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Outline

e Introduction: intrinsic means...
e What a top quark is
e Charge
e Mass
e How a top quark behaves
e Polarization of W in t— Wb decays
e Flavor-Changing Neutral Currents

e Conclusions
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R. K. Ellis @ TOP2013

The Arrow of (tt)ime

1 1 1 ez

< < <
Tl Ft AQC’D A%QCD

ey hadronization spin decorrelation
lifetime . .
time time

Large Mass " No hadronization
- [ntrinsic properties can be directly observed!

production

time

The only known quark we can observe “undressed”
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The LHC is a Top Factory

e TOp perspective:
LHC mainly a gluon collider

e Large production cross-section Vs=8TeV

top-antitop pairs ~ 250 pb (QCD) EEREEERCIERE-FN-ISHF IR RN S
single top SALVONs s N{="AB As scen on: C. Monini’s Talk

L rrrrrrrrrerrper T

w
o

- ATLAS

25— Preliminary 2012, \/s = 8 TeV A\ @ 8 TeV ~75 ttbar / min
E .LHC Delivered Delivered: 228 o' g .

200 [JATLAS Recorded Rocoried 2131 .7 8-hours shift 36,000 ttbar
E [l Good for Physics

-
(o))

b

2011, \'s =7 TeV

[ Delivered: 546 fb’
Recorded; 508"’
Physics: 4,57 fb”’

-
o
TT

8 TeV analyses: ~5 10° ttbar pairs
7 TeV analyses: ~1 10° ttbar pairs

Total Integrated Luminosity [fb7]

%)
TTTTTT1

ot
ya pet W ot yat ppt W ot
Month in Year
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SUISSE VISA
SWITZERLAND

TOPQUARK<<M] 7 3L
Q02/3e<<S1/2HBAR<<TI<<I1/2<<Y1l/3



_
Electric charge

e Standard Model top quark g = +2/3¢
Exotic alternative model -4/3e Phys.Rev.D 59 (1999) 091503

e Disfavored but not excluded by CDF @ 95% CL
Qb*QI Qcomb
SM P S pER L wt U wt by, @@ = -

Exotic 7YY sp 4wtV wm s +ve @ @ = (+

e EXxploit correlation Q(b-quark) ~ <Q>(b-jet)

The charge of a b-jet is the weighted sum of its track charges

Op_iet = Ei Qz‘jﬁl"( best separation
—Jjet — 2 o -
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_
Electric char e

Qtop =1+ Qcomb Cp, Ch = Qb / <Qcomb> o0
Qtop = 0.64 = 0.02 (stat.) £ 0.08 (syst.) ©

(] I I S 200;— ATLAS u+jets —;
top-antltop palrs @ 180}det 2 05 b o Data2011

o - Cti =

> 160} B Single top ]

e 2 D-tags and m(/,b) mass-cut 1o T e =
1205 iy

o |ow efficiency (28%) but 100F- E
very high purity (87%) S E
(data) 402_ —z

e Compatible with +(2/3)e R S R el
@] . +

0.5F 3
o [EXxotic texcluded at > 80 — o5 3 05 + a

Top is an up-type quark!
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Top Mass (m¢)

e Important parameter in SM: stability of Higgs potential, B-physics

e Direct measurements: m#'€ invariant mass in t—= Wb

e Beyond LO QCD m: depends on renormalization scheme

e "Monte Carlo” top mass sensitive to m:, but no well-defined

0.10

™TTTTTYT

0.08
0.06 -
0.04

002}

renormalization scheme

N o X1v:1112.3022v1

M;, = 125 GeV
30 bands in
M, =173.1 £ 0.7 GeV
ay(M;) =0.1184 + 0.0007

Higgs quartic coupling A(u)

0.00 -

T

-0.02

NG - M = 1710 GeV

NG (M) =0.1205 - - -

~
~

-
-
S e ee-----—-

M, = 1753 GeV

1 1 1 1 1 1 1 1 1
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Pole top mass M, in GeV
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h h
i Ty = iozo' 4
T Meta=stability - -~
v -:,:’ Sl s = ‘ : s -","'/23:
i . . ® Y - ;‘:-;//,- :‘
L o (1@ ] . - ) = :
- T : N g .//{/. < i
i g :
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ATLAS-CONF-2013-046|4.7 fb- 1 7 TeV

