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Top quark couplings

Top couplings based on EFT.

NP models.

Strategy for determining effective operators/couplings.
EFT framework NLO accuracy.

Flavor-conserving and flavor-changing couplings.
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Production at Tevatron and LHC

20 years for almost 6 orders of magnitude = the Top Quark era

1000

100
2002 2007 2012 2017 2022

- 1E+09 ?1530{-‘%) 1S3

@ - - e o

,au_; illustration 152 Still almost
2 100000000 —_—

: . . LHC 2 ordgrs of
g /! 5 ATL00/f magnitude
= 10000000

[+

3 <

[T 6/fb

s £ 1000000 (7Tev)

£

g § 100000 " Tevatron

cgz E 10000 -

5 10.5/fb .

p (1.96Tev)

.y

Q

2

E

=}

z

- (caveat: assumed 13 TeV collisions with a cross section of 800 pb)

“Status of Top Quark Physics” Jorgen D’Hondt (Vrije Universiteit Brussel) 6
BRUXELLES BRUSSEL

Cen Zhang (CP3) Top Couplings 2 Oct




Top precision era

With millions of top quarks,

@ Many top-related parameters have been accurately measured
> Top mass
> tt and single t cross section
» W helicity in top decay
» FCNC at a level of Br ~ 1073
>

@ Provide / will provide information for us to determine top-quark
couplings from every possible direction.
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What’s new in 2014

@ EXP
» Single tin tW channel
» Search for tHj
» ttH search
» Differential xsec for tt

» ttZ at NLO with spin correlation

» ttH, NLO in EW

» ttW, NLO+NNLL

» MG5_aMC@NLO, any SM at NLO+PS
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Top precision era

In the upcoming years we’ll study top-quark couplings in

@ More exclusive final state, ftH, ttV,. ..

D[rect access to
ttX couplings.

(774 V™

@ Rare processes, e.g. t — gX, ug — tX

Push limits on utg
FCNC couplings. utZ
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TH approach to couplings

From measurements to couplings: need a model-independent framework,
which has to be consistent at NLO

@ A complete TH framework for global analyses: EFT
@ NLO corrections to the new couplings, or operators.

@ Understand the mixing/contamination of the couplings due to
higher-order.
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EFT framework

Parametrize top-quark couplings with dimension-six operators in EFT
Instead of “couplings”, we prefer to talk about "operators”

CiOi

/\2

Lerr = Lsy + Z

@ A framework where radiative corrections can be systematically included.
@ In principle, can go to any order of (/7)™ (1/A2)".

@ Other advantages such as preserving SM gauge symmetries and being able to
remove redundant terms due to EOM. ..
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Global fit at NLO

In EFT framework, global analyses for top couplings can be performed (like
the Higgs fits), at NLO accuracy.

Keep in mind: in principle an EFT approach requires a complete basis of operators to
be used. Should avoid “one operator at a time” strategy.

@ At LO neglecting some of them may still appear consistent. (a common mistake
of using EFT)

@ NLO counterterms and RG mixing effects clearly reveal the unnatural and
inconsistent character of neglecting operators.

dCi(un)/ dinp = v;Gj(1)

@ For a consistent understanding of top couplings, one can only do a global fit at a
fixed scale, i.e. including all relevant operators simultaneously.
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Global fit at NLO

For a global fit at NLO, we still need

@ Understand mixing effects. Ao

@ NLO calculations including dim-6 operators.
@ Simulation tools.
@ Experiment results based on a global strategy.

For the first three, some progresses have been made in the FCNC
sector.
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Outline

e FCNC couplings
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FCNC couplings

In collaboration with
C. Degrande, G. Durieux, F. Maltoni and J. Wang
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EFT for top FCNC

The FCNC sector is easier for a fit, because
@ No interference with SM. Starts at (C/A2)2.

@ Operator mixing structure is simple.

A top EFT for FCNC
CiO
A2

Lerr = Loy + Z
i

requires a complete basis of flavor-changing operators to be used.
@ Two-fermion operators, with one top-quark field one light-quark field.

