(HO 2

Top Quark Physics in FCC-ep

O. Cakir*
Ankara University

*for the FCC-ep and LHeC top physics group

1t FCC Physics Workshop, 16-20 January 2017, CERN



OUTLINE

» Top Quark Weak Interactions
» Top Quark Anomalous Interactions
» Searches For Top Quark FCNC Interactions

» Conclusions



TOP QUARK PHYSICS

Precise measurements of couplings ~ - w ~© -t ' @ ° H
between SM gauge bosons and oo )| _orem )| o pon | bigg
quarks and leptons are sensitive e e @ v
test of new physics (search for down || sirange || battom | | phoor
deviations), top quark is expected < 1 ’ z

to be the most sensitive to BSM wocron || mon || v || Zboson
physics, due to its large mass. - o R

The single top quark production is about three times less frequent in
the LHC collisions, as the production mechanism involves the
electroweak interaction, while top pairs can be readily produced by
strong interaction processes.

The future ep colliders offers excellent prospects for top physics.



TOP QUARK CC WEAK INTERACTIONS AT EP COLLIDERS
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at FCC-ep at FCC-ep

Future ep collider is ideal to study CC interactions of
the top quark via single production.



TOP QUARK ANOMALOUS INTERACTIONS
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Measurement of top isospin and

High precision measurements of Vi, and anomalous ttZ (EDM, MDM)

search for anomalous Wtb couplings

Sensitive search for FCNC couplings Measurement of top charge and
will constrain BSM models anomalous tty (EDM, MDM) °
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TOP QUARK ANOMALOUS INTERACTIONS
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The updated plots for FCC-eh (a conservative estimate). The errors are
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sensitivity to the hadronic channel.
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» the results can also be applied
TOP EDM AND MDM conservatively to the FCC-ep.

Y b l:tZV -
" | .
N % 't / q et (Qz’Y"A,L + 4—mta“ F.(k+ m'ys)) L
K, K ,
t q i L~
4 ; electric dipole moment: k
g ¥ / : : , : - . .
y B = Xgy el - E. = 60GeV
/ 6 6 GNL < vV - e e A
" ,/ -1 ab1
0.5F .
/
LHeC:

8% and 16% accuracy \0\
10%  18% 2

—+ systematically limited .
LHC with

)" 27% accuracy 5% accur?‘cv-: """ o
: (4.59fb"1, 7 TeV) 0.5 0 0.5 1 K
Bouzas, Larios, magnetic dipole moment: k

Physical Review D 88, 094007 (2013)
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TOP EDM AND MDM

Bouzas, Larios,
ZZ b Physical Review D 88, 094007 (2013)
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» the results can also be applied

MEASUREMENT OF vib conservatively to the FCC-ep.

Dutta, Goyal, Kumar, Mellado, arXiv:1307.1688 [hep-ph]

CMS Preliminary IVmI Summary August 2014
] I 1 1 1 I 1 1 L L I L] 1 1 1 I | 1 1 1 I 1 | 1 I 1 | | 1

CMS W, 7 TeV, 491", PRL110 (2013) 02203

: _ H *
1.010 g:;g (exp) gg(th)

CMS W, 8TeV, 122", PRL 112 (2014) 231802
1.030 + 0.120(exp) + 0.040(th)

?: . 4 H

CMS t-ch., 7 TeV, 1.17/1.56 b, JHEP12 (2012) 035
1.029 + 0.046(exp) + 0.017(th)

J
CMS tch,,8TeV, 19.7 b, JHEPOE (2014) 090 . - .
0.979 + 0.045(exp) + 0.016(th)

CMS t-ch., 7 and 8 TeV combined, JHEP06 (2014) 090
0.998 + 0.038(exp) + 0.016(th)

