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QOutline

« Motivation. Why do we want a precision m; ?
 Theory issues for reconstruction.

e Factorization theorem for ¢ and ¢ invariant mass distribution in

electron-positron annihilation ( Q@ > m; > 1 )

d’o
(—) = 0y HQ(Q*I“M)HTH (?n!%1 Hms P")

dM? M2
> _ . Qe . Qe _
x / dede B+(st— =T, ,u,) B_ (sf— ,P,,u.) Shemi(EF, €7, 1)

hemi

m

— 00

Effective Field Theories for top jets: SCET & HQET
Derivation Factorization at LO in m/Q, I'y/m
Phenomenology

Radiative Corrections

e Summary
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Top Quark I1s Special !

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

Top Quark Mass at the Tevatron Combined measurement (March 2007)
M, = 170,94 1.8 GeV/¢?
CDF Top Mass Uncertainty
(l+land l+j channels combined)
10 (similar sensitivity for D@)
NS‘-_! 1’ 2" 4’ 8ib’
L2 2N T P
S ; 1% precision !
o ¥& CDF Results lf‘%
=17 Run lla goal (TDR 1996) f < . .
« |7 L How shall we theorists judge the error ?
—— stat. error scales with lumi.
........ . total error scales with lumi. What IS the theOretlcal error f)
102 0 10° What mass is it ?

Integrated Luminosity (pb”)
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Methods at Tevatron

Template Method

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

. R “u 1000 [] A Events ' [] 4 Everts
¢ _LPrlnCl le: perfo @ d reconstruct tOp % 800 RMS = 27 GeVic* %140 RMS = 22 GeVic®
. A o I <o Comb (47%) O 4200 Il corr. Comb (28%)
mass event by event. E_g. In lepton+jets channel: g 60 s’ | 2100 RMS = 12 Gevi’
Z 400 =
i fi i,meas UE,fit [IE meas; H -4
=) Ll s S L M p ey & 200 &%
: ‘ a2 , 2 0 100 150 200 250 300 350
i=f Ajets i j=x,y El recoiqaviel) m==o(GeVic’)
+ (‘.\‘{IIJ I_: L':‘I‘.‘-' 4]2 (J‘IJJ IT‘-)‘“II"! }2 ) _ ggg n-;g
< < All Events
W W 700 RMS = 37 GeVic®
600 Il Corr. Comb (20%)

Usually pick solution with

Dvnamics Methot

* Principle: compute evel
a function of m, making
objects in the events (ir
Maximize sensitivity by:

Not easy to answer the
guestions because of
complicated dependence
on the top quark mass

RMS = 12 GeVic®

Events/§ GeVic*
(]
[=]
o

100f

700 150 200 250 300 380
mpz=o(GeVic?)

from Aurelio Juste

b
- P —— g DO Run Il Preliminary
< [m,, = 170632 Gev 1< | [UEs= 10277283
;}% 1 | combined sample @ 1 _- combined sampk{
I I
parton distribution functions
05 ] 05 T
F - A lp & | L 1 n P - L Il f 1 L | i
transfer functlor?. mapping from 0 20 160 770 780 0*8%s 1 705 77
parton-level variables (y) to m_ (GeV) - p
reconstructed-level variables (x) fop Jet eneigy scaie
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Need for a precise Top mass

Electroweak precision observables LI

2
[ predictions for M, and sin™®_

2 5m" = 2.0 Gav N
| A om " =0.1 Gev
m, = 115 GeV, daa, =7 10"

=L Q_ =V, _ MV.'-E_ JLV sin Oy X (1 + 6(me,mpy, .. )) me: MSSM

02318

(SPS1b) |
5 A
ﬂlrzf NZ no Btk
— 1 — W @ Sm ‘%x Vil
MW mt 5M In(MH) JI% 02314 -
[ prospective exp. errors 68% CL: { \ /
[ — — LHCILC \ /T
[ GlgaZ N/
0280 3035 — '0‘.40‘ T a0as
M, [GeV]
Mass of Lightest MSSM Higgs Boson 135 P T T T T
[ am ™ m, = 175 GeV, tanp = 5
| | e | Lc
Smi, 1 GeV 50 MeV 3 N2 Gp m}l mg, mg, =
Tﬂ‘h -~ J'[Z + 5 - 9 5 111 — 5 3
needed dm; 1GeV | 0.2GeV w2 sin® 3 ms =

