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Hard scattering cross sections

B Angular ordering (left over from lecture 1)

B W production
* DY cross section
* Subtraction method

B W + jet production
M ¢¢ and single top production
B Combining NLO corrections and parton showers
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Chudakov efttect

B Angular ordering is coherence effect common to all gauge theories. In QED it
causes Chudakov effect — suppression of soft bremsstrahlung from etTe™ pairs,
which has simple explanation in old-fashioned (time-ordered) perturbation theory.

Zp +kT

(1—-2)p—k;

B Consider emission of soft photon at angle 6 from electron in pair with opening
angle 6.. < 6. For simplicity assume 6..,0 < 1.

B Transverse momentum of photon is k1 ~ zpf and energy imbalance at e — ey
vertex is
AE ~ k% /zp ~ zp6? .

B Time available for emission is At ~ 1/AE. In this time transverse separation of
pair will be Ab ~ e At.
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Chudakov efttect

B For non-negligible probability of emission, photon must resolve this transverse
separation of pair, so

Ab > N0 ~ (zpf)~?

where X\ is photon wavelength.
B This implies that
e (zph?) ™1 > (2p)~ 1,
and hence 0.. > 6. Thus soft photon emission is suppressed at angles larger than
opening angle of pair, which is angular ordering.

B Photons at larger angles cannot resolve electron and positron charges separately
— they see only total charge of pair, which is zero, implying no emission.

B More generally, if : and j come from branching of parton &, with (colour) charge
Q. = Q, + Q,, then radiation outside angular-ordered cones is emitted
coherently by 7 and 5 and can be treated as coming directly from (colour) charge of
k.
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Coherent branching

B Angular ordering provides basis for coherent parton branching formalism, which
includes leading soft gluon enhancements to all orders.

M |n place of virtual mass-squared variable ¢ in earlier treatment, use angular
variable
__ Py DPc

= ~ 1 —cosf
EbEc

¢

as evolution variable for branching a — bc, and impose angular ordering ¢’ < ¢ for
successive branchings. lterative formula for n-parton emission becomes

d A
don+1 = dan—cdza—SPba(z) .
¢ 27
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Coherent branching

B |In place of virtual mass-squared cutoff tg, must use angular cutoff ¢y for coherent
branching. This is to some extent arbitrary, depending on how we classify
emission as unresolvable. Simplest choice is

Co = to/E?

for parton of energy FE.
B For radiation from particle 7 with finite mass-squared tq, radiation function

becomes
w2< pi-pi D} >N1<1_ to)
pi-qpj-q (pi-q)? ¢ E2¢)

so angular distribution of radiation is cut off at ¢ = to/E?. Thus to can still be
interpreted as minimum virtual mass-squared.

B With this cutoff, most convenient definition of evolution variable is not ¢ itself but
rather

Z:EQCJ—Zto.
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Coherent branching

Angular ordering condition (3, (. < (, for timelike branching a — bc (a outgoing)
becomes
By < 228, f.<(1—2)2

where t = t, and z = E;/E,. Thus cutoff on z becomes

\/t0/5<z<1— to/f.

B Neglecting masses of b and ¢, virtual mass-squared of a and transverse
momentum of branching are

=2(1—2)t, p?=2%1-2)%

Thus for coherent branching Sudakov form factor of quark becomes

/ 1—\/W P .
t)-exp[ L A / "—as< 2(1 - 2)2t') Pyq(2)

to/t/

At large ¢ this falls more slowly than form factor without coherence, due to the
suppression of soft gluon emission by angular ordering.
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Coherent branching

B Note that for spacelike branching a — bc (a incoming, b spacelike), angular
ordering condition is

9b>9a>ec,

and so for z = E,/E, we now have

B Thus we can have either t;, > t, or t, < t,, especially at small z — spacelike
branching becomes disordered at small x.
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Lepton-pair production

B Mechanism for Lepton
pair production,
W -production,
Z-production,
Vector-boson pairs, ...

B Collectively known as the
Drell-Yan process.

M Color average 1/N.

dé
dQ?

= % Qg §(5 —Q?), oo = cf eTe™ annihilation.

