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Hard Probes

High-pt partons & jets

Heavy quarks / open flavor hadrons
Quarkonia (J/y, Y)

Electroweak probes (I*l-, vy, Z)

® Production rates are calculable in SM
m Caveats: quarkonia, nuclear PDFs, etc.
B Final-state interactions can be factorized from production
B A+Aresults can be normalized to p+p and/or p(d)+A
B Final state interactions are negligible for EW probes
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HQBELET
HP Methodology

B Formulate production in A+A as hard QCD process with
factorizable final state interactions (FSI)

B Formulate FSI in terms of medium properties (e.g. transport
coefficients) that can be calculated for any medium model

B |dentify observables that are sensitive to certain aspects of
the structure of the medium, e.q.:

Weakly vs. strongly coupled plasma
Scale separating weak from strong coupling

Quasiparticle structure

m Calculate medium properties relevant to FSI on the lattice
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Theory

Hot QCD matter properties

Which properties of hot QCD matter can we hope to determine
with the help of hard probes ?

Easy for
LQCD

Hard for
LQCD

>

%

A

€, =

D

I (k) = jd“x ™

47rocC

N
47rocC

N_
47rocC

N

=~ lim —In(E* (x)E“(0))

[x|— o0 | X |

(j*(x);"(0))

- [dy (F* ()R )

©Jdy (oA ()A” (0))

= [y (F()F ()

Vo

Color screening: Quarkonium states

QGP Radiance: Lepton pairs, photons

Momentum diffusion:
parton energy loss, jet quenching
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What we hope to learn

Apart from IT* all medium properties are expressed as correlators of color
gauge fields. They reflect the gluonic structure of the QGP.

T

How much do we What is the temperature

really understand? dependence for the q
QGP?

How does the
medium evolve?

->
I8

(length scale probed)

What are the inner workings
(quasi-particles, strong fields, ...)?

Q?

(virtaality of hard process)

At high Q2 and/or high T, the QGP is weakly coupled and has a quasiparticulate
structure. At which Q?2 (T) does it become strongly coupled? Does it still contain
quasiparticles? Can we use hard partons to locate the transition? Which
guantities tell us where the transition occurs?
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Parton energy loss

vfz

— | Elastic energy loss:

O &:/%_ q Z’—f:—(}zé g CFJ >
]
-y o Radiative energy loss:
: ?\? ? <>q .......................... Scattering —
A) A) " g & color charges
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dE )
5oCAL q=pledg s e (R o)
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Why g-hat is important

0.6 — Majumder, BM, Wang argued
3 /| that /s and g are related at
£t L/ weak coupling in gauge theories
ot —1YS [PRL 99, 192301 (2007)]:
°-3;‘ - T3/ a / n /s = const X T/ q
0.2— ,,./1 _
C / At strong coupling, n/s saturates
o1E e at 1/4w, but q increases without
NS e ST PI limit. Unambiguous criterion for
o ® ° ®m '  weakvs. strong coupling?
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HQUELEN

Theory
Why g-hat is important
0.6 — Majumder, BM, Wang argued
g f /] that n/s and q are related at
£°F weak coupling in gauge theories
oA —'T]/S [PRL 99, 192301 (2007)]:
o3 SN T3/ a n/s=constxT /g
; s / At strong coupling, n/s saturates
. — | at 1/4x, but q increases without
Qb i i, limit. Unambiguous criterion for
10 107 102 10 1 :
1 weak vs. strong coupling?

Collisional energy loss parameter € is sensitive to !

mass m of scatterers, goes to zero in m — [imit,
unless scatterings centers have a dense spectrum
of excited states (think: atoms). Thus é is a probe
of medium structure at color screening scale.
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g/ (Te) measures mass of constituents

VNI/BMS reproduces the perturbative (HTL) value for q-hat and e-hat with g/ (Te) = 4

Assume that effective mass of partons in the mediumis M ;=m XM
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Core questions

®m \What is the mechanism of energy loss ?
“radiative” = into non-thermal gluon modes
“collisional” = directly into thermal plasma modes

m How are radiative and collisional energy loss affected by
the structure of the medium (quasiparticles or not)?
e.g.: Bluhm et al, 1204.2469; Kolevatov & Wiedemann, 0812.0270
AdS/CFT inspired models with weak-strong coupling transition”?

m \What happens to the lost energy and momentum ?