LHeC, 100 fb-! y
1.000 + 0.005 (expected)
L " ' s l ' L s ' l ' L ' l ' ' L '’ l 111111111 l " L s 'S

e beam: 60 GeV
Lint = 100 fb-! and simple cuts: v,

HAD: Nt = 22000, S/B=1.2 ‘ LHeC: very high precision measurement '
LEP: Nt= 11000, S/B=11

current LHC+Tevatron average: |Vib|=1.009 +0.031




ANOMALOUS FCNC TOP-HIGGS COUPLINGS
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‘ background

b irreducible backgrounds:

e p — ve(h — bb)j
e p — Ve(z — bb)j

e p — ve(g — bb);
reducible backgrounds:

e p — Vel
e~ p — Vejjb/b

e p = Vet = vohq — Vebl_)(_ls q=ucC e p— Vet

e p—e

e p — e jjb/b

e p— e (g — bb);j

e parametrised assumed resolutions for elecrons/photons, muons, jets and
unclustered energy using ATLAS values

e b-tag rate of 60%, c-jet fake rate of 10%, light-jet fake rate of 1%

e selections optimized for LHeC and FCC-ep scenarios (s/+/(S+B))

e cut-based and MVA-based analyses



ANOMALOUS FCNC TOP-HIGGS COUPLINGS

FCC-ep

/o do/dm,

0.00

@ICHEP2016

. Normalized higgs

IIIIITIIIIIIIIIITIIIII

100

distribution

[_- e'p—ﬁv.l—ﬂ,-.hq-.y.bsq'qw'c
== == ep-sv,(t—(w—jj)b)

e p—+v, (z—bb)j

e p—+v, (h—bb)j
............. R

60GeV® 50TeV@LHeC

with cut1,2,3
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C. Schwanenberger

11



UPPER LIMITS ON BRANCHINGS

10":
TMVA-Based Analysis
60GeV® 50TeV@LHeC
2. .
ATLAS, 4.7(20.3)fb-1@7(8)TeV == FCC-ep
CMS, 19.5 fb~l'Q8TeV ==
LHC, 3000 fb~l@14TeV ; D
2 102}

— improves sensitivity of HL-LHC

12



FCC

O.Cakir (AU), H.Denizli (AIBU), A.Senol (AIBU)

TOP QUARK FCNC INTERACTIONS e vy o i e

» The top quark FCNC interactions would be a good test of
new physics at present and future colliders. These
interactions can be described by the effective Lagrangian

9s _ya v a 1
EFC'NC' — Z 2_7ntq)\ ot (CcftPL + qusz)tGuu \/5 (77thL +77thR)tH_
g=u,c
aw _ aw  _ v L
— = X . P X +Pr)tZ, HY(K 2P K Pr)tZ,,

QCWQ’Y “(XgPr + R) T p— (K P + R)EZ 0+

= maBV R \\Y 0
+ 2mtq0 ()\ PL+)\thR)tAW+H.c. \J\a(\g(??\\\c/\)z

\S
Ode\\o? ‘J“R“

» J.A.A-S, NPB812(2009)181
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FCC-EP : SIGNAL CROSS SECTION AND PLANE OF COUPLINGS

Process e-p -> (et + et). Signal cross
sections at FCC-ep collider depending on 003

FCNC tqy couplings Ay and A. within the e

range [-0.1: 0.1]. < 0
0.015
0.01
FCC-ep: Ee=60 GeV, Ep=50 TeV 0.005
PDF: NNPDF2.3 0 |
0.1 { 0 0.005 0.01 0.015 0.02 0.025 0.03
o) M
005 —— | » FCC-ep: cross section 0,/0.=3.27 at A;=0.1
005 b S S e — o » Sensitivity Ay/A.~1.8
| 1 - 0.005
yrspunllll The cross section depends on A, and Ac with
£ 0 o)) 5 1 R i different strength due to proton pdf, one
| 5 | obtain more sensitivity to A. at FCC-ep than
| ; | LHeC.
-0.05 [ o e e R
| : : FCC-ep
0.1 1 | 1
-0.1 -0.05 0 0.05 0.1
A



DIAGRAMS FOR SIGNAL (e-p—>e-W-g-+X)

+ similar diagrams for tcy

> further diagrams for process e'p->e" W q+X with the interchange g<—>q~
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FCC-EP : CROSS SECTIONS (S+B) it
Cross sections (pb) for process e p ->e- ww q (wWhere ww=W"
or W™ and q contains all quarks other than top quark) at FCC-ep.
The last row presents the results for the case of Ac.=A,=A.

