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Outline

Which Top Mass is Measured at the LHC ?

*  Why the question is relevant.
« What top mass is measured (= m;Y"™*)

* What is the relation to any mass theorists know ?

- Factorization Theorem in e+e-
=  First rough answer
- Plans to go on toward LHC

* (Qutlook and Conclusions
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Top Quark is Special !

« Heaviest known quark (related to SSB?)
« Important for quantum effects affecting many observables
 Very unstable, decays “before hadronization” (T"; ~ 1.5 GeV )

my = 172.4 £ 1.2 GeV

FERMILAB- T 280l

-

Combination of CDF and DO Results
on the Mass of the Top Quark

The Tevatron Electroweak Working Group!
for the CDF and DO Collaborations

<1% precision !

Ahbstract

How shall we theorists judge

We summarize the top-quark mass measurements from the CDF and DO expgfiments at the error ?

Fermilab. We combine published Run-T (1992-1996) measurements with (6 most recent '

preliminary Run-TT (2001-present) measurements using up to 1 fh of data. Taking . .

correlated uncertainties properly into account the resulting prejfimary world average What IS the theore‘“cal error 7
mass of the tap quark is M, = 170.9 £ 1.1 (stat) + 1.5(syst) GeV/c?, which corresponds to

a total uncertainty of 1.8 GeV/e®. The top-quark mass is now known with a precision of

11%. What mass is it ?
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Need for a precise Top mass

Fit to electroweak precision observables 6

(5)
Mhd —

5 — 0.02758+0.00035 N
t s« G.M; H H Y6 « In M g ] === 0.02749£0.00012
4 Y AR M, 4 - == incl. low Q° data -
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known to O(a?) ) |
sin Oy X (l+5(mt,mﬂ,...)) 1- : i
fl-if%f 0 Exc'Iudfad' N Preliminary
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Z m,, [GeV]
mpy = 76133 GeV my = 170.9 £ 1.8 GeV
my < 182 GeV (95%cL) T

2 GeV error: 15% changein mpy
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Need for a precise Top mass

135IIII|IIII|IIII|IIII|IIII|IIII|IIII

Mass of Lightest MSSM Higgs Boson o 175 e tomp =
5 Higgs bosons: 120
mp, (scalar, neutral) -
my (scal -
m 4 (spen * How to reduce theoretical and experimental errors? h
mi (Cha ®* What mass scheme does the central value refer to? 7
(preferred mass scheme for NP-theorists: MSbar)
- I50[}
___H____{ mtTevatron — meIe? m%sf?
— PS ki
me(p)? me > (pw)? mg ()?
f
__f____t‘_" _______ =S [ . my 7

O(a?) corrections known
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Top Quark Pole Mass

®* Based on (unphysical) concept of top quark being a free parton

p—m¢ — Z(p, mt)lpzzm%

® No physical quantity (i.e. renormalization condition) exists that is tied to the pole
mass scheme., also not the peak of the top invariant mass distribution.

® Pole mass renormalization condition introduces artificially large corrections.

() [GeV]

MP [GeV]

® Pole mass measurements are:

1-loop | 2-loop | 3-loop
160.00 167.44 | 169.05 | 169.56 o (M.) = 0.119
165.00 172.64 | 174.28 | 174.80
170.00 177.84 | 179.52 | 180.05
|
1.6 GeV

¢ order-dependent

¢ strongly correlated to other theory parameters
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Top Quark Pole Mass

Top decay width r, — Grmi|Vi|?
8V 2T
Ty (t — bW) = TF[1 — 0.10e — 0.02¢?] mpole
T'(t — bW) = To[1—0.04e — 0.003¢2] 72, (772)
Rho parameter L Grm?
Tt = 38\/§7r2

Ap = 2P°"[1—0.098¢ — 0.017¢?]

Ap = Z4[1 — 0.007¢ — 0.007€?]