If “radiative”, how quickly does it thermalize = what is its
longitudinal momentum (z) distribution ?

What is its angular distribution (the jet “shape”) = how much is
found in a cone of angular size R ?

® How do the answers depend on the parton flavor ?
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Theory

Where does jet physics start?

Baryon/meson

0

ATK

~ ALICE preliminary:
~ Pb-Pb \'s,, =2.76 TeV

™ stat. errors only
= syst. error ~10 %

STAR: Au-Au 200 GeV x A/A
with 10% feed-down correction

ALICE, lyl<0.75
A Pb-Pb 0-5%
¢ Pb-Pb 60-80%
o pplis=7TeV

TAR

A Au-Au 0-5%
¢ Au-Au 60-80%
— Hydro VISH2+1
---Recombination

“~a— x0.85[R.

pT > ~6.5 GeV/c:
All hadrons similar

Raa
< 1.6 | T T T T | T T T T T T T T T | T T T T
(f‘ E ALICE, Pb-Pb,Ns =276 TeV,0-5% ]
1.4 ® K |y|<0.75 i
E mAy|<0.75 g
1.2 e e unidentified charged parlicles, In|<08  ~
\:\’ u"s ¥x+n,|y|l<08 el
feeses R L T T e D :
0.8 . @ =
0.6} =
i '. . ALICE Preliminary 3
0.4} . £
P _*-
L ELLE 'ir 7
r 1
0 l 1 A 1 1 I 1 I i 1 1 1 A 1 1 | 1 A 1 1
0 5 : 10 15 20
' P, (GeV/c)
pr = ~8 GeVie:
All hadrons similar
10
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The e-A baseline

B
E
1.0 R I R T R R R R R R

| <E>=10.742 - 18.358 GeV ",

02b .. .. .. §=0.016 GeVAm". )
! [ <Q%>=2.252 GeV* - 2.655 GeV™. \_ ",

o — — §=0.024 GeVAm
§=0.032 GeV*Am
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s A A

Deng & XNW (2010)

oy ey

gn ~ 0.02 GeV*/fm

S Ay | / q=oo1s Gevzlfm :

L ¢ o <2>=0.326 ~ 0.583 4 02460"2/' d

%21 /. <G’>=1889-2595Gev’ T / . .. .. §=0.032 GeV/fm
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E (GeV)
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g-hat

(;hen, Greiner, Wang, XNW, Xu (2010) Maiumder 2012
_l | l L I L | L l T Tl I LI l_
E E g-an,=6, n;=24
5— o 1
- . o-on,=5,n,=20
«F q,=09),,GeV/fm ] gl eem—dn-16
- Frmimm e N
5 T o
- . +
1= 70 =0.6 fm/c 0.2
o :l'.l‘ l 11 | I 111 l 1 1 | l L1 1 1 I L1 1 l: 0
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T [GeV
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30% quenching from
. A E +/ - +i
hadronic phase q= de <E (x ) F (O)>
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Theory

 Understand production rates

 Understand parton energy loss process
— Energy loss as a function of density

— Path length dependence
 Elastic, radiative, synchrotron?

— Interplay between vacuum and
medium radiation

— Broadening of shower:
* Qut-of-cone radiation

— Leading hadron vs softening of FF

« Use as a probe to determine medium density (and
other properties)

suoJpeH

13
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Jets In the medium

Mehtar-Tani > L

Momentum scale of medium Q. =./qL = m, \/N scatt

Transverse size of jet ri =0 L

14
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FACTORIZATION OF BRANCHINGS IN VACUUM

kl Wo K w K F
k‘ E N E N w1
2 (p+ki+ke)? 2p-ky K2,
) W1 W9
p (ky + k)2 2ky kg k2

Logarithmic regions tf2> tf1

The softest gluon sees its parent as if they
were produced at t=0

p_ (Ca\" [Fdwy [ duy (M- dhyy [P PR
2=\"x w ) w ) R, R,
11 12
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Coherence

a;Cr dw sin @ db

dN 25, = ©(cosf — cos b,z ),
279 T w 1—-cosé ( aa)
T — B
1 )
Angular ordering in vacuum: A~ k_ <r ~1 fech - k_zeqq = 0< Hch
1 1

Recall DGLAP (no-angular ordering)

d dz
- Z 4\
dln]w'J-DA(q A[-L) 27T/ PA( )DC(:L/ [-J—)

