We study the potential of future lepton colliders to probe
quark sector. In certain extensions of the Standard Model, such as
sizeable anomalous top quark dipole moments can arise, that may 1
top quark pair production. We present results from detailed Mont
and CLIC at 380 GeV and use parton-level simulations to explore
We find that precise measurements in e¥e™ — tf production with s
states can provide sufficient sensitivity to detect Higgs-boson-indw
doublet model. The potential of a linear ¢* ¢~ collider to detect CP
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Top quark couplings: EF]

Effective Field Theory

1 See “EFT fromalism for top
Lers = Lsym + 12 E C;0; + O (A_4) physics” from C. Grojean on
()

Tuesday for a theory motivation

dim-6 operators on tt production and decay...

Ok =% ara oliDup Wtb vertex o
03 = ng_ qriytq soJ’i(l—?),{ 7 _
Opu = 1_122 uytu (pt’;l_))#(p i d
Opud = 1‘122 uytd pleiDyp

Ouc = yi9s qT 0" u ep*G}, i+
Ouw = yegw qr'ou ecp*W;{V -
Oaw = yigw qrlo™d ep*W,, Z/y tt vertices _
OuB = yt9y qot’u ecp*Bu,, vy, d

. . Contact interactions
Oly= Gwa Il
3 — =1 7.1
Olq=q7' Tudq /t vHI ) 05 = auele
_ _ 1 Oledqg = dq e
Oeg = qnuq eYre
Oeuw = Uyu  eyte
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Different EFT basis

Transformation between effective operators and form-factors:

We can change to

1 m? 1 m? an alternative basis
7 zsMm L [ ~(3) (1) t _ _ _-¢V t
Fiy -y~ = 9 (C - C, th) A2sywcw 2&(1 A2sywew (Vector/Axial -
1 m? 1 m? Vector)
ZSM _ (3) (1) t _ A t
Fl A F — 5 ( C C C(p[,) A28WCW o —5% AQSWCW
4m? 4m?
Ff, = (Re{Cw}cyy — Re{Cis}siy) AQSWt(:W - Re{Ci A—;
4m? 4m?
Fy = (Re{Cw}+Re{Ci}) 55~ = Re{Cus} 75"
7 10 operators in the global fit:
[Faas F;,A] o [Im{Cy }, Im{C;p}] » 4 CP-conserving ttX
vertices
2 CP-violating ttX vertices
Contact interactions * 4 contact interactions
vV 3 |
qq = Cn+Cy - CP Cog = Ceut Ce
_ (1) (3) A — _
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Observables



Observables sensitivity: Ags + Cross-section

ete™ — tt, LO] Durieux, Perelld, Vos, Zhang, to be published
Cross-section Forward-backward asymmetry
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section due to non-zero ——= ~A Y=
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AG (C)/ 6/ AC 10' 10' iy
_C’A _Clq
€q ~
107 1+Re{Cuua} 10°r | +Re{Cua}
R C',,, *RC{éuZ}
10-1/ 1 f/{ 73 107 E A
ﬁ _Cj'»oq i v
A Ve
10721 ete= = tf, LO 1+C% 1072} ete= = tt, LO {+C%
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Nice complementarity 0.02

between Afb and cross-
section to disentangle
vector and axial operators. ¥ o

(e*,e7) =(0,0)
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Observables sensitivity: Ags + Cross-section

ete™ — tt, LO] Durieux, Perell6, Vos, Zhang, to be published

Cross-section

Sensivitity: — | | Se——
Relative change in cross- 12| 1 g, S e
section due to non-zero 7o |- LOA
operator coefficient | TG0 -
Ac (C)/ 6/ AC 10° 1 —Cey
—0A
100 F N
+Re{Cya}
1L i +Re{éuz}
10 7% _V
~¢q
A
1072} ete™ = tt, LO i +O“0q
(P,+,P.—) = (+30%, —80%)
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Role of beams
polarization:
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Observables sensitivity: Ags + Cross-section

