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® Top Quark Properties from Decays
® Mass
® Branching Ratios & Vi,
® Vy from Single Top
® W Helicity
® Top Quark Charge and Width
® Top Quark Production
® Cross-Section
® Spin Correlations

® Forward-backward asymmetry

Gustaaf Brooijmans The Top Quark We Observe



Top History

Date Milestone Statistics | Luminosity Vs

1995 Observation 10’s 50 pb! 1.8 TeV

1997 Properties ~100 120 pb-! 1.8 TeV

2009 PIECISIOn | 00 1k | few b | 1.96 TeV

Properties

2009 Single Top |, o) 2 fby! 1.96 TeV
Observation ' '

2011 Observation 5 k? ~1 fb! 7 TeV

2014 Precision 100k? | 10(D)fb! | 14(?) TeV

Difterential
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Decays
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Top Mass

O TOp quark9s eXIStenCG Mass of the. Top Quark (*Preliminary)
. CDF-I di-l . N
established 18 years after | : 10742109249
DO-1 di-l 168.4 +12.3 + 3.6
bottom quark CDF-Il di N | 171.2+27+29
. 'DO-Il di-| 1 BB .00
® [.ong road to discovery due to | L Tr=ad=ad
surprisinely laree mass o 176151 5.9
b S1Y IS DO-1 1+ 180.1+ 3.9+ 3.6
® Now known to better than 1% CDF-ITH] 1721+ 0.9+ 1.3
, DO N 173.7+ 0.8+ 1.6
® Interestingly, Yiop(Miop) = 1 CDF-! all- 186.010.0 5.7
) . ‘CDF-1l all- . 7.
® Precise measurement with o 174821719
.. . CDF-ltrk 175.3+ 6.2+ 3.0
low Tevatron statistics driven | .....oc0e e
by experimenters’ T”| 1 peasioanm
reSOurcerIDe S S 150 160 170 180 190 200

My, (GeV/c?)
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Matrix Element Analyses

® Currently yield the most precise measurement of the
top quark mass, also

® Major contribution to the observation of single top
® Big contribution in Higgs searches
® Basically unbinned maximum likelihood fits

® Event-by-event measured uncertainties

® More weight for more signal-like event
Transfer functions:

® Dectermine event’s “signal probability”: generated — measured
momenta
b-tag prob matrix element /
I o CO M@y .
E wi E dqidqs f(q1)f(g2) 5 dP¢W (z,y; JES)
<q1492S
perm g1.G2.Y flavors
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® Caveats:

® [.O matrix elements (typically madevent):
® (Initially) require exact number of jets

® Evaluation of NLO systematic not so easy

® Recent development: add NN to discriminate further against
background

® (Calibration, 1.e. determination of transfer functions done by
full stmulation with pythia

® What’s really measured 1s basically PMAS(6,1)

® Group trying to figure out what that really means

® Because with current precision, that 1s an important question!
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Top Mass @ LHC

® Use statistics to beat down the systematics
® Will be very challenging to do better than Tevatron
® ... but ultimately expect to get there

® Intrinsic limit from measurement 1n final state
® Can’t beat Aocp!

® Can we hope for ~500 MeV precision?

® Only way to do better 1s probably threshold scan at
lepton collider
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Mass: CPT Test

® Mass difference top - antitop: 3.8 = 3.7 GeV

D@ :Phys.Rev.Lett.103:132001.2009

m._[GeV]
®
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http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000103000013132001000001&idtype=cvips&gifs=yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000103000013132001000001&idtype=cvips&gifs=yes

Is It Top?

® Top = weak 1sospin partner of bottom

® “‘Partner” in the sense of having the largest EWK/CKM coupling to b

R v v 2
® Measure R = DU Urb) = - | Vi |2 .
B(t—Wgq) [V [?+|Vis |2+ | Vial
® __from fraction of b-tagged jets in pair production
@ 600 . D@ Run i L=0.9 fb’
c L=09fb" <D@Data 2 .
3 By S 10 If unitary CKM
= Toth : :
g W+ jets 9 matrix with 3
= et 8 generations:
200 : 7
' 95% C.L. V| > 0.89
°/  e8%CL. @ 95% CL
° o 1 >2 > 08 09 1 11 1.2
Number of tagged jets R

D@: Phys. Rev. Lett. 100 . 192003 (2008 )
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http://link.aps.org/abstract/PRL/v100/e192003
http://link.aps.org/abstract/PRL/v100/e192003

® Rare decays

@t —=>/c.:<3.7% @ 95% CL (CDF: PRL

101 192002)

® t = H+b: < 10-30% @ 95% CL

(CDF:pRL 103 101803, DO):

Phys.Lett.B682:278-286,2009,

Phys.Rev.D80:051107(R).2009)

® [LHC prospects (ATLAS):

® t— H*b: < ~3%, then systematics limited?