~

MLLA (angular ordering)

d dz e
L r/z,z
dln]\vileA(‘l ML) = 2,”/ P§ (2) D& (x/z,2 M,)

<
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Theory

In-medium radiative energy loss of hard partons

E>w>ki~q1 “  quark eikonal trajectory

U(0L,t) =Pexp [ig /Ot dg A~ (&, O.L)]

E—"' —

Gluon prop. : Brownian motion

0 t L in transverse plane
G (z%, @ y", ylk™) =/D[‘r] exp [2% /; -dﬁ'i'z(E) Uz™,y™;[r])
I — B

17
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Theory

. L. Mean Energy loss
BDMPS-Z: Single emission
AFE ~ agqL?

dN (j§7(ys ‘71;2 L
W — X Qg ——
dv  w w Lbr tor = V@[3 classical
broadening!
0 t L

Decoherence parameter

1
Amed ~1-— eXP[—l— Qs T.L]

Amed 7 0  Coherence

Amed @1 Decoherence

Thursday, August 23, 12



Qs =qL

- a two scale problem!

e 71| <Q.' (Dipole regime)
A

e 71 >Q.' (Decoh.regime)

|

Color transparency for r | < Qs—l or Ojer < 0~

A | | A -
4 N s
Y
screening
Amed ~ 1—12 Q3*r% A length
1

VqL?

Decoherence

1
r1 > Qg

19
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Theory

e The total spectrum in the soft gluon emission limit:

(L'V vac (1 A',\rmo(l
W T W

A3k A3k
da, Cp 1 KK 1 KK
— ¢ - D) (1 o A) _‘) o 9 -9 + '__()' o (1 o A) D -9
(2m)* | K K°R? K- K* K*
e Inthe opaque medium limit: A — | 12 Hao Ma
D 10 F
1. Saturation for incoming quark 3 gt
g e medium-induced
- 3 “~. [ladiation
2. Total decoherence for outgoing quark: g . _
S A4p vacuum | el
d N Vac (11\”““] 4 v (---7[-' 1 5 St radiation ==
W i W — - ‘ .)” — ) 0'....l....l....l....l....
d3k A3k (2m)* K- 0 01 02 03 04
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Theory

Multiple radiation

F. Dominguez

Independent
emissions are
enhanced by the
medium length

L 2
~ | cv.—
U | _
® [wo-gluon production factorizes in the
limit of short formation times

® |nterferences are unimportant for soft

emissions
N a2£ ® Full medium-induced branching process can
"ty be set in a suitable way for MC

implementation (generating functional)

21
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Scale matters

Virtuality Q2 of the parton in the medium

controls physics of radiative energy loss:

Weak coupling scenario

RHIC: 20 GeV parton, L =3 fm

. E
gL=15GeV’ = zzl.SGeV2

Virtuality of primary parton is
medium influenced and small
enough to “experience” the
strongly coupled medium

N
Q*(L)= max(qL,—j
T L
medium T
vacuum

LHC: 200 GeV parton, L =3 fm

E

gL=35GeV’ < 2213 GeV’

Virtuality of primary parton is
vacuum dominated and only
its gluon cloud “experiences”
the strongly coupled medium

22
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Theory
Three scales
L . . . z(1-2)E
Intrinsic virtuality (uncertainty relation): Q.. = 7
. . . . — AL .
Virtuality of the medium: OQiea =G G =0.5GeVlc
. ] 1 o\ VaN
Scale of transverse jet size: Q.. = o7 Ginc = 2-3Grmc
2.07\“"‘***‘\““\*‘*‘\““\7 30
13 RHIC ** | \E%20,58,100,200 GeV
2 : Qmed LHC—- >‘20 Q
Té 1.0 ‘___,.——""——’ g 15 i
> ) - > 0 g
05 P Qtrans - RHI ~Sve=""" .
'// 0=0.1,0.2,0.3,0.2 0.5 /,—*"‘ med
| — /7 LHC
Yo 2 s A s o s s
L (fm) L (fm)
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HT formalism

813"’(2;,, 1) as(p?) [t dz ~p 2

q ’ s ~ 2\ yh(~h 2
= — |V ) Do (—,

O 1n p? 2m /zh z [ a—ag(% 1) (z )

+Yq—gq(2; 1 )Dh(—,u )]

oD (zp, u?) as(p?) [*dz 201
éqlnu? B 2(::) p Z’Ygaqq(z u2)D"(—,u)

Modified splitting functions To—sg0 (5 1°)L ( s )]

;)d/a—>bc(za l%’) — 'Ya—rbc(z) + A’Ya—>bc(za l%’)
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Theory

Less trigger bias

Hadron trigger: strong “surface bias”

maximizes recoil path length

(T.Renk, private com.)

