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The Top Quark

* needed as isospin partner of
bottom quark

* discovered in 1995 by CDF and D@:
m_ -~ gold atom

* large coupling to Higgs boson ~ 1:
important role in electroweak
symmetry breaking?

» large contribution to Higgs mass

is the top quark the particle
as predicted in the SM?

e EWK interactions of top quarks
e top quark properties
e search for new physics

— ep collider excellent to explore the top quark
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LHeC, Linac-Ring Collider

Energy Recovering Linac e* beam:

10-GeV linac Injector 60 GEV
(FCC-HE: 140 GeV)

Total circumfrence ~ 9km

Final electron focus LHC proton beam

Beam dump
10-GeV linac

Interaction point / detector

Line<1 ab-! p beam: 7 TeV
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CC Single Top Quark Production

— future ep collider is ideal to study EWK interactions of
the top quark
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Gluon Parton Density Function

— measure gluon density at high x
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Top Quark Parton Density Function

parton momentum fraction LHeC CDR, J.Phys. G39, 075001 (2012)

e-\/ Ve
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six-flavour \W
variable number —_

scheme for top
quark
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____cfns
massless

5
logQ?/GeV?

— LHeC offers new field of research for top quark
PDF
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CC Single Top Quark Cross Section

Dutta, Goyal, Kumar, Mellado, 100 fb_l:
arXiv:1307.1688 [hep-ph] 5
update by: Xifeng Ruan \s (TeV) 2-10° events

3-10° events
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Signal and Backgrounds

signal Fr > 25GeV background
— Adg,; > 0.4 . -
\““ W' W < |m3132 le < 22 G’eV
b t \prb>20GeV e _
b-tag il < Bl < 2.5 _ SN
P ARJ b/j > 04 : ‘\\_\.: B 'q'

N:=22000, s/b= 12

e beam: 60 GeV

100 fb-!
Er >25GeV  Adg; >04
e Ve Adgp > 0.4
\/ A(I)E’l > 0.4
g "
W w220 GeV
\ ‘,/ Vi ' Uy
b t b Ini| > 5, |nbi| > 2.5
b'tag ARjy 5 > 0.4
P

N:=11000, s/b= 11
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Direct Measurement of |Vip|

VCKM = vcd Vcs Vcb
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Direct Measurement of |Vip|