® t—7/q,Yq: sensitive to ~10-4 with 100 fb-!

® t — gq: sensitive to ~7 103

® Radiative t = WbZ (predicted at ~5 10-7 1n

SM) out of LHC reach

BR(t—qZ)

10

10

ATLAS CSC Book: arXiv:0901.512

1]
|||"| LI JASS 2
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http://arxiv.org/pdf/0805.2109
http://arxiv.org/pdf/0805.2109
http://arxiv.org/pdf/0805.2109
http://arxiv.org/pdf/0805.2109
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9322_chiggs_in_top_pub.pdf
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9322_chiggs_in_top_pub.pdf
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRVDAQ000080000005051107000001&idtype=cvips&gifs=yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRVDAQ000080000005051107000001&idtype=cvips&gifs=yes
http://arxiv.org/abs/0901.0512
http://arxiv.org/abs/0901.0512

Single Top

® Probe the top’s EWK coupling through production

® Process now well-established at the Tevatron:

Single Top Quark Cross Section August 2009
CDF Leptontiets 321" 1 He 2.17 1322 pb
CDF MET+jets 2.1 i ® | 5.0 3_‘2 pb C .
: DF:PRL 103 092002
D@ Lepton+jets 237" | 3.94 jggg pb D
Preliminary :
BN 5. Harris et al, PRD 66, 054024 (2002)
N. Kidonakis, PRD 74, 114012 (2006) Migp = 170 GeV
[ [ v 1 4

0 2 4 6 8
o (pp — tb+X, tqb+X) [pb]
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http://arxiv.org/abs/0903.0885
http://arxiv.org/abs/0903.0885
http://link.aps.org/abstract/PRL/v103/e092001
http://link.aps.org/abstract/PRL/v103/e092001

® Extracted measurements:

3.5

2.5

t-Channel Cross Section ¢, [pb]

19

0.5

4.5 |

® Vil >0.71/0.78 @ 95% CL (CDF/DQ)

CDF Run Il Preliminary, L=3.2 fb™

e Best Fit
W 68.3%CL
" 95.5% CL

99.7% CL
SM (NLO)

&
B SM (NNNLO)

|

0 05

: po v s by e sy
1T 18 2 25

s-Channel Cross Section c_ [pb]

el Brerid . !
3 35 4 45 5

t-channel cross section [pb]

Illlllllll

—
IITTIITII]

DO 2.3 b’
Measured Peak

SM
Ztu FCNC

ngu=0'04 gZ
|V‘3|=0.2

Top-flavor
mx:1 TeV
Top Pion
m_,:250GeV

68% C.L.

B 90% c.L.
I 959% c.L.

H > X 4 * 0O

observation s+t discriminant

llllllllllllllllllllllllllll

2

1 2 3 4 5
s-channel cross section [pb]
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Single Top @ LHC

® t-channel and Wt measurable with a few tb-!, more
needed for s-channel

FrrTrrrrprrryprrrrrrprrrprrrprrrqerryee’y ‘8 LAE BELE BEEE LALE BEARI BEE LELELE LB LN L

T

ook ATLASH : ATLASA
S0 a) BDT for Wt vs ti— kjets ‘84:“ b) BDT for W+tvs W+jets
‘ea:_Numbet of events in L=1f5" 14(]5Number of events in L=1f5"

E e Wtchannsl [« combined] e Wichannel [« combined)

£ 1500 o channel

l]lll

£ 120 schannel

@ =
> t-channel > - t-channel
o '4(1_ ¥ o108 -
2'235. tt— I+ otz (leay) 2 :. s l+ets (lesy)
3‘9 2 t_t_.ll(l-eu) g 80— tt—:ll(l-e,x)
g = tts let/tes/oejats -_-E, - tt—s lat/1ajotd
= 8¢ Wob-» I +jets -

saE. Wijj— l+jets

lll]lllllll

BDT output

ATLAS CSC Book: arXiv:0901.512

18 ) : 14
ATLASA 1
15 c) BDT for W=t vs ti— dilepton - 0 d) BDT for W=tvs tchannel 8
s Number of events in L= 115’ e Number of events in L=115" 1
il S Wi-channal (e combined] 3 210 Wi-channel [es1 combined] ]
g 1200 =-channel - 2 LW schennal ]
2 tchannel n 8 a t-channel 3]
° ok - l+jots (leay) E e . - 14618 (beiy) 3
8 () L, -3 ti 11 (lesy) N
= tt— lst/za/jots S E tt— lsgiras/osjots -
Z ol Wob— 1sjsts = Z Yy
W Wi+ 1ejets E R
4 = .
2 ] B

