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Key to many Puzzles

Higgs boson discovery
substantiates (more) many big
guestions in nature. It could well
be the key to unlock some of
nature’s secrets.

All connections could be revealed

In Higgs measurements.
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Top quark and Higgs EFT Overview

Top-quark and Higgs couplings are the key
driver of the hierarchy problem (and
subsequent naturalness problem).
Solutions to such problem are likely to
induce corrections to these couplings.

Important to consider the CEPC sensitivity
to Higgs and top EFT, even though the
operational energy is below ttbar+Higgs
threshold.



Top quark and Higgs EFT Overview

O = 12 (H'H)(qLHtg), Top-quark and Higgs couplings are the key
A driver of the hierarchy problem (and
Opyy = 12 (H'H)(gLHbg), subsequent naturalness problem).
“‘L Solutions to such problem are likely to
gﬁi _ % {H"E#H) (G.7"qL), induce corrections to these couplings.
0 = & (H'r' D, H) @ r'q) - tivi
Hq = a2 H -' Important to consider the CEPC sensitivity
i L = g to Higgs and top EFT, even though the
Ont = AZ (H'DuH)(tpv"tr), operational energy is below ttbar+Higgs
i e _ threshold.
Onp = A2 (H'D,H)(bpy"br),

Here we choose a (minimal-)complete set

of relevant operators, can be obtain by

integrating out heavy particles and EOM.

J. Aguilar-Saavedra, arXiv:0811.3842, arXiv:0904.2387

C. Degrande, J. Gerard, C. Grojean, F. Maltoni, and G. Servant arXiv:1205.1065, B. A. Kniehl and O. L. Veretin
arXiv:1206.7110, A. Hayreter and G. Valencia arXiv:1304.6976
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Top quark and Higgs EFT Overview

O = %{H%H}(ELﬁtH], Top-quark and Higgs couplings are the key
A driver of the hierarchy problem (and
Opyy = ;2 (H'H)(gLHbg), subse_quent naturalness probler_n).

: Solutions to such problem are likely to
gﬁi _ é (H' E#H) (G.7"qL), induce corrections to these couplings.
ﬂ[iijziH%jEH—#I _

Hq ﬂ_E{ m DuH) (@7 qL) Important to consider the CEPC sensitivity

i L = g to Higgs and top EFT, even though the
Ont = F{H D, H)(tpv"tR), operational energy is far below

i My _ ttbar+Higgs threshold.

Oup = —(H'D, H)(bry"bg),

A? | will go through the physics

Here we choose a (minimal-)complete set probes for these operators
of relevant operators, can be obtain by

integrating out heavy particles and EOM. INdividually and by groups
J. Aguilar-Saavedra, arXiv:0811.3842, arXiv:0904.2387

C. Degrande, J. Gerard, C. Grojean, F. Maltoni, and G. Servant arXiv:1205.1065, B. A. Kniehl and O. L. Veretin
arXiv:1206.7110, A. Hayreter and G. Valencia arXiv:1304.6976
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Top quark and Higgs EFT Oy,

Rel Ay, ]/yM
Ot = — (H'H)(qHtr) 2. -15 -1. -05 0. 05 1. 15
tH_ A2 qL R ’ II|I-I|II|.IIII|IiIII|.IIII .IIII-|IIII|.IIIJ_,J.j.
=2,
40| CEPC/FCC—ee W s
CP-even and CP-odc! type of_ 240GeV @5ab-! Gl 2215
Yukawas, asymmetries too tiny below PLTIA E

ttbar threshold.

0] v

T =¥¥
= .
e"?‘.: i of _: %h
Sensitivity from loop process. =0 I' ' i 0. =
Gluon-gluon and diphoton drives the = 7 R - =
.. . s Lo\ 3-05 E
limits, though the precision of E o0 el h . -
corresponding coupling is worse than — tHeL HC <5 “x =1-1.
Kz measurement. e \é 15
-40 T
Better than HL-LHC tth direct o T
production. —-40 -20 0 20
Assuming no new HGG and HFF operators; Re[Ci] (TeVZ/A%)
In cases where HGG and HFF are of the same order, e.g., top
partners with mixing, a correlation presents and the constraints on v v2 vl
new physics scales are generically still be the same order Ay ~ Re[CtH]ﬁ Tt Im[CtH]F +0 (F)
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Top quark and Higgs EFT O,

1
Ov = F(HTH)(@LHE?R),

Direct constraints from H — bb
precision.

