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1. Top quark properties: MaAss
 What is it?
* Precision calculations
* Why do we care?

2. Top quark as a probe of new physics
* Looking for deviations (g::x)
 Anomalous couplings
* New particles

3. Where do we go from here?
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N° What is the top-quark mass?

Answer 1: A parameter of the Lagrangian L ~ mtt

Answer 2: An effective coupling between t-t—h
my = Y;/(2v2G )2 = 1 in the SM

Answer 3: The kinematic mass seen by the experiments

Right after the discovery of the top quark, Marfin Smith and Scott
Willenbrock asked this question about the “pole mass” of the fop quark.
They showed that a renormalon (the closest pole of the Borrel fransform)
iInduced an ambiguity of O(Agcep) in the definition of the pole mass.

This led to the recommendation to use the MS mass for top quarks as a
standard.

We theorists are good at sefting standards that make our life easier . ..
most perturlbative calculations use the MS mass for simplicity.
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N~ What is the top-quark mass?

Answer 1: A parameter of the Lagrangian L ~ mtt

Answer 2: An effective coupling between t—t-h
my = Y;/(2v2G )2 = 1 in the SM

Answer 3: The kinematic mass seen by the experiments

Right after the discovery of the top quark, Marfin Smith and Scott
Willenbrock asked this question about the “pole mass” of the fop quark.
They showed that a renormalon (the closest pole of the Borrel fransform)
iInduced an ambiguity of O(Agcep) in the definition of the pole mass.

This led to the recommendation to use the MS mass for top quarks as a
standard.

We theorists are good at sefting standards that make our life easier . ..
most perturlbative calculations use the MS mass for simplicity.

Of course mass is NOT measured directly. Instead, it affects the distribution
of events that are measured, and that distribution is used to INFER the
Mass.

At the ILC, we tend to concentrate on the tt cross section distribution
at threshold and in the continuum.
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N/ i threshold at a linear collider (LC)

There is a subtle question when you try to R R
make a precision measurement of QCD: - N
What mass do you use? | i
The pole mass is not defined beyond Agep. . i
In fact it is not well-defined at all, since e

there are no free quarks.

Yakovlev.Groote PRD63, 074012(01)
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N/ i threshold at a linear collider (LC)

There is a subtle question when you fry to S T
make a precision measurement of QCD: N ——— =
What mass do you use? R/
The pole mass is not defined beyond Aqcep. .. /, // e =
In fact it is not well-defined at all, since -

there are no free quarks.
Yokovlev GrooTe PRD63 074012(01)

Solution: Use the 1S mass (pseudo bound state) .
There are large non-relativisitic corrections o
o1 X UZ (%) X ] ;’j('“_/_’_,’,;;?;’i'?"
" v S (as Inw) ol o
y LO(1) + NLO(as,v) + NNLO(a?, azv, v?) aE®
LL + NLL + NNLL i
Normalization changes, but peak stable. LLNLL NN
doz IS £6% before ISR/beamstrahlung AT o o ETRER
' ' s(GeV)
omy; ~ 100 MeV is attainable Hoang, Manohar, Stewart, Teubner
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il// tt threshold corrections
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NNNLO calculation mostly done  Unstable particle effects

Order aa, corrections done — Ao ~ 0.1% cf. Dirk Seidel talk

Zack Sullivan, lllinois Institute of Technology — p.5/17



ﬁ/// tt threshold corrections
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NNNLO calculation mostly done  Unstable particle effects

Order aa, corrections done — Ao ~ 0.1% cf. Dirk Seidel talk
Luminosity has huge influence on spectrum cf. Boogert talk,Gounaris
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There are many effects that are large vs. 50 MeV — we need to match
subtraction of ISR and ISR/FSR interference. Zack Sullivan, llinois Institute of Technology — p.5/17




NG .
\/// tt confinuum mass
We heard a fantastic talk by Sonny Manftry, about a new
tfop-quark jet mass, so | will not repeat details.

n-collinear \ n-collinear
- SOFT .

