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Hadron at Lepton Machines
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Hadrons at Lepton Machines

We are interested in studying the mechanism for
production of these hadrons. Yet (light) hadrons are that the production
inherently QCD non-perturbative finite-size objects, mechanism mimics closely
how can we compute their rate of production?! a process like e*fe™ > uruw

Interestingly, it is found

Consider the following important argument!

* Hadrons are composite particles (quarks and gluons form them)

* When an electron-positron pair annihilates they form a photon of
virtuality Q that can fluctuate into a quark-antiquark pair

* Subsequently at energy scales of the order of the QCD scale A, hadrons
are formed via hadronization

* We expect these two processes to occur at time scales of the order t, ~
(1/Q) << T, ~(1/A), as long as Q >> A ~ 400 MeV

So, when we compute probabilities to produce quarks in e*e” annihilation,
although the interactions that confine quarks and gluons into hadrons can modify
the outgoing state, they occur too late to modify the overall probability!

We can employ perturbation theory to obtain meaningful cross sections!
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Producing Colored Partons Perturbatively
Let's introduce the observable:
o(eTe” — hadrons)

R =
o(ete” = putu~)

(1)

which easily can be studied experimentally at an eTe™ collider.
We first will approximate R by:
o(ete” — qq)

R = (2)

o(ete” — ptpu)

We will keep only photon exchange processes, effectively thinking
that we do not excite Z exchanges. Pictorially we represent it like:

R = - / = 5/]@'/203 = /VZ Q (3
q q

"

At LO in QCD R is a constant which depends on the number of
active quarks!



Hadrons at e™e~ Colliders

For example, for energies below the charm threshold and above the
bottom threshold we would have:

R(Vs < 3GeV) =3 (2 (;)2 N <§>2) _

R(v/s 2 10GeV) =3 <3 (;)2 ) <§>2> %

Notice : fT m
» Qualitative agreement 5 + &ﬂ
| a Ml i
» Non-perturbative effects s + +++ H% it
» QCD improvements z—-+-—+++-+~¢+*—}+w+~-§-i«?
» Z boson tail "1, #h




Te” — qqg

Let’s study the mechanism of production of three partons qgg.

o(ete™ — qq) is O(a?), while o(eTe™ — qgg) is O«

Acte-Sqag M M

The color factor of these two diagrams are the same. So when we
square the amplitude, we get the color factor:

Tr(t"t?) = tfitf = CeN (4)

For this special case, color factorizes from the full amplitude!

After a little of algebra, we find:

— 16e*Q2g2
| Aete-—qagl? = CEN q
Z 9% s(Pq - Pg)(Pg - Pg)

X ((Pq : Pe*)2 + (pq ) + (pq Pe*) + (Pa " Pe— )2) (5)




Useful Variables for Phase Space

An n particle Lorentz Invariant Phase Space can be written as:
n

H b
dLIPS, =
i (2

3
—H TP L omyts (P Zp, (6)

Let's explore the behavior of the process ete™ — ggg over phase
space!

C(2m)0.4 (P — m?)(2m)*s (P ij

d3pq 1 d3p5, 1 d3pg 1
(27m)3 2E, (2m)3 2E5 (27)3 2E,
Employing the delta function, we can reduce our integration
variables to 5. It is convenient to parametrize them as follows:

S
LIPS; = dad cos fd dadx !
d 3 32(27)° "a o0y —— v
Euler angles  x; 5 3)=2E; 5(,4)/V/s

dLIPS; = (27)* 6™ (pes o —Pg—Pg—Ps)




ete” — ggg Phase Space Integration

Euler angles can be integrated out, and we find:

Xt +x3

o Ce s
Oqgg = quCFQﬂ— /XmdX2(1 — Xl)(l — X2) (8)

where from the kinematical relations Eq + Ez + E; = /s,
0<2pg-pg=5—2pg-(pPq+pg) =5—2Ex/s =5(1—x3), we
can extract the integration boundaries:

OSX].?XQS]'? X1+X221 (9)
A
Notice x1 + xo + x3 = 2. ) s
In Eq. (8) the two y

dimensional integral
dxydxo cover the blue
triangle:

>
>

T2

The denominators (1 — x1)(1 — x) lead Seoms fami/iar77I
to a divergent integral! -




ete” — ggg Over Phase Space
Our familiar collinear (and soft) regions!