CEPC projection of 1.5% on
bottom Yukawa~9 TeV on A

But that is not all the story.



Strong Phase in SM —Ilggs ,
20 — — ' 0000000 W |
— |Absolute :
151 Real ' A ->——- H0
Imaginarp; '
K i |
g g 0990000 |
|
0.5] \ 1« All quark contributions
ol ~ normalized the same way, the
3 T — | plot represents the relative
0.1 05 1 5 10 50 contributions
Top Jr Botto Charm * Numerically:
loop m  loop e t-loop +1.034
loop  Db-loop —0.035 + 0.039i
A strong phase in the gluon-gluon fusion * C-loop —0.004 + 0.002i

production at hadron colliders (imaginary
part)



Top quark and Higgs EFT O,

Re[Ay,]/ys"
2. -15 -1. -05 0. 05 1.

1 ~ | | ' | | 1 I:.'I 1 !n LI | | _|. 1 1 ‘I|__ 2
Ovrt = 5(H "H)(qLHbr), CEPC/FCCee|' |, o | i
_ _ _ 0.5|{240Gev@sab SSETAE
Direct constraints from H — bb . | = | 1.
. e [ [ ! P
precision. = A j dos =
% | : [ ] =
Sensitivity to CP-phase phase = 00 : % =
through interference With top loop 3 , J-05 E
for th_e gluon-gluon-Higgs E | D
coupling. 05 H-bb | N
| 3-15
-2

08 06 04 -02 00 02 04
Re{CpH] (TeVZ/A?)
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Joint Analysis
O,y and Oy,

Key measurements (CEPC):
Higgs to diphoton

Higgs to digluon

Higgs to bb

(ttH@LHC)

Four d.o.f., bottom and top Yukawa:
Strengths (x-axes) and phases (y-axes)



Bottom Yukawa: | [Cepcroc—ee] |
_ « Htobb 240GeV@Sab~! \
J Oi Nt Analys IS constraintsthe o5/ 7 ‘-,
strength |- v RN
ObH and OtH  Htodigluon £ & ‘
Key measurements (CEPC): constraints theg:l N = , _
Higgs to diphoton |_ohase through = | = \;Jﬂﬂbg
Higgs to digluon Interference -0} : :'
Higgs to bb [ ]
(ttH@LHC) '1 ,J'I H-bb
~10} - K

Four d.o.f., bottom and top -004 -002° '“”2“ 002 004
Yukawa: Abs[y/ysM]-1
Strengths (x-axes) and

phases (y-axes)
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Joint Analysis
O,y and Oy,

Key measurements (CEPC):
Higgs to diphoton
Higgs to digluon

Higgs to bb

(ttH@LHC)

Four d.o.f., bottom and top

Yukawa: Top Yukawa: 0ar , . . .
Strengths (x-axes) and . Hto gg constraints CEPC/FCC—ee
phases (y-axes) the strength and 240GeVesab ™

phase (due to loop 02
function |
differences)

e Htogamma
gamma constraints |
the phase through -o02
interference with
dominant W-loop 04l UHEHL-LHC

020 =015 -0.10 -005 12EI.D{}

Abs[y,/y?M]-1

0.0+

Argly,]fm
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Top quark and Higgs EFT

1 3
050, 082, Ontt, Oty

Hqg’
(1) _ % _
ﬂﬂq - F(H D#H}(GL’? G’L):
0B — gt I D HV (G, i
Hg ﬂg( T Ly W@y T qr)
'i '.H —
O = F{H'D#H}fﬁfﬁ'#ﬁﬁ]:

"I‘.- '.H —
Oup = Az (H'D,H)(bpy*bgr),

qr, = (tr,br), HTB“H = HYD,H) — (D,H)'H, and H = io?H
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Top quark and Higgs EFT

1 3
050, 082, Ontt, Oty

Hqg’
Three-point functions only qqV
J. P . 4| 1||.
ﬂg_fzr - ﬁg (H D H}(QLW#QL) ‘4_-.',""”,?”11.-}-1 h”: '-TJE( Jr”::
7
“ r $ A L R Y
ﬂ'}ﬂ — é{H'TID#H}{ﬁLT#TIQ’L) L‘-'“h“}I by, : EME’U (C Ha {’”q]
in ry Zubny'tn: —9zoCi
Ont = F{H D, H)(trv"tr), ‘ 2-*;3 ik
s ! v 1) o3)
2 , £ T ‘r::--ff .-'-1'.I|I t .- 4 { [ {’ i ]
Ouy = 5 (H' D,H)(Brybr), S ff"nz‘ g~ Citg
Wt v# by 1 go——C, r(3)
it v,-’_qig H:,r