A=10"" A=1072 A=1073
coupling 1.072x10! 8.565x10° 8.589x10°
(tuy)
coupling 9.243x10° 8.539x10° 8.534x10°
(tcy)
coupling 1.151x10! 8.641x10° 8.613x10°

(tuy, tcy)
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ANALYSIS FRAMEWORK

Event Generation We study signal and background
Top FCNC model

(MadGraphb) » calculate cross sections with
MadGraph5 importing topFCNC UFO

Hadronization model including CKM matrix elements

(Pythiab) > set Pythia6

» use delphes card FCC file and test new

Fast Detector Simulation delphes card FCCep PK V2 1 file
(Delphes) B - -

» analyse events with Root6

» evaluate signal significance for FCNC

Event Analysis .
(Root6) couplings

17



FCC-EP : APPLIED CUTS FOR ANALYSIS

» For the analysis, after pre-selection cuts, we use the analysis cuts for
further background suppression

® Cut-0 : at least one electron and three jets (pre-selection with
default MG5 cuts)

® Cut-1 : require one of three jets as being b-tag

® Cut-2 : b-tagged jet has transverse momentum pr>35 GeV and
other jets have pr>25 GeV, and electron has pr>20 GeV

® Cut-3 : all jets have pseudo-rapidity -5.0<n<0 ; and electron has
-2.5<n<2.5

® Cut-4 : invariant mass of two jets within 50<m;<90 GeV (for W-
boson)

® Cut-5 : invariant mass of three jets (for top) between
130<my;<200 GeV

18



FCC-EP : DISTRIBUTIONS
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Py distribution Eta distribution

@ @
2 jet_pt signal 3 L) M Eta of Btag Jet
5 | | ‘ ~ j ’
g Entries 111378 ) 3 [’L Entries 16246
@OOh 'll _]etS ﬁOO— J s Jets
2 | H Mean 3678 2 Mean 2789

| StdDev 1563 _ i :| SidDev  1.156
L FCC-eh A=0.1 800~ FCC-eh 2=0.1

[ — first ] ] — B Jet

- second ! I . second
30001 1 third 600l J : — third

! | L
2000+ 400} [
1000} 200(- [ ‘_J
It .
. e 1
lllllllll L llllllllllllllllllllllllllT}TlTnT o 1 1 [ 1 1 1 l 11 1 l-iilr{ | l 1 I I | I
0O 10 20 30 40 50 60 70 80 90 100 -6 -4 -2 0 2 4
Pr (GeVic) Eta

» The pr and eta distributions of three jets events for signal
+background.
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FCC-EP : DISTRIBUTIONS
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P distribution Eta distribution
e F elec_pt bkg §OOL= ta of bkg electron
- 1 - .
éOO - \ Entries 110220 Eo . Entries 110220
ol H Mean  49.92 °© Mean  0.04469
W00 [— = F
g - ’ StdDev 2256 :%ooj Std Dev  0.9006
00— -
g2 [ 1l @oog -
1400 — -
1200} 2500
1000 T s
8001 ., :
. % 1500
600 . "%F .
400 d 1000: JIP
200}~ 500/ .
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» Electron pr and eta distributions
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FCC-EP : FRAME OF CUTS

» Frame of cuts and comparison of signal and background
invariant mass distributions

Signal+Background
160 N jetObtagW
< — ‘| Entries 9488
% - 1 Mean x 160
0} 140 — Mean y 78.64
~ — :J Std Dev x 35.34
2.: 10— ' Std Devy 27.9
100 —
— M,,=80.385 GeV
O e bbbkl el
60—
40 :— -
20 -
0 [ |
0 50 100 150 200 250
M.(GeV)
Background
160 jetObtagWb
— — :-+| Entries 9009
% L Mean x 163.7
0} 140 — | Meany 87.13
~ — -| Std Dev x 43.36
§= o 1 StdDevy 33.42
100 —
— M,,=80.385 GeV
BOf===S==smsssssssssesseseonen
— D . .
— N @| : e .
o S~ ;
— PR : Lo
- g SN
20— : -1
— ” ]
— S
0 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I E 1 1 1 I 1 1 1
0 50 100 150 200 250
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FCC-EP : INVARIANT MASS PLOT

invariant mass with 3 Jets(no Btag) invariant mass with Btag+Jet1+Jet2 invariant mass with cut2 (P_ cut)

. invmass signal cut0 | " invmass signal cuti invmass signal cut2 |
$oo . Entres 100671 oo~ Entries 22794 £ + Entries 11382
5 Vean 2318 -2 Mean 191.7 00 Mean 2178