1 1
1—X1 = $X2Eg(1—C0592g)), 1—X2 = ﬁxlEg(l—cosﬁlg) (10)

But what happens is that when any of the separation angles (or
Eg) become small, we would expect the event to be characterized
as a two-object events.

In 1977 Sterman and Weinberg proposed (the birth of the jet
algorithms!): if you can draw two cones of half angle 6 such that
all but a fraction € of the total energy is contained in them, classify
the configuration as a two-jet-like event

LA

Breaking PS

» If outside red area, two-jet-like

» Inside red area, hard three-jet event

» See more later on modern jet algorithms
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ete” — ggg as a Three-Jet Process

When restricting our attention to events with three jets, we can
easily compute

2 2

o X{ + X

Oqgg = UqaCFz;/A dX1dX2 L 2 (11)
Agj

Where Aj3; is the three jet area in x1x2, which have trimmed all
divergent collinear regions.

This would be our (finite!) parton level O(cas) LO prediction to
the production of three jets at an eTe™ collider!



ete” — qqg (real) contributions to the Two Jet Process

Basically eTe™ — qgg can be seen as an O(as) correction to the
two-jet process eTe™ — gg. A real-emission correction.

But at this order, virtual
one-loop diagrams also
contribute:

One-loop diagrams are also divergent!

The Kinoshita-Lee-Nauenberg (KLN) Theorem

IR divergences in physical observables, at each order in
perturbation theory, cancel when summing over (all) degenerate
states

Now we dimensionally regulate the dLIPS3 of the real
contributions, either including the As; hard three-jet region
(inclusive) or not (exclusive), and compare to the corresponding
virtual contribution!



O(as) QCD Corrections to R

Real contributions: M

3
R, R — —
real = "o X o CF (47TM ) {6 + - + > +O( )}

Virtual !
(renormalized) +

0. q
contributions:

o s \ ¢ 2 3
Ryire = R —CF | == - - -
‘ LO X ontF <47TM2> { e € 8+ O(E)}

From which we obtain the finite NLO QCD correction to R:

Rnio = Rio x { g Fas(u)} (12)

2w



R at NLO QCD
Rnio = Rio x {1 + ECFOZSQ(:)} (13)

QCD increases slightly the value of R. Above the bottom
threshold this is approximately a factor of 1.11.

8

Notice )

» Better quantitative
agreement

» QCD enhances the cross
section

o

» Still non-perturbative
effects relevant




Brief Recount

» Whether regions of phase space of the process eTe™ — ggg
contribute to two-jet or three-jet-like events has to be decided
on the basis of a jet definition

» Modern jet algorithms will be reviewed later

» IR safety of definitions (to assure cancellation of divergences)
is fundamental

» In general, one defines first the process of interest and this
settles subprocess contributions at all orders

» Collinear and Soft divergences will appear in real contributions
and will cancel with corresponding virtual contributions



What if we want to describe Hadron Production?

Directly from our QCD Lagrangian we
would have a hard time. But
nevertheless, we can indeed
parameterize the interaction of the blob
with the photon current!
Contract the lepton current with a Lorentz tensor (vector) L* to
write the amplitude:

_ _ —gh
Ae*e*ﬁhadrons = eu(pe* )WV(Pe+)7Lu(Q; P, ,Pn) (14)
NS
Oete~—hadrons X Tr <Pe+’Y#P677V) (15)

X Z/dLIPSnLM(quL apn)L;(q;pla"' ,pn)

=Tr (Pew“peﬂ”) Hu(q)



Constrain the form of the H,,(q) Tensor

Based on Lorentz invariance we write:

Hu(q) = A(qz)guv + B(qz)quqy (16)

Which by Ward identity (gauge invariance) we can simplify:

Qv
0= ¢*H(a) = A(P)a+ BN = Hu = Ale) (g~ L2
(17)
The scalar function A(q2) ends up parameterizing the hadronic
current. It can be interpreted as a function of the structure of the
final hadronic state.