A|Vw|-1000 AB: luminosity uncertainty

AP P
502 [, AB=.10 feptonic -
~~~~~~ Leptonic + Hadronic
t 50. 1 '_::'::, ...................... .
50 B S : ..... s ."":--.-j---.‘:.':'.'l'. ____________________
p Luminosity in fb™!
25.4 ... AB = .05 .
\ 252 P e i
VUb 55 o .~ emmeen
Vekm =|Vea  Vos Vi - 'L T o B
uminosity in
Vie Vis Vi s ———
s /A o
6 b e |
5 B """“""""“"’.""""'Nu::.-...:.:,':"_"g ___________________

10° 10’ 10
Luminosity in fb™

Rial 1300 1688 henpny 100 fb1: A|Vw|=0.005
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Direct Measurement of |Vip|

CMS Preliminary IthI Summary August 2014

LI LI I LI 1 I 1 LI 1 I 1 LI 1 I LI LI I LI LI I 1 L

CMS tW, 7 TeV, 4.9 fb", PRL110 (2013) 02203

1.010 * 0160 (exp) + 092 (th)

CMS tW, 8 TeV, 12.2 fb", PRL 112 (2014) 231802
1.030 + 0.120(exp) + 0.040(th)

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

CMS t-ch., 8 TeV, 19.7 fb™!, JHEP0S (2014) 090
0.979 + 0.045(exp) + 0.016(th)

v _ V v v CMS t-ch., 7 and 8 TeV combined, JHEP06 (2014) 090
CKM — cd cs ch 0.998 + 0.038(exp) + 0.016(th)

Ma Vis Vo LHeC, 100 fb-1
1.000 = 0.005 (expected)

A

SERER

— high precision measurement
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Search for Anomalous Wtbh Couplings

8 R _
L=- b}%@L+ AN

5]

=1 in SM
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Search for Anomalous Wtbh Couplings

Top Quark Physics - Christian Schwanenberger - Chavannes 2015



(1/0) do/d cos ijl

Search for Anomalous Wtbh Couplings

Dutta, Goyal, Kumar,
Mellado, arXiv:1307.1688
= 11in SM update by: Xifeng Ruan
e Ve e’ Ve
\/ \/
\ ] \\‘ I-
W W, W W< _
Y .~ j ) — \%
b t b b t b
P
0.18 T T T 0.07 :
0.16 | fR= SM top+bckg. B2 | oo B
0.14 i +0.5 .......... fTL=-O-5 ) . SM top+bckg_
0.12 . £ 005
ol &
' 3 004
0'08 i | rereresetatatet 2 2
: o Gt —
0.06 : = 0.03 ek
0.04 I * g .
0.02 :
0.02
0 : R 0.01 PRCESSEIPK
-1 -0.5 0 0.5 1 /8 w4 3n/8 w2 Sn/8 3mw/4 Tn/8 L8
COS ebjl Aq)ETmisl

+ other variables sensitive on W helicity
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Search for Anomalous Wtbh Couplings

. _ Dutta, Goyal, Kumar,
L R)tWM Mellado, arXiv:1307.1688
@L R)th +h.c.

update by: Xifeng Ruan

L
=1in SM
e Ve
\/ .
R P Y |
| ]
b t b

-

syst. error

68% C.L.
fut 0.001-0.01
fuR, frt, frR 0.01-0.1
syst. error syst. error
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Search for Anomalous Wtbh Couplings

LHC combination preliminary Vi =1,V_=0

\s=7TeV, L =35pb*'-2.2fb"
" B ss cL

| |o5% cL

— 1T S g o ¢ — * SM

0.2 e e e

IIIIIIIIIIIIIIIIIIIIIIIIIII
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_'oh
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Search for Anomalous Wtbh Couplings

o/ F 5 R
. 08/ | —
0.6/~ LHC combination preliminary Vi =1,V_=0
- \s=7TeV, L =35pb™-2.2fb"

041 o B ss cL
02| HeC (sys. err. 1%), 100 fb-1 [Jos%cL

b _ of * SM
0.2

P 0%a 0.4
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Top Quark Dimension 6 Operators