3D Fit

e Extract 3 observables from each event:

e Lepton+jets topology

e Mt from kinematic likelihood fit

bhad lep
e Reconstructed mw and R e S
from lepton and jets O
(assigned from best-fit permutation) ool Pr
(pr"" +pp )2

@ 7000 > B L e B B S o e e
S - ATLAS Preliminary 8 ¢ 1s=7 TeV data ATLAS Prelummary ATLAS Preliminary ® 15=7 TeV data
360005 1 <1000 [ ]t m =172.5GeV C_t,m_=172.5GeV
- | Lat=4.71b 2 | [single top Ldt=4.7f6" Ldt=4.7 fb’ I single top
: o W sjets % B W sjets
- o - / +
5000 o (s ToVdata . 3 8001 o 7.ts . © Z +jets
P [ m,=172.5GeV - WW/WZ/ZZ ] %k WW/WZ/ZZ
4000:_ -sing_le top GOOL Il GCD multijet . Il QCD multijet
3000”_ -;quis 7 - W/ Uncenainty/#¢7 7% Uncertainty
- +jets 2 '_ . A
. WW/WZ/2Z % 400 7
2000/ [ QCD multijet P 1 ] 6005 2
1000:_ W/ Uncertainty > 200- 4002 ’
; I 200
B0 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 080 70 80 90 100 110 0505 1 15 2 25 3
InL mi (GeV] R
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ATLAS-CONF-2013-046|4.7 fb- 1 7 TeV

g ggz; ATLIAS Prelir;winary l []m l_ muc.vl
= - Simulation, \s= 7 TeV -
£ 002 ] m,,, = 1725 Gev
3 D F It e oois e 7300
g o014
®  0.012
E oo
e Templates for m: [167.5, 177.5] GeV ® JSF ® bJSF € 0.008
0.006
. . 0.004
e unbinned fit extracts m:, JSF and bJSF 0.002 g
_ _ 0™ 40 160 180 200 220
e Main unc.: b-tagging eff, JSF, bJSF(stat comp., decr. w/ data) miz? [GeV]
W 1.025 e R AR AR
2, ) locont. 2b-tags | Cg 1.037 1o cont, 2b-tags R
- 2c cont. 2b-tags e - ‘ 2c cont. 2b-tags |
JSF = | 02—_ iocont. 1btag | - [-‘ focont. 1b-tag -
Jet energy B P N RN -~ 2ocont. 1btag 1'02:_ - - 20 cont. 1b-tag -:
Scale Factor : ,':' ".‘ \ = 1g cont. comb. fit : 5 = {g cont. comb. fit 7
1 015‘_ i ‘\‘ \*\---ZGcont.oomb.fit: 1-01T = = 20 cont. comb. fit ]
E 'l n\s '|‘ }\ \‘\\ 5 1:’_ —:
101 N N s N . : :
- \ \ ) ‘ § 0.99}- \ -
g N : : L :
1.005— ATLASPre!lmlnary ] 0.98} ATLASPrellmlnary ‘ B
N P P TP T PR P ; ........ T PP P P PR -
1 170 171 172 173 174 175 176 177 170 171 172 173 174 175 176 177
Miop (GeV] Miop (GeV]

mpp = 172.31 £0.75 (stat + JSF + bJSF) + 1.35 (syst) GeV,
JSF = 1.014 £ 0.003 (stat) £ 0.021 (syst),
bJSF = 1.006 £+ 0.008 (stat) + 0.020 (syst).
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3D VS ZD F|t = constrain bJSF =1

Mp = 172.80 = 0.35 (stat + JSF) +2.02 (syst) GeV,

JSF = 1.014 = 0.003 (stat) = 0.021 (syst). 2D

mep = 17231 +0.75 (stat + JSF + bJSF) + 1.35 (syst) GeV,
JSF = 1.014 +£0.003 (stat) + 0.021 (syst), 3D
bJSF = 1.006 + 0.008 (stat) + 0.020 (syst).