Although inherently non-perturbative, we could learn about A(g?)
from experiments!

This reasoning is helpful to study hadronic 7 decays, and also it is
our bridge to study processes with initial-state hadrons!
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Standard Deep-Inelastic-Scattering (DIS) Variables

Pém" e
o
10°
RO - -
10° sac
»v=p-q 7
Q2 10°
> Xx= 2pq 10
| 2 y = 2—2 1
w0
0w’ 10 w0 1wt 0?1 ! J
Notice the kinematical constraints:
2 Q
Q- <s, X > — (18)
S

We will be assuming that the incoming proton is massless
(high-energy limit).

| The Bjorken limit is defined by @, — oo with x fixed|




DIS Cross Section

Following our discussion for hadronic production at eTe™ colliders,
we parameterize the DIS cross section as:

Q% | 1 5
do =55 5dQ dxzy:/dLIPSy4Z A (19)
Y representing the hadronic final states. Even more:

4
1
L H = g Tr (K)o = 3 [ dLIPSy 3 37 1A
Y

And based on Lorentz invariance and gauge symmetry we constrain
H,.., as follows:

PuPv ququ Puqv + Prqyp
Q? Q? Q?

But after contracting we need only two functions
L Hyyy = 4k - k' Hy + 480K

H,uz/ = _g;whl + ha + h3 +

ha  (20)



DIS Structure Functions

Define H1 = 47 F; and H> = 8wxF> and then we find:

Ao __ 4a
dxdQ2 Q4

(1-y)

[ﬁFl(x, @)+ Lk )

X

(21)

The functions F1(x, @?) and Fa(x, Q?) are known as structure
functions: They parameterize the structure of the incoming proton

The structure functions '

are observed to obey an
approximate scaling law in
the Bjorken limit:

F;(X, Q2) — F,'(X)

Point-like constituents! '

Otherwise a characteristic
scale 1/Qo should be
evident in the F;'s

Fo(x.Q%)

1
1
9
8
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3
2
1
0

S L L L L N

LA L B B L B NN B L B B

% % b OO ® x @ » 8 X

T

P T N N NN N A O A



A simple model for Structure Functions

d’c 47ra (1 -y)
X

dQ? = 1-(1- )) (F2 —2xF1)|  (22)

Suppose now that the DIS process proceeds through an interaction
with a constituent with momentum pg = {p. A simple calculation

returns:
dé (e (k)q(pq) — e (K)a(py))  2ma*@]
= 14+(1— 2
- o L1+ (1-yP) @3)
And imposing the mass-shell condition on the outgoing g:
Py =q +2pg-q=-2p-q(x—£)=0 (24)
allows to write the distribution:
dé 4o’ 1
— = ——(14+ (1 - y))=Q%(x — 2

Fy= XQ(276(X — &) =2xF



The Naive Parton Model
Of course, data shows that F, is not a delta function, so the quark

constituents should carry a range of momenta

The Parton Model of Hadrons

» Introduce a function q(&), such that g(§)d¢ represents the
probability that a quark g carries a momentum fraction of the
hadron between £ and & + d¢§

» Assume that the virtual photon scatters incoherently off the
quark constituents

MSTW2008NLO

Q7 =10 GeV? |

> Fa(x) = 2, 5 ) d€a(§)xQ75(x — €)

>Fy? = x(§(utttcte)tg(d+dts+s)
» [P =2x(d+s+1u+¢) invert
> (more processes)

> 2xF; = F»




Breaking of Bjorken Scaling

>

Careful study of
structure functions
show explicit
dependence on Q?

For x below ™ 0.01,
F> shows a positive
derivative with
respect to Q?

For x above ™ 0.3, F>
shows a negative
derivative with
respect to Q?