ete~ — tt, LO Durieux, Perelld, Vos, Zhang, to be published
Cross-section Forward-backward asymmetry

senSiVitity: | T | | | TTTTTTTTTTTT ~ | T | T | T T T | _C~'A
Reh:tivedchatnge incross- 121 1 go S e 102t 1 dopg -3
section due to non-zero — = A A = o
operator coefficient 7 0C;1¢;=0, vi g o¥B OCi |¢i—0,vi__ CA
101 f 101 f o= g
Ac (C)/ o/ AC 21
- —C
_Cglq I
1% 1+Re{Clua} 1% 1+Re{Cua)
10_1 _/ | —f—R@{(Nj,,Z} 10_1 - *R,C{Cuz}
~ ~A
_0::(1 +C‘Pq
~A ~V
1072} ete” = tt, LO 1% 1072 ete™ = ti, LO 1+Csq
(P.1,P,~) = (+30%, —80%) (P.1,P,~) = (—30%, +80%)
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Nothing can be done with only one energy
point!
- At least we need one low energy with , Theory fit, no full-simulation included.

Vs =500, 1000 GeV ;  + A_; (NLO QCD)
2 beam-polarizations

high statistics for the vertices, and one
high energy for the contact
interactions.

=
Q
<
o}
c
L

B - Marginalized

A C [TeV?]
o
T T TTTI

'E

10 &

Need for new observables to reduce the =

difference between individual and 10% =
marginalized fits 10

Individual: assuming variation in only 1 parameter each time. 107
Marginalized: assuming variation in all the parameters at the same time. Iq
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CPV observables in the global fit arxiv:1710.06737

The CP-violating effects in ete— — tt manifest themselves in specific top-spin
effects, namely CP-odd top spin-momentum correlations and tt spin correlations.

i tt — £ (ay)+ve+b+ Xnaa(azg)
et (py, Pov)+ e (p—, P-) — (k) +t(kp) ) .
tt — Xpaalax)+0 (qo)+0,+0b

CP-odd observables are defined with the four momenta available in tt semi-
leptonic decay channel

O = (4 x4q}) Dy,

O = —[1+ (G, ~ D@ - P15 - ax + 5 -ax - Padl - Py
The way to extract the CP-violating form factor is to construct asymmetries
sensitive to CP-violation effects

L L

A'te = (OfFF) — (0FF°) = cv(s)lReF;A Hez(s)ReFy, A,]iez AﬁeZ

A = (O™ — (O™ =|¢, (s|)IlmF), + 6Z(SlImFQZA mB 1R
Az Az
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CPV observables in the global fit arxiv:1710.06737

a0 102 =

(% - Individual Vs =500, 1000 GeV ; o + A_, (NLO QCD)
— 10E o 2 beam-polarizations

c'—ji g - Marginalized

<

Including CPV observables |
in the EFT global fit doesn’t '
solve the problem 1072

1073

ch ch C, C ¢, ¢, Ccy

Theory fit, no full-simulation included.

We still need to improve

the marginaﬁzed fit /s = 500, 1000 GeV; o + A_, + CPV opt. obs.

2 beam-polarizations

T T TTTI
=
Q.
=
Q
c
L

- Marginalized

1

A C [TeV?]
o

107"

1072

1073

107 ch c C!

uA uZ uA

A A A Vv \ \" R
ch ci CL G cy Cy C

Iq uzZ

Individual: assuming variation in only 1 parameter each time.
Marginalized: assuming variation in all the parameters at the same time.
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Further ideas using
information from the decay:
top quark polarization



Top quark polarization at different axes

J. A. Aguilar-Saavedra and J. Bernabeu. [arXiv:1005.5382].

Studied process

zis top - -
e et — tt - WTbW b — lvbbqq
Fz) (l’ 1(‘.1‘7‘0 _ 1)(1 Py cos )
o Using the lepton from the leptonic W
ao ) .
s deosh. — pHabicosty) — as g polarimeter, we can calculate the
P top polarization in 3 different axes.
y orthogonal to — = ~(1+ aP;cosb,)
sroduction plane o dcos b, 2
1 do 1
xin — — —(1 + Ozz'P COS 92)
prodwcion ocdcosf; 2

Helicity axis (z): measuring top polarization in the z top
momentum direction.