e Rip (ratio) not sensitive to JSF: JSF(2D)=]SF(3D)
e Fitted m: from the two methods agree ~ 0.5 GeV (less than b]JSF ~ 0.9 GeV)

e Reduced systematics wrt previous ATLAS measurement:
v Improved IFSR and bJSF

v Better MC simulation modeling and higher statistics
MC@NLO+HERWIG - POWHEG+PYTHIA Perugia 2011C tune

v Better ttbar reconstruction (y? = kinematic fit)
v Improved analysis strategy (3D fit)
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ATLAS-CONF-2013-04614.7 fb 1 7 TeV

3D/2D Fit

ATLAS Preliminary May 2013

1 fb I+jets (2d) b——F-+4——174.53 + 0.61+ 0.43 +2.27
4.7 b7 I+jets (3d) prel. F——iol —i 172.31+0.23 +0.27 + 0.67 + 1.35
CMS 5.0 b I+jets ol —i 173.49 + 0.27 + 0.33 +0.98
DO 3.6 fb' I+jets i—e—— 174.94 +0.83 +0.53 +1.12
CDF 8.7 fb™' I+jets SR | 172.85 + 0.52 + 0.49 +0.85
Tevatron Comb. 2013 Feo—4 173.20 £ 0.51+ 0.36 + 0.61

stat syst

I I I I I
165 170 175 180 185
Miop [GeV]
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di-leptonic w /1

e Template method for the
invariant mass lepton+bjet m(/%, b)

o ttbar: 2 b-jets, correct assignment 77% of the times

e Main unc.: STAT, JES, bJES b- tagglng eff

% 0.1 2 ] l _ > - l' 1 T L) I L} T L) ] L) A L4 ] LJ 1 T ] T L) 1 [ T T T I L
G CATLAS Simulation mtOp - S [« \s=7 TeV data ATLAS Preliminary
oY _ Preliminary — 165.0 GeV - v 400 ===== 3% background -
> 0 —1725GeV =~ [ = best fit: m__ = 173.09 + 0.64 GeV j
5 i —180.0 GeV - 2 - .
> 0.08— — > 300 1.5 —
@ - - Q B A -
8 — B - det=4.7 fb +- a— ‘ane
2 0.06|- . : + ‘ ] 1
< i - 20F -
S 0.04 = i

: / . )

. 4 . 100~

0.02f- . :
! | | ] 0
0 50 100 150 40 60 80 100

m,, [GeV]

myop = 173.09 = 0.64 (stat) £ 1.50 (syst) GeV
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Maln m: measurements

ATLAS Preliminary  my,, summary - Oct. 2013, L =2.05fb"- 4.7 fb”

2011, all jets*

—— ——
CONF-2012-030, L =205 b 174.9 + 2.1 + 3.8
2011, lepton+jels™ A 172.31+ 0.23+0.27+ 0.67 + 1.35
CONF-2013-046, L =47 fb
2011, dilepton*” it 173.09 + 0.64 +1.50

CONF-2013-077,L =47 fb"
(stat.) (JSF) (bJSF) (syst.)

ATLAS Comb. Sept. 2013 (CONF-2013-102)

Lo | ,
172.65 % 0.31,,,, + 1.40 410, isrosyst stat. uncertainty
- stat. ® JSF & bJSF uncertainty
total uncertainty
*Preliminary, “ Input comb.
I I I I I I I I I
155 160 165 170 175 180 185 190 195

Moo [GeV]
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m: world combination

Tevatron+LHC m, combination - March 2014, L =3.5 fo'-8.7 fb
ATLAS + CDF + CMS + DO Preliminary

CDF Runll, l+jets

L =87 =@t =4 172.85+1.12 (0.52+0.49+ 0.86)
CDFtR'L'mII di-lepton 170.28 + 3.69 (1.95 +3.13)
CDF Runll, all jets - ——————i = 172.47 £2.01(1.43£0.95+ 1.04)

COF Runll, E'T' “+jets
L. =87fb"

DO Runll, l+jets
L.=36fb"

DO Runll, di-lepton

L.=53m"