Full jet trigger: no geom. bias

partially cancelled by bkg fluctuations

Centrality and reaction plane biases:

Hadron trigger

Jet trigger

v [Lm]

20-50 GeV Trigger, 0-10% 2.76 ATeV PhPb

"
% [fm)

YaJEM, LHC (241D iydro

-,

-

« finite, but only weak trigger p; dependence for high p;t

S

806¥90 G80¥d Musy'L

25
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Theory

QURLE

UE subtraction (ATLAS)

f

.

Run jet reco

) s

J \_

Determine set of R=0.2 seed jets
algorithm on 0.1x0. ] [ 1t pass: towers in jet satisfy —lmes - 3

calorimeter cells 2" pass: jet Et > 20

< FEp >

v ¥

Determine v2 for event
- exclude towers within An < 0.4 of seed jet

v ¥

f

- demodulate by v2

Determine background Et in 1 strips

- exclude towers within AR < 0.4 of seed jet

N

/L

-

.

Subtract background from jets

tower-by-tower

- first remodulate background by v )

N

(Subtract background from event

tower-by-tower
- first remodulate background by v

.

[ Run jet reco algorithmj

¥

( Output: background subtracted reco jets of various R values )
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HQUELE
UE subtraction (CMS)

.‘

0 —> 1]
n
15 |. <E;> calculated in strips of 1. Subtract 2. Run anti-ky algorithm on background-
<E;>+0 subtracted towers
¢ |
|
|
I
U
U |
U |
U |
I 1
U |
1
U |
I 1
For detalils see: L > 1
*CMS, arXiav:1102.1957 .
“Kodolova et al_ 3. Exclude reconstructed jets 4. Re-run anti-k; algorithm to

EPJC 50 (2007) 117 and re-estimate background

get final jets
27
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Jet reconstruction

» Background (and fluctuations) subtraction techniques have become highly
refined, but are also difficult to compare and evaluate.VWould it be possible
to move towards an at least partial standardisation?

» As an example, we propose a new moments-based approach to jet
fragmentation functions that makes use of the same background
subtraction technique one can use for inclusive jets, plus an observable-
specific correction for fluctuations

1 L dNy, 1 > dNp
My = / 2N dz = / e NE g
N jet JO dz Njet 0 d§ S

Cacciari

N
D ic jet Pt i
N
Dy

In practice, j\,[g;ft = and averaging over many jets

Potential role for JET Collaboration to develop “standard approach” ?

28
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Jet observables proliferate

B Jet Raa, Rcep
versus pr, centrality, in-plane, out-of-plane

B Di-jet asymmetry
Ay, pT2/pT
m y-jet, Z-jet coincidences
Jet “fragmentation” function D(z-pTjet)
Near side, away side
v-jet fragmentation function D(z-pTy)
Jet shape Et(0)
Jet chemistry

Anything not yet thought of.....

29
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Theorg
K. Tywoniuk
[not comprehensive..! well of transport formulations!]
med-induced | elastic
rad. e.-loss
HIJING v full generator
PYQUEN v v rough BDMPS
YaJEM v v v mod kinematics
JEWEL1.0 v v v mod splitting functions +
kinematics
JEWEL-LPM v ‘exact’ induced radiation
MARTINI v’ v v rate equations
Q-PYTHIA v v vacuum baseline
Q-HERWIG v v vacuum baseline
Wang, Gyulassy PRD 44 (1991) 3501, Comput.Phys.Commun. 83 (1994) 307
Lokhtin, Snigirev EPJC 45 (2006) 211, Renk, PRC 78 (2008) 034908,
Only one ComPUt' Ingelman, Rathsman, Stachel, Wiedemann, Zapp EPJC 60 (2009) 617,
| Stachel, Wiedemann, Zapp JHEP 1107 (2011) 118, e /* S
Ph)'s- Commu n. Schenke, Gale, Jeon PRC 80 (2009) 054913 </ RV \,:(
Armesto, Cunqueiro, Salgado EPJC 61 (2009) 775, A / ""
T — T Armesto, Corcella, Cunqueiro, Salgado JHEP 0911 (2009) 12 -—/— ‘.-3:-3 -

30
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Shower interacts

Early QCD
Shower

MARTINI, Boltzman

Late QCD

Courtesy: J. Casalderrey-
Shower

Additional
splittings

Additional Modified

e Modified
e-loss splittings

propagation

PYQUEN, l.Vitev  T.Renk, JEWEL

Is it reasonable to assume a separation of these processes?