Bjorken scaling
breaking can't be
explained within the
naive parton model

em,
F2 -loglo(x)

HERA F,
X=632E-5 +0.000102
/ x=0.000161 = ZEUS NLO QCD fit
wie/ T =0.000253
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A, o) oo H1 PDF 2000 fit
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QCD Improved Parton Model

In the context of QFT a more formal description of DIS gives the
basis for the so called QCD Improved Standard Model

e

Quantum QCD corrections are key when studying virtual photon

interactions with hadron constituents
These diagrams bring about divergences, which are reabsorbed at a

scale pur, the factorization scale, into bare distributions for the
quarks and the gluon. It is found:

Fa(x, @) = 202/f (. 12) (26)

X as x Q2
——

0(3)

Splitting



Parton Distribution Functions

The functions f;(&, 117) are defined as the parton distribution
functions (not density!).

The scale dependence of the f(¢, 42) can be derived from
perturbative QCD, in a similar way to the running of as(u).

i) = 25 Z/ Y by 12)Py(x/y. s(42))

(27)
This is the so called DGLAP equation. The f;(x, u3) can be
determined from fits to data (and in principle from lattice QCD
calculations also)



u Quark PDF Evolution in Q2

MSTW2008NL ]
T R Q*=10"-10° GeV* ]




Partonic Cross Section in Perturbation Theory

Qg

Xg 2
2—3(1)(ﬂ;f=ﬂ-ff) + (l—) 52 (up,pgr) + - ]
T 2m
LO NLO NNLO

§(as,npypr) = las(up)l™ F(O) N

We can make a perturbative calculation of the hard interaction based on

the parton constituents of the 00,0415
o O T3 ZIy' Repidity
initial-state hadrons NNLO I T ¢ DORuIDat
= L R T, —NNLOMRST 4
. g I NLO 02; ‘ (2007)
Example: Z production at the Tevatron ¢ gl
Distribution in rapidity Y > 10— |
3 L0
Y = ;In (i-l—pz) NE i v
— Pz o °
do : . i ,
— as ng = I i
dy B wl N T I R T B TR
o , Y
still ~50% corrections, LO = NLO [Anastasiou, Dixon, Melnikov, Petriello hep-ph/0312266]
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QCD Factorization of hadron-hadron cross sections

e PDFs are universal functions: extracted from DIS and
used for hadron-hadron machines

guarantees that at short

distances (large transverse momenta), p_% He ™ Mg
partons in the proton are almost free. ~ /
e Sampled “one at a time” in hard collisions. ! z ¢
- QCD-improved parton model )W<e
- Proven to all orders for Drell-Yan Processes g
(Collins, Soper, Sterman)

Parton distribution functions

: — known to ~ 4% for x ~ 0.01-0.1
final state ’ factorization scale

\ < /

X . L o,
oPP (S; Qsy LR, ,u.‘;,*) — Z /C; dﬁ;‘l /['j dxg f()__(.'lflz Qig, L ;:) j;}(mg, Qg ,u.!,*)
a,b '

infrared safe

X 3f-‘b_’X(3:z:1:.z:2i Qs, LRy L)

partonic CM energy?

Partonic cross section,
computable in perturbative QCD

renormalization scale

29
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Global QCD Analysis

Process Subprocess Partons  x range
(t{p.n} — X g — q q.q.q x = 0.01
(tn/p— (X Y d/u— d/u d/u z Z 0.01

pp — pup— X wii, dd — v* q 0.015 < x < 0.35
pn/pp — pTp~ X (ud)/(ui) — ~* d/u 0.015 <z < 0.35
v(io)N — = (pT) X Wrqg—¢ q,q 001 <x<05
vN — p—pt X W*s — ¢ s 0.0l Sx50.2
vN - ptp= X W*s —¢ s 0.0l Sz50.2
etp et X v¥q — q q.q.7 0.0001 <z < 0.1
etp - X Wt{d,s} — {u,c} d,s z = 0.01

etp — et e X Ye—e,v'g—cc ¢, g 0.0001 < z < 0.01
etp — jet+X v*g — qq g 0.0l <z <01
pp — jet+X 99,499,499 — 2j 9,9 00152505
pp— (WE ==X ud— W,ad — W w,d,i,d x> 0.05

pp— (£ — (747X ut, dd — Z d x = 0.05

* To extract reliable
Parton Distribution
Functions use large
amount of experimental
data