@ Four-fermion operators, with one top-quark field, one light-quark field
and two leptons. (Often neglected in FCNC searches)
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Top FCNC @ NLO

Operators
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FCNC couplings

2-fermion operators
Q @+nz.
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4-fermion operators

FCNC may be mediated by heavy particles.

o V-V @ S-S

O™ = (hul) (@ Q)
O™ = (Iyur'l) (37'Q)
O™ = (Tyul) (1)

05,1?3’ = (31.Q) (&r"e)
04" = (Byue) (1)

Top FCNC with a 2’

NI
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Top FCNC @ NLO

Mixings
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______________ FCNCoouplngs |
Operator mixing in FCNC sector

Mixing between color-dipole and Yukawa

1.0 = - Operators
N U
13 = a
ol = ygs(ao"” TANBGH,
04
13 = =
oL = yigw(@o"r r'new,
03 13 = -
R O = gy (@ @B,
§- 13 =~
g 02 oD =~y et e)@ne
&) v
0.1
o Anomalous dimension
0o o o
2as i 1 0 0
y=— g 3 1
s 3 0 3 0
) 2 0 0 -1
4
Scale corresponds to the change from m; to 2 TeV.
Example:
Atp=1Tev: ¢(¥ =1,¢{) =0 = Atp =173 GeV: G2 = 0.98, C{!) = 0423J
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Top FCNC @ NLO

NLO results for decays
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FCNC decay at NLO

@ FCNC decay t — u(c) + X
Suppressed by GIM mechanism in the SM, BR ~ 1013 ~ 10~ 16
but can be much larger in NP scenarios.

@ NLO results in EFT are available for
J. Drobnak et al.

> uy, t— UZ, t— ug 1007.2552
J.J. Zhang et al.
1004.0898
CZ and F. Maltoni
> t— uh 1305.7386
(—,113) ~(1+3) (13,37) (13,37) (13,37) (13,37)
okPq b O<PU OuW OuB OUSD OuG
T— gz 7 v 7
t— qvy v v
t — gh v
99 — t 7
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FCNC decay at NLO

@ FCNC decay t — u(c) + X
Suppressed by GIM mechanism in the SM, BR ~ 1013 ~ 10~ 16
but can be much larger in NP scenarios.

@ NLO results in EFT are available for
> t—suy,t—uZ, t— ug

> t— uh
—.1+3 T+3 13,31 13,31 13,31 13,37
e Al S Sl
t— qZ v/ v/ v/ v
t— qy v v v
t — qh v v
qg — t v

: : o) = gs(ao" TANeG,,
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FCNC decay at NLO

@ FCNC decay t — u(c) + X
Suppressed by GIM mechanism in the SM, BR ~ 1013 ~ 10~ 16
but can be much larger in NP scenarios.

@ NLO results in EFT are available for
J. Drobnak et al.

> t—suy,t—uZ, t— ug 1007.9552
J.J. Zhang et al.
1004.0898
CZ and F. Maltoni
> t—uh 1305.7386
» 4-fermion operators can contribute to t — u/t/~ (and interfere with 2-f
operators)
Some four-fermion contributions can be as large as two-fermion ones
7 - C. Zhan
(e.g. (lo €)e(Gort)) ST

4-f operator from a Z’ 4-f interfere with 2-f operator

] e
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Top FCNC @ NLO

NLO results for productions
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FCNC couplings

FCNC production at NLO

Single top production can bring new information on top FCNC.
In particular, here we are interested in pp — t~, pp — tZ, pp — th.
Discrimination of initial quark u/c due to PDF

@ Two (or more) contributions appear at LO. (O,g and O,g)
@ AtNLO in QCD O,g mixes with other operators. Always has to be included.
@ Previous NLO results

> ug — t, with tug vertex. J. Gao et al.

0910.4349

> ug — tZ, tv, with tug and tuZ /tu vertices. Y. Zhang et al.