] v.b ) 3

BDT output

SENENE N NN AN |

paslaa sl

5 03
BDT output

BDT output
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http://arxiv.org/abs/0901.0512
http://arxiv.org/abs/0901.0512

W Boson Helicit

® But is the tWb coupling EWK?

® Study angular distribution of the decays

.[)+ ‘o 0.8 i = |eft-handed

Iv = 8 ¥ — |ongitudinal
~ rnight-handed

5 % 0-6:' —s&n: .'s,Mclj

/ W+ 02
V, W g
-1 -0.5 0 0.5 *1
cos 6
dN 5 - %] 5 i

= E(l—cos()*}z - FO'Z(l—cosZO*) + F+'§{1+0080'¥)2

O l 1

dcos0’

L.H Contribution Longitudinal RH Contribution
~ 03 in SM Contribution ~ 0.0 in SM
' ~ (0.7 in SM '
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® Two approaches:

® Reconstruct cosO” directly in 1+jets and/or dilepton events,

then use template or unfolding

% z: '+f“‘r%h;*‘ | D.B,Lzlfb" (a) % 60~ DO,L=11"  (b) % 405‘ po.L=11b"  (¢)
= =] ] T = 5o ([ — Best Fit
& s U HTHRAL B O - 8 F D Tl — SM
= . :‘: ‘ ' \ +L‘ﬁ LI‘LM }rl* 20? ‘: + L+_‘*-.+..J_T_] | \—‘—] + 205 FT
=R R e, e 10— .
R
% 02 04 06 08 1 24 0.5 0 -j:;bﬁ 1
i |coso®| cost
Leptonic W 1n Hadronic W 1n Dileptons
. . 1.2
I+jets IHjets = _,
1 DO,L=1fb
2-D likelihood e \
oa \ i - \
fit to templates RN
Phys. Rev. Lett. 100 , 062004 (2008 ) £ \/ ...........................
-0.2E.—H.1H.11.11..1.1..1..11;..
-0.2 0 02 04 06 08 1 1.2
f+
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http://link.aps.org/abstract/PRL/v100/e062004
http://link.aps.org/abstract/PRL/v100/e062004

__CDF Il preliminary, 1.9 fb” | CDF Run Il Preliminary .9 fb"! AlnL(F ,F)

i M= o 1 .
g = J -
- — 68% C.L.
0.8 — Q8 C L.
07"
0.6%—-
05 0.5
04"
o.3§—
o.zE—
01
L 3 o4 2
f. 0 0.2 0.4
CDF Templates CDF Unfolding ™
Conf. Note 9215 Conference Note 9114
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http://www-cdf.fnal.gov/physics/new/top/2008/tprop/Whel_costhTemplate2fb/notes/cdf9215_whel_cts_1_9fb_conf.ps
http://www-cdf.fnal.gov/physics/new/top/2008/tprop/Whel_costhTemplate2fb/notes/cdf9215_whel_cts_1_9fb_conf.ps
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9114_Whel_pub_1900pb.ps
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9114_Whel_pub_1900pb.ps

® Or, use matrix-element technique

CDF Run Il Preliminary (2.7 fb™)

+ ! ! I I

—68.27% CL

----- 90% CL

---------

.

....

L
~
LN
~
-

S
~
5
e
~
~
....
.