— thrust
axis

hemisphere-a  / | hemisphere-b

Q > my > 1y >AQCD

Fleming, Hoang, Mantry, Stewart, PRD 77, 114003 (08)
Factorization of the effective field theories into hard, jet, and ultra-soft
pieces was shown.

d’o

dﬂ.{f dﬂ[g = HQ{Q! #)[ (#ﬁdf— Jﬂ (St = QEH_a ﬁ}Jﬁ{Sf = Qe_ﬂ H)Sheml(g—'_, f._ﬂ #}

o0

This utilizes the strong ordering of scales: @ > m; > I'1 > Agceb.
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N

\/// What mass do we measure?
The statement has been made that you measure a 1S mass at threshold,
and a top-jet mass in tThe continuum (using the new calculations).

Other masses have been mentioned: M S mass, pole mass, (could have
mentioned peak mass, Breit-Wigner mass, .. .)

Which mass do we measure?
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N
\/// What mass do we measure?

The statement has been made that you measure a 1S mass at threshold,
and a top-jet mass in tThe continuum (using the new calculations).

Other masses have been mentioned: M S mass, pole mass, (could have
mentioned peak mass, Breit-Wigner mass, .. .)

Which mass do we measure? None of them.

We measure line-shapes or parficle flow or invariant masses with cuts
and ISR/FSR effects.

This leads to the following questions:

1. Do we need to work out IS subtraction ferms to merge correctly with
ISR estimates for incoming elections?

The box diagrams, o2, ... diagrams may be significant on the level

of the 0.01% theory error we want for m; or some other observable.

2. The hemisphere-like top jet definitions are nice, but does the
factorization demonsfrated hold in the presence of hard cuts?

3. One jet algorithm o be used is particle flow — this estimates the
neutral particles from the charged ones. Does this invalidate any
assumptions?

The opportunity and challenge going forward will be to ensure that
the experimental and theoretical definitions agree.
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N Techniques for the future (EFTs)

The new calculations this year have consisted of matching of various
effective field theories to simplify the problems at each natural scale.

(cf. event shapes, Bhabha scattering, WW threshold, top mass, etc.)

QCD ()

Integrate out
l Hard Modes

Factorize Jets, Integrate

SCET m out energetic collinear =——> B :
ns )

Can we attach one more EFT, e.g., SCET-Il, and treat the jets and FSR
consistently?

My opinion: In order to reach the ever higher theoretical precision in
QCD demanded by the experimental results, we will move toward
merged EFTs as a general course.

| believe the focus should shift from higher loops to external maftching
(i.e., getting the theorists and experimentalists o agree on IS/FS.)
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ﬁ/// Why sftudy the top-quark mass?

Answer: Electroweak (EW) precision physics
Both tfop quark and Higgs contribute at 1-loop to the W/Z propagators.
t t

h
WMANQWW w 7 W@W 4 //!/_l\\ .’//—\\\
5 Z ( y + AAAANIVRAANANNAN
Assuming a, Gr, and Mz as inputs, M3, at 1-loop is:
9 T 1
MW —

V2G g sin? Oy 1 — Ar(my, mp)
where Ar(my,mpy) ~ c¢ymi = cyg In(MZ /M%) + - - -
Inverting the formula provides a logarithmic constraint on M g.
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i[// Why sftudy the tfop-quark mass?

Answer: Electroweak (EW) precision physics

Both tfop quark and Higgs contribute at 1-loop to the W/Z propagators.
t t h

Assuming a, Gr, and Mz as inputs, M3, at 1-loop is:
12, — TO 1

v \/iGF sin? O 1 — Ar(mta mH)

where Ar(my,mpy) ~ c¢ymi = cg In(MZ /M%) + - - -

Inverting the formula provides a logarithmic constraint on M g.
P ————— End of Run |

1 — LEP2 and Tevatron (prel.)