1101.5346

B. H. Lietal.

1103.5122

> ug — th, with tuh (but no tug) vertex. angjetat

1208.2902
pp—tX, X=~,2Z,h
t t

V.2, I y.Z,h
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FCNC production at NLO

Simulation tool

@ Implementation of dim-6 FCNC (2-fermion) operators in aMC@NLO.

@ Allows for automatic calculation at NLO in QCD, for any process.

@ Events matched to shower at NLO accuracy.

e.g. for pp — th:

your_shell> ./bin/mg5

MG5_aMC>
MG5_aMC>
MG5_aMC>
MG5_aMC>

import model Top_FCNC
generate p p > t h [QCD]
output some_DIR

launch

Event record file (or plots), after shower, will be found in

./some_DIR/Events/run_01/

Cen Zhang (CP3) Top Couplings 2 Oct
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FCNC coupling

FCNC production at NLO

@ Results for pp — ty and pp — th at NLO+PS: pr distribution for top (A=1 TeV)

Left: pp — ty Right: pp — th
do do
pp-ty, @ (pb/GeV) pp—th, o (pb/GeV)
Ttop g Ttop
—_10.C_=I,C_=1 107 ——10,C,,=01,C_=01
uB’ uG’ E up UG
102 —— NLO, CuB=1, Cc =1 r ——— NLO, Cu.:U.l, C“G:O.l
I —— NLO, SM pp- thj

10%

10*
10’5?
poslev i v Lo L Ly P A B A B B
100 200 300 400 500 600 100 200 300 400 500 600
Pp (GEV) P (GEV)
pp — ty 13 TeV pp — th13 TeV
v
Top Couplings 2 Oct 28




Top FCNC @ NLO

Global fit
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FCNC couplings

Global fit: operators
10 operators for tcX coupling

Q @rnz.

0 = (¢ 0u) (30"-19) -
OB —j (cpTDuLp) (Tt

e (Uo¥ qu t)Vy,, “weak dipole”

(23) - (o I!)<pWI

LI
OB — (G 1)3Buy

e (Uo¥ g, t)Gy,, “color dipole”

o) = @+ %G,

Q o vukawa’

o = (pte)ans
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Global fit: observables

@ t—qZ:
Br(t — qZ)<0.05% CMS-TOP-12-037

@ t— gh:
Br(t — ch)<0.56% CMS-PAS-HIG-13-034

@ qg—
Br(t — ug)<3.1 x 1075, Br(t — cg)<1.6 x 10~* ATLAS-CONF-2013-063

@ qg — ty:
Br(t — uy)<0.0161%, Br(t — ¢v)<0.182%

(assuming tug vanishes) CMSRASITIORI4,003
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Global fit: counting dof

In the case of FCNC, one observable can constrain several combinations of operator
coefficients.

@ For example in t — qZ, the decay rate can be written as a sum of squares,
correspondingto t — qi.2, t = qQro, t > quZ- and t — qrZ;

At LO:
amy(1 — x2)?
Ft—iz = 8452 cﬁ,
+3) 2 3 2 3)\ |2
Z { a 2X(SWC£73) — chL(l?/V))|
+ | ‘”3) 2X(S C(aa)* = CZWCL(JSM?)*) 2

+2 |7c*(‘”3) +2(sh,cl® — &, cl)®

2}‘

42 |7 a+3) +2(S C(3a)* _ czwcl(jav.;)*)
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Global fit: “contamination” at NLO

In the case of FCNC, one observable can constrain several combinations of operator
coefficients.

@ For example in t — qZ, the decay rate can be written as a sum of squares,
correspondingto t — qi.2, t = qQro, t > quZ- and t — qrZ;

At NLO, 02‘23’33) come in:

—(a+3) (a3) (a3) (a3) 2
> {040 c, Y +0.25 cff) — 0.88 €5y +0.036 CT |

(a+3)

=1,2
+[0.40 CJy

(3a) (3a) (3a)|2
+0.25C,p” —0.88C,) —0.021 C, |

+0.048 0.92 C_{**9) —0.11 ¢

(2 10.39 ¢% 1 0.030 ()2

3
uw uG
+0.048 [0.92 €% — 0.1 ¢(3? + 0.39 €3 — 0.027 37}

A 4
<0.23 ( > o
1TeV
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Global fit: counting dof

In the case of FCNC, one observable can constrain several combinations of operator
coefficients.

