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Soft and hard processes in hadron collisions

Reconstructed tracks
with pt > 25 GeV




The Factorisation Theorem

* The collision of two hadrons, A and B, yield a

large number of particles in the final state ( ~1000
particles for Vs=14 TeV)

» Most of these particles originate in soft parton
processes

* We are interested only in particles originating in a
hard parton process ( atb — c+d) where a,b are initial
partons (g or g) and c,d any final particles

pa:XapA} .y 5= (pat ) = 2X,X,Pa Pg = XoX,S
Pp= Xp Ps

s S=EX_X,S _, x<1l- s<s



Calculation of cross-sections

The cross-section for A+B—c+d+X is
6 (s)=3 [ dx, dx, £ (x,) f(x,)5.(9)
ab

Sum over initial partonic states a,b

O a = hard scattering cross-section

H : :
fi (X) = Parton Density Function

1, 4
Changing variables x,, x, <> T,y o (s)= Zb:_L 0t 6,4,(tS) L (1)
a,
Xap = \/;eiy L, Is the luminosity function
— Ye — 1 oqXa 1 p2dx T
= ds= =—Log—= =) | = —
T=9S=X.X, ¥ 5 ngb Lab(T)—aZb:TJ; < R (x) Ff()()

0<t<1 +Logdt<y<-Log/t and F(x) = x f(x)
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The Parton Distribution Functions (PDFs) (1)

ZEUS

Q° =10 GeV?

— ZEUS-O (prel.) 94-00

@ uncorrelated uncertainty

[ ] correlated uncertainty

u- and d-quarks dominate
at large x-values

Gluons dominate at small x

There are uncertainties in the
PDFs, in particular on the
gluon distribution at small x

PDFs depend also on Q2
F()=xf(x) — F(x,Q?)

There are many sets of PDFs
(CTEQ, MRST, ZEUS, ..)



The Parton Distribution Functions (PDFs) (2)

In principle 11 different parton distributions to consider
ut, d,d §8 &€ bb g

m..m; > Agen so heavy parton distributions determined perturbatively. Assume
s — 5. Leaves 6 independent combinations. Relate s to 1/2(u + d) and use

uy =u—1, dy =d—-d, sea=2«{a+d+5), d-d, g
Assuming isospin symmetry p — 1 leads to
dP(x) — u"(x) uP(x) — d"(x).

Various sum rules constraining parton inputs and conserved order by order in o5 for
evolution, i.e. conservation of number of valence quarks.

1 1
/ uy () de = 2 ] dy(x)dr = 1
() ()

Also conservation of momentum carried by partons — important constraint on the
gluon, which is only probed indirectly.

|
(Y (g:(x) + q(2) + g(x)) de = 1.
]ﬂ E{Zu}f r) + qi(z)) + g(x)) da



The Parton Distribution Functions (PDFs) (3)

Many sets of PDFs:

CTEQ, MRST, GRYV, ZEUS, CMS, ...
also LO, NLO, ...(CTEQL, CTEQN,...)
and improved sets (CTEQZ2, CTEQ4, CTEQS,...)

Example of parametrization (ZEUS) at a given Q2;

F(x) = x f(x) = a, (1-X)22 (1+a,Vx+a,x) x35
Parameters a,, ...,a; fitted to data (HERA and fixed target expts)

Evolution of PDFs:

F(X,Q,%) — F(x,Q,%) using DGLAP equations (perturbative QCD)
F(x,,Q%) — F(X,,Q?) not predicted by perturbative QCD
Lowest measured x values are ~ 10-°



The Parton Distribution Functions (PDFs) (4)
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M= 10Te¥

Evolution of PDFs:

F(X,le) — F(Xstz)
using DGLAP equations
(perturbative QCD)

F(x1,Q%) — F(x,,Q?)
not predicted by
perturbative QCD
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The Parton Distribution Functions (PDFs) (5)

C#:d= 10000 Geiisd
—— upbar  MRSTIOME
--- upbar CTEZEM

Uncertainties

1%
1 _q{v_ z
dzfv’l_g:’.ﬂ'{il 1) -a(20)

-From fitting experimental data
-From comparing different sets of pdfs

e 10
£ L v
g G '_ Q2= 5 Gees
™ i ) __ glush  MRSTZOO04NLOD
g | . gluon  ZEUS2005-Z
[ 5 glusn  H12000
z |l oo gluan  ALEKHINDZNLD
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Kinematic variables used in hadron collisions

prand n are nearly invariant in a
relativistic boost along the z axis

Pr - Pr =Py

n - n=n-tgh™B
d’s/dp’.dn’ = d’s/dp, tn

Transverse momentum
— 2 2
pr = /P2 +p?