Top MSbar mass preferred for electroweak precision fits.
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Main Methods at Tevatron

Lepton+jets (=1 b-tag); Signal-only templates
Template Method plontie’s (=1 brtag), Signalonly teme
«  Principle: perform kinematic fit and reconstruct top oo v o §1§§§ e

Corr. Comb (47%)
RMS = 12 Ge\le®

Corr. Comb (28%)
RMS = 12 Gelile™

mass event by event. E.g. in lepton+jets channel:

Events/s GeVic?
@
L=
(=]

400
i, fit i,meas UE. fit FE, )
2 _ Z (P —pgme)? . Z (P; o —p, )R 200
= L o? _ o2 0460 150 200 280 300 380
i=f 4jets J=mn 1 n'{'““{GeWc’] n'l{'“(Ge\l’!cl)
n (:’\Jr,[l_, — ﬂl[u.' ]2 n (Jfﬂ — ,‘11“.' )2 n (:\fb{:r — INI{ECDJQ + [Alb}_} — ”J:ECD:)Q 700 1'tag_(|-) n-tag
T2 - 1"2 ; F:" F2 ] Al Events [ Al Events
" " ¢ ¢ 600 RMS = 21 GeWic® RMS = 37 Gellie®

Corr. Comb (18%)
RMS = 12 GeWic®

Corr. Comb (20%)
RMS = 12 Gellic®

Usually pick solution with lowest 2.

Events/s GeVic?
.
(=]
[=]
Events/s GeVic?

150 200 250 300 350

100 150 200 250 300 350

Dvnam i CS MethOd mpeso(GeVic?) meee(GeVic’)

« Principle: compute event-by-event probability as
a function of m, making use of all reconstructed
objects in the events (integrate over unknowns).

Lepton+jets (370 pb™)

i a I
.. sgs . £ | = +4.0 u _ +0.033
Maximize sensitivity by: < 1 me=rosiicev] 4 < | [UES = 1.00708%
;:3 1 | combined sample w m combined samplé |
woL d
g by
parton distribution functions
051 1 0.5 -
transfer functior?: mapping from 0 15'=0" "‘30 . 1;,0 — 80" 0'lepbe— _} : 1_55 - 1_'1 .
parton-level variables (y) to m,_ (GeV) et enerav scale
reconstructed-level variables (x) top J gy
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Description of Jets

e QUIATK

%ndﬁé—H.—H-eang 9

BpDyz it

Strong Interactions, February 12-16, 2011



Description of Jets

Monte Carlo generators:

Universal instrument to describe hadronic final states.

® Hadronization models are “tuned” to experimental data.

£z \ﬂ'/
| ®  Parton-Shower: leading-log
- sl N approximation
. £ * Classic approximation
L ° No quantum interference
z ’ ® Infrared regularization scheme in
£ the parton showers is not
= ‘e
specified.
P
E§§= Hadronisierung
Monte Carlo generators

wowopeH | -

r/f I\\U/ | H\\\//H\\ = QCD inspired model
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Description of Jets

Monte Carlo generators:

Universal instrument to describe hadronic final states.

® Hadronization model and (¥ ¢ are “tuned” to experimental data.

Sunpyensswiaig
» uonejiyuuy

"o Bunupag) sy
INRLPISUOLE]

SUNIJEN QUIsTuUILReSo] +

A AR

fuamyyauoy

i -Zu0d

P ARPON
N

wuwQIpEH | -

Hadronisierung

14

Parton-

Shower

(leading
order)

v

A

TQ

T Acut

perturbative
tuning
parameters
o
mfythia
model
parameters
non-
perturbative
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Main Methods at Tevatron

2-tag

Template Method

* Principle: pe
mass event

i=f 4jets

("hrtu - ﬂ‘[ﬂ’ ]2
T2,

Usually pick

Dvnamic

* Principle: ©
a function ¢
objects in t
Maximize s

1 :
transfer function: mapping from 0lelse

(o2
fferential cross section (LO m

ApByz it

Lepton+jets (=1 b-tag); Signal-only templates

1-tag(T)

What mass is measured?: The Pythia Mass!

