What Top Mass is Measured
at Hadron Colliders (?)

Andreé H. Hoang

Max-Planck-Institute for Physics
Werner-Heisenberg-Institut
Munich

#ﬂé

Top Theory Institute, CERN , June 2, 2009



QOutline

* Why the question is relevant.

* Where is the point to tackle the problem.

* 2 (yet) incomplete answers:

- Factorization Theorem
- Fixing up the top mass in MC’s

 Qutlook and Conclusions
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Top Quark I1s Special !

- Heaviest known quark (related to SSB?) my = 173.1 £ 1.3 GeV

« Important for quantum effects affecting many observables
« Very unstable, decays “before hadronization” (I'; ~ 1.5 GeV)

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 !

Abstract

How shall we theorists judge
the error ?

We summarize the top-quark mass measurements from the CDF and DO expgfiments at
Fermilab. We combine published Rum-T (1992-1996) measurements with € most recent
preliminary Run-IT (2001-present) measurements using up to 1 fh0f data. Taking

correlated uncertainties properly into account the resulting prejfimary world average What |S the theore“cal error 7
mass of the top quark is M, = 170.9 + 1.1(stat) + 1.5(syst) GeV/e?, 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 :
Aoy, =
5- — D.02758+0.00035 ]
[ s «\G e H ;"'H-‘"-:a | M, e 1 -ee= [.02748+0.00012
S o A% R M, 4 - » incl. low Q° data .
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my = 76155 GeV m; = 170.9 + 1.8 GeV
myg < 182 GeV (os%cr) T

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

. . S e e
Mass of Lightest MSSM Higgs Boson : Amh'exp ' mt|=175|GeV,t|anB=l5
5 Higgs bosons: ol
my, (scalar, neutral) -
my (scal ]
moa (Spel ®* How to reduce theoretical and experimental errors? h
mlf[ (Cha ®* What mass scheme does the central value refer to? 7
(preferred mass scheme for NP-theorists: MSbar)
- :500
___H____‘ mtTevatron _ mEOIG? m;ﬁlS?
— PS ki
my(p)? mi ()7 m(p)?
f
I e TESIT D N\ T/

O(a?) corrections known
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Top Quark Pole Mass

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

«— contains loop momenta

P — m2 down to zero, where
¢ pert..th. does not apply

peak of the top invariant mass distribution.

No physical quantity exists that is tied to the pole mass scheme., also not the

Pole mass renormalization condition introduces artificially large corrections.

ﬁf [ﬁf} [(}Eﬁrr]

MP° [GeV]

Pole mass measurements are:

1-loop | 2-loop | 3-loop
160.00 167.44 | 169.05 | 169.56 as(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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Main Methods at Tevatron

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

Template Method

F 2-tag | . 1-tag(T)
«  Principle: pel f:';i'f';w.-a
mass event k , = oo
. Method: Reconstruction
2 [p‘]"*ftt -
v .‘—»:24:5:3 7 ) ] PO 250 300 380
o What mass is measured?: The Pythia Mass! (Gevee)
(;“r[p — j"fﬂ"jz J'taﬂ
Ty 1 . . [ A Evers
" ® What is the Pythia mass parameter? P
Usua”y p|Ck RMS = 12 GeVic®
® It's not the pole mass !
Dynamics ® How reliable is the MC in the first place? bocevic)
«  Principle: cq ® How can we approach the issue?
21neton 9 e Should we be worried i hysics at LHC ?
objects in th ould we be worried concerning top physics at ! . |
Maximize s oo | 1

L1
L

parton distribution functions

1
o L
Hifferential cross section (LO matrix element) . )
transfer function: mapping from 0

lp & | L 1 n P - L f 1 L | i
. 750" 160 170 180 0*%95 1 105 1.1
parton-level variables (y) to m_ (GeV) ot eneray scale
reconstructed-level variables (x) top J ay

05 1 05r- 4
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MC and the Top Mass

®* MC is a good tool to describe many physical cross sections.

®* Concept of mass in the MC depends on the structure and reliability of the
perturbative part and the interplay of perturbative and nonperturbative part

in the MC.