‘ expected dm¢ H 1-2 GeV ‘ ~ 0.1 GeV ‘ ? mrm 8m P = 2.0 Gev
3m 7" = 1.0 Gev
=op 3m™ = 0.1 GeV

theory prediction for m,

prg b e e e L
50 200 250 a00  50 400 450 500
M, [GeV]

® Best precision possible wanted.

® Mass definition (with small error) needs to be well
defined. (Which mass has 0.1 GeV uncertainty ?)
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Direct Measurement Methods

Threshold Scan Q) ~ 2my Viquel, Martnez:

Boogert, Gounaris

Manoh-ar,Stewart,Teubner,AH
1-6: — 7T T T T T r T T T T T T T T

> count number of ¢ events ME mis = 1msoev — dmy P ~ 50 MeV

> color singlet state . ;Z - 1 0 — 9mit =100 MeV

>~ background is non-resonant S os 0 What mass?

> physics well understood o ;** LL ,NLL ,NNLL Vorise ~ 2 + pert.series
(renormalons, summations) Mate aaraas o s (short distance mass: 1S — MS5)
Invariant_Mass Reconstruction ) > 2my Chekanov, Morgunov

What mass?

pole mass? (color triplet !)

e M2 oms ~ Aqop
t ,
5mt ~ (Xg (I’t)Ft g =m;
\ N exp,ILC
iy 5mt ~ 0.3 GeV The top quark does not
5mexp,LHC ~1 CGeV live by itself !

t
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Theory Issues for pp — tt + X

Y definition of jet observables
initial state radiation First step: we will study
ete” — it + X
and the issues *

* final state radiation
underlying events

% color reconnection & soft gluon

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

* relation to Lagrangian short

distance mass
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Conceptual Goals

®* relate top jet observables with a given Lagrangian mass
(define suitable short-distance mass with good
convergence properties — What mass iIs measured? )

® proof of factorization of dynamics at different length
scales (— What has to be computed by theorists ? )

® combined treatement of top production & decay
® separate perturbative from non-perturbative effects

® hopefully better understand & reduce theoretical &

experimental uncertainties

I Tool: Sequence of Effective Field Theories
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Basic ldea

d?o

Hemisphere invariant mass distribution
4o _
soft particles dMdMyz (eTe” =t +X)
: )
n-collinear SOET n-collinear MtQ — (Zieapff)Q
’ 2 2
— \| / ME _ (Z’iebpf;)
JET =g o= JET & @-»”g,ggt M, —my ~ T
SOFT ~_ My = me ~ Iy
hemisphere-a  / | hemisphere-b Dijet Event
1—-T =0
Q > T > Ft > AQCD —
Integrate l
boosted HQET out m SCET
. Isgur, Wise
Jets with < Jets with
S —my ~ 1 St — My ~ My
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Scheme of EFT’s

QCD Q
Integrate out
l Hard Modes

Factorize Jets, Integrate
SC ET m out energetic collinear ——>»

gluons

l Evolution and

decay of top = Soft F t
close to mass shell Dl Cross-Talk >
HQET I’ T
boosted in boosted in
n direction n direction
Program technically analogous to combination of
threshold resummation ( M; —my — 0 ) Korshemsky, Sterman, etal.
& Fadin, Khoze
Beenacker etal., Beneke, etal.

method of unstable particle EFT .
Reisser, AH
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Soft-Collinear Effective Theory

(Bauer, Fleming, Luke, Pirjol, Stewart)