® What is the Pythia mass parameter?

® It's not the pole mass !

® How reliable is the MC in the first place?
® How can we approach the issue?

® Should we be worried concerning top physics at LHC ?

[ AN Events

RMS = 32 GeVie®
Hl Corr. Comb (268%)
RMS = 12 Gelile™

00 250 300 350
eco(GeVic’)

0-ta
[ Al Events

RMS = 37 Ge\lle®
Il Corr. Comb (20%)
RMS = 12 Gellic®

00 250 300 350
sco(GeVic’)

0.033 I
7}) 030

[T\$ combined sample]|

parton distribution functions

780" 0*%o5
Myp (GeV)

| L 1 i
parton-level variables (y) to 150 160 170
reconstructed-level variables (x)

L
1

A 1 L | i
1.05 1.1
jet energy scale
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Description of Jets

Principle of mass measurements:

LHC:

|dentification of the top decay products
. 2 2 2
jet “mig, =p; = (22;05) 7

Invariant mass distribution

jet jet

—pert.
m; + Am?on per
|

2000 [~
> v
3
p p T T
7
51500 - 0=10.6 GeV
=
84}
1000 —
500 —
B ATLAS
0
0 100 200 300 400
M,, (GeV)
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Description of Jets

LHC: Top Mass + ? Principle of mass measurements:

|dentification of the top decay products

. 2
ot “m2, = p? = (0,0

-~

jet jet

Problem is non-trivial !

7 ' * | Measured object does not exist a priori, but
only through the experimental prescription
p == p for the measurement. Quantum effects !!

The idea of a - by itself - well defined object
having a well defined mass is incorrect !!

- N Details and uncertainties of the parton
shower and the hadronization models in
den MC'’s influence the measured top
quark mass.

jet

N
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QCD Factorization

Drell-Yan: pp — {0~ 4+ X (inclusive)

Collins, Soper,Sterman; Bodwin

do dxi da :
S | == =2 \filwr, 1) fi(wa, 1) HEN @1, 72,02, Y, o)

dg?2dY - T1 To
&= =@
non-perturbative perturbative
parton distribution function hard cross section
(process independent) (process dependent)

-2 QCD factorization in the initial state |
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QCD Factorization

Top Invariant Mass Distribution:

ete” — tt

.......

Q>my (pr > my)
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QCD Factorization

Top Invariant Mass Distribution:

Definition of the observable

soft particles

n-collinear n-collinear

] \ | /
—— —_— — —
/ \

hemisphere-a

M} = (Zﬁ)z

1€EQ

hemisphere-b

M = (ZM)Q

7€b

Fleming, Mantry, Stewart, AHH

Phys.Rev.D77:074010,2008
Phys.Rev.D77:114003,2008
Phys.Lett.B660:483-493,2008

resonance region:
My —my ~T

thrust
axis

d’o
aM, A,

170.5"170.5

Double differential hemisphere mass distribution

%ndﬁé-l-l.—l-l-eang 17
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QCD Factorization

Fleming, Mantry, Stewart, AHH

Q> my > 1t > Aqep Phys.Rev.D77:074010,2008

Phys.Rev.D77:114003,2008
Phys.Lett.B660:483-493,2008

QCD

l soft particles
R n-collinear \ / n-collinear
Soft-Collinear- \ |

Effective-Theory

l thrust
axis
Heavy-Quark- | | Unstable-Particle-
Effective-Theory Effective-Theory hemisphere-a |\ hemisphere-b
d*o ) Q N MZ—m?
) = H(Qp)H(m—# p) 5 — My—my
72 72 0o £1Q s F'm m ) s Fmes
Faktorization (th AME ) o m my

Formula /_ drtde— B+(3t Q€+ I ,u) B_ (Sf— QL I ,u) Sheml(f @)