P ————t 173.93 + 1.85(1.26 + 1.05+ 0.86)
b=t 1 /4.94 + 1.50 (0.83+0.47 + 1.16)
b be—— e | (4.0 + 2.79 (2.36 + 0.55 + 1.38)

e P— —
CMS 2011, l+jets N 173.49 + 1.06 (0.27 + 0.33 + 0.97)
CMS 2011, di-lepton ——— i 172.50 + 1.52 (0.43 +1.46)
CMSf?” al jots NP 173.49 + 1.41(0.69 +1.23)
World comb. 2014 %/ =21 — 173.34 + 0.76 (0.27 + 0.24 + 0.67)
§§ Tovatron Ma}c'h'z'ch{([a[,; Wy ———— 173.20 + 0.87 (0.51+0.36+ 0.61)
5 O LHC September 2013 — e — 173.29 + 0.95(0.23 + 0.26 + 0.88)
- ' | | total (stat. IJES syst)
165 170 175 180 185
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Top Quark is a Handle for
New Physics

Large mass ~ EW
Probe for TeV-scale
physics

) Anomalous production and decays
' hint for New Physics
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Polarization of W

PR Are W bosons from top decays
./\’6* produced along a preferred direction?
b S e ETTTLIIIIT >
+ L _d9 3 _ 20" Byt 21 02 B+ 5 (1 0*)? R
W ;dcosé’*_i( - ) O+§( — cos0") L+§( T oos07)" Fr

o Helicity fractions calculated at QCD NNLO

Fo = 0.68/7/£0.005 F, = 0.311£0.005 Fr = 0.001/7x0.0001
e Non-standard Wtb vertex modifies HF

e Parametrization in Effective Field Theories

g - B —w“”qy _
L = ———b " (VL P, + VREPR)t W P Pr)t W h.c.
Wth \/§V(LL‘|‘ RER)E W, \/— Mo (gL PL + grPRr)t W, +h.c
2 2 02 2
_ (3,3+3) V N Pt 33* _ 33 U
VL—%5+C¢Q Fa VR—§ 30 F? dWA27 gR_\/_CuWAQ
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Polarization of W

N(cos0* > z) — N(cos6* < z)
N (cos 8* > z) + N(cos0* < z)

JHEP 1206(2012)088

Ay

e Angular asymmetry:

e Combine 2 observables from 2 topologies (l+jets, dilept)

Extract helicity fractions from Extract angular asymmetry

the best-fit template for observed cosO* from the unfolded cose*
2] - T T3 : |
%2000? ATLAS sungle lepton channels g 0.5 ATLAS single lepton channels_]
@ 1800} JLdt=1.04fb" & e * g, ; ILdt:LO«Hb" ® Unfolded data
1600 g:’g‘;g; it E 0.4l | /7. SM expectation -
L b Unc. best fit - ! °
1400_ . 3 Q L
1200;— _—: 0.3_ , ....... -
1000} r&* E |
L .,-,,,-
800; 0.2
600, | different templates % «
4°°f different sets of Fo,F.,Fr: 0.1 e
200} ; :
L PR | | L L1 L | !
o 05 0 0.5 1 0 05 0 0.5 1
cos 6" cos 6*

R. Di Sipio

Intrinsic top quark properties - DIS 2014, Warsaw



Polarlzatlon of W

' L} | 1 1 l 1] 1 1 | ' 1] | T T I 1 11 1 T l ) T T | T T T T T T T T T | T T T | T T

o 1:— N\ _:

ATLAS I Ldt=1.041b" Fa | Fu Fo g | ATHAS D o MR

0.8 95% CL ]

N W | ]

B NNLO QCD N p N g _ ]

o 0.6— L dt = 1.04 b é\(u allowed regions _|

Combination N ]

=+ Data (F_/F,/F) 0.4 —

Template (single leptons) @ - k| 02 ]

Template (dileptons) B S oA N ]

Asymmetries (single leptons) ~e- - kb 0 - A 5

Asymmetries (dileptons) e —md 0.2 —

- - TopFit V=1,V =0

overla'l comb|nat|lon .-.-' T T -0'4 L | | | | | | | | | | | | | | | L | | F | | 1
| 1 A ' 1 1 L | 1 1 A O 4 0 2 O O 2 O 4

R
W boson helucuty fractlons e(gL)

Re (C’ggz) _2
Fy = 0.67 4 0.03 (stat.) + 0.06 (syst.), Re(Va)e[-020,023 » —# € [-67,78) TV,
Fi, = 0.32 4+ 0.02 (stat.) & 0.03 (syst.), Re(g)e[0.14,0.11] — = (AC?%V) € [~1.6,1.2] TeV~2,
Fr = 0.01 +0.01 (stat.) +0.04 (syst.). Re (gn) € [—0.08,0.04] — Re (AC;S%/) € [=1.0,0.5] TeV~2.
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ATLAS-CONF-2013-033|CMS-PAS-TOP-12-025(35 pbi-2.2 £b1 7 Tev
Polarization of W