Higgs modification starting at the four-
point function qqVH

*little impact on the Higgs coupling
precision fits at tree-level (since most
Higgs decay are two-body)

**No photon, only Zand W

qr, = (tr,br), HTB“H = HYD,H) — (D,H)'H, and H = io?H
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(1) ~()

Top quark and Higgs EFT Oy, Oy, Onp
Agiigi(%)
1.5 1. 05 0. -05
[r 171 | T T 1 | T T T | T T T | T T | I L10
.i.ﬂ'!“!(” (3.33) (1.33) . f'l‘j' .“-‘, \3 02_7 :
ser = 3 ,[(..:; e f‘i+0(—z)} (_z)m(- ) CEPCIFCC- ee 240 GeV .
V2n? Sl A ee—Hbb @ 5 ab™’ 3
dey = 0% e {( 539 - o+ 1€ ';'i‘;i} (32) 108 (57) - 0o 95% & 68% -9
-02- |
Current Z- pole " 10.
Co4 95%8&68% o 18
d I ete- Z-pole | _
® PO L a0E
Eosl (unpol.) 50 - &
of — 10x10°z | 4
-08+ -- 2x10°z —-30.
-10¢ - 40.
-12¢ N
-025 -020 -015 -0.10 -0.05 000 005 0.10
Cin+Cl) (TeVAIA?)
Z-pole prowdes very high
precision on these coupling.
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Top quark and Higgs EFT O

LHC-DY-ttbar is buried
under the QCD ttbar
production

Need ttZ, ttW final states
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(1)
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Ont

Hq’ “Hq’
Ag; /g (%)

~100. -80. -60. -40. -20. 0. 20. 40
[T | T T ‘ [T T | T T ‘ T T | T T T T ‘ [T T |_
e tZ@LHC =

3 ¢ ~ -1 n
L tw@h@LHe Y Sy 300,3000 % —
3000 % 1 NN :

il - "_"\"--.?‘\-‘ E

i // ,,,f > \ \-\.“"“:‘7:\ B
/ Vs \\ \ \ ~ |
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L] AT AN - -

i H N\ W \\__

- . \ h) =

:| ! ttW(Sj)@LIjC \\\\ ;’:\ \‘;

\4\L 3000 fb Y ‘&5@”/ &\ t

LY} - M TN [}
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(WY ~" 7y
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R. Rontsch and M. Schulze,
1404.1005, J. Dror, M. Farina, E.
Salvioni, J. Serra, 1511.0
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http://arxiv.org/abs/arXiv:1511.03674

da(ete™»tf)/dz (pb)

1.2F"

1.0

0.8

0.6

0.4r

0.2

_ Ag;lg; (%)
Cross section and s 10 -5 0. 5. 10.
forward-backward asymmetry N R
- .- 10-  e'e 500 GeV - 20.
ILC 0.5 ab with polarization better | _ 5. JJUTES i
than 1.5 abtunpolarized 05L  —- 4ab Y e
— ej6k S R/ Y Y 105
enel 1 :\g’ 0.0 o ..%‘, :0._§
average = R £//€ % |
L _ 05; ':' '¢‘ e+e' 365 GeV ; 10.
/ LT —sa
i ) 1_0-_ -= 05ab’ ;20_
I — 1.5ab " opt. obs. _|
_ 157 I RS R T R BT
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
1.0 “05 0.0 05 1.0 Clia- Clig (TeV2IN%)
cosé
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do(e*e—tf)/dz (pb)

1.2F"

1.0

0.8r

0.6

0.4r

0.2

_ Ag;lg; (%)
Cross section and s 10 -5 0. 5. 10.
forward-backward asymmetry N R
- .- 10-  e'e 500 GeV - 20.
ILC 0.5 ab with polarization better | _ 5. JJUTES i
than 1.5 abtunpolarized 05L  —- 4ab Y e
— ejek > Ry /Y Y 0.8
enel 1 :\g’ 0.0 o ..%‘, :0._§
average = R £//€ % |
-05 i ':' '¢‘ e+e_ 365 GeV ] 10.
/ LT —sa
_____________________________ 10 -= 0.5ab™" oo
I — 1.5ab " opt. obs. _|
_1_57\ R R TR R SRR T R BT
-15 -1.0 -0.5 0.0 0.5 1.0 1.5
10 05 0.0 05 1.0 Clig- Chg (TeV2IN?)
cosf
Little asymmetry for unpolarized beam
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Top quark and Higgs EFT 0., 05, Oy