Parton shower (kinematic expansion)

Hadronization Models

Perturbative corrections

A

T

top mass definition
contained here !

scheme-dependent
separation
(shower cut)

affect all top mass
dependent observables
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... asimilar story

Task: Precision Measurement of (X5 from event-shapes with MCs

2 e excellent description of
\ { Herwig 6.2 data
R e Pythia 6.1 _ _
ARV ] e (/gscontained in parton
\ Al Q =35 GeV T
\ X level prediction
R (JADE)
i hadron-level e parton-level contains no
i D\ prediction i
1\ { , , tool to estimate theory
6l \ '\ | obtained from tuning
- Voo error
S '\ { e only error source:
4| : i
L NN differences between
| ., . .
;‘ NN Pythia and Herwig
5 parton-level S RN
\!- prediction Li e Conceptual error hard to
i * LL parton shower + - *-—*-*_,{,___4 timat ithout th
0'/" tree level matrix elements _:;_Ti%:li_;--“f*}:’—: estimate withou eory
0.0 0.1 0.2 0.3 input,

This task is actually more difficult because &5 affects everything.
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Reconstruction

=00
2
: L
177
%15{;(} - a=10.6 GeV
[j.:] —
1000 —
300 —
¢ Relation: quark masses «— resonance mass .
. . . 0 300 400
® Finite lifetime of top quark M, (GeV)
1

® Mass-scheme dependence (best convergence)
® Higher order radiative corrections
¢ Essential: consistent separation of

¢ perturbative effects

® non-perturbative effects
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2 ways to go...

Factorization Theorems: * Derive and compute factorization theorems for the
invariant mass distribution

® Achieve independence of the MC’s (as much as poss.)

® needs as much as possible inclusive definition
(hadron event shape) — restricted set of applications

® conceptually clear and systematic

® full analytic control over perturbative and non-
perturbative contribution and the top mass scheme

®* new challenging problems to resolve (e.g. underlying
events)

Define the top mass in MC's: e  Determine which mass definition is in the MC'’s.
® Seems to be the most convenient resolution.

®* Relies on how much MC'’s are indeed systematic tools
to do QCD computations.

® Could require a new generation of MC'’s.
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Factorization Theorems

%ﬁ André H. Hoang - 12 Top Theory Institute, CERN , June 2, 2009
By



Large- pr Method at the LHC

d?o

M dM?

&z
aM, dM;

T/ T

v
Tevatron: no large p_T events !
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Top Production at the ILC

N2
o
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N
£
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® No beam remnant : all soft
radiation can be assigned to
top or anti-top

— k7 jet algorithm

— hemisphere prescription

Q>> TN

®* Avoids : Underying Events &
Inititial State Radiation

®* Event-shape: complete event
characterized/controlled by a
few IR-safe variables
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Top Production at the ILC

_ ® No beam remnant : all soft
— radiation can be assigned to
top or anti-top

2

&

& . .
g — ko jet algorithm

— hemisphere prescription

D= — T Q) > my

1 d Y M? 4+ M? 1
S / dM? / dM? (-r e+ ) i
oy f}_E J 0 ) J 0 ) (22' fjj_.'.rf fjj_lrf_
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Factorization Th

eorem

Soft-Collinear-

Fleming, Mantry, Stewart, AH

4 . PRD77, 074010 (2008)
o1 Effective-Theory PRD77, 114003 (2008)
- - ~ M2 —m?
Heavy-Quark § = 2 L & my
my + 3\ Effective-Theory Mg
soft particles
>QCD n-collinear \ f-collinear
I' + \ SCET A SOFT
> bHQET
A T ) ) ) SOFT
hemisphere-a / I\ \ hemisphere-b
LO
factorization d*o Q
80Ny (@) Hn (2, o)
theorem for (dﬂ,affdﬂaf?)hemi %0 Ho(@: pm) Hm (2, 201 fm:
the double 00 o+ /-
resonance X f derde” B+(§t - Q—, I, ;u) B_ (éf— Qm ,F,.u-) Shemi(£7,£7, 1)
region —

m

SOFT
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Factorization Theorem

d’c Q)
BT ), = o Hel@ b o (Tt 1)
(de de)heml 70 Ho(Q» pm ) Hun {10, 2 i

> r+ -
x / artde B, (ét @ ,u) B_ (éf @ ,u) Shemi(€, €, 1)

o m m

—1
STN.m

Jet functions: By (2vi-k) = Disc /d4$ e* % (0| T{ b, ()W, (0)YW,I () by, () }|0)
®* perturbative, any mass scheme
®* dependson m¢, 1Y