@ For example in t — qZ, the decay rate can be written as a sum of squares,
correspondingto t — qi.2, t = qQro, t > quZ- and t — qrZ;

@ 4(t—-qg2)+2(t—ch)+2(qgg—1t)+2(qg — ty)=10

Cen Zhang (CP3) Top Couplings 2 Oct
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FCNC couplings

Global limits

In the case of FCNC, one observable can constrain several combinations of operator
coefficients.

@ Result (with A = 1 TeV)

Global fit for FCNC operators

i
|
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Blue: set other coefficients to zero. Red: float other coefficients.
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FCNC couplings

Global limits

Four-fermion operators may be included, e.g.
° 01 9 = () (G1+Q) (vector)
° O/e1ql113 (Te) e (qt) (scalar)
° OI(eSqL113 (louv€) e (gorvt) (tensor)

moreover include et e~ — tj at LEP2 in the fit. Results looks like

Cen Zhang (CP3) Top Couplings 2 Oct
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Global limits

Four-fermion operators may be included, e.g.

o 0(1’”3 (hu!) @+ Q) (vector)
° Ole1q243 (Te) = (at) (scalar)
° O/esqls = (lopv€) e (qort) (tensor)

moreover include et e~ — tj at LEP2 in the fit. Results looks like

Global fit for FCNC operators

1) 16D
[Cyg bICyG |

IC(“])\ IC( 1+3)‘ C}:q::)

ICs LI | com

| B B lequ

(13 A3 e i | |

IC LI —— . :

uWw uWw H i ' CU-I*-‘J

e Ic) "

ug ug

0 1 2 3 4 0 1 2

Blue: set other coefficients to zero. Red: float other coefficients.

Top Couplings 2 Oct

36



FCNC Summary

@ Complete EFT framework for FCNC
@ Can be applies at NLO

@ Mixing understood

@ NLO predictions (almost) complete

@ Exp results based on global strategy?

= Global fit for FCNC couplings at NLO accuracy

Cen Zhang (CP3) Top Couplings 2 Oct
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Flavor-conserving couplings

Outline

e Flavor-conserving couplings
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EFT for flavor-conserving sector

@ ({ty/ttg, EM/color dipole

Op = (Qc"")#Bu, O = (Qr" T )$G),

@ bW
> V/A
OB = i(p! Dur')(@r'4# Q) Opp = i(3' Do)t b)
> Weak dipole
Owy = (éa”"T’l‘)cﬁW;’w Opw = (OU“”T’b)ch[w
@ 1z
> V/A

00% = (e Dup)(@7*Q)  Opu = i(¢! Duip) (Br1)

> Weak dipole Oy
@ ttH

Ot = (#T0)(Q1)3
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Constraining top couplings

Oc Os Ow OF) OO Ou O
t-channel single t v v
tW production v v v
top decay v
tt v
ftv v v v v v v
ttH v v
g9 —+H H—=~y | v
@ Dipole operators O, Oz, Ow PR L Sl
@ HZ ogé, OS();)s Oapt R. Ronts1c‘:|0:n1%(l;g.30hulze

@ ttH Oy, in Higgs fits.
o ...
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Constraining top couplings

Oc Os Ow OF) OO Ou O
t-channel single t v v
tW production v v v
top decay v
tt v
ftv v v v v v v
ttH v v
g9 —+H H—=~y | v

However, there are still a lot more to do. .. We need

@ A global analysis.
Include all operators. Each data constrains a combination. Once we combine all
data we constrain all couplings.