£0ft paricles

SCET [A ~ m/Q| < 1]
n-collinear (£, AR) pPh~Q(A\%,1,))

Degrees of
freg o meilbies T, AE GPod)fl E
. 7 02 22 )2
Crosstalk: soft (gs, A5)  p5 ~Q(A%, A% A7) Light-cone coordinates
/ \ pt = (+,—,1)
guark gluon , , ) ,
fields fields  Pn =Dip, +01 ~m® < Q

(pn +ps)2 ~ m? < Q2
Leading order Lagrangian (n-collinear)

. A i .
Ap 4 (iDF—m)W,—WI (D +m)} %g n massive SCET:
n-p 2 Leibovich etal,
Rothstein

collinear-soft coupling collinear Wilson line

EDE’ = 10" 4+ gj—l’i: W,(x) = Pexp (zgf ds ﬁ-An(sﬁ))
0
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Soft-Collinear Effective Theory

Top pair production current

JH(0) = |dwdw C(w, @, u) T (w,w, 1)

0 0 0

QCD Wilson Coeff. SCET

Jf(wa w, :u') = Xn,w (O)F?Xﬁ,@(o) ’

— One-loop matching

QCD Y R
|

agrees with massless SCET

a) s - c -
@,ﬁ) S G i W ® known to O(Oz?) Gehrmann etal
SCET < %\ @\é ) @
RS A — > >—
C 12 2 2
Cu) =1+ O‘%F [31]1 ;f:? — In? ﬂ? —8+%]

André H. Hoang - 12 LCWS 2007, Desy , May 30 - June 3, 2007



Soft-Collinear Effective Theory

QCD Cross Section

res.

o= (2m)'d" (¢ —px) Y Li, O1F0)|X)(X|TH0)|0)

X i=a,v

Integrate out hard

# = wdoClw,w FO)’U(MQ
fluctuations at Q TH0) = faodo 0w, 1) w00,

SCET Cross Section (LO in m/Q)

c=) Z (2m)*6*(g— Px, — Px, — Px. Z /dwdu?dw’d@’
n XpXaXs
xC(w,w)C* (', )(U|Xﬁ,a’Fan,w’|XnXﬁXs)(XnXﬁXs\Yn?werﬁ,w\U)

factorization of XY - XXX - RN o I s |
asymptotic final 1X) = | X X s)/n>®| Tﬂ>®| \>

states
Collinear: 7 Collinear: 71 Soft
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Soft-Collinear Effective Theory

Factorization: soft-collinear decoupling

res.

o= Y (@2m)**(q—Px,—Px,—Px,)) L /dwd@dw’d@’

XnXnX, ij
XC(M}@)CT([‘UI?@!) <0|Xn,wF?Xﬁ,Q‘XnXﬁX3>(XnXﬁXs‘iﬁ,Q'f;Xn,w"()) 3 n
- L0 =¢,in D; 5 &n
Factorization and Soft field b — Yibn, AP Y, ARYI
redefinition: soft-collinear B e
decoupling Vo) =T exp (- 19/0 ds - Ay(ns-+2)) _
0 - .
v - Cén) = &, 1n.04 B &n

Hemisphere mass

/ constraint

= Z (2m)* 6*(g— Px, — Px, —Px.) ZL

X XzX.
/dwdw|0(w @ (Xl n|0) (Olxn| Xn) E

Hard Wilson coeff. Collinear: n Collinear: 711

X.|YAT; Y. [0)

0|V, T8 ¥z | X, )
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SCET Cross Section

SCET factorization formula ~ §; 7 = Mtzg — m%

d’a oc
dM2 d M2 y ¢ HQ(Q’ 'u)/ derde” J“(St — Qﬁ: #}Jﬁr(sf = QE—'I “)Shﬂ:lﬁ(f—'_: ‘E_: #‘)
t t —00

we find: Korchemsky, Sterman

Jet functions: J.(Qr} —m?) = QWQ/dj‘mew”'m[}isc(U|T{ZRSQ(U}ﬁxn(1~.)}|U}

® perturbative
* dependson my, 1y

® insensitive to hemisphere
constraints

Sll&lni(f+1 f_'.' !'J‘) = % Z 5{€+ _ k:ﬂ)é(f_ - ks_b)(o‘?ﬁ YH(O)|XS><XS|YJ ?:—1(0”0}
i¥e X.