® Breit-Wigner at tree level

a) b) ¢ :ﬁf

9 ° dm
B.(5.T)) 1 Ty O M?2—m? LB oo
—= S = —
E15 L my 82 + '3 my
Soft function:  Shemi(£*,£7, ) Z 6(€* — k)8~ — k3*) (0] n Ya(0)| X.)(Xa|Y; T5(0)[0)
X,

®* non-perturbative (fragement. fct) Short distance top mass
® dep. on treatement of soft radiation can (in principle) be
* also governs massless dijet thrust Korshemsky, Sterman, etal. determined to better

and jet mass event distributions  Bauer, Manohar, Wise, Lee than Aqep .
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NLL Numerical Analysis

Double differential invariant mass distribution:

Q=5 x 172 GeV

d*c
I' =143 GeV dM, dM;
0.02
my(2GeV) =172 GeV
0.01
ur = 95 GeV
172 > 0.00
MA = 1 GeV /

a=25, b=—-0.4
A = 0.55 GeV

Non-perturbative effects shift the peak by +2.4 GeV
and broaden the distribution.
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NLL Numerical Analysis

Peak Position in any Mass Scheme:

Y r\ .
MP =y £ Tyfag +a2 +...) + 200D

T T T T

scheme scheme scheme
dependent dependent dependent
— /
~
scheme
independent

® Good mass scheme: has well behaved perturbative series.

¢ Jet mass scheme: small momentum contribution of the jet function
are absorbed into the mass
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NLL Numerical Analysis

Scale-dependence of peak position

1724 [
peak : .
My Gv) b ¥
- . ".'-"*1" o jet
b il T — T et NLL
T jet NNLL
172.0 | ~pote N ~ —
: -;:'[c-';“‘l:-":’“
171 8 L ] | | 1 ] 1 | 1 | 1 1 1 | | 1 1 | GeV
7 4 8 8 10 Hr (GeV)

¢ Jet mass scheme: significanly better perturbative behavior.

®* Renormalon problem of pole scheme already evident at NLL.

1
Mpole = M) + 7 5

+ereR@ W By 204 0(a2) R ~ T,

i

%ﬂ André H. Hoang - 20 Top Theory Institute, CERN , June 2, 2009
Loy



Theory Issues for pp — tt + X

* definition of Jet observables — Hadron event shapes T\, = max Za‘.gi@ 7|
| o i 4L

Banfi, Salam, Zanderighi

initial state radiation

* final state radiation

underlying events — Soft function 2 * Can be addressed in the
framework of a LC.

¥ color reconnection & soft gluon

interactions
beam remnant
parton distributions
* summing large logs () > m; > I';

* relation to Lagrangian short

distance mass
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The Monte Carlo Top Mass
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MC Top Mass

—> Use analogies between MC set up and factorization theorem

Final State Shower

® Start: at transverse momenta of
primary partons, evolution to smaller
scales.

* Shower cutoff Rg. ~ 1 GeV

® Hadronization models fixed from
reference processes

Additional Complications:

Initial state shower, underlying events,
combinatorial background, etc

Factorization Theorem

®* Renormalization group evolution
from transverse momenta of primary
partons to scales in matrix elements.

® Subtraction in jet function that
defines the mass scheme

®* Soft function model extracted from
another process with the same soft
function

Let’'s assume that these aspects are
treated correctly in the MC
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MC Top Mass

constant of order unity

/o

mMC(R,.) = mP'® — R,.c {?] + Ameone

Conclusion:

Determination of the MSbar mass:

mTV = mMC(R,.) = 172.6 + 0.8(stat) £ 1.1(syst) + Amcone

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

my () = 163.0 £ 1.3705 GeV (¢ =3%5) + Amoone

(Amconc.)TeV # (Amconc.)LHC “tOp mass anomaly”
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Outlook & Conclusion

Plans: — Determine top mass in Pythia(e+e-) using the factorization theorem
— Derivation of factorization theorem for large p_T top events at LHC
— Hadron event shapes

conc.

— “More systematic” MC'’s, e.g. GenEva framework — Am

— NNNLL event shape analysis of LEP data: soft function & (g & 771

Conclusion:

— | find is scary that this simple question isn’t answered, while so many
very mart new physics models are just waiting to be pulled out of the
drawers, if the top mass anomaly is found to be large.

— Bottom line: MC need to be turned from pure tools to describe collider
observables into QCD precision tools.

— The least thing to achieve: reliable error estimate. — Am°"
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