[A2£4f = Cl(DLWMtLEL’yﬂeL + h.c.) + [CzﬂLeRERtL -+ CgBLeRDLtR + C4I7L€RBLtR + h.c.]

e'L\SM/ ve C: 0.50-0.85
wewl : Cor 2.2-5.0
b T X Cs' 1.4-2.9
. Ca' 2.2-4.9
_ °L,R experimental error
e A\ e atogt gy OB%CL
arXiv:1412.6679 , W\ A ~=r)
Pe =0 “ | 'CZ.(C.
Pe = 04 2.} b [ _
P, =07 of o [ .
2.7 2.1

cross section . wos o o5 O T 5 0 o0s 1. Oy T 05 0. 05 1. Oy




Top Quark Polarisation

Atag, Sahin,
PRD 73, 074001 (2006)

cosO: angle between charged
lepton and spin quantisation
axis in top rest frame

1 dI' 1 _ Ny — N,
I'rdcosf 2(1 +Apacosf) A = N; + N,
09 SM
using simply e-beam axis: |
. - 0.7 +
polarisation: Py = 96% |
TESLA-+HERAp: 2 ost frR=
Vs=1.6 TeV |
Lint=20 fb-! 08 b
02 | accuracy of order 102
20 fb~1: P = 0.82+0.34 04 .

-0.8 0.6 04 -0.2 0 0.2 0.4 0.6 0.8
CMS-PAS-TOP-13-001 cosf
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NC Top Quark Production

Bouzas, Larios,

Physical Review D 88, 094007 (2013) Single top
top pair production .
production
DIS photoproduction photoproduction
(& € Y

e-beam 60 GeV, 100 fb-1!:

0.023 pb 0.70 pb 0.031 pb
Ni=2,300 Niz=70,000 N:«=3,100
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Top Quark Structure Function

Boroun, Phys. Lett. B744, 142 (2015)

variable flavour
number scheme
for top quark

5 (1) Fi(1)[1 — RY(my)]

low and moderate Q?~m?
Fi(z,Q%)
t 2\ _ - L\*
R (xaQ )_ th(ZE,Qz)
gy Ami @7 3By
= Q? ) Qg(wo)
x=zp(1 %)




Top Quark Structure Function

Boroun, Phys. Lett. B744, 142 (2015)
~tt t
variable flavour (Tt) ’Fz (Tt 1 — R (Tt)]
number scheme /
for top quark
100
. v Q°=100 v Q°=100GeV’, e Q°=1000 GeV’, & Q’=10000 GeV’
10 4 A d Q2=1000 —_ A A A A A A A A A A A A
1 s A Q°=10000 G 0021
o A [
° A 0.00 ¢ * 3 % % 3T O'T OST OS$S OS5
0.1 [ A .
[
° A 1E-3 1E4 1E-5 1E-6 1E-7 1E-8 1E-9 1E-10 1E-11 1E-12 1E-13 1E-14 1E-15 1E-16
= 0.01 v ° A X
~-, v [ ] A
il v L4 A
1E-3 vv .. 0'03- A A A A A A A A A A A a
v ° 0.02 4
1E-4 v, 0.01 1
2 2 v s ] e e o o & o o o o o o
1E5 Q < 4mt = 0.00—- e Yy ¥V ¥Y ¥ ¥Y vV Vv Vv ¥
0017 aboveq
1 E-B -0.02 S
10 100 1000 10000 100000 10 100 1000 10000 100000
Tt Tt
— approximately: 1/1¢ — independent of x and T¢

— longitudinal top structure function component could be
good to probe top quark density in proton at Q?=4m:?2
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Analysis of the tty Vertex

background
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Search for Anomalous tty Couplings

tt'y

(Qt’)/'uA -+ %O'MVF ,/(K) -+ ’UZZ’Y{;)) 4
my
K!

electrlc dlpole moment: K

g
17 = 5 , E st 60GeV
<
"_ S labl
¢ | | Boxy y
N EW L H e C: ] f’( ','/
! .
8% and 16% accuracy o :‘
LHC with™_
r 27% accuracy ., >d%accuracy 1 -
i (4.59fb1, 7 TeV) -2 -1 0 1K
Bouzas, Larios, magnetic dipole moment: k

Physical Review D 88, 094007 (2013)
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Search for Anomalous ttZ Couplings

Bouzas, Larios,

ZZ b Physical Review D 88, 094007 (2013)
t q
. [_property | precision |
q EDM: K / Kz | 0.20-0.28/0.6-0.8
MDM: K / Kz | 0.05-0.09/0.9-1.3
%
100 fb-1
/ LHeC:

10% and 18% accuracy




Single Top Quark Production:

b-tagging:

= —Ge Z Qq qta’““’ (fqg + hgV5)qAuw + hec. 45

qg=u,c

LHeC TDR,
J.Phys. G39,
075001 (2012)

vp collider:

e-beam 70 GeV
Y: 80% of e-energy
Lint=10 fb-1

< 107

3

e 1073

=

& 10

o

3 10°
10
107

60% efficiency

150<Mwb<200 GeV

------

------

final state
jets

““““““

Ty - -

x/A=0}04TeV"’

Slgnal

W"b |

n
o

40

60

80
pr(GeV)

100 120 140 160 180 200
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Single Top Quark Production: NC

0.04
KC/A 0.035 _ 95% C.L.
[Tev:] | -y
0.025 — 10 fb_ 1
LHeC CDR,
0.02

J.Phys. G39, :
075001 (2012) oot [

0.005 |-

......................................

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

g=u,c ' ; S5 KLI/A[TGV_I]

. . /'/ = 1/ab
wr  Ky=Kc s— — _==T o |=- 100/fb
T T e
8 / :""'¢‘ -"‘!_. -f :‘:““ /
§ 10 . -7 ‘;4""' - =71 == 2/fb
L "' T ;‘,— _ " § ——
50- SD _§A d;”’ 4"“'
| P e -
-7 et | br” 1.
L - .ﬁ — = ‘¢.‘".’ = —— 1 ab 1-
‘‘‘‘‘ | e 4 T = )
o T discovery for
NEW 0001 0.002 0.005 0.010 0.020 0.050 0.100 order 10—3
K/N\ [Tev1
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FCNC Top Couplings at Colliders

1 95% C.L.
— L
3 -
2 —
0.8 H1
0.6
- ZEUS
0 T L3
LD e
0.2 -
0 i L1 1 1 | L1 %///
0 0.5
dimensionless coupling (A=m;) tuy
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FCNC Top Couplings at Colliders

10 = §?21L1ﬂru71bv

5fb-1,7 TeV +
20 fb-1, 8 TeV

- 1 1 1 IIIIII 1 1 1 IIIIII
1073
107 1072 10"
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FCNC Top Couplings at Colliders

iﬁﬁﬁﬁii‘;’fﬁi’,‘i“g sroue . 95% C.L.
arXiv:1311.2028 [hep-ph] _N E ZEUS
>3 s L3
- T O e, PO
107 = S 214150, 7Tev _%////
- 5fb1,7 TeV +
- 20 fb-1, 8 TeV
, ATLAS: 300 fb:’ /
10 = Vs= 14 TeV /
- 1 1 1 1 111 II 1 1 1. 111 II : /%
107
1073 1072 107
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FCNC Top Couplings at Colliders

R S onking Gt o 95% C.L.
arXiv:1311.2028 [hep-ph] _N E ZEUS
>3 s L3
— D e, PO
107 B 21f01,7TeV %
. 5 fb1, 7 TeV +
i 20 fb, 8 TeV
Y ATLAS: 300 fbi' /
107 - Vs=14 TeV i
- o ;
i 500 fb! /
Vs= 250 GeV : /%
- | | 1 1 111 II | 1 1 111 II .
10°
10° 107 10"
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FCNC Top Couplings at Colliders

Top Quark Working Group o
Collaboration, 1 95 /O C-L-

arXiv:1311.2028 [hep-ph] ___ -
rsj = ZEUS

10" S 21150, 7 Tev Y

W
e
1072 W _AT\I/_sA%: : (%(e)\f/bd%4

-------

500 fb!
Vs= 250 GeV :
10-3 1 1 IIIIIII 1 IIIIIII .

107 1072 10"
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FCNC Top Couplings at Colliders

1 95% C.L.
TN - ZEUS
>3 N s L3
— L7 DO

ATLAS: 300 fb'
LH.C Vs=14TeV :

5 fb1, 7 TeV +
20 fb!, 8 TeV ; /

100 fb-! 500 fb-1 _
Vs= 250 GeV
10-3 | | IIIIIII | IIIIIII :

10° 10° 10"
— test SUSY, little Higgs, technicolor... " tw
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FCNC Top Couplings at Colliders

| 95% C.L.
iy §.j.'§9§ ------------------------------- L3
N X ] Y e > -

10° S 24 fb1, 7 TeV

5 fb1, 7 TeV +
.W 20 fb-1, 8 TeV ; /