- | JET | SOFT
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ks = ko — k3

QCD Factorization ke = ko + ks
full QCD: 3 phase space regions: A ~ m;/Q)
n ® n-collinear: (ky,k_, k1) ~ Q(A\*,1,))
* n-collinear; (k4 k—, k1) ~ Q(1,A* X))
g ® soft: (k+’k—7kl) ~ Q(/\Qa)‘27/\2)
1 _
G (B em, = 0)
Gluon collinear to the top:
(n-collinear) l 50
\,\n'Jet 1 Wi(co,z) =P exp (zg/ dsn - Ay (ns + x))
M ’FLk) ’
% ho, () — gauge dependent
\ \ W (oo, x) hy,(z) — gauge independent

\ \
\ \

127mm

By (5,T4,u) = Im [ ! /d4a: "™ (0| T {hy, (0)W,,(0) W, ()R, (x) } |0>}
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key = ko — ks
QCD Factorization b= ko + ks

full QCD: t

3 phase space regions: A~ mt/Q

® n-collinear: (k+,k—, k1) ~ Q(A\*,1,))
* n-collinear: (k4+,k—, k1) ~ Q(1, %, X)
® soft: (k+> k—a kJ-) ~ Q(/\27 )‘27 /\2)

Gluon soft:

Yo(z) = I(j/ dsn - Ag (ns—{—l))
0

Ya(x) = 1(// dsn-Ags(ns+x ))
0
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QCD Factorization

d’o Q
(@7 ), @)

x / i B+(s“t _ %ﬁ I, /1) B_ (‘f— % r u) Shemi(£7, £, 1)

— OO0

Jet functions: B, (3,T;,u) = Im[ ! /d%ei”’ (O T { P, (0)W,, (0) W (), () } |0)

127ij

®* perturbative Born 1 I, M2
® dependent on mass, width, BY ( aFt) = Ty 82 + T2 5= my
t

color charge

Soft function: Suem(£*, £~ 1) = — S o — kF)a(6™ — k%) {0[¥a Yo (0)| Xa) (Xa|¥; T5(0)[0)

Ne X.
® non-perturbative
® analogous to the pdf's
® dependent on color charge, Independent of the mass !

kinematics
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Double differential invariant mass distribution:

Q =5x172 GeV

[' =1.43 GeV
my(2GeV) =172 GeV
ur = 5 GeV

upr =1 GeV /

a=25, b=-04

d?c

dM, dM;

A = 0.55 GeV 120277,

Non-perturbative effects shift the peak by +2.4 GeV

and broaden the distribution.
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ks = ko — k3

QCD Factorization b = ko + ks

Fleming, Mantry, Stewart, AHH
Phys.Rev.D77:074010,2008

D.012 Mpeak
do |
dM 0.008
0.006 mt
’/ l'}4 1'}6 178 lm M
me A
MPe = my + Ty, + a2 + .. Qo +(’)< : QCD)
Ty Q

T

first moment of the soft function: {21 = /df ¢S4 )
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QCD Factorization

Higher Orders & Top Mass Scheme: Fleming, Mantry, Stewart, AHH
Phys.Rev.D77:074010,2008

. i 1 1 aCp 2 J 7 52
Bi(3,0, p,6m) = —— — 41 11 ) 441 ) L
+(8,0,p,0m) = =0 §+z0{ A [ " (—5—1.0 T 5 ) T e

Jain, Scimemi, Stewart
PRD77, 094008(2008)

mB pole-mass scheme mB jet-mass scheme

025 025 ¢
020 | 020 |
0.15 - 0.15 ;

0.10 |

0.10 —

0.05 0.05 &

Y1 J P S N P B 000 bt b T

171 172 173 174 175 175
M, (GeV) M, (GeV)
o C 1
Mpole = M.y (ft) +EWERM lln % + 5} + O(a?) R ~ 1}
T
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NLL Numerical Analysis

Scale-dependence of peak position

1724 F
peak :
MG | o -
B __'-.IL‘|i.'|L. - _---_-____;_
1 L - mmmemmmmTIIT
1?2:_ E .:J_.-' - - - e e = -E[ NLL
e —_jetNNLL
172.0 E - '--;i-.;1'|:h‘l'l'll' o __________-————__
3 f _—pole ML
171.8 i [ N N R NN NN T M S AN SR S SR SR S S N (Y
: 4 6 8 o Mr GV

® Jet mass scheme: significanly better perturbative behavior.