ATLAS + CMS!
I 1] L 1 ] l | 1 I L 1 1 W L ] L U L] L l ;z 1_
o [
ATLAS and CMS pre.'limlnar)_'1 c 0.8
\s=7TeV,L =35pb"-22fb Fg F, Fo :
B NNLO QCD 06/~ LHC combinationspreliminary V =1, VR=0
1n sl - _ _ -1 -1
Combination 04l \s=7TeV, L _=35pb~-2.2fb .68% oL
-+#4 Data (F_/F,/F) .
ATLAS 2010 (single lepton) -t v+ 0.2}~ 95% CL
ATLAS 2011 (single lepton) - ek 0’; * SM
ATLAS 2011 (dilepton) wafs . ! A
CMS 2011 (single muon) A 0.2l
LHC combination A a
e o N 9 g g 9 N g g 3 9 11 rl i T | -O.i’—lllll'lllllll‘lll'111'111'1111111'11111
0 05 ; 4 -03 -02 -0.1 0 0.1 0.2 0.3Re(go).4

W boson helicity fractions

Fo =0.626 + 0.034 (stat.) + 0.048 (syst.) Re(gg) = —0.10 + 0.06 (stat.) 7097 (syst.)
Fr =0.359 +0.021 (stat.) = 0.028 (syst.) Re(C3 )
FR — 0.015+0.034 AZMW = —1.1 + 0.6 (stat.) J_r(l)(g) (syst.) TeV~2
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Flavor-Changing Neutral Currents
W+
t t—Wb ~100% SM ‘/
b

Non standard couplings in decay/production?

----------------------------------------------------------------------------

u,c u., C
iU, ¢
; [ { Z o q. 0" v |
|
q. (", g

----------------------------------------------------------------------------

No LO, GIM suppressed at higher orders
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Flavor-Changing Neutral Currents

e Production g AT
single top (t-channel), Neural Network » ¥ ool | =i
o(qg—1)*BR(t—bW) < 2.5 pb 95% CL 7
BR(t—ug) < 3.1 10 kugt/A < 5.1 107 TeV L s

BR(t—cg) < 1.6 10%kegt/A < 1.1 102 TeV: i W —
E 028-3 08-06-04-02 0 0.2 04 0.6 08 E1
e Decay B TR
ttbar production, decay w/ 3 charged leptons — wc £ ®ap.n o
BR(t—qZ) < 0.73% 95% CL oy ot " o
(expected < 0.93%) 1

- 4 -
JHEP 09(2012)139| 2.1 £b-! AN

140 160 180 200 220
my, [GeV]
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Conclusions

e Top physics is well into the precision era
e Most measurements dominated by systematics
e Top quark mass measured with om ~ 1 GeV

e Largest systematic on m: (stat bJSF) will
decrease with more data

e Unique probe for BSM physics

e Runl: no large deviations from SM found
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Backup



The Twofold Way

>mm< top pairs

’ QCD
g > t g “0000000) t g t XS ~ 250 pb
A t v>< t }VVWW‘<
g - t g 0000000/ { g ;
d - b t t
u(d) 4 (@) ! single top
EW
+ ~J
W b W e xs ~ 100 pb
b t g d b
t-channel tW-channel s-channel
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Backgrounds

Channel Topology Backgrounds

Di-leptonic 2 WW+jets, Z+jets
Semi-leptonic| 2 jets + 2 W + jets
Full-hadronic 4 jets + 2 b-jets QCD Multi-jet
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Top Physics =
Full Detector ON

v Inner detector

reduce pileup, secondary vertices

v  Calorimeters

electrons, jets, ETmiss

v Muon Spectrometer

muons, reject cosmic rays
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W leptonic decays (BR ~ 1/3)
trigger/bkg reduction if lepton =¢e / u
high correlation w/ top flight direction

W+
W hadronic decays (BR ~ 2/3)

kinematic reconstruction, in-situ JES calibr.
Vi ~ 1

BR~100%

b-jet tagging
background reduction (sec vtx)

semi-leptonic full kinematic reco t mass, Amy,

Which (aka lepton+jets) W polarization
measurement?

di-leptonic  preserve angles, t charge, t mass,

charge, low bkg W polarization
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Other measurements

ATLAS-CONF-2012-077|4.7 £b-1[7 Tev 20

1 = T TrT 11171

o 60: 'ATLAS I—J’rehmmary e Data .