® non-perturbative

® renormalized due to UV
divergences

® governs massless dijet thrust
and jet mass distributions

® depends on hemisph. constr.

b) o)
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Boosted HQET

SCET factorization formula ~ §; 7 = Mtzg — m%
d’o i B —
aZaz Ho(Q, p / dede™ Ju(s — Q" 1) Ju(se — Q™ 1) Shemi(€T, €7, 1)

Lower virtuality of jet function:
bHQET _ 7 : '
my — L'y LY Q = hy, (1v+.Dy —dm + 51 ) b,

Jo(ms, T, pn) = Ty (my, p,) By (8, T, i)

ultracollinear Jet B, (2v,-k) =
functions:

a) b)
. G0g 00t 60z
— one-loop matching &% g oSS @ﬁf{i@

4, ik ;’i
8Tf\'em /d z e Disc (0| T{h,, (0)W,(0)W(z)h,, (z)}]0)

agC m? m? 2 '
'F (]ﬂz_ B P Only low energy fluctuations are

Te(pm) =1+ 4w e e 6 relevant for the resonance region.
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Factorization Theorem

d*o Q
(d ,Hrg drurg) = 0y HQ(Q: i“'ijm (”11 — s Hms :u)
4 t A

hemi
o+ ¢
/ drtde- B+ . Q— T, ,u “t @ ,u) Shemi (€71 €, 1)

. m m
Everything computable in
perturbation theory except for
S hemi (which is known from

Ultracollinear jet functions: massless event shapes)

at tree level: =——0

1 Iy Breit-Wigner only
Ty §2 + T'7 at tree level !

 describes perturbative contributions to
the invariant mass distributions

e top width acts as IR-cutoff.

« computable for any given Lagrangian
mass

Bﬂ:(é\) Ft) —
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How general Is the approach?

Why O>>m is crucial

® top and antitop boosted in opposite directions,
== top and antitop jetaxes 7 and 7 can be defined

== allows factorization (jet,, x jet,) ® soft

® combinatorial background, wrong assignment

suppressed by (g)

ILC: ok for Q ~05—1TeV
LHC: probably ok for tops with  pr > 200 GeV

Tev: ?2 @ ~2my
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Other Mass Prescriptions

We don’t have to assume a hemisphere mass definition:

® any jet algorithm that combines soft particles with the hard jets
from the top decay

® wide cone definition R > m /@) that contains the top/antitop jet
axes and top decay products (collinear radiation off top)

mm) Different soft function, same factorization formula

[The soft functions for most cases at unknown at this time and migh need to be fitted
together with the top mass, determined from MC'’s or by other means.]
d’c Q)
—— =09 Ho(Q, ) H (m,—,,u ,,u)
(dME aMmz ). QN FmIm T

x /_ “detde B, (2 - Q1 NEACE AR )

m m
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Summation of logs

= |low energy scales of jet functions and soft function can differ

= RG-evolution of jet and soft functions individually involve plus
functions and convolutions

= different possibilities to set up RG-evolution

Bi(s,pn) = /d.ﬂ?’ Up,(s—5s" pu,pur) BL(s'", pr)

d Af P Al
ﬁd—ﬁBﬂ:(Sﬂa p) = /df* VB, (8—5) Bi(5, 1)

o, aC 2 | kab(s' — s L
"."'Bi(s_swﬁ):_ Tp{h_gl 3;_* )] - [2111(£>+1]5{5 _5)}
T 9 S s n kg

Shenli{f+? {?—? JIJ-) — /dfl e’ '["TS (€+ —£ H_‘.' - _ff_‘.' My H‘m) Shemi(g H_'.' l I_'r J'-'!'m)
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Summation of logs