Cen Zhang (CP3) Top Couplings 2 Oct 41



Constraining top couplings

Oc O Ow OF) OU) Oy Oy | Os O
t-channel single t v v v
tW production v v v
top decay v

tt v v

ftv v v v v v v v

ttH v A
g9 —+H H—=~y | v v v

NN

However, there are still a lot more to do. .. We need

@ A global analysis.
More operators, in particular 4-fermion operators, should be included.

Og = fABCGﬁ" GP» GPC“ 4-f operator from W’

O, = (cstO) Gh,GM" b
(mix with Oy and O, see w
[C.Degrand et al, 1205.1065])

Cen Zhang (CP3) Top Couplings 2 Oct
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Constraining top couplings

Oc O Ow OF) OV} Oy O | Os Oy Oyg
t-channel single t v v v v
tW production v v v
top decay v v
tt v v v
ftv v v v v v v v v
ttH v ol vV v
g9 —+H H—=~y | v v v

However, there are still a lot more to do. .. We need

@ A global analysis. In particular 4-fermion operators.

@ NLO corrections, not only to SM but also to higher dim operators.
> Only several operator are studied. ~ 30 — 50% for SM-like couplings.

> QCD corrections to dim-6 FCNC operators ~ 40 — 80%

Cen Zhang (CP3)

Top Couplings
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Constraining top couplings

Oc O Ow OF) OU) Oy Oy | Os O

t-channel single t | v v v v v
tW production v v v v v v
top decay v v v
tt v oo/ v
ftv v v v v v v v v v
ttH v ol vV v

g9 —+H H—=~y | v v v

However, there are still a lot more to do. .. We need
@ A global analysis. In particular 4-fermion operators.

@ NLO corrections, not only to SM but also to higher dim operators.

> Only several operator are studied. ~ 30 — 50% for SM-like couplings.
> QCD corrections to dim-6 FCNC operators ~ 40 — 80%
> Mixing/contamination due to higher order correction.

Cen Zhang (CP3) Top Couplings 2 Oct



Constraining top couplings

Oc O Ow OF) OV} Oy O | Os Oy Oyg
t-channel single t | v v v v v
tW production v v v v v v
top decay v v v
tt v oo/ v
ftv v v v v v v v v v
ttH v ol vV v
g9 —+H H—=~y | v v v

However, there are still a lot more to do. .. We need
@ A global analysis. In particular 4-fermion operators.
@ NLO corrections, not only to SM but also to higher dim operators.
@ Understand the RG mixing effect.

Cen Zhang (CP3) Top Couplings 2 Oct



1serving coupling

Operator Mixing between ttH and ttg

Mixing between color-dipole and Yukawa

107 | TEES—— Operators
o6 O = 1gs(Qo"” TANBGA,,
Ow = vigw(@s""'nyew,,,
~ Oig = 119v(Qo"" @By
g 0.4 3t _o
3 Orp = —yi (¢ 9)(QN)@
(5 v
0.2
Anomalous dimension
0 1
10 o0 o
2ais ? 3 0 o
Aol I T S
9 3
Ciy(my) -4 0 0 -1
v w
Scale corresponds to the change from m; to 2 TeV.
Example:
Atp=1TeV:Cg =1,Cp, =0 EN At =173 GeV: Cyg = 0.98, Cy, = 0.45 J
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Constraining top couplings

Oc O Ow OF) OV} Oy O | Os Oy Oyg
t-channel single t | v v v v v
tW production v v v v v v
top decay v v v
tt v oo/ v
ftv v v v v v v v v v
ttH v ol vV v
g9 —+H H—=~y | v v v

However, there are still a lot more to do. .. We need
@ A global analysis. In particular 4-fermion operators.
@ NLO corrections, not only to SM but also to higher dim operators.
@ Understand the RG mixing effect.
@ Exp measurements based on a global approach.

Cen Zhang (CP3) Top Couplings 2 Oct



Outline

e Conclusion
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Summary

@ TH framework for top couplings based on EFT, where predictions
can be systematically improved, several measurements can be
consistently combined, and useful information can be obtained by
global fits.

@ NLO corrections to higher dimensional operators are being
studied. Some progresses have been made in top-quark FCNC
sector. More to do in flavor-conserving sector.