A\ 17, . g 140~ J’  dtmdT 8 Dﬁ.n\=172.5 GeV -
e "stransverse mass” mrz In el 21 -4 y ~—~ Wsmew
invari o 21201 S, mem
- a 7 L +jets ]

|nva.r|ant transverse mass, w/ missing § : 7/////// BB Fako lopions ]
Pa rticles @ 100~ + |  ZZNom.uncert. —
801 -

mp = 175.2 + 1.6(stat.) 54 (syst.) GeV o0 E
40 -

0760 80 100 120 140 160 180 200 220
mTz[GeV]
ATLAS . > e
500 7 TeV — Signal + Background

e Mass difference top-antitop

-« Background only

Ldt=4.7fb"

Events / 4 GeV

t_,/

400

CPT invariance: Am =0
300

200
Am = my—myz = 0.67+0.61(stat) +0.41(syst) GeV

100

PLB 728C(2014)363-379(4.7 £b-1|7 Tev 9

llll]lllIIIIIIIIIIIIIIIIIIIIII
llllllllllllllllllllllllllllll

A

-100 -50

-150
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ATLAS-CONF-2011-054[35 pb-1|7 Tev

e Extracted from cross-section

e Different parametrizations

1
(Mo = (a + b(mby = 170) + c(mlyS = 170)* + d(mby,* - 170)*) pb

top pole top top top

to
P Top quark mass from cross-section
ATLAS Preliminary, L =35 pb’
® +7.8
ATLAS, approx NNLO (Langenfeld, Moch, Uwer) 166.4 -
. . ® +7.8
ATLAS, approx NNLO (Kidonakis) 166.2 5,
< +8.0
ATLAS, NLO+NNLO (Ahrens et al) 162.2 26
® 45.9
DO, approx NNLO (Moch, Uwer) 169.1 .,
. . ® +5.9
DO, approx NNLO (Kidonakis, Vogt) 168.2 ¢,
® +

DO, NLO+NLL (Cacciari et al.) 167.5 _;'65
Tevatron direct measurements (July 2010) 173.3 f11_'11

| | | |

150 160 170 180 190
My, [GeV]
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Flavor-Changing Neutral Currents

Q 1 Ellllllll | IlIIlIII | IIllIlII | lllllll | lllllllI | Illllg

o - 95% C.L. 3

S = EXCLUDED -

T 10 LEP \ REGIONS _

@ " E cor T :

Prospect for HL-LHC - S -
14 TeV 0ol ]
Lin: 300 fb1 = 3000 fb1 C ATLAS 2 10) \i "
L CMS (4.6 o) | B 1

10° — Guony) =

= ATLAS Simulation [T

— extrapolated to 14 TeV: =

interesting region BR< 104 10%_______ : ZEUS =
= k : 300 b > (q=u only) =

=TT - : (sequential) 7

- R — e :

ultimate limits BR < 105 105 | | 1 = (e <
— T : (discriminant) =

_lllllll : l:l Illl:ll | | IIIIIII | | l||_|]ll| | lIIIIIII | IIIIIIT

107 10 107 102 10’ 1

BR(t— qy)
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FCNC Top decays HL-LHC

tt, t=>cH, H->yy

v 1E
- . -
© r JL dt=3ab", Vs = 14 TeV ATLAS Preliminary
: — Expected, tight jet P, cuts
el . ==. Expected, tight jet P, cuts, conservative bkg
I '~...... ....... Expected, loose jet P, cuts
1 0-1 :., ‘... °"~... - . = Expected, loose jet P, cuts, conservative bkg
i -4
- BR<1510" @ 95 CL
10%
-3 |l ] L ] 1 | L ] L 1 [ 1 1 i ‘al | 1 ] T
107 1.5 2 2.5 3

Br(t — cH) (x10%)
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