In the CM frame of the two hadrons, the momenta of the incoming partons are

NG

S
p1 = 7(x1,0,0,x1), po = %—(xz,0,0,—xz) :
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The square of the gq collision energy s is related to the overall hadron-hadron collision
energy by 5§ = (p1 + p2)? = x1x2s. The parton-model cross section for this process is:

do 1 3 do _ _
Ve /0 dxidrs ; {fq(z1)fg(z2) + (¢ < §)} FIVe (g7 — 1F17)
1

o0 dx1 dxo _

= - / — ——= 6(1—2) | > Q; {felz1)fa(z2) + (a = @)}
sJo T1 X2 p
. ] . Q2 QQ
B For later convenience we have introduced the variable z = = Tiaas

B The sum here is over quarks only and the gq contributions are indicated explicitly.
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Next-to-leading order

>\M + }M + ?AA/ + }\AA/
(a)
e VAVAY —= e VAAY
- I >
—=—Q0Q —_— OO ———

(b) ()
B The contribution of the real diagrams (in four dimensions) is

(11+_zz2)(—ts N —US) _2]

(M| ~ g*°CF

U t 202 s
t U ut

where z = Q?/s,s +t +u = Q2.

B Note that the real diagrams contain collinear singularities, v — 0,t — 0 and soft
singularities, z — 1.

B The coefficient of the divergence is the unregulated branching probability ﬁqq(z).

M Ignore for simplicity the diagrams with incoming gluons.
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B Control the divergences by continuing the dimensionality of space-time,
d = 4 — 2e, (technically this is dimensional reduction). Performing the phase space
integration, the total contribution of the real diagrams is

2 €
o S Non N
R 5. CF 02 I

_ 2(1—2)—|—4(l+22)[

2 3 gz 2
(6—2 +o- ?)5(1 ~2) = ZPy(2)

In(1 — 2) 1+ 22
1—2z ]+_2(1—z) lnz]

with cr = (47)¢/T'(1 — €).
B The contribution of the virtual diagrams is

2 €
o s H / 2 3 2
av—5(1—z) 1+§CF<@> CF(—€—2—2—6—|—7T)

¢ = cr + O(e3)
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B Adding it up we get in dim-reduction

2\ © 2
OR+V = ;—;S;CF(%) cr [(2%—6)5(1—2)— %qu(z)—Q(l—z)

+ 41+ 22) [%] L2 (11+_Z22> In z]

B The divergences, proportional to the branching probability , are universal.

B We will factorize them into the parton distributions. We perform the mass
factorization by subtracting the counterterm

27 €

295 o [_CF Pog(z) — (1 —2) +6(1 — z)]

(The finite terms are necessary to get us to the M S-scheme).

. Qg 272 o\ [In(1 — 2) 1+ 22
o= gCF [(T—8>5(1—z)—|—4(1—|—z )[ s L_ 2(1 ) In 24+2P,4(2) In 2

B Similar correction for incoming gluons.
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Appl

ication to W, Z production

IIIIIIIIIIIIIIIII 3 IIIIIIIIIIIIIIII
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B Agreement with NLO theory is good (three curves estimate theoretical error).
B LO curves (not shown) lie about 25% too low.
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Thd €AY GHALK PIQUNGH R S HAZNIEE K O of mass m in

hadron-hadron collisions

(@)  q(p1) +4q(p2) — Q(ps) + Q(pa)
(b))  g(p1) + g(p2) — Q(p3) + Q(p4)

where the four-momenta of the partons are given in brackets.

q Q
> < Process S |MIZ/g*
v — A 2 2, p
(a) 19-QC (77 +75+4)
Q Q Q
Q 0 Q
_ (b)

— 2
99-QQ | (25 - 3) (B +72+r-25)
> indicates averaged (summed) over initial (final) colours and spins

000 | Ol

67172 41179
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We have introduced the following notation for the ratios of scalar products:

2p1.P3 2p2.1p3 477?,2 ~
— Db y T2 = b2p ) p:T7 S:(p1+p2)2°

Tl A A
S S

B The short-distance cross section is obtained from the invariant matrix element in
the usual way:

1 d’ps d°p4
25 (2m)32E3 (2m)32E,

d6; =

(2m)*6* (p1 4+ p2 — p3 — pa) > | My />,

The first factor is the flux factor for massless incoming particles. The other terms
come from the phase space for 2 — 2 scattering.