Overlapping with the forward-backward asymmetry.
arXiv:1505.06020v2

No new information.
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Top quark polarization at different axes

J. A. Aguilar-Saavedra and J. Bernabeu. [arXiv:1005.5382].

Studied process

zis top - -
e et — tt - WTbW b — lvbbqq
4 (1”1:_1(:0 = 1)(1 - aPycosf)
o Using the lepton from the leptonic W
aog ) .
s deosh. — pHabicosty) — as g polarimeter, we can calculate the
U do | top polarization in 3 different axes.
y orthogonal to — = ~(1+ aP;cosb,)
sroduction plane o dcos b, 2
1 do 1
xin — — —(1 + Oéz'P COS 92)
producion ocdcosf; 2

Normal axis (X): measuring top polarization in the x direction,
perpendicular to the production plane.

Same definition that the CPV observable ORe (see CPV slide).
Insensitive to CP conserving operators.

Martin Perello, IFIC 14 TopLC 2018 - Sendai - 05/06/18



Top quark polarization at different axes

J. A. Aguilar-Saavedra and J. Bernabeu. [arXiv:1005.5382].

zis top
momentum

— 1 do
P

‘ odcosf
/ 1 do
o dcos 0

1 do

y orthogonal to
production plane

o dcos b,

:2(

1 .
1l 4+ aPscosf)

(1 4+ aP) cosb,)

]
T2
]
=3 (1+ aP;cosb,)

Transverse axis (y): measuring top

polarization in the y direction,
perpendicular to the x-z plane.

Seems to be good for

Studied process

e~et — tt = WHbW b — lvbbqq

Using the lepton from the leptonic W
as a polarimeter, we can calculate the
top polarization in 3 different axes.

1 do
adcos@

—(1 4+ ;P cos 6;)

107" |

68% C.L. Individual Limits

1072 e

E — CEA from A,

CEZ from A,
Cljz from Pa.T i
CL‘RZ from Stat. Opt. Obs. T

constraining the real part of the
dipole operators (CuA and Cu2)

P(
] ] ] ]

e)= (+30‘7 80‘7) ]
]

500 1000 1500 2000 2500 3000
Vs [GeV]
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Wtb vertex and W
polarization



Witb vertex

4 operators affecting to the top quark

Ouw = yigw qrlo"u ep*W}!, .
W= SEaw NG decay, 2 of them appear at production too.

' 2 g
3 — Y I ol
O(pq — _2L qr ,},Ilq (pTZDAH @
2
— Y - T,
Opud = 4 uyd 'eiD,p 2m00
| 5 [ ) — Helicity
B _ 7 I o [ ete” —tt
OdW = Ytgw qT o'’d 6‘-,0*Wuy - Semileptonic decay |— Normal

— Transverse

1500

Using the lepton from the leptonic W as

a polarimeter, we can calculate the W 1000
polarization in 3 different axes (same
motivation than top polarization). 500

OIII|III|III|III|III|III|III|III|III|III

-1 -0.8 -06 -04 -02 0 02 04 06 08 1
cos 0

W

J. A. Aguilar-Saavedra and J. Bernabeu. [arXiv:1005.5382].

1 dr 3 o 3. .3 .
deOSH;‘ — §F+ (1 +COS€Z )2 + ZFOSIH2 01 + gF_ (1 —COSOl )2
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Witb vertex

Ouww = yegw qrio™u ep*W}, 4 operators affecting to the top qua_rk
decay, 2 of them appear at production too.