5+ - LEP1 and SLD my = 174.3 £ 5.1 GeV (3%)

Early Summmer 2005
my = 178.0 & 4.3 GeV (fishy)

Late Summer 2005
my = 172.7 4+ 2.9 GeV

Summer 2008
my = 17244+ 1.2 GeV
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\/// How well do we need fo know m;?
There is a beTTer woy Thon “blue band plots” to look af this in the SM.

(24 P25 oy e L e

S, wemmen e Assume My is known.
0.2322 - o%@ Am, =02GeV ] .
S s =-o00e 1o My will be measured fo ~ 20 MeV
_ o.2320} . f = Need iy fo ~ 3 GeV at I_HC
L {1+ Alinear collider can measure My,
: fo ~ 6 MeV.
omsl oo\ Giga-Z can measure sin? Oy ~ 1072
S W N cf. G. Moortgat-Pick talk for
02 5048 Z-calibration data idea = 3 x 10~°
My 154 — Need m, to ~ 1 GeV,

Beneke et al., hep-ph/0003033
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\/// How well do we need fo know m;?
There is a beTTer woy Thon ‘blue band plots” to look at this in the SM.

(24 P25 oy e L e

S, weommen e Assume My is known
o o%//)f " am-020ev ] .
e s =o0000ts e N will be measured to ~ 20 MeV
_ o.2320} . f = Need iy fo ~ 3 GeV at I_HC
L “““““ . 1 * Alinear collider can measure My,
2318 fo ~ 6 MeV.
i '5' ~ 1 : ) 5
0.2315 |~ 68% CL: ‘\\ //f GlgO-Z Ccdn medadsure sin QW ~J 10_
T N S cf. G. Moortgat-Pick talk for
0.231p il b Z-cdlibration data idea = 3 x 10~°
M., [GeV]
w = Need m; to ~ 1 GeV.
Beneke et al., hep-ph/0003033 t
At the LHC: v
e Several channels can reach < 1 GeV (stat.) JA ] t waw«ﬁ)
e To reach systematics < 1 GeV use: b- b
My wp, W/ Template for m;. (~ 300 fo=*) u T )

The bottom line: We have already saturated the informnation we can
extract about a SM Higgs from top-quark measurements given any
near-term collider (i.e., LHC).
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N' How well do we want to know m, ?

Most excitement about Higgs production has nothing to do with the SM.

135

Models of new physics predict different :
sensifivity to the top-quark mass.

SUSY Higgs masses are VERY sensitive to ~
the top-quark mass S wl Y
—9 3 / eory prediction form,_ |
AMQ 3G E m? In my ) G g:ntzzfz.% éevf ]
~ — m " = 1.0 GeV
V22 sin? 6] m% i = 5m = 0.1 Ge i
* Experimental error from LHC may reach B ATTTIT
~ 200 MeV (using rare decays) T e T
« My ~ dmy, 5o we will want N |
5mt ~ 100 MeV. 300 i é
3 200; i f
e E ! :
If a smailler error in m, is achieved, we gain B '''''''''
indirect access 1o My, Ay, my /o, €tC.

m, , [GeV]
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N' How well do we want to know m, ?

Most excitement about Higgs production has nothing to do with the SM.

135

Models of new physics predict different :
sensifivity to the top-quark mass.

SUSY Higgs masses are VERY sensitive to ~
the top-quark mass $ wl Y
—9 3 / eory prediction form,_ |
AME ~ —SGFmE (T ) mEEme™
V2n2sin? 8\ mj wf  mamooice
* Experimental error from LHC may reach N AT
~ 200 MeV (using rare decays) TR e T

400 [TTT'[TT[TT'TTTTTTTTTT
I

* My ~ dmy, SO we will want i
5mt ~ 100 |\/|eV 300}

Warning: 4-loop corrections are

|
|
|
|
|
|
I
|
|
I
|
\
1
|
|

comparable in size. & ol
: , , £ I | :
This needs major Loopverein!
If a smaller error in m; is achieved, we gain = ===
indirect access 1o My, Ay, my /o, €tC.