@ MC generator with full EFT framework at NLO in QCD will become

available in future, providing a realistic tool needed for global
analyses in the top sector.

Cen Zhang (CP3) Top Couplings 2 Oct 49



Conclusion

It is time to seriously think about global analysis for top-quark couplings.

Cen Zhang (CP3) Top Couplings 2 Oct
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It is time to seriously think about global analysis for top-quark couplings.

=
)
ELHAIZE
Nederlands l
Francais
Deutsch
English

Top couplings 10.72 €

and in order to do that. ..

Please follow EFT instructions

10,72 €

| ooce 5 IEETREY

? Help
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Conclusion

Backups

Cen Zhang (CP3) Top Couplings
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Constraining top couplings

Oc Os Ow O 00 Ou O
t-channel single t v
tW production v v
top decay v
tt v
ttv A
ttH

g9 — H, H — vy

@ Dipole operators Oz, O, Ow

A. Tonero and R. Rosenfeld

1404.2581
At 20 CL
—04<Cp<04  —0.002<Cw<0.024  —0.007 < &g < 0.002
Cs _Ced'yy Cw _Cwgy:  Cic _ CaOsht
N, N ome, N ome,

(see also 1408.7063)

Cen Zhang (CP3)
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Constraining top couplings

Oc Os Ow OF) 0OU) Ou O

t-channel single t
tW production
top decay v
tt
ttv v v v
ttH
99 — H, H — vy

(3) (1) R. Rontsch and M.Schulze
@ tZ O, O 0, Oy 1404.1005

2
V™ A3 (1 _ (3)
—-05< EC¢Q<0.68 Cwo_—Cwo
2
"4

-082<

Cot < 1.59
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Conclusion

Constraining top couplings

Oc Os Ow OF OV 0. O

t-channel single t
tW production

top decay v
tt
fiv
ttH v
g9 —>H H—=>~y | V/ v
__ ReCy,v2 _ ImCy, V2 A. Kobakhidze et al.
@ ttH Oy, (Cs = oAy, Cep= A2y, ) 1406.1961
& 10 T T AXZZU
STowton 18
16
0.5 4 i
2 and from direct
oor ' measurement
8
1 e ~13<Cs<80 M2
5F g § X
1.0k T L L ‘IA L o
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Indirect bounds. ..

Indirect bounds on top couplings from precision measurements also provide
useful information.

@ Weak operators from precision EW test.

° O(;C)? and O, from T, 6g5 and Bs — put ™.

@ Wib vertex from By s — Bys, B — XsIt1—, B — Xsv.
@ {tH from EDM.

@ RG-induced bounds

But most results have some kind of “ambiguity”
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Indirect bounds from loops

Bounds from loop are sensitive to TH assumptions

Typically, for a observable X, at loop level a “tree-level” operator absorbs divergence from the
“loop-level” operator

a /1 E -
X ~ Ciree + C,oop; (E + log ; + fmlle)

In MS,

a E
atu ~ E X = Ciree(r) + Cloop — (Iog —+ finite)
™ Iz
a E .
atu ~ A X = Cyee(N) + Cloop— (Iog = + fln/te)
™

To get bound, assume “no unnatural cancellation between Cree and Ciogp”

(= 20NN
Ciree(n) = 0 = Cloop ~ X/ (;f’n/fe)

E
Ciree(N) = 0 = Cioop ~ X/ (% log X) RG-induced bound

Still, in principle ambiguities can be avoided in a global fit.
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Global fit at NLO

@ While an EFT description in principle requires a complete basis of operators to
be used, at LO neglecting some of them may appear consistent. (a common
mistake of using EFT)

@ NLO counterterms and RG mixing effects clearly reveal the unnatural and
inconsistent character of neglecting operators.

@ For a consistent understanding of top couplings, one should do a global fit at a
fixed scale, i.e. constrain all operators simultaneously, for at least two reasons:

Naturalness Even though one can make a specific (arbitrary) choice of operator
coefficients high scales (where one can imagine a full theory to live),
when evolved to lower scales many operators become active due to
operator mixing.