L -
03q =% qriytq ¢liD ¢

Opud = Y yd TeiDyyp Defining: 4%, = 3(F, — F_)

AT is proportional to the top quark

Oaw = yigw qr'o*’d GSO*WZV
transverse polarization

Od¢ud and OdW only contribute quadratically (no SM interference).
For these observables the dependence on O3 also completely drops out.

Sensitivity to the real part of OuW at 500 GeV (Durieux, MP, Vos, Chang PRELIMINARY)

P(et,e™) (+30%, —80%) (—30%, +80%)
observables AT AR AT A¥p
SM predictions —0.6 —0.17 0.57 —0.29
in production 38 £ 1 9+ 2 —-25 £+ 1 X
in decay X 16 &= 2 X 11 £ 3
in prod. & decay 37 £ 1 26 £ 2 —-24 + 1 10 £ 3
18 TopLC 2018 - Sendai - 05/06/18
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Statistically optimal observables

G. Durieux @TopLC 2017:

https://indico.cern.ch/event/595651/contributions/

Statistically optimal observables

minimize the one-sigma ellipsoid in EFT parameter space.

(joint efficient set of estimators, saturating the Rao-Cramér-Fréch

For small C;, with a phase-space distribution o(®) = go(®) + >_ C; 0:(P),

the statistically optimal set of observables is: O;(®) = o;(®)/oo(P).

e.g. 0(¢) =1+ cos(o) + G sin(¢) + Csin(20)

-’ — area ratios 1.9:1.7:1

Previous applications in e™ ¢
[Grzadkowski, Hioki '00] |

et bound: V™

1. asymmetries: O; ~ sign{sin(i¢)}
2. moments: O; ~ sin(i¢)

3. statistically optimal: O; ~

1+ coso

Construction based on the
decomposition of the differential
ete— = tt = bW+ bW —cross
section in terms of EFT helicity
amplitudes.

They are constructed to
maximally exploit the available
differential information and
extract the tightest constraints
on parameters whose
dependence is expanded to
linear order only.

Martin Perelld, IFIC
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Statistically optimal observables sensitivities

1 T T 1+ (-'l-‘{: T T cA
10 1 90; — O _ -CcY 101 1 90; — qO,
~—=| =85 _——— “lq === ;
O: o C =0, Vi B -__/-"f _(y.‘\ 0 BC C =0, Vi - —14 (‘I.-l
10" f e q “ 10t e 4 4
- r"_,.—'-"‘- - — P ___/". _(‘\'
: ,7_7--;'"/ e — ' — - ;--,_,--"" “lgq
10° = __— — 4+ ." L 109 y » A_’_;,—:;'~;;,';;Q;"/I (
— — | ( A 5 7;:._;.'_:_-./ ) ( "7
1071 — J+ea 101 {+CA,
{ " ‘.‘ ( ". {
1072 ete = tf— bW+ W=, LO 1072 ete— = ti— bWHEW—, LO
P(e*,e”) = (4+30%, —80%) P(e+ e~) = (- JO% +80%)
3 1 | i 1 2 PR | i 3 i | I L i
10 500 1000 3000 10 500 1000 3000
V5 [GeV] Vs [GeV]

Comparison in the global limits (500GeV + 1TeV for 2 pols.):

o+ A Statustlcally optimal observables
00049 C,
0.0016 C'l’(: .00059 (‘:‘
0.0027 C.'Lf:' 0.07 C'\?Q
- AA 0.00036 C"
”'l l' (:¢? ).00063 C,V
0.0026 C"'
-3 0.09 C‘V
0.0031 ch ¥
b 0.021 C
1 8 CV 8 ~u£
: ~¢q 0.0069 C':‘A
0.47 CRZ uu.'t.‘ o
0.008 C’ o éu;z
2 Yud

104 2 . 10° 10~ 10-3 10-2 10-!