At or above tt threshold at
lepton colliders, one
immediately again great
sensitivities to the top gauge
couplings.

de
drdcosf

8A, =0B,=8C,=8D,~0

2Ey 'ri—ﬂ P | :
= {i7g| PEy1-dmi)| 8D, x - |7

Patrick Janot

Note that the opt. obs. Analysis is a rescaling of Janot’s
study, we probably want to confirm that ourselves.
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Ag;/gi (%)
-10. -5 0. 5. 10.

157\ [T ‘ [T T 7T | [T T 7 T 10 | [T T 1 ‘ T
1.0 e*e” 500 GeV ]
i — 0.5ab™" P 5
05+ -- 4ab’" K —
& I ¢ S B
S L 'a' 4 e _

o
> L ”I j", .'1 ]
é 007 e gu.y ‘,' i
_05L s 5 e'e 365GeV |

) ) )
’ R — 1.5ab™" 7
i __ -1 B
1ol 0.5 ab B
— 1.5ab " opt. obs. |
- 1_57 T T T I T T T T T IS T \7
-15 -1.0 -05 0.0 0.5 1.0 1.
Cli)- Clid (TeVZIA?)
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sign(c) N\/ le] (TeV)

Top quark and Higgs EFT summary

95% C L. exclusion on new physics scale A

4 [ Higgs Precision Z- pole tt- pair
driven driven driven

2 * A0 A
o} I q 5
-:

" M HL-LHC+LEP
“47 m e+e- 250GeV@5ab ! (+2x10° 2)
| W e+e- 250GeV@5ab ' +365GeV@1.5ab 1(+10'0 2) |

qJ;fc) ngfQ %%( %@ %9(%' C%?J
T < Y
Naturally divide into groups, where the
correlations between the measurements
are not large at linear level.
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Top quark and Higgs EFT summary

95% C L. exclusion on new physics scale A

4_‘ Higgs Precision Z- pole tt- pair
driven driven driven

o LEEE]

[ M HL-LHC+LEP
“47 m e+e- 250GeV@5ab ! (+2x10° 2)

sign(c) N\/ le] (TeV)
O

63 B cte- 25OGeV@5ab'1+365GeV@1 5ab 1(+10'0 2)
qJ;KQ ngr % %&,’J %@3 %@
Y %, Y 0

Naturally divide into groups, where the
correlations between the measurements
are not large at linear level.

Higgs-Top couplings important and

{interesting.

1We try to develop some comprehensive
Junderstanding of the minimal Higgs Top
Janomalous coupling EFT set.

1Higgs precision, Z-pole precision, ttbar
1(365 GeV) all needed to complete the
I picture.

Might be interesting to consider the
synergy and physics outcome of larger
ring (100 km) and larger energy
(350~400 GeV).
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Q1: Improvement on top operators

C{pt — Ax? =1

top@HL-LHC

S
CWQ ° . 1240GeV. 5ab~?
th—. +350/365GeV, 1.5ab—1

e
CiB

Chy & ]/

Cye ?
103 102 101 10 10t 10% TeV—2
Individual constraints (blobs)

- competitive with the HL-LHC (e.g. on the top Yukawa C;,)
- dominated by Higgs measurements (diboson improves with energy)
- loops in e"e~ — tt would improve its impact on Cty and Cig

Global constraints (bars) (12 Higgs + 6 top op. floated)

- large flat directions with 240 GeV run alone (not shown)
- still improves the HL-LHC combination
- more differential distributions should help

Gauthier Durieux — CERN, 15 January 2020 — Third FCC physics and detector workshop 10



Q2: Contamination in Higgs operators

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

10" ¢ — — :
- (Il CC 240GeV circular collider with unpolarized beam 3
- |ll CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab}]
L CC 240/350/365GeV | light shade: marginalized over top parameters .
1L CC 240/350/365Gev + HL-LTC | || ":l i __‘ solid shade: all top parameters set to zero
= b ! | M
fnoe'e — it no top@HL- LHC
-1l —
s 10 :
§2)
®
8 1072
g i
10—4 1 I L i
Czy  Cgg 5 oy, Az 6k,/10°