ATLAS: 300 fb'
LH.C Vs=14TeV :

e

1 ab-1 500 fb-1 :
Vs= 250 GeV :
10-3 | | IIIIIII | IIIIIII :

10° 10° 10"
— test SUSY, little Higgs, technicolor... " tw
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Summary of Top Quark Properties

property E. (GeV) Line (fb~1) SM value precision
t: CC unpol. 60 100 2 pb N:=200,000
t: CC 80% pol. 60 100 3 pb N:=300,000
t: NC photoprod. 60 100 0.031 pb N:=3,100
tt: NC DIS 60 100 0.023 pb Nu=2,300
tt: NC photoprod. 60 100 0.70 pb N=70,000
top PDF 60 10 measurable
|Vib| 60 100 1 0.005
fut 60 100 1 0.001-0.01
fvR, frt, R 60 100 0 0.01-0.1
C: 60 100 0 0.50-0.85
Cof, C3f, C4f 60 100 0 1.4-5.0
polarisation Pq Vs=1.6 TeV 20 0.96 0(10%)
frt, f1R from pol.| +/s=1.6 TeV 20 0 0.01-0.09
EDM: K / Kz 60 100 0/0 0.20-0.28/0.6-0.8
MDM: k / kz 60 100 0/0 0.05-0.09/0.9-1.3
FCNC: Ky = Kc 70 (YP) 1000 0 0.0014
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Conclusions

e future ep collider has a rich analysis
programme for top quarks
e study top at ep collider for the first time

e high precision measurements top quark couplings
to EWK gauge bosons (mainly |Vwl, tty, ttZ)

e analyse top quark properties: polarisation, charge,
PDFs of tops, ... -

e many stringent searches for new physics: /d s
anomalous couplings, EDM, MDM, FCNC, ... - 0

— important studies to test

if top quark is as predicted in

the SM or if it is connected to

hew physics

Top Quark Physics - Christian Schwanenberger - Chavannes 2015 41



Backup

Top Quark Physics - Christian Schwanenberger - Chavannes 2015



CC Single Top Quark Cross Section

Dutta, Goyal, Kumar, Mellado, e-\,‘/ve :
arXiv:1307.1688 [hep-ph] L W- w-.<]
\s (TeV) N
b t b
100 - 1.18 1.67 2.05 2.37 2.65 290
: e'\/ Ve ]
. ' N W<1
10 N
i . ] 5 b
‘ vams ) p :_'
O T e - 1 e Ve
""""""""""" Unpol. =—— | \/ -
"""" Hadronic 2—2 e | W W< 7
0.1 ] Hadronic 2—3 - ===== b t b
Leptonic 2—2  =========== p
i Leptonic 2—53  ===i=m==
0.01 1 1 1 1 1 1 o Ve -
0 100 150 200 250 300 T L o
E. (GeV) Y
€ t b
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CC Single Top Quark Cross Section

Dutta, Goyal, Kumar, Mellado, 100 fb_l:

arXiv:1307.1688 [hep-ph] Vs (TeV) 2-6-10° events
3-10-10° events

100 18 167 205 237 265 290

-----
--------
.
(L

10;' 3pb

"
e
e
e
W
w
------
W
v
W
W
W
W
W
R
»

0.1

e =

140 GeV

0.01 ' ‘
50 100 150 200 250 300

E, (GeV)

— LHeC offers excellent prospects for top quark physics
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Backgrounds: Hadronic Channel

No. Background prjp >20GeV  Adg; >04  |my,;, —mw| < 22GeV Oeff.
Process ;| < 5,|m| <25 Adg,>04
AR;,; > 04
Er > 25

1 e p—v.W b 7.5 x 107° 6.8 x 10°° 4.5 % 107° 2.7 x 107°

without anti-top line
2 e p— vejji 4.2 x 10° 3.6 x 10" 2.4 x 10° 7.2 x 1072
3 e p — V] 1.5 x 10" 1.2 x 10° 8.6 x 107! 8.6 x 10°

& e p— v.tjj
4 e P — VeCCj 5.8 x 1072 5.0 x 1072 3.2 x 1072 6.7 x 107°
5 e p— v.bbj 2.5 x 102 2.2 x 102 5.6 x 107 1.3x 102
6 e p— e 2.5 x 1072 2.2 x 1072 1.5 x 1072 1.5x10°*
(c—=>W~'3