- Even better individual limits
- Global limits within a factor 1.3 t0 3.5
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(Few words about) Full-simulation

See “Top identification and tthar reconstruction at
CLIC” from R. Strom on Wednesday morning for
more details




Full-simulation

Reconstructed process: e-e+ —>tt—> 4j + vl

CLIC380 and ILC500

- Resolved analysis - reconstruction of 3 separated jets for the hadronic
top, and 1 for the leptonic top.

Problem on migrations (bad W-b pairing) in some angular distributions,
solved using a quality cut with the consequent penalty in efficiency.

5000F _ee  ILCH00 - sooo .  ILC500

o o LY,
—e.q _J J L —€.e

4000 | —Raconsiructed 4000 [ —Reconstructed with cut on %2
L.  \Whi . - SM Background
3000 E Generator - Whizard 3000 |~ Generator - Whizard 3
2000 | 2000 |
1000 F 1000 F
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos(6,,,) cos(6,,,)

Alternative: reconstruction of b quark charge (see R. Poeschl talk on Tuesday afternoon)

Martin Perell, IFIC 22 LCWS 2017 - Strasbourg - 26/10/17



Full-simulation

Reconstructed process: e-e+ —>tt—> 4j + vl

CLIC1400 and CLIC3000

- Boosted analysis - reconstruction of 2 big jets, and then look inside them
to substructure identification - Top Tagging.

Parsing through jet Three subjects identified
cluster

See R. Strom talk to
understand all the work
behind this method

Martin Perell, IFIC 23 LCWS 2017 - Strasbourg - 26/10/17



Results based on CLIC



Results based on CLIC

Top-philic basis (arXiv:1802.07237)

A top-philic scenario is obtained by assuming that new physics couples dominantly to the left-handed
doublet and right- handed up-type quark singlet of the third generation as well as to bosons.

102 10! TeV
e ety
0.00095 Clq B R semi-leptonic tt
’ 0.0035 | 380GeV 4+ 1.4TeV +3TeV

0.00092 Clq,W 0.00048f | 0.0044 | 380 GeV
0.00056 Ci. B 0.00046 | |

’ 0.0034 ]

0.014 C,p o.00a5 | |

0.0054

0:023
0.023 0.006
CtW 0.0077 |
0.082 0.047
ot C, 'F-
0.057
0.083 0.046
013 Oy 'F-
0.056
—2
Tev 104 10-3 102 10~ TeV—2
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Results based on CLIC

Top-philic basis (arXiv:1802.07237)

A top-philic scenario is obtained by assuming that new physics couples dominantly to the left-handed
doublet and right- handed up-type quark singlet of the third generation as well as to bosons.

102 101 TeV
0.00029 Ciq.B 0.0002 [ | CLICdp Preliminary
’ semi-leptonic tt
0.00026 Clg, v |G 380 GeV 4 1.4 TeV + 3 TeV
0.00018 Cpt p KT I global limits

0.0094 Cip (I Yy

0.015 Cyyy YT 7Y

0.082 C_ | Y v
0.083 Uy | YT

Tev™ 104 103 102 10~ TeV—2

Difference between individual and marginalised limit lower than a factor 2 for 4-fermion
operators and lower than a factor 4 for 2-fermion

Martin Perello, IFIC 26 TopLC 2018 - Sendai - 05/06/18



Results based on CLIC

Top-philic basis (arXiv:1802.07237)

A top-philic scenario is obtained by assuming that new physics couples dominantly to the left-handed
doublet and right- handed up-type quark singlet of the third generation as well as to bosons.