Uncertainties on the top have a big effect on the Higgs
. Higgsstr. run: insufficient
- Higgsstr. run & top@HL-LHC: large top contaminations in €y~ gg,7+.2z
. Higgsstr. run @& e"e~ — tt: large y; contaminations in various coefficients
- Higgsstr. run @ eTe™ — tt @ top@HL-LHC: top contam. in Cgg only

Gauthier Durieux — CERN, 15 January 2020 Third FCC physics and detector workshop 11



Top Threshold

Experimental Studies:

s
LS

o) I he ¥ v B R AL AR I L The cross-section around the
o - ttthreshold - 1S mass 174 GeV - :
— - threshold is affected by several
€ 1.2 -« TOPPIKNNLO == ISR only = ;
o ’ properties of the top quark and by
0 I CLIC350 LS only — CLIC350 LS+ISR |
o 1 ¢ . QCD
@ - , o Yu Qs ] * Top mass, width, Yukawa
g 0.8 ,_ :_:' 0 ¢u: coupling

0.6 - .-': G t— * Strong coupling constant

0.4 &

: \’-"-+ /

0.2 ) ) -
L it This solid black curve (much less feature) is

2 e éoi ~ what we are to measure, do we really expect
simple statistical scaling on the sensitivities to
these free parameters from this single curve?

345

» Effects of some parameters are corr
dependence on Yukawa coupling rather weak -

precise external as helps . André H. Hoan
Frank Sir e

University of Vienna

3rd FCC Physics and Experiments Workshop, January 13-17, 2020



Top Mass from Direct Reconstruction

Why bother given that we have the top threshold?

® For lepton collision is it much easier to understand the MC top mass interpretation
problem and we can use the consistency with the threshold mass measurements
as a benchmark to improve the intrinsic precision of MC generators and make
them into much more reliable tools.

MC __, pole pert non—pert MC
my; - =my;  + AP AT + A

— e /

pQCD contribution: Non-perturbative contribution: Monte Carlo shift:
« Perturbative correction + Effects of hadronization + Contribution arising from
Depends on MC parton model sy?terln?tig {vl(.;, uncertainties
. not related to to
shower setup * May depend on parton p .
shower setup + E.g. b-jet modeling, finite
T width, ...

Was analyzed in
Platzer, Samitz, AHH ‘18

André H. Hoang

University of Vienna

: kﬂlt‘l’ﬁ“‘"‘“ 3rd FCC Physics and Experiments Workshop, January 13-17, 2020




What can a future lepton collider help?

What would a precise measurement of event shapes at higher Q values contribute?

Exercise: Make up fictitious ILC data at 500 GeV, with assumed 1% statistical and

0.80
20

(GeV)
075

0.70

0.65

0.60

055

1% systematical uncertainties. Repeat fits.

[[Ef:u"i —— * Limited impact concerning precision
- vl . because high-energy uncertainties blown
; up in the evolution to Z mass
; * Nevertheless important impact in lifting
. degeneracy between o, and ;.
ag(myz)
André H. Hoang
Taken from my talk at the FCCee ag-Workshop 2015 University of Vienna

3rd FCC Physics and Experiments Workshop, January 13-17, 2020




0.08

[ | T T T [ T T T I T T T '| T T T i
[ o ASSALLT S ANE TENSALIT FASAAS lw::-' =
What can a future lep uf— =
0.04 _ N
What would a precise measurement of event - T=0 -
0.02F=="" my (solid) -]
& iy B sin” i (Dashed) -
Exercise: Make up fictitious ILC dataat500G_ [ - Dorted) E
A0L mvintAarmatiaal sinAaardaintias Da S “ -
..’[I T T T T T T T T 71771 T T T T T T TT I_-jE : r”’-r [DUI_Uuhhcd' :
Gmw = 1 MeV. S =0 ! B S Reece, Fan, Wang 14’ ~
| o -:
1wt Reece, Fan, Wang 14’ N T=002i {T - b
[ X t ] )
: \ Y - , | | | .
] T=0.012} P ~0.08 0.2 0.4 0.6 0.8 1.
= | ‘l E 12 é
2 ' L Bnon
kS T = 0.0085 |
| :
B 1 "
I :
_______ I H
''''' | :
. 1 '
L LOOBT % 1 I
I :
s 1 ¥
, I :
: s
' ] :
' : ; André H. Hoang
0l L [ ] -
Iu_},. S e CCee ag-Workshop 2015 University of Vienna

'CC Physics and Experiments Workshop, January 13-17, 2020




Physics outputs from ttbar run

ttbar run defined as O(0.x fb~1 )(runl) for the threshold scan near 346 and
O(1.x fb~H)(run2) at 360~365 where ever the maximum amount of ttbar events
can be accumulated.