—> Should include every operator that might contribute. e.g. both vector and tensor
coupling for ttZ, 4-fermion operator, etc.

Renomalizability If one neglects any operator that is renormalized by other operators,
then one can not get a finite result, because of missing counterterms.

—> At least, need to include enough operators to make a NLO calculation
renormalizable.

Cen Zhang (CP3) Top Couplings 2 Oct 57



Conclusion

FCNC mixing

13 = o
oY = yigs(@or T'gG,

13 = &
ol = yigw (@t +'new.,

1 = -
0L = yigy (@ @By

13 =\

O(W) = v eTe)ane
10 o o
2a i 1 0 0

7= 2 3
T 3 0 3 0
-2 0 0 —1
same for:

O = yigs(@o"" TAu)pGh,
G = yaw(@at luyew),,
03 = 1igv(@o* u)Byuy

o) = —yiete)Qu)e
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13 -

o) = 1gs(@s"" T'b)o G,
13 —

oy = viaw (@ 7'b)e W,

0L = yigy (0" b)eByu

13 _
oY =~y (e e)@v)e
0 0o o
2as i 1 0 0
¥=— 31 3 1

™ -3 0 3 0
0 0 0 —1

same for:

| )

o) = yigs(@c** TAd)pGH,,,
(31) _ A v | !

Ogw = 1aw(Qa™" md)eW,,,
31 =

03D = yigy Qo™ d) By

o) = —y et p)Qd)p
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Conclusion

Some numerical results for t — ull

Results for several typical (2-f and 4-f) operators, for t — ull, assuming C;/A? = 1 TeV—2.

(In total, 8 two-fermion + 8 four-fermion operators.)
@ 2-fand V-V (4-f) operators

- (1,1+3) (13) (13) (1,1+3)
unit: Gev | (cly'™®)  w(cl))  w(cld)  w(c)'?)
R(cl"¥) | 19x10° —62x10° 29x10° —35x107
—8% —8% - —12%
® (ClY) 76x10°5 —6.1x1078 -3.3x107°
( “W> Zo% -—- —7%
»(cQ) 68x10°¢  26x10~7
(1,143) —6
() 2.9 x 10
@ S-S and T-T (4-f) operators
: 1,13 3,13
unit: Gev | R (cla®¥) % (c?)
R (CLI3) | 82x 10-7 0
( lequ ) 1% __
(3,13) _
% (CY) 3.5 % 1079
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The status of Top Quark Physics

Top Quark decays

| Does Top couples to something else? |

= 1E+09 BR(t=>cH) < 1% \‘ 53
2 illustration _w=* LHC
o 100000000 LSt
— | A—
5 | FCNC at <0.1% level I )
Q }(
a LS1
£ 10000000 P T e ——— ~ep—————
g -
v g
£ E 1000000 /1 Probing FCNC at <0.01% level ?
25 Probing t—=>cH at <0.1% level ?
< 2 100000 = =
S o
a E 10000
8
% Tevatron
S 1000 -
> 5]
£ 0] Year
E 100 e
=z 2002 2012 2017 2022
FCNC at <1% level
- -
“Status of Top Quark Physics” Jorgen D’Hondt (Vrije Universiteit Brussel) 34

BRUKELLES BRUSSEL
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FCNC production at NLO

@ Higgs rapidity distribution from O,g and Oy, in pp — th

pp—th, 99 (pb/Gev)

crdyh

: — e
0.3— — C,; =0.C ;=1

F —sMm
025

r t g
02f j;mm

C T

s L fuh h
015~
01 t tug 4
0.05- u

L i .

r 13 ~ A

o= == IR AN AN SRR AR SRR e y

‘4 3 2 1 0 1 2 3 4

y, (Gev)
pp — th13 TeV
v
Top Couplings 2 Oct 61




Conclusion

four-fermion operators at lep2

four-fermion operators in e"e~ — tg

b = (Byue) (@r1)