31
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Theory

Hadronization

Beraudo, Milhano, Wiedemann JHEP 1207 (2012) 144

: _
In the case of AA collisions a naive convolution

Parton Energy loss @ Vacuum Fragmentation

without accounting for the modified color-flow would result into a
too hard hadron spectrum: fitting the experimental amount of
quenching would require an overestimate of the energy loss at the

partonic level; Andrea Beraudo, Hard Probes 2012

32
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Theory

® The following theoretical problem appears at
present to have unsolved status:

“Find a modification of vacuum jet shower,
such that all:

-collinear logarithms a; log Q? (DGLAP "71)

_ - (angle-ordered
soft Iogarlthms s log “ parton showers, 80’s)

-length-enhanced effects a L/,

are resummed.”

® | would argue it’'s a well-defined problem, thus
having a unique and well-defined solution.

S. Caron-Huot

33
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Theory

dGamma/dk [dimensionless]

Interference
s ' I ‘ 1 ' I ' 1
S. Caron-Huot

“Er N=I S
0ol e Interference

- - between medium
0013 ¢ "

rad| (“LPM

‘ / AMY i )
A (should be in GLV’s
o _I nterference igher orders in N)

: W{vacuum rad.

0 : I : I 1 1

0 2 4
lume (fm ¢)

Need two transport coefficients!

| 1,0
v(zL) ~ Ciz} log(ugfvi)Jrinq(uo)JrO(fvi)

34
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Parton shower in matter

Guangyou Qin & BM rad ,out
PRL 106, 162302 (2011) -7 A Removes mostly
_ - low-z gluons
- — > AE" from jet cone
;T - - —
- . - -
¢ S = ol =
Aol ol =l : “let collimation”
L AEg ~, -

Leading parton: ~

. . .. S broad
Transfers energy to medium by elastic collisions AE,

Radiates gluons scattering in the medium (inside and gutside jet cone)

med

i , . dN”
E, (1) = E,(t,) - [ é,di - | odedk}dt

dexdk’} dt
Radiated gluons (vacuum & medium-induced):
Transfer energy to medium by elastic collisions
Be kicked out of the jet cone by multiple scatterings after emission
dfg((o,ki,t) :é%+lg}V,ff . dN;"ed
dt o 4~ "7F dadkldt
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Theory

" A
Boltzmann transport

LPM modified gluon radiation:

dN, C s 1

dzdl% dL T x P(Z)EC}(L)H —cos(L/7y))

Linearized Boltzmann transport (XN Wang et al.)
Nonlinear Boltzmann transport using VNI/BMS parton cascade (C. Coleman-Smith)

Allows for simulations of time-dependent energy deposition accounting for both,
collisional (elastic) and radiative (inelastic) energy loss.

It would be useful to compare the predictions of the two codes in detail for
standardized cases. Do they agree!?

36
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Theory
Energy loss
Gamma-jet: E, =60 GeV in uniform medium at T=300 MeV
Elastic Elastict+radiative
§F0-14 - R §° 07 ]
0.12 [ —R=0.2 'v“;.' ' 06 i_ i:-_a.- -
0.1 05 [ e
008 [ 04
006 03 [
- = S —R=0.2
004 | 02 | o
002 01 —R=0.6
0 '-llllllllIlllllllllIlllllllllllllllllll O . "‘;’..
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
t[fm/c] t[fm/c]

Solid: jettradiatied+medium
Dashed: jet+radiated
Dotted: jet 37

Solid: jet+tmedium
Dashed: jet
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AMY formalism

The evolution of partons in-medium is determined by an integral equation:

dZ(tE) _ /dw [P(E_I_w)dl'(ECLw,E) B P(E)dr(E;i—i-w)