Event Selection | pr;;, > 20 GeV ~ A®y; > 0.4 |m;;, —mw|<22GeV  Fiducial S/V/S+B
;| < 5,|me| <2.5 Adgy > 0.4 Efficiency
AR;y/; > 0.4
Kr > 25
SM 3.2 x 10* 2.3 x 10* 2.2 x 10* 66.7 % -

SM+3_. Bkg; 6.5 x 10* 5.0 x 10* 4.0 x 10* 61.5 %
|Vio| AfL = .5 7.3 x 10* 5.0 x 10* 5.0 x 10* 68.0 % 1.92

fB=05 4.6 x 10* 3.2 x 10* 3.2 x 10* 69.7 % 1.43

ff=05 4.9 x 10* 3.6 x 10* 3.6 x 10* 73.2 % 1.55

F =—5 3.4 x 10* 2.3 x 10* 2.3 x 10* 69.6 % 1.40

=25 5.7 x 10* 4.1 x 10* 4.1 x 10* 72.3 % 1.69

- Christian Schwanenberger -
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Backgrounds: Leptonic Channel

No. | Background prjp. = 20 GeV, AR;,,; > 0.4, Br > 25 Ady,; > 04 Oeff.
Process |n;i| = 5, |nea| = 2.5 Adg;, > 04
Adg, > 0.4
1 e p— 1l D) 1.5 x 107! 1.4x 1071 1.4 x107°
e p—l Dee 6.6 x 10°° 6.1 x 1073 6.1 x 10°*
& e p—l et
3 | ep—=l b 3.6 x 103 3.2 10°° 1.9x 103
& e p— 1l b
Without top line
4 e p—el e 1.5 x 1072 6.9 x 1073 6.9 x 104
5 | ep—ael iy 1.2x 107! 5.5 x 1072 5.5 x 107%
Event Selection prjy = 20 GeV Adg; > 0.4 Fiducial S/VS+B
In;| < 5,|m| <2.5 Ady, > 0.4 Efficiency
AR,/ >04 Adg,; > 0.4
Er > 25
SM 1.2 x 10* 1.1 x 10% 92.0 % -
SM-+3", Bkg; 1.3 x 10* 1.2 x 10* 92.0 % -
|Vio| Aff = .5 4.5 x 10* 2.5 x 10* 92.6 % 1.55
f=. 2.8 x 10* 1.6 x 10* 94.1 % 1.23
ff=.5 3.1 x 10* 1.7 x 10* 89.5 % 1.27
fE=—5 1.8 x 10* 1.0 x 10* 90.9 % 0.95
=25 3.6 x 10* 2.0 x 10* 90.9 % 1.38

Top Quark Physics
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Search for Anomalous Wtbh Couplings

— _ Dutta, Goyal, Kumar,
L=—%b}’i‘é@L R)tWM Mellado, arXiv:1307.1688
= 1 in SM L
g ~io"q, ' _
) . £ G LR w, +he. o
— v 68% C.L.

(on
(ad
ol

LHC combination preliminary
\s=7TeV, L_=35pb"-2.2fb"

)

P

syst. error syst. error syst. error
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Search for Anomalous Wtbh Couplings

| L=—-EbrV (50 AW, 68% C.L.
= 1 in SM .

—io" _
_8 b q"@L P )W +he.| o Ve

Vi
b
P
2 1 2
; ] 15 f ]
B 0.5 |
1t ]
1t ]
I _ 05t ]
T 05y 1=z ° =
X X X 0r 1
— - B o~ o~
%"‘ 0 _L' -0.5 0 %" 05 F |
05t 1 a1l ]
-1 F
1k 1 -1.5 ]
-15 -15 L L L L 1 L L L ! 2 L L L L L L L L L L
2 15 -1 05 0 05 1 L 2 15 -1 05 0 05 1 15 2 25 ° 4 35 -3 25 2 <15 -1 05 0 05 1 15
Vel A £} x 10 Vgl A £ x 107 Vel A} x 10
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NC Top Quark Production

Bouzas, Larios,

Physical Review D 88, 094007 (2013) Single top
top pair production .
production
DIS photoproduction photoproduction
(& € Y

, t
I tt t / , %’% b /
I L P9 . t / Vl/l/l’w
e-beam 140 GeV, 100 fb~1!:

0.12 pb 3.2 pb 0.143 pb
Niz=12,000 Niz=320,000 N:=14,300
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Direct Measurement of |Vip|

V Vtb direct measurements . r
€ November 2012
CMswt L 1.01 1‘8 12 ¢38§ >0.79 @ 95 % CU
(L=12m")
ATLASW! o, 1.03 18 }'Q, ig 3}
(L=10m"

CMS8TeV g 0.961+0.08+0.02 >0.81 @ 95 % CL

(L=501m")
cMs7Tev @ 1.0240.05:0.02 >0.92 @ 95 % CU|
P (L=12m")
ATLAS8TeV g 1.0430.10+0.02 >0.80 @ 95 % CL
(L=581M1")
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