Matching Functions B LU Scales
rnmng running
HQ (Q H] !’l h) Fy Q
TH Q Us o] [Ur i
H(m, Up,) —L m
T, T
UHIII or L Hm UB- UB+ L 5
B+(r- Mr) ------------- v ASLICIDEDICOICICICICIDIC TITEIN T ETRT Y] S."I[]l] ~— r
= Us 1 Us.
S(A: Ha) A
Aqep

d?o

— Q
W = g HQ(Q* “—ﬂ‘t) Hm (ﬂ?.._. ;? Hm s #&)

50
X / d‘%; dé% ["TB-O— (éf? ‘-%ft‘ HA, ;.il") ["ITB— (‘éf_f é%‘* Has ,‘-J'-rj

o0

0o A —
x f detde B—l— (‘&; - QE 1 F, f-'i'[‘) B_ (.‘_9{;— o in F1 f-“l") Shemi(g_‘_e f"_? f-[ﬂ.j
_ m

e m
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Short-distance Top Jet Mass

pole

- scheme
02

01 F

« One-loop: shift in the
pole scheme 300 MeV

e shiftin the pole
scheme contains O(Aqep)
renormalon

e |et mass scheme:
defined such that peak
located at the mass to
all orders

What mass is measured?

Answer: the one that gives
the best convergence in the
theoretical expansion.
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LO Numerical Analysis

d’o Q)
) = 00 Ho(Qu ) Hn (1, 2 i, 1
(dﬂiff dﬂ’ff?)hemi i Q{Q.ﬁ j m m Hom s [

o0 ot -
x f detde B+(§f—";9 T, p) B_(é‘f—@—,r”u) Shers (€4, 07, 1)
. m m
ions: 1 T
Jet functions: By(5,T) = t

Soft function:
SML (% 07y =6(4M)e(0)

hemi

M) () oy (FL P00

a0

a=2, b=-04 ol | —&=== | Fitto heavy jet mass
A = 0.55 GeV 2 distribution
gm"‘ Jf i
}» % Korchemsky, Tafat
i Sy hep-ph/0007005

'
1} 01 0z 0.3
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LO Numerical Analysis

Double differential invariant mass distribution:

d*a

@ =745 GeV M, AT,

0.04

— \ <
=143 GeV 176 dl“‘-l‘é\’}&%‘\‘l\‘stiiittx‘ .02
AL SEIIRRESISI
e “:‘“:{%%{‘ 350,00

my =172 GeV X .

170,5 170.5 my

Non-perturbative effects shift the peak to higher
energies and broaden the distribution.

André H. Hoang - 24 LCWS 2007, Desy , May 30 - June 3, 2007




LO Numerical Analysis

Single differential distribution:

175 ¢ Pezak Position versus Q/in
k
_'M?ea 3 dﬂ
(GeV) 174 F d M
020 | |
173 | ;— I Qfm_‘r =4
015 | I 0/m; =
mr=1 1 1 Ll 1 1 g | .
0 2 4 3 g 10 - Q/m;=§
a) 4 g | /m
0.10 |
F g/m; =10
Pesk [ Peak Width versus Q/m 3
Width 4 [ P 005 |
(GeV) el s
ir = -
- F
- B e 0.00 e ST IR RS R I B SR b v e :
e ""f ] -
T 168 170 172 174 176 178 180 182
LE c) - M (GeV)
u 1 P 1 1 1 E
S
b) 0 4 6 g 0

Non-perturbative effects shift the peak to higher
energies and broaden the distribution.
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LO Numerical Analysis

Different invariant mass prescriptions/soft functions:

+ r-1 ea
S(i )_cGe‘» ) A =0.55 GeV e
30 f Soft Function Madels {ab}

d {1,00} {2.00} {3.0.0}
E {1.-09} {3.-0.9} 174

2.09 3.09
¢ iiashe];il ¢ dashe%i

174.5F

173.5¢

173

k
v, MP™™ ~mj + —— const
mgj

Fairly precise determination of jet
mass from determination of Q-
dependence of the peak position
and extrapolation Q to zero
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Perturbative corrections