0 0.5 1

fO = (.88 £ 0.11 (stat) = 0.06 (syst)

f+ = -0.15 £ 0.07 (stat) = 0.06 (syst)

Conf. Note 10004

CDF Preliminary (JLdt=1.9 fb'!)
Assumes m¢ = 175 GeV/c2

TRRERRRER RN HH
TRRERRRER RN Hy

Matrix Element:

(fix =0.0) £.=0.64+

.08 £0.07

i

Cos 6* Unfolding:

@ @
£=0.15+0.10+0.04 f,=0.38 £0.21+0.07

(fix £0 = 0.7)

h—.—ol
£.=0.01+£0.05+0.03

o @
(fix £ =10.0) f =0.66 £0.10 £0.06

Cos 0* Template:

@
£,=-0.03 £0.07 £0.03 £.=0.65 +0.19£0.03
® (fix £0 = 0.7)
f,=-0.04 +0.04 +0.03 i
- -
(fix £7=0.0) £ =0.59 £0.1120.04
[ | E I | [ 1 | | [ 1 | | | E | | [ 1 |
0 0.2 0.4 0.6 0.8

W-Helicity Fraction from Top Decay

= All measurements statistics-limited....
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http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10004_WhelMe_confnote_2D.ps
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10004_WhelMe_confnote_2D.ps

Top Charge

® Does it have charge +2/37 Look at the charge of the b

associated with the W
® Jet charge (CDF & DO)

® (CDF Conf. Note 8967: exclude 4/3 @ 87% CL

® DQ: exclude complete sample is made of charge 4/3 quarks @ 92% CL

Phys. Rev. Lett. 98 . 041801 (2007)

® Soft lepton tag (CDF)

2 149 po, 370pb° (b)

= : ; pb .

e 12 Data

2 10- —|q| = 2e/3

o .

- g q| = 4e/3

o ] e |

I

g 2-2 ,; """ .

Z ogr—— T,
0 0.5 1 1.5 2

Top quark charge [e]

® 45 events, 29 events best fit 2/3, 16 events 4/3 — 4/3 excluded @ 95% CL

Conf. Note 9939

Gustaaf Brooijmans
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http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf8967_publictq_15invfb.pdf
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf8967_publictq_15invfb.pdf
http://link.aps.org/abstract/PRL/v98/e041801
http://link.aps.org/abstract/PRL/v98/e041801
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9939_topq_public.pdf
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9939_topq_public.pdf

Top Width

® SM: [ ~1.4 GeV

® Combine I'(t = Wb) (from single top) and B(t — Wb)
and assume B(t = Wq) = I:

o Ft =21+0.6 GeV D@: Conference Note D0 Note 6034-CONF

®ict=3+1)102s

® Using only I (t = Wb):
® [ >12GeV @95% CL
@ <510 s @95% CL

® CDF direct measurement from my, mj;:

@ [ <7.5GeV @ 95% CL (Conf. Note 10035)

Gustaaf Brooijmans The Top Quark We Observe
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http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10035_TMTwidth_pub4.3_v1.2.pdf
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10035_TMTwidth_pub4.3_v1.2.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T87/T87.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T87/T87.pdf

Production
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= Not much room for anomalous product
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http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9913_ttbarxs4invfb.ps
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9913_ttbarxs4invfb.ps
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T86/T86.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T86/T86.pdf
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRVDAQ000080000007071102000001&idtype=cvips&gifs=yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRVDAQ000080000007071102000001&idtype=cvips&gifs=yes

Spin Correlations

® Top decays before hadronization — 1nitial polarization
information 1s reflected in top decay products

® Tops have opposite/same helicity in qq/gg production

® Measure angles of down-type fermions from W/top decay in
top rest-frame wrt quantization axis (top in tt rest frame or
beam axis)

Gustaaf Brooijmans The Top Quark We Observe
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® It’s a difficult measurement:

Helicity Angle Bilinear Cos(0)*Cos(0,) , Fit Result

D Run II preliminary (4 fb )

240 —_ T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T I_— é
- . - - : 70 =
220 CDF Run Il preliminary L=4.3 fb " Opposite Helicity (OH) ~ —] z B (T, SM spin corr.
200 ~ = — tt, no spin corr.
E + - Same Helicity (SH) E 60) - Z/‘/ N
180 :_ Backgrounds _: — Diboson
160 ? = S0 — Multijets
— —@— Data —
2 140 fo,:0.80 +/-0.25 +-0.08 40
Q120 —
L — _
80— —
60 = 20
40— =
= = 10
20— ‘%ﬂ E
0 - L1 1 L1 1 L1 1 L1 1 [ L1 1 T e s == 0
-1 -08 -06 -04 -0.2 0 02 04 06 0.8 1 -1 0.8 ~06 -04 -0.2 0 0.2 04 0.6 0.8 1
cos(6)*cos(6,) cos(6,)cos(0,)
Conf. Note 10048 Conference Note 5950-CONF