m, , [GeV]
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N ttH at alinear collider and y,

Otree

 There are many 10% corrections e ZZ- e |
near threshold. 2 e
e There are NLO calculations: j \
You, et al., PLB 571, 85 (03) ) S I Ik
Belanger, et al., PLB 571, 163 (03) N e T }EP[G]@?
Denner, ef al., PLB 575, 290 (03) oo A. Gay
Now NLO EW+QCD WW/ZZ — tiH 5 [ ainiEe o
Bouayed, Boudjema, PMCP A2,3 (08) W kg -
NeedS > 1 Tev mOChine H—)hb,@\‘z’l:(’\;-':ﬁzc‘:gc:;:s%
* SUSY corrections fend to reduce I
o7z Another 20-30% R\
J.J. Liu, et al., PRD 72, 033010 (05) o N
20+ _ g
k e aia
s T

my, (GeV/c?)
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N ttH at alinear collider and y,

Otree

 There are many 10% corrections N e ZZ- e |
near threshold. T B
e There are NLO calculations: j \
You, et al., PLB 571, 85 (03) ey
Belanger, et al., PLB 571, 163 (03) O 3&“&3
Denner, ef al., PLB 575, 290 (03) oo A. Gay
Now NLO EW+QCD WW/ZZ — tiH 5 [ ainiEe o
Bouayed, Boudjema, PMCP A2,3 (08) W kg -
NeedS > 1 Te\/ mOChine H—)hh,@w‘l:i':ﬁ-_r:czc:z:s%
* SUSY corrections fend to reduce I
o Another 20-30% ;
J.J. Liu, et al., PRD 72, 033010 (05) 4op
This measurement is tenable > 800 GeV 0 A
with lots of luminosity, Gay W e s
and maybe at 500 GeV Juste - K guste & pertno
, R T T TR
At best you get £10% if Mg < 180 GeV m,, (GeV/c?)

Bottom line: There is no known way to get dy; below 10%,
and certainly not to 1%. Maylbe you can figure this Qut
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N’ Anomalous couplings: v/ Ztt

The most general tt(v, Z) couplings can be written
(p,—p)H*
O {'Y“ [P+ AP | [Py + 7547 ] }

A study of ete™ — tt — (T4jets at /s = 500 GeV predicts
ILC Design V.2; Ridani; Grzadkowski, Hioki (03)

Coupling | LOSM Value | P(e™) | [Ldt(fb~1) | 1o sensitivity
F, 0 +0.8 100 0.011
FZ, —0.6 —0.8 100 0.013
F, 2/3 +0.8 200 0.047
FZ, 0.2 +0.8 200 0.012
Fy, 0 +0.8 100 0.014
FZ, 0 +0.8 100 0.052
F), 0 +0.8 200 0.038
FZ, 0 +0.8 200 0.009

Adding et polarization P+ = 0.5 improves F»” and FJ;7 by a factor of 3.
G. Moortgat-Pick et al., ph/050701 1

Increasing the C.M. energy to /s = 800 GeV improves the limits by
a factor 1.3-1.5 Bernreuther, LCWS99
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N° Anomalous couplings: Wtb

The most general Wtb couplings can be written

Low=—75 Vv {’Y“ [fL P+ PR]_Z\ZC‘: (Pe—po), |3 Pr+fs PR]} )

It has been proposed to measure fi below tt threshold:

T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T
C Zww/ &M =2 "
- S/ gsm =1
IOZ;thb/gSMzo'S — = R N E L B BN
= o r
C e 1 A
o C —— default /\
. 0.8- +beam spread
o= ™o = r— PR
8 L E . +beamstrahlung /\/,_,/ :
. /o4 7 06 — +ISR
) S o ] C / / — 1
© 1 - = 04l // N
0.2F
L /
-1 r //
10 — N T arrill BT BT PR
* 0 330 335 340 345 350 355 360
* SM Single top ] \s [GeV]
2l . I
10 L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1
200 220 240 260 280 300 320 340 360 380 400 Cf. TOlk by BOOgerT

VS (GeV)

P Batra, T. Tait, PRD 74, 054021 (06)
Single top contributes strongly here, and V;, fI can be measured to 3%.