UA = 1 GeV
mj(2 GeV) = 172 GeV
HUT =— 2, 4, 6, 8, 10 GeV

LL+O(as)

0.007
0.006 |
0.005f
0.004 |
0.003f

L f’ y
0.002f /

0.001f ¢ 4

173 174 175 176 177 178
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Summary & Outlook

established factorization theorem for invariant mass distributions:
separation of perturbative and non-perturbative effects

applicable for many other systems and setups: (any colored unstable
particle, W mass reconstruction, etc..)

exact and systematic relation of peak to a Lagrangian mass: \What
mass is measured ? “Jet-mass”

resummation of large logarithms ¢ > m; > I’y

soft gluon color reconnection power suppressed

Here: eTe — tt + Xaogt

Planned: pp — tt + Xyope (large p_T)
pp — tl + jet + Xeoft

different mass definitions (cone, k_T)

renormalons

Qfm =2 more loops
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Backup Slides
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ILC Simulations

Reconstruction for all-hadronic events at the LC Chekanov; Morgunov
hep-ex/0301014

Peak=175.52+ 0.45 GeV
BRW width= 9.5 GeV
= F Gauss wid_th= 50t 0.2 GeV
S 4000 | candidates 1982 Final states in fully hadronic decays
= F \s=500 GeV | | - Background - -
2 3s0F 1 830 MeV \s=500 GeV: e e ft
= C - .
& aoof D e '" ARIADNE (ALEPH)
E ' e i ARIADNE (DELPHI)
250—
B e HERWIG (OPAL+CR)
2005 Qf d ipen d eg ce H HERWIG (OPAL)
150E- 0 ] observe I PYTHIA (luclus)
100%*. ' width i PYTHIA (jade)
e " PYTHIA (PF 0.006)
: e L e ol PYTHIA (PF 0.002)
f20°"7a0 7e0| 180| 200 220 " PYTHIA (OPAL)
M (GeV
(Gev) - PYTHIA (ALEPH)
Peak= 175,37 £ 0.76 GaV - PYTHIA (L3+BE32)
BRW wicl(h= z? Ge\.l'g
3 1sf T ondteecsss - PYTHIA (L3+BEO)
© - + | Background M PYTHIA (L3)
< qaof Ns=800GeV. || | | B
E E /l|( = Global Fit ot PYTHIA
LE 120? | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1
ool 174.5 175 175.5 176
: Mass (GeV)
80
sol . )i { T
Ll L TR Not relevant once Dependence on
NI EA I soft function is Emmm) P2rton shower,
200 hadronization, jet
P20~ Teo| 180|200 220 known algorithms
M (GeV)
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Event Shapes

e.g. Thrust distribution on the peak region: 5 \E ‘
T = max =~ i
¢ Q

d ~ _ 9 2 —
% = Jgj(;_i) / ds; dsi B+( F H) B_ (i F, :U’) Sthrust(l S ( i ke e St) ) i“)
m LJ

mg

Sthrust(Ta .IUJ) - f d‘{ﬂ_ df—é‘(T - %) Sllemi(€+1 g_a ;UJ)
0

8 sf
=10
5" [Jtop events  (g)
w0 @ 10', —continuum
do
dT 10°%
300 g
: 10°¢
200 L F
E 10 E_
100 f 1L
0:'"""I"""""""""""(l-T) 0.5 0.6 0.7 0.8 0.9 1
0079 0080 0081 0082 0083 0084 Thrust

Chekanov; Morgunov
FIG. 8: Plot of the thrust distribution, do/dT’ in units of off, for top-initiated events in the peak

region. We use Q/my =5, mj = 172GeV and the soft function parameters in Eq. (115). hep-ex/0301014
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