102 10' TeV
Clq B 0.0002
; 0.0035
%, T CLICdp Preliminary
lq,W 0.0044 semi-leptonic tt
single-operator limits
Cit,B 0-00016 S 380 GeV + 1.4 TeV + 3 TeV
380 GeV
0.004
Cip 0.0054
R
Ciw 0.0077
— 0.047
Cgoq 0.057
0.046
C‘Pt 0.056
10~4 10~2 10~2 10~! TeV—2

CLIC at high energy has a great potential to constrain 4-fermion operators
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Comparison with the LHC



Comparison with the LHC: vertices

PRELIMINARY

-mdlv limits _ LHC run I: ttV, TopFltter arXiv:1512.03360
EX global limits B 1L.C: 500 GeV,0.5ab” @1 TeV, 1 ab’!

B CLIC:380GeV,05ab" ®1.5TeV, 1.5ab" @3 TeV,3 ab’! 107!

68% C.L. limits [TeV~?]

new physics scale [TeV]

"v’v’v‘v‘ WAV W W, avavava~.
PO DOOO ) avavavava
Lede%% 1%%%% 7%

10

Still preliminary, final results for ILC still coming.

Limits between 2 and 3 orders of magnitude better than LHC.
LHC limits could improve in future stages, but not prospects of
this possible improvement at the moment.
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Comparison with the LHC: contact interactions

PRELIMINARY

(\’T | e |
L >

> TopFitter, arXiv:1512.03360 =
~ 10 =,
— o

5 HL-LHC, 13 TeV., 3 ab’ =

@) 1 ’ ’ 1 3

= wn

© -1 ILC 500 GeV,05 ab” @ 1 TeV, 1 ab” 2
ﬂ 10 eV,0. al ev,la g
o —

E =
) 2

= 10 CLIC 380 GeV, 0.5 ab" @ 3 TeV, 3 ab’! 10 ;‘
— 3 2
@) 10

S

00 -4 2

3 10 10

107
_ 3
107° 10

Tev4+LHC HL-LHC ILC CLIC

- Still preliminary, final results for ILC still coming.

- Top-philic scenario allows for a comparison between gqtt and eett
contact interaction.

+ LHC results could be improved using boosted measurements on
(MP, Vos, arXiv:1512.07542), but even so couldn’t surpass LC
limits (3 - 4 orders of magnitude better at the moment).
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Summary on the global fit

Cross-section + AFpB alone are not optimal for a global EFT fit.

CP-odd operators well constrained by CP-odd optimal observables.

Only one energy point is not enough for constrain the full set of
operators.

Optimal observables seem to be the proper solution to the global fit.

Results on the global fit ready for the CLICdp top quark paper (preparing
pheno paper including ILC scenario).
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Back up



CPV: Optimal CP-odd observables

The CP-violating effects in ete— — tt manifest themselves in specific top-spin
effects, namely CP-odd top spin-momentum correlations and tt spin correlations.

i tt — £ (ay)+ve+b+ Xnaa(azg)
et (py, Pov)+ e (p—, P-) — (k) +t(kp) ) .
tt — Xpaalax)+0 (qo)+0,+0b

CP-odd observables are defined with the four momenta available in tt semi-
leptonic decay channel

O = (4 x4q}) Dy,

O = —[1+ (G, ~ D@ - P15 - ax + 5 -ax - Padl - Py
The way to extract the CP-violating form factor is to construct asymmetries
sensitive to CP-violation effects

L L

A'te = (OfFF) — (0FF°) = CW(S)lReF;A Hez(s)ReFy, A,]iez AﬁeZ

A = (O™ — (O™ =|¢, (s|)IlmF), + 6Z(SlImFQZA mB 1R
Az Az
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CPV: Full-simulation: CLIC@380GeV
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Afte -0.00006 = 0.003  0.0072 £ 0.003
Alm 0.0004 = 0.003  -0.0019 £ 0.003

Distributions are centered at
Zero

Differences between
reconstructed and generated
events are very small.

Any distortions in the
reconstructed distributions
are expected to cancel in
the asymmetries Arec and Aim

Asymmetries are
compatible with zero within
the statistical error
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Statistically optimal observab|

Example for 500 GeV (e-, e+) = (-0.8, 0.3)

Generated plots

Theory uncertainties under study
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