@ consider for example 2-f operator o(”3) =i (ptduep) (Ty"1)

and 4-f vector operator og,
in lep2

nlo cross sections available via mg5_amc@nlo

e"e — tq atlep2 (preliminary)

500 :
’ 1
4
1
200 v 17
1
100 - g LEP2 limits |
(m R)7,4 («,I\’Z‘ri)
s0k c(”” 0, ¢t =061
e =o. Gr) S = 0.69
1
195 300 205
v

1
190
N

Top Couplings

lhc

) (4-£

(1143

Iq

combined limits from lep2 and

O ee—tj LEP2 O t>qZ (LHC)

2

-4 -2 0
(l 1+3) -
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Conclusion

four-fermion operators in pp — tll

pp — tll (pp — tz)

tuZ tuy !

fsmvmn‘:b-:t

TEEETEET
tug

—D—M\AA<
|+ +
——

4-f
—_—

DTG e

pp — tll 13 tev, nlo+ps (preliminary)

T T T

T T T
do(pp — t£0)/dmy [fb/GeV] ;

Vs=13TeV 3

101 ¢

st =1,ch =0 1
Cé1u+:3) =0, nglig) =1 3

O+ _ g o+3) g

102

| | | |
0 90 200 300 400 500 600
my [GeV)

103

v
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lepton inv. mass distribution in

(1+3)

pp — tll, from 2-f operator o,
only, from 4-f operator og, only,
and from their interference.

2 Oct

63



Four-fermion operators in t — qZ

Lepton pair inv. mass distribution in t — ull:

@ 2-f operators (O,q, Ouw. .. ),
L s — - o 70 t—uZ,Z - I.
My ---- Cy/'=05 = peak at Z mass.
R B C:3,1+3>:1
25} S cau @ 4-f operators (Okqus- - - )»
20} | |'I | t— ull.
| [ g
st ] !I ] = continuous spectrum.
I 1 I . . .
ol Py However, 4-f contribution is
- 1 . . .
! ‘ ," ‘ not negligible, even with cuts
0-511\; ,,,,,,,,,,,,,,, I ’_)‘P;___ on Mj.
e ety (GeV)
20 40 60 80 100 120 40 y

On-shell cut: M, € [78,102] GeV (taken from 1312.4194)

Fon = (7.01C09 P +7.3|CUs 9 + 0.8/ G, ) x 107° Gev

= 6C €U 6C P ~1:1:3
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Four-fermion operators in t — qZ

Lepton pair inv. mass distribution in t — ull:

@ 2-f operators (O,q, Ouw. .. ),
(1,1+3)
dz 0-8cev-1h) - = C¢1qa =05 t—suzZ,Z—ll.
My ---- Cy/'=05 = peak at Z mass.
N C:3,1+3):1
25} S cau @ 4-f operators (Opegus- - - )s
20} | |'I | t— ull.
| . g
st ] !I ] = continuous spectrum.
I 1 I . . .
ol Py However, 4-f contribution is
Th | ,"‘ | not negligible, even with cuts
0-51‘L\; ,,,,,,,,,,,,,,, I ’_)‘P;___ on Mj.
N > N i = Miny(GeV)
20 40 60 80 100 120 140 y

Alternatively, could also look at off-shell region: My € [15,78] U [102, o0] GeV

Mo = (o.6|cg‘vi>|2 +0.4/CUTIR 4 2.7|c,<3*‘3>|2) x 1075 GeV

lequ

4-fermion operator has a larger contribution. Might get improved limit on 4-fermion
operator due to less Drell-Yan background.
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Conclusion

Four-fermion operators in t — qZ

Limit from t — qZ

One can constrain
@ 2-f operator

(e.9. 005" =i (¢ Du) (@1 Q))
@ 4-f operator
(e O,;ql‘ls (Iouv€) € (o 1))

simultaneously, by looking at both
on-shell and off-shell region of My

O on—shell O off—shell (estimate)

P

Ciequ (4-1)
°

(1,143)
C q

2-f)
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