One thing left out of this study was the ISR and beamstranhlung.

A careful study should be done just below threshold fo determine just
what can be observed in a readlistic accelerator and detector
eﬂV| ron meﬂT Zack Sullivan, lllinois Institute of Technology — p.14/17



N’ Anomalous couplings: Wtb and more

If a 3% measurement of Vy, f1 is 0zl e
attained, you have access to S o1l
a wide array of models. A - A S

- new generations & =01 1

_ i TopFlavor
—top-flavor (Z' couplesto 3rd gen.) e
' ' ' -02 -0.1 O 0.1 0.2

— Little Higgs w/ T-parity (new vector 52, /o1 (W tb)

quarks mix with 3rd gen.) P Batra, T. Tait, PRD 74, 054021 (06)
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N’ Anomalous couplings: Wtb and more

If a 3% measurement of Vy, f1 is 0zl e
affained, you have access to S o1l
a wide array of models. A - A S
- new generations & =01 1
—021 TopFlavor
— top-flavor (Z’ couples to 3rd gen.) B rraiy

— Litfle Higgs w/ T-parity (new vector -02 -01 0 01 62

0g; /gL (W tb)
quarks mix with 3rd gen.) P Batra, T. Tait, PRD 74, 054021 (06)

o fb»

Single top is inferesting at ye™:
ve~ — v.bt + X can do a loft;

ye = ut — ve (/Sere- = 0.5TeV): probe
‘F2L7F2R| > 0.05
e*e” > e’v bt + h.c. - I_OOk for t — H+b

(t—channel)

— general 4-fermion operators

0.7 0.80.9 1

i/s (T‘;e\/)s
Boos in ph/0410364
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N~ Little Higgs

Little Higgs seeks to stabilize the Higgs vev by a collective symmetry
breaking mechanism, e.g. [SU(2);, x U(1)y|?* — SU(2);, x U(1)y, which
typically leads to several new states.

One important state is a vector-like top-quark partner T.

When T-parity is imposed, T"'s are pair produced, and too heavy for ILC,
BUT indirect evidence can appear in modifications of the Ztt vertex.

At /s = 500 GeV, w/ 500 fb—1, T's less than 1 TeV are probed!

Without T-parity, a pseudo-axion might be light enough to observe in
ete”™ — ttn, n — bb.

Littlest Higgs

10
ILC, 100 fb~*

L » J -+ i Vs = 800 GeV
—0.05 ,7 1000 77 e e - ttbb J"L = 1 abil

1000=" gevt/2 Gev

gttn =0.2

LHC, 3000 fb~! —

100 m, =50 GeV

02,/ 8x

150

10

-0.20 - My = 500 GeV ttZ vertex ]
] ] 0 50 100 150
[N N R RN VUV Vil I I Miny (bb) [GeV]
0.50 0.75 1.00 1).\2T5 1.50 1.75 2.00 Kilionl RGiﬂWOTerI Reu_l_er (Oé)

Berger, Perelstein, Petriello (05)
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ﬁ/// Where do we go from here?

1. Top quark properties: mass
* NNNLO calculations are mostly complete — cross some t’s

* There may be many small O(10 MeV) effects that still need o be
calculated, but that may not be pressing

* The exciting prospect is to use the ILC as a foil to understand these
new effective field theory combinations (SCET+HQEFT+PT+7?).
2. Top quark as a probe of new physics

* The physics case was made a while ago
Look for deviations in g;4;,, anomalous couplings, new parficles

e Some new ideas frickle in, e.g., unparficles
* We are really waiting for LHC data

There is an exciting program ahead in fop-quark physics, and the ILC will
give new meaning to precision QCD.
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