* Pay attention to Q?
and x ranges

* Use evolution kernel
to relate different scales
* Need for theory
predictions for
consistent fit (LO, NLO,
NNLO)

8/2014

QCD 2 - HCPSS2014
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Q? vs. X

NNPDF2.0 dataset
3| I v v o e I S SO N
10 | ® NMC
—| + SsLAC
| + BCDMS
5 HERALAV e
10 = c;mus
=| * FLH108
T of] ¢ o
* E
%;1fﬂ'§' * DYESOs [ TTTTTTMRR
O =| © DYEeB86
'—'l_ N COFPWASY
% CDFZRAP
NE!‘1 0’| - pozraP 0 [t
E =| * CDFR2ZKT i
= —_© DORICON
B A bt
C : |
- g
: o :
10= . N = TEERFotod
1-5 | IIIIIII| 1 IIIIIII|-3 | IIIIIII2 | IIIIIII|-I | I 1 1 1111
10 10™ 10 . 10 10

1

As an example, the
NNPDF collaboration
uses Fixed target DIS,
HERA NC and CC cross-
sections, Fixed-target
Drell-Yan production
and collider weak
boson and jet
production to
constrain all PDF
flavors in the relevant
kinematical regime

8/2014

QCD 2 - HCPSS2014

32



And run to get predictions!

LHC parton kinematics

WJS2oos

= (M/14 TeV) exp(zy)

M =10 TeV -~

Q° (GeV)

107 10 10° 10" 10° 10 10" 10°
8/2014 X

An example for
applying the DGLAP
equations for the
running of the
PDFs, Eq. (27)

33



X Parameterizations

- 44{] I:All—l (1 — T :‘13 ef1:3;]’.‘ (1 _I_ Ieﬂ,;)ﬂg

Example of a low-scale parameterization employed by the CTEQ collaboration

* Although perturbative calculations give us their Q? running,
their x dependence is of non-perturbative nature

* Propose functions for fits: sufficient parameters to give
enough freedom, but without loosing predictive power

* Employ known behavior for x near 0 and 1

e Sum rules constrain the fitting procedure

8/2014 QCD 2 - HCPSS2014 34



Example from the MSTW collaboration

12} up MSTW2008NLO
| down  Q?=10 GeV’
I antiup .
1.0F —— antidown 7
strange
08 R antistrange ]

charm

f;ﬁ gluon /10 ]
x 0.6 -
= . ]
< |

04} -

02k i

0.0 "

10™ 10° 10 10” 10°
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PDF4LHC Recommendations for PDF Uncertainty

gg luminosity at LHC (s

=7 TeV)

—— MSTWO8
4444 CTEQ6.6
222> NNPDF2.0
+H- HERAPDF1.0

A}f‘}l?b-l—l—i_

.
(&]
R §
w gl
e
[o) — = g
Q 1.05 x .
g 1 — g
2 5
N .95 MaLy 8
= IINTS §
= ' N 5
(2] 0.9 \ " N H
o 0.855- . e
- 4 ' h \ ¥
[=} E N, AN [
= 0.8 S 11 |2 110‘ . bl |\: ) [
& 10 10° M, (Gev) tt 10
s/s
Z4(qq) luminosity at LHC (s = 7 TeV)

F.‘l 1.2 T T T T UL | E E T T T T TT II-'| T lll' T

_! > HH ! l

G 1155 —— MSTWO08 A

E‘i‘?‘- 4 2444 CTEQSB.6 Al il |

0 4B 32 NNPDF2.0 .