‘g”" St Dev 1021 @oo 3 Std Dev 78.95 3 Std Dev 85.94

o Indt 60.74/3 3 - %2 I naf 5043/3 goq N ¥? I ndf 424213

18000 Constanit4740+04 = 1.1560402 - Constant 6860 = 85.0 i Constant 3223 = 61.1

Vean 1551203 5000 i~ Mean 1545202 2500 Mean 160.7 =+ 0.3
10000 ) Sig=a 268 205 X Sigma 1821+ 0.26 | Sigma 159 + 03
. -
4000 =
8000 r : 2000
L% 3000 - J
6000 T : 1900
- ‘q. .o‘ :
4000 - el e 3 1000
- ——" : . X
-tz - e,
2000 - e 1000 = - T
= - - T——
% 50 100 150 200 250 300 350 400 450 500 % 50 100 150 200 250 300 350 400 450 500 % 50 100 150 200 250 300 350 400 450 500
MASS (GeVic) MASS (GeVic) MASS (GeVic)
invariant mass with cut3 (Eta cut) invariant mass with cut4 (W cut) invariant mass with cut5 (M_ cut)
- Invmass sagnal cuts | Invmass sngnal cutd invmass sngnal cutd
ool Entries 2125 S : Entries 1522 £ Entries 1041
s } Mean 178.6 3 Mean 165.3 5 Mean 157.6
é g Std Dev 53.77 g E Std Dev 37.14 § Std Dev 13.08
&oo. »* I ndt 16.06/3 5 F %* I ndf 14.89/3 ¥ 1 ndt 15.72/3
C Constant 971.3 = 34.3 200E- Constant 926.1= 34.0 Constant 725.2 = 29.9
! Mean 157304 : Mean 1569204 Mean 1565+ 05
- | Sigma _ 14.41+ 043 800~ | Sigma 1295 + 0.36 | Sigma 13.01+ 0.41
) o b

2 m :-

= ‘a) :—
400~ 3

i 300F 4

.+ 100 +
& "00.““."0.‘. E PapewT
O 50 100 150 200 250 300 350 400 450 500 % 50 100 150 200 250 300 350 400 450 SO0 % 50 100 150 200 250 300 350 400 450 500
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» Top mass reconstruction after each cut applied. y



FCC-EP : INVARIANT MASS PLOT

invariant mass with 3 Jets(no Btag) invariant mass with Btag+Jet1+Jet2 invariant mass with cut2 (P_ cut)
invmass signal cutl | invmass signal cutl invmass signal cut2
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m e S
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» Top mass reconstruction after each cut applied.
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FCC-EP : (5+B)/B RATIO PLOT

Top mass reconstruction from S+B and B events and the ratio plot of
(S+B)/B. It is clear from the left and right panel of the figure that there
is different sensitivity to FCNC coupling in the vertices tuy and tcy.

g 180 }l g °00 J[

S 160 %

g FCC-ep é 400 FCC-ep

E 140 =

| j — 2,=0.03, A,=0 z ~ 2,=0, 2,,=0.03

120
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100(—
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a8)] : a8 : : : : : : : : :
D | SR S N S . U O S . S N
+ ; + 6 : : : : : : : : :
w» : w C § : § ++ : § § § § :
4:_ ............... ............ + .............. ............... ............ + ............... .............. ..............
: - i i ® ey rveerereeenens . . N SO fpreneegerencas e doepees .
o AT B et Tetee e ? »+“?+**ﬁ**++ﬁ+ +.4
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FCC-EP : (5+B)/B AND SUM OF RELEVANT BACKGROUNDS

£ Z S+B A= A,=0.03 .
> 600 — -|- B:V’H\’,;’,:'Z’tt © S:ep—eW]
S N S+B,,
2 C . By, Bus- ep—s oW
E 500 — _|_ gz w:ep=el)
Z — H .
N 1 By Bz:ep—eZj
400 [— T _ .
— Cross sections(0): By:ep—eH]
- 1 1 ow=8.611 pb )
300 — _|_ on=0.074 pb Btt: ep—'ett
- ' + o7= 0.617 pb
200 — -+ | o1=0.415 pb > with the relevant
E backgrounds,
100 —
— the ratio (S+B)/B
10 ——— decreases a
> F 4 ; ; ; ; z
3 g S— S— S S S— factor of 3/7
- ; g, VSRS O YO
L 40e®%T T T8etoecentt eV 0t e i Bbonigot, 4l 0P MASS
0 50 100 150 200 250 300 350 400 450 500
Mass (GeV)
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FCC-EP : SENSITIVITY TO COUPLINGS (S+Bw)