CDF: C =0.60 = 0.50 (stat) £ 0.16 (syst) (I+jets)
CDF: C = 0.32 *0->> 4 78 (stat + syst) (dilepton)
D@:C =-0.17 *96° 53 (stat + syst) (dilepton)

SM: 0.78 (NLO)
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http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10048_topspincorr_lepjet.pdf
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10048_topspincorr_lepjet.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T84/T84.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T84/T84.pdf

Polarization in Single Top

(R: V+A, L: V-A)

T q._ 2l
wia’ ot _g. v
q. | -8 B L. .t
7 L*b W*% R L W&
Rccaa S et O—— 16 ¥
O O 4"[ ’ [)
i R ™ g
q’ b b
g b
CDF Run Il Preliminary, L=3.2 b’
2 95% CL
3 68% CL
o « CDF 11 Data
4
: Conf. Note 9920
B
l
. 0 1 4 5
C,.,rrLL) (PP)

® Something for the LHC!
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http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9920_singleTopPolarization.ps
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf9920_singleTopPolarization.ps

Forward-Backward Asymmetry

® Arises at NLO from interference between diagrams:

® SR & ISR

q Q
00 IR ,
G660 666607
] Q

q

® Box & Born

——{G600000Y—>—
f A >«€m€wv<
—<—40999999 9——
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Measurement

® Fit events to determine  Ay=y,-y; , [V == i
Np =#{Y: < Vi)

N,-N
® Define A4y, - S b
Nf ~+ Nb
2 0.1:
® Careful! “oosf* ., MC@NLO
0.06;— 1 . T
® Strong phase-space dependence > °F —_
v IS
e NNLO? o02F :
. . 0.04} I
® Use kinematic fit 0,08 b g R S G

4th jet P, [GeV]

® And minimize acceptance corrections
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® DO:

Forward Backward
2 fg B 149520 Top pairs D208 (@) & fg I 11820 Top pairs DG,091b"  (b)
S |OF [ 36+11 Wjets o |°F [ 33+10 Waets
2 :2 I 2t 3 Multijet 2 :2 B 19 3 Multijet !
g e 206 Data . g e 170 Data
T w

6 6

4 4

2 2

00 01 02 03 04 05 06 07 08 09 1 00 01 02 03 04 05 06 07 08 09 1
LD2 LD2

Phys. Rev. Lett. 100 ., 142002 (2008 )

A = 0.12 + 0.08 (stat)
+ 0.01 (syst) S o
(Integrated over Ay) v
Equiv MC@NLO pred: 02
An=0.08 £ 0.02 £ 0.1 S

D@, 0.9 fb™

Dilution

]I”l]ll"lll"]""l”lll”"l""

Dilution vs Ay
for SM
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® CDF:

. g *
Reconstructed Top Rapidity Reconstructed -Qy
8 Frrrryrrrryrrrr|yrrrr|rrrr|yrrrrrrrrrrrrorog 3 240 A T . l. o v Yo T v M . T T———r=
c = . CDF 1II Prelimina :
$ 200 Ap=0098+0036 -8~ Data 4 €0 Pt ry ne :
w = | ART®9=.0.019 + 0.0026 776 events| 5 > =3 ‘
180 ", T [T Signal + Bkg |— W 200 . -
:__An =-0.05910.0079 776 events | - 180 s 3
160" CpF 11 preliminary [ Bkg - :
140 — L=32M" 167 events |~ 160 e E
120 - 140 — E
1005_ _E 120 Data or MC i
- R 100 Background Subtracted
80 E_ —E 80 Corrected 3
60 = 60 Background
el 3 E 40
201 E 20
% 45 a4 05 o0 05 115, 2 0O 15 1 205 0 05 1 15 2
Yhae " Yhag

An = 0.19 + 0.065 (syst) + 0.024 (stat)

Conference Note 9724

SM (NLO):An = 0.04 £ 0.01

New Physics? See e.g. Cao et al. http://arxiv.org/abs/1003.3461
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http://www-cdf.fnal.gov/physics/new/top/2009/tprop/Afb/cdfnote_9724_public_v01.pdf

Conclusion

® The top quark observed at the Tevatron looks very
much like the weak 1sospin partner of the b quark

® High precision measurements with small statistics

® Am may be hinting at a new production mechanism

® But most 20 deviations go away after a while....

® The LHC is a top-factory

® Systematics will be just as difficult to control

® But large statistics open new doors

® Study of CP-violation etc.

® Becams now accelerated to 3.5 TeV!
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