Physics output:
1. Precision Top gauge couplings (run2)
* For ttZ couplings alone, cross section plus asymmetry;
 For top EFT, optimal observable (or Matrix Element Method) needed,;
2. Precision Higgs Physics (run2)
» Leading order study with 360 statistics (even plus 346) well underway;
« Higher order fit needs more theorists for consistency;
3. Precision Top mass measurement (runl)
* Physics case: help with EWPO interpretation (under universal theory);
* Non-Universal case, worthies a consistent theory study;
4. Get Yukawa coupling from the ttbar radiative corrections (runl+run2)
 There is 4.2% projection from 1310.0563, but later on the theory
uncertainties is estimated to be ~30% by 1506.06865 n

5. Geta bit constraint on the double Higgs production (run2+, 400 GeV needed)...
Far fetching, leave this in the back of our mind if our accelerator friends make some breal
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hGG(£+) 1 +1.035Re | —er | +0.053¢*7327 Re | -
yt § Jb §

hGG(£+) : +1.575Im | —er | £ 0.05507477 Im | 22| (3.5)
R R/

where #; and 6, are the CP phases (weak phase) for the top Yukawa and bottom Yukawa,
respectively, and the phase ~ 0.77 is the phase of the bottom loop-function evaluate for
an on-shell Higgs. The analytic expressions are listed in the Appendix. After squaring and
averaging over helicity states, we can obtain the parametric dependence of the H — gg partial
width (which is directly related to measurements) to be,

['(h — gg) ’ Yo v CP .. gCP
— = L.O070 — 0.073 cos ;" cos " +0.03
[‘-(h_}ggjhli J;:M J;a"'.l J;:.M __;';"M
2
+1.410 yHM sin? 977 — 0.122 %% sin OCF sin 65F
it t b
. Ut Y
+0(0.0001; SN || 5 ), (3.6)
t h

where 05 is the CP angle in the top Yukawa, relating to the Yukawa modifications and thus
Wilson coefficients of operator O,y as shown in Eq. 3.3,

i

A : Ay ,
RE[ ;‘;‘:{1 = | —=<m cos 857 and [m[ H‘,’:;] = %:;1 sin 0, (3.7)
Yi Yi Yt Yi
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T T T T T T T T T T T T T T T T T T T T

20 CEPC
240 GeV @ 5ab™"

Loop-level constraints
from precision Zh
measurements

-
o

Im[Ay,] (VA/TeV?)
o

_10+
- #H@LHC

20 -10 o0 10 20
Re[Ay,] (V2/TeV?)
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Top quark and Higgs EFT DHg-DHq(3),

DHt

At or above tt threshold at
lepton colliders, one
immediately again huge
sensitivities to the top gauge
couplings. ...

Top quark loop can also induce
some operator mixing and enter
the Z-pole precisions (Altarelli,
Barbieri, Caravaglios, 93’) ¢4, €},
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Top quark and Higgs EFT DHg-DHq(3),

DHt

At or above tt threshold at
lepton colliders, one
immediately again huge
sensitivities to the top gauge
couplings. ., de1

Top quark loop can also induce
some operator mixing and enter
the Z-pole precisions (Altarelli,
Barbieri, Caravaglios, 93’) ¢4, €},

N _2\/§7r2

_ 3mGF (333)  ~(1,33) | ~33 v? v? A?
= 2‘/571-2 Re [C¢q - C¢q +C U + 0O E E log m_g

2 1 2 A2
M GF pe lc;i’%) S 2033} (%) log (—2) :
my

However, these are essentially R, and
Arp . To use them, one have to assume
extreme cases of DHg+DHQq(3) and DHb
both are zero at the same time. Only
known example is custodial Zbb Agashe,
Contino, De Rold, Pomarol, 06'.

In addition, there are some controversies
about finite pieces in these relations.
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