® Renormalon problem of pole scheme already evident at NLL.
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Theory Issues for pp — tt + X

Y definition of jet observables — Hadroneventshapes 7 = ax Z@-.Z\:fh iy
' nr i 4 Li

initial state radiation Bani, Salam, Zanderigh

* final state radiation

underlying events — soift function ? * Can be addressed in the
framework of a LC.

* color reconnection & soft gluon

interactions
beam remnant
parton distributions
* summing large logs ) > m; > I’y

* relation to Lagrangian short

distance mass
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MC Top Mass

—> Use analogies between MC set up and factorization theorem

Final State Shower Factorization Theorem

® Start: at transverse momenta of ®* Renormalization group evolution
primary partons, evolution to smaller from transverse momenta of primary
scales. partons to scales in matrix elements.

* Shower cutoff R, ~ 1 GeV ® Subtraction in jet function that

defines the mass scheme

® Hadronization models fixed from ® Soft function model extracted from
reference processes another process with the same soft
function

Additional Complications:
Let's assume that these aspects are

Initial state shower, underlying events, _
treated correctly in the MC

combinatorial background, etc
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MC Top Mass

. constant of order unity
Conclusion:

mMC(R,.) = mP® — R,.c [%}

Determination of the MSbar mass:

m1eY = mMC(R,,.) = 172.6 + 0.8(stat) + 1.1(syst)

3-loop R-evolution AHH,Jain, Scimemi, Stewart
equation PRL 101,151602(2008)

my () = 163.0 £ 1.3705 GeV (¢ = 319)

More systematic study needed for final answer!
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Outlook & Conclusion

Conclusion:

— Current top mass measurements from the Tevatron refer to the top mass

parameter in Pythia mfythia . m? (2 GeV)
t

— For a high energy Linear Collider we have a factorization theorem to do
MC independent short-distance Lagrangian top mass measurements (jet mass)

— The analogy between MC generators and factorization theorem indicates
Pythia

that the m; is a short-distance mass like the jet mass (and not the pole
mass).
mtpythia my (2 GeV)
| 1-loop | 2-loop | 3-loop ‘
160.00
165.00
170.00
] 11 ” P th. .
Plans: — “Measure” the m; "™ in terms of the Jet mass m; (2 GeV)

using thrust and other event shapes

— Derivation of eventshape-like factorization theorems for Tevatron/LHC

— “Measure” m; Y™ for LHC-Pythia

o ndré H. Hoang - 29
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Top Mass from the Cross Section

Dé Preliminary, ~1 fb ! Dé Preliminary, ~1 fb !
S14 g14
er Moch and Uwer a —— Cppiiex
:13i DO I+jets/dilepton/l+tau ~1 fb* e e Total uncertainty
:g i 68% CL contour ° 12k —— NNLO_approx Moch & Uwer
%12? o avra? Sopa e N NLO+§LL Cacciari et al.
811>
e
It.' -
10; Should be
o computed in the
8 MSbar scheme !
7 I
8 i
o & 4
[ L1l ‘ L1 ‘ L 111 ‘ \()‘A/ Q ‘ L1l ‘ L1 11 ‘ L1 [
150 155 160 165 170 175 180 185 190 T BT BT T T
top quark mass (GeV) Top Mass (GeV)
_— e =
®* Theoretical cross section taken from theorists - computed in the pole scheme.
([

More sensitivity to uncertainties that affect the normalization of the cross section.

® Experimental total cross section determined with MC, depends on MC top mass.
®* MC top mass identified with the pole mass.
®* Top mass dependence can be reduced by modifying the analysis.
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