Rapidity

n:%Log[EerZ]

Inverted formulae

E =m .coshn
p, = m;Sinhn

My :\/m2+p$




Kinematic variables for massless particles

\ 4

P
Pr

>l
)

Pseudo-rapidity versus polar angle

n= —2.5______
1y R

Transverse mass

r=Ppr=psid
Rapidity = pseudo-rapidity

n = -Log [tg(®/2)]



Events/1 GeV

Jacobean peak in resonance production
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v
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'SD' ' 100‘ ‘ '110' ' 'H-{
W transverse mass (GeV)

We consider the process ab — R —cd
where R is a Resonance with mass M
In c.m. frame of partonic process.

p; = psind :%x/l—coﬂ)

- cod) = /1~ 4p2/M?
do _ do dco® _ f(co®)

“dp, dco® dp, J1-4p2IM?

The R transverse mass is in the W case
M;=2p; and therefore the transverse mass
distribution is singular for M-=M

do 1
dM;  J1-M2/M?




O (proton - proton)

Cross Sections at the LHC

Fermilab SSC

O
m o, = 200 GeV

CERlll l LHCl
* |nelastic pp

B > reactions: 70 mb
1 mb- g * bb pairs 100 pb
* tt pairs 600 pb

~ E™.o03Vs T
I o |ewW -ev 10 nb
Teb= t vg e/ - ee 1 nb

Ejf'>025\/3_ mg_
B N * Higgs (500 GeV) 1 pb

ow —»fv) CDF (p p) 5 . ;

1 nbL e iy - Gluino, Squarks (1 TeV) 1 pb

O Higgs
m,, = 500 GeV

| | I .
0.001 0.01 0.1 1.0 10 100

vs TeV




Cross-Sections forpp —W and Z (1)

Partonic process ab—R—cd

Ve

Partonic cross-section
6,M°T?
(s—M 2)2 + M2r2
= 116,MI §(s-M?)
=6.0(s-M?)

é}ab(s) =

Hadronic process pp—R—cd
In the narrow width approximation

s (s)= ;_‘jd’f 8ab(TS)|—ab(T)

With the luminosity function

IO RO

Inserting the partonic x-section:

~ 0

o(s)= 2 % Las(1)

ab R

wheret =M2/s




Cross-Sections forpp —W and Z (2)

1 C ~0 2
G(S):ZG—aSTLab(T) with 7=z
a0 Mg S
R Ao T
) ) ng—ggz(v2+a2)BR(R _ cd)

92, =242G M2, with v :a:%Vab and V_ is CKM matrix
2

GW(S):Z¥GF‘Vab‘ZBR(W R IV)TLab(T) Wlth T:M—W
ab S

For W' ab=u d,us,cd,Gs...+a - b=2(u d,us,cd,cs...)

g2 =+/2G,M? with v=T,-2Qsin’0, and a=T,
6,(S)= Z
ab

ForZ ab=ut,d d3,cc...+a o b=2(uu,d d,ss,cc...)

fGF(v2+a2)BR(Z L1 )eL () with t= Msé

T
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Cross-Sections forpp —W and Z (3)

 LO calculation
PDF=CTEQS5L

1.

Tevatron LHC

10
ve (TeV)

Remarks

1) o(W)=o(W")+a(W")
o(W*") = o(W") forpp
o(W™") > o(W") for pp

2) o(pp)>o(pp) but
o( pp)=o(pp) atlarge s

3) o increases at large s
o ~ sdLog(s) with d ~1

4) R=0(W)/o(Z)~10

Uncertainties

1) QCD corrections
2) PDFs
3) Scale Q2



Cross-Sections forpp —W and Z (4)

Remarks

1) o(W™") >ao(W) for pp

2) o(pp)>0(pp) but
o( pp )= o(pp) atlarge s

3) o increases at large s
o ~ sdLog(s) with d ~1

4) R=0(W)/o(Z) ~ 10

c(W*) ud +.. Yo
cs(W‘) ud+... d

6, (PP) _ Uu+dd+.. -y
oz(pp) uu+dd+... T

F(x)~1/x* (withd~1) atsmallx

d
-0~ I\/TZ(I\/TZJ Log( j atlarges

oW) _ Val” BRW - lv) 1.

o(Z) v+a?BR(Z-1"7) 0.3



Cross-Sections forpp —W and Z (5)

Uncertainties

1) QCD corrections —  LO, NLO, NNLO, ...
2) PDFs —  CTEQ, MRST, .....
3) Scale Q2 —  F(x,Q%) with Q%2~M?
Example: pp collisions at Vs =2 TeV

Calculation at LO, using CTEQS5L and Q2~M?
o, = 2020 pb 0,=189pb R=10.7

Calculation at NNLO
o, =2690pb 0,=252pb R=10.7

K factors are large (+33%) but R is very stable



Cross-Sections for pp —W and Z (6)

More on uncertainties:

LO, NLO, NNLO, and ....

LHC

24:
28FW
X2

21

NLD

T DE NNLO

=

o
-7 E

=

-...-"19;_

18 E

Lo

16 F

15 £
. - partans: MRST2004

.... Smaller Q2 dependence
at larger orders

pdf uncertainty (percent)

=

%]

—

pdf uncertainties on W, WH
cross sections at LHC (1!