10° ¢ —
e 20 significance:
» Sensitivity to Au=0.01 for
. Lint=40/fb.
equal couplings
depending on Ac=0.01 for
integrated | Lint=60/fb.
luminosity | Au=Ac=A Eggg — | Ag=0.01 for
o owmeor | Ling=7/fb.
10° 10' 10° 10°
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FCC-EP : SS PLOT -

Statistical significance SS=v2[(S+Br)In(1+S/Br)-S] for ep->e
+jbragt2j with tqy FCNC interactions. Here, we assume equal
coupling scenario A,=A.=A.

e allrelevant
. FCC-ep | backgrounds

3 | (By) are

10° ; included

30 significance
at Aq=001
for Lint=40/fD.

A 10"

10° » compare with
LHeC when
Ag=0.01 for
107 0 Lint=80/fb.
1
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FCC-EP : COMMENT ON BRANCHING VS COUPLING

» Using top quark FCNC decay widths and total decay width we can calculate
the branchings BR(t—>qy) vs coupling A. With all the relevant backgrounds,
we find 30 signal significance results to reach an upper limit A=0.01, with an
integrated luminosity of 40 fb™ at FCC-ep and 80 fb" at LHeC. This limit on
coupling can also be translated to the branching ratio BR (t—>qy) =2x10".

Decay widths :

['(t — qv) = %/\gmt

['(t — bW) = z
3 !
6" 2 m:t iy
16 sin” 0., |Wb| my, EE
miy myy
X [1—37% +2m§,]

Branching :

L't — qv)

0% ——— e e e e T T

10”7

1073 1072 10~

BR(t — qv) =

Ft—>W)+T(t— uy)+T'(t— cy) 28



COMPARISON : TOP FCNC AT LHC
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Based on proton-proton collisions at 8 TeV within the CMS detector at the
LHC at an integrated luminosity of 19.8 fb-1, the limits (95% CL) on the top
quark FCNC couplings

_1woPq
Leog = —eQy Z q - (n{’q,yPL + h:gnPR)tA# + h.c..

q=u,c

ﬁ 1- L l 1 '1["] lllll Yl] lllil | L] YE
o) - ZEUS (q=u) m=172 GeV 95% CL .
0\ . 13 o175 GaV excluded region _
3:',10 3 lT E
m E CDFE m=175 GeV =
L DO ﬁm 175 GeV -
10%E E
10-3 — ATLAS m=172.5 GeV —
C CMS m=172.5 GeV 3
41 _
107 E CMS E
- m=172.5 GeV H1 (q=u) ]
. (q=u) (gq=¢) m=175 GeV _

10'5 l ' llllll L A lllllll 1 1 llll A | llllll 1 A

10° 10 10° 10 10

——
—
VA -

BR(t—uy)=1.7x10-4
BR(t—cy)=2.2x10-3

CMS Collab.JHEP04(2016)035
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CONCLUSION

» Future ep collider has a rich physics | » For analysis, we use cut based
programme for electroweak method,. top mass
, , | reconstruction and W mass
interactions of top quarks | :
reconstruction

» Top anomalous couplings can be
measured down to 102 at the FCC-

€p

» We study S+B and B for process e-
p > e- ww q NP=1 (where ww=W
+ or W-)

» (S+B)/B ratio plot for different
couplings (Ay, Ac)

» Study on different backgrounds
(eWq, eZq, eHgq, ett)

» SS vs integrated luminosity plot
for different coupling parameters

» For detector simulation we use
Delphes card delphes card FCC,
we have some tests for the new
delphes card FCCeh V2 1 card

» Branching vs coupling plot and
conversion, comments on the
limits.
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Future ep colliders

LHeC LHeC Layout
7 TeV proton of LHC

and 60 GeV electron
(Vs ~ 1.3 TeV)

FCC-eh
FCC-eh Layout
50 TeV proton of FCC
and 60 GeV electron
(Vs ~ 3.5 TeV) ‘ sc”m/

-----

Both plan to create new electron facility
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