e ill) ez 02% {HH- HERAPDF1.0

O B N P ; |

o ot TR

= AU L TR — ,

o 1 77 o —

8 e Sl 2

N 995 SRS s, S
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= > 5555500

= = \

o 085

o F W Z

lg O 8 C 1 1 1 1 1111 | 1 1 1 1 1111 | 1

S 100 102 10"

o

\s§/s

The CTEQ collaboration provides 44 PDFs
set to compute uncertainties for
observables. Similarly, the MSTW provide
40 set while the NNPDF 100

Compute PDF envelopes with
(i=CTEQ,MSTW,NNPDF):

U = ]11.;.1};-'[@[5;, - U:i“'[nf + PDF, +)}

L = min{O} —c"(a, + PDF,—-)}
U+ L

M = ——

Where U and L are the upper
and lower limits of the
envelope and M the mid point

QCD 2 - HCPSS2014
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LHC Data Impact on Global Fits

CMS-PAS-SMP-12-028

The gluon PDF... and input from LHC

PDF fits using only data from experiments with lower momentum transfer
than available at the LHC have large uncertainties for the LHC kinematic

region. Gluon PDF constraint from CMS with

,gi 0% = 2.0 GeV? f 7 TeV inclusive jet cross-section

2 -CT10

] |

= S MSTW, ;
é 2;, - :nBMHz_usurE r| 3. CMS Prelimlinary . gluon, Qf =1.9CeV?

] :ﬁ\ — HERAPDF1.5 [ N HERADIS + CMSJets| ——

% z \{\\-:“\-.:::- k NNPDF2.3 :I,- 25 [ZZ] HERA DIS o }".\'"' b
=4 e e — F ; o —— e, :

Eitter :
Ratlo with respect te CT10 : i

107 102 107

i !
Data from LHC start to be precise

enough to be used for PDF constraint - T T 1{]1 “

Fract. Uncert.

+ CMS fit a harder gluon, with respect to the fit using HERA alone (same results from
ATLAS on lower stat. sample)

+ Fractional uncertainty is smaller at high x, partly due to increased prediction

- Measurements are systematic limited at lower jet p;, dominated by the JES uncertainty

Slide taken from Chiara Roda, Probing QCD & Hadron Physics, ICHEP 2014




-1 |°°] |HAPDF: PDF’s in one place

10800 CT10 k3

10860 CT10as 11 .

P e, = https://lhapdf.hepforge.org/

10960 CT10was 11

109380 CT1063 1

10981 CT1084 1
1000 | MSTWa2008i0684 T ; * The LHAPDF compiles into a single
21050 | MSTW2008l080c] a1 library thousands of publically available
21100 MSTW2008nlo68cl 41 SetS of PDF’S
21150 MSTW2008nloS0cl 41 . . . .

[ ]

1300 TST Vo000 mEas m (-Zurrent.ver5|on.6.1.3 is written in C++,
21250 MSTW2008nnio90cl A1 Wlth routines to Ilnk to Fortran COdes
22000 | MSTW2008nlo_asmerange 2 * Simple way to get access to all PDF set,
22100 | MSTW2008niob8c]_asmz+68c ad particularly for computing PDF errors
22150 MSTW2008nlo6Bcl_asmz-68cl 41
22200 MSTWZ2008nlob8cl_asmz+63clhalf a1

—
42330 abm12lhc_4 nnlo 29 |
42360 abm12lhe_5 nnlo 29
60600 HERAFPDF15NNLO _EIG 29
60630 HERAPDF15NNLO VAR 11

-
!

NNPDF23 nlo_as 0119 ged mc

247200 101
247400 |NNPDF23 nnlo_as 0119 qed mc 101
260000 |NNPDF30_nlo_as 0118 101

260200

NNPDF30_nlo_as_0118_nf 3
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Summary

e Perturbative QCD is successful in describing main
features of hadron production at lepton-lepton
colliders

e The definition of jets appears fundamental to
compute meaningful observables in perturbation
theory

e Approximate Bjorken scaling gives rise to the
Parton Model. QCD improvements allow a proper
definition of Universal Parton Distribution
Functions

e PDFs sets are obtained from Global Fits and
through perturbative running allow predictions at
untested scales
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