MARTINI (Schenke et al. 2009) solves for the inclusive

dopash = Z/db dx1 dxa fa, (x1, Qz)fiz()Q,Qz)dUij—)kl
iJ

x P(k,l|m, n; u*, T)DmDy

using event generation and Monte Carlo:
» Shadowing and anti-shadowing of pdf’s, averaging over isospin
» PYTHIAS8 for multiple final states via parton showering

» Monte Carlo for solving the elastic and inelastic rate equations,
informed by the 3+1-dimensional hydrodynamical evolution calculated
by MUSIC (Schenke et al. 2009)

» Hadronization via the Lund string model, including color flow in
splittings
» Jet reconstruction via FASTJET, an anti-k1 algorithm

C.Young

38
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Fragmentation functions

Di-jets versus Photon (Z) triggered jets

39
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Ay is “easy”

Theory postdictions for dijet asymmetry

4 LS 4
! - L - I O*DIPYTHiA*‘&Sl' — A Rzow{e«"v ' & ALxm:':.mm
& AL O S N afozgu::. - — WOpODheypp |
m— PYTEIA = medium w— DYTHIA + medium ! 00 e | T 7 Mo A e 12
3 43 35 ATLASpep 7TV @ S B L - NOPIDAAGC#22 ]
® ATI AC Dh.DKL N 1Ny - U 2 v . + - —
3 :
. * JSGeV<E_<E_ J
- {} g , Young, Schenke, Jeon, < b S\ B <Ea<hy
<2 {2 =T = 100GaV <Ey,
=" - , . Gale, PRC, 2011 Y ¥
s [ He, Vitev, Zhang, 2011
1 -1 !'.‘-‘ — —_— LV AL DY, e
1 wr < ? - ALO pOCO, Ak, p. ™ 70 GV ]
1 T -L.-.. ; ¢ 3 ¢ — MNOSCD AR =200V -
15 F % T i “
% 02 04 06 08 0 02 04 06 08 1 . € X ]
A A - B <
) 0 01 02 03 04 05 06 07 08 09 1 = S0GeV<Ep<Ey o
GYQ, Muller, PRL, 2011 A 120Gy <€, +
- ‘3'5- '_I " .- c.s 1
2| | loktin, Belyaev, . Coleman-Smith, Qin, : 3 ' . :
S .. - ] [ ATLAS data
»{~ | Snigirev, EPIC, 2011  F | Bass, Muller, 2011 ] 2sh - YaEM
e | A B F =+ YaJEM-DE
o e t B 43 " ,%-‘." \\i .
' —d. s ~ = - -
i - o ® CM5PbPb 0-10% LSF i/ ST
& .:+ 15 —_— mm . Z: i }‘\‘-ﬂ. Renk, 2011
- i - E— + Meclium 3fr < L -,
e | - U PYTHIA + Medium 4 ™ N
' 1f- ! —— PYTHIA + Medium 51¢ \3\
00s |- C - 0%~ .\
- ] ) N
05 = : \
e L = . 0 1 1 l \_L
"' - AR RN TN EN Y N L l. g 1. 1 : 0 0.2 04 0.6 0.8
O e e e e e e A 051 02 03 04 05 0.8 07 08 0.9‘, “
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Theory
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MAC

Theory

QUELEN

G. Qin
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Theory
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Y-jet coincidences
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A0 = S
Medium response

- A pair of jets traveling through an expanding fluid

Flow induced by jets
+
Radially expanding background

Y. Tachibana

- Hydrodynamic equation with deposited energy and momentum

0,TH = J

J"- source term (Energy and momentum deposited by jets)
Solve this nonlinear equation numerically without linearization

Describe the dynamics of jets and the QGP fluid simultaneously
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- Flow velocity perpend CEF «

- Flow following the et on the |
- Vortex ring around ine passage

- Flow velocity

color map: energy density
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{QGELE
Concluding thoughts

®m Parton transport in QCD medium and jet modification by a
QCD medium are complicated processes.

® \Why do we need to understand them?

® \What do we expect to learn in the end that's worth the great
theoretical (and experimental) effort?

B Are we aiming for qualitative or quantitative insights?

® \What are the quantities that can be “measured™?
ghat, ehat, what else?
What physics do we learn from them?

® \Which precision can we hope to aim for?
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BELEE
Considerations

B How do we ascertain the correctness of complex codes?

® How do we check that we calculate what the experiments
measure?

B How do we match perturbative and nonperturbative physics?

B \Which observables are most sensitive to the quantities we
are interested in, and least sensitive to physics we do not
have under good control?
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