4]

— o(W)
— o{WH)
— o{WH) / 6{W)

100 | 150 | 200 | 250
M, (GeV)

300




Cross-Sections forpp —W and Z” (1)

The same formalism is valid for any heavy exotic resonance W" or Z°
We select as an example the Little Higgs model (W'=W,,, Z'=Z,)

1 C ~0 2
o(s)=). Ga;’ tL, (1) with ©= M&
a0 Mg S
R .o T
. 4 cgb—ggz(v%az)BR(R - cd)

With the following couplings for R=W,,
1
92 = 242G M2,cot’ and v=a= EVab

Therefore the result is

or(S)= Z TE\\?/)E

ab

2

2
GF\Vab\Z(II\\/IAw] cot’® BR(R - cd)tL(r) with = MSR
R

And the same for R=Z,, replacing |V, |? by 1/2
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Cross-Sections forpp —W and Z” (2)

LO CfllCU|ati0” Branching ratios
PDF=CTEQSL BR (W,—Iv) = 8.3 %
Q=M BR (Z,—I') = 4.2 %

Ratio of cross-ssections
oWy) BR (W, - Iv)

o(Z,) ~ BRIz, - I'T") =4

Mass dependence

1 sd S
°TwEmE) e
IIIII

1 d~1_>c~%forM~1TeV

Vs =14 TeV
pp collisions




Cross-Section for double-top production (1)

Partonic processes

B g
1 t
OO0
g RRQQ .
& J000 t

|

Partonic cross-sections

6og(9)= o 1% B[1+ P j

275 2

_1ma? 1+
R { e (LBJ bﬁ}

with p=4m’/s and B=.1-p

Threshold
Vs > 2m, — p<1 — B>0

Limit at large s

Log(s)

- 1 -
Gyq(S) - < and 6, (s) - <
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Cross-Section for double-top production (2)

Hadronic cross-sections

LO calculation

| PDF=CTEQ5L

g QZ:th

: 1
— Tevatron LHC
! | ] ] | I . |

o (s)= ; J‘Oldr 6 4n(1S) L an(t)

with £ =4m?/s

10
s (Tel)

Ogg =

10 % at Tevatron

85 % at LHC

Vs (TeV) | o (pb) | o(pb)

(LO) | (NLO)
1.8 (pp) | 5.2 4.9 - 6%
14 (pp) 580 803 +38 %



Cross-Section for single-top production (1)

Partonic processes Partonic cross-sections

q t
\m/ s-channel @ g ‘ \V ‘2 u u-m’
- / W \ . > dt 1671 th (S_m\zN)z

q(q) q°(q") - do g 21 s-—- m

gw t-channel dt ‘th‘ (t—m\ZN)z (a)

b t do _ U u-m? _

’ \ J_l_/ b N dt ‘th‘ (t_m\zN)z (@)
g E‘\:hjﬁ \ t _ A

gb-fusion E _ ‘V ‘2 S u 1 m2 t2

> dt 2452 tb S 2 m US




Cross-Section for single-top production (2)

Hadronic cross-sections

ab Tmin

=y Iozmax dz6,(ts)TL (1)
ab

with z=-Log(t) and = =m?/s

LO, CTEQ5L, Q,=m?2

> o 62015 L op(7)

Vs o (pb) | o(pb) | a(pb)
(TeV) | s-chan |t-chan |gb-fus
20(@p) | 06 | 20 | 0.2
14@p | 7.3 | 214 | 55

Thresholds

my,=m, for s and t channels
my=m,+ m,, for gb fusion

Asymptotic limits (§. N oo)

6 - 1/5 for s—channel
4 2
~ V
S5 - g ‘ tb‘z for t—channel
16r my,

& - Log(8)/s for gb fusion

— t-channel dominant

71 % at Tevatron

o(t-channel) = 28 % at LHC
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Single-top vs. double-top production

LO calculation
| PDF=CTEQS5L
EQ2=m/?

tt i+

pp

Hadronic cross-sections

Vs (TeV) | o (pb) | o(pb)

2t) | 1Y
20(p) | 6.0 | 2.8

14 (pp) 580 275

Single top cross-section is
very large but top is produced
with low p;



Cross-Sections forpp —Tand TT

LO calculation Assume T=heavy top quark
PDF=CTEQ5L (i.e. top quark with mass M > m,)
QZ:MZ

Then single T production is in
general the dominant process

T+T (SM)

T IIIIIII| T IIIIIII| T IIIIIII| T IIIIII_I4_ T T TTTTI

W THT(H
W (L) We consider 2 models:
1) T has the same couplings as t
N (SM model)
B TT .
Vs = 14 TeV | -
- . . 2) The WTb vertex is suppressed
pp collisions S
| | |~ by a factor (m/M)?
0.5 1 1.5 2 (Little Higgs model)

M (TeV)



Summary of the Lecture

Hadronic pp collisions involve soft and hard processes

The hard process can be easily calculated at LO using
the factorisation theorem and proton PDFs

The uncertainties are however large. They include:
- NLO QCD corrections

- PDF uncertainties

- Scale depedence

Examples of calculations:

pp—2Z W, Z Wt tt, T, TT

Also interesting but not discussed here

pp — hard photons, jets, H, SUSY patrticles, ...