B In terms of the rapidity y = % In((E 4+ p.)/(E — p,)) and transverse momentum,

pr, the relativistically invariant phase space volume element of the final-state
heavy quarks is

d3p

— = —dy d®pr .
= y d°pr
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The result for the invariant cross section may be written as

do
dysdysd?pr " 1672 82

Zwlfz L1, U )$2fj T2, WU Z|M@J|2

()

x1 and x2 are fixed if we know the transverse momenta and rapidity of the outgoing
heavy quarks. In the centre-of-mass system of the incoming hadrons we may write

1
p1 = 5\/5(5131, 0,0,x1)
1
P2 — 5\/§<$270707 _QUQ)
p3 = (mgcoshys,pr,0, mrsinhys)
pa = (mgcoshys, —pr,0,mpsinhya).

Applying energy and momentum conservation, we obtain

fn\;rg (e¥3 4 e¥4),zo = TZ (e7¥8 + e ¥4), 5 = 2mi (1 + cosh Ay).

The quantity mr = 1/(m? + p2.) is the transverse mass of the heavy quarks and
T

Ay = y3 — y4 is the rapidity difference between them.

m
1 =
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In these variables the leading order cross section is

do 1
_ 2 2 i i) afy ) SoIMul*

dysdysd?pr 64m2m7.(1 + cosh(Ay))

Expressed in terms of m, m7p and Ay, the matrix elements for the two processes are

— 494 1 m>
> Ml = 2 (— COSMAy)) (cosh(ay) + m—%) ,

5 8 cosh(Ay) — 1 m? m*
Z|Mgg| ( 1 + cosh(Ay) ) (cosh(Ay) + 2m_T B 2m_T)

B As the rapidity separation Ay between the two heavy quarks becomes large

> IMggl® ~ constant, ) |Mgyl® ~ expAy.

B The cross section is damped at large Ay and heavy quarks produced by ¢g
annihilation are more closely correlated in rapidity those produced by gg fusion.
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Applicability of perturbation theory?

B Consider the propagators in the diagrams.

(p1+p2)°= 2p1p2 = Qm?p (1 + cosh Ay) :
(pl — p3)2 —m? = —2p1.p3 = —m% (1 — e_Ay) ,
(p2 — p3)2 —m® = —2pap3 = —m2T (1 + eAy) :

Note that the propagators are all off-shell by a quantity of least of order m?2.

B Thus for a sufficiently heavy quark we expect the methods of perturbation theory
to be applicable. It is the mass m (which by supposition is very much larger than
the scale of the strong interactions A) which provides the large scale in heavy
quark production. We expect corrections of order A/m

B This does not address the issue of whether the charm or bottom mass is large
enough to be adequately described by perturbation theory.
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Heavy quark production in O(a)

In NLO heavy quark production m is the heavy quark mass.
o(S) = Z/ dxidxs 65 (x1228,m?, u?)Fi(x1, u?) F; (w2, 1?)

&;i.5(8,m?, u?) = ooci;(p, p°)

where p = 4m? /3, p? = p?/m?, 00 = a%(p?)/m? and § in the parton total c-of-m
energy squared. The coupling satisfies

dog ag 5 11N — 2n;
— —bo2E L 0(ad), by =
d1n p? Oon +0(as), bo 6
2 2

cij (P 15 ) = e (0) + dmas () [ef)) () + 2 (9) In(5)| + O(0)
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The lowest-order functions C,E?) are obtained by integrating the lowest order matrix
elements

m6p |
Cé%)(ﬂ)=7 (24+0)]
8p | 1 1+
% (p) = % E[p2 +16p + 16] In (1_—5) —28—31p] ,

chq (p) = c;%) (p) =0,

and 3 = /1 — p.
B The functions cf;?) vanish both at threshold (6 — 0) and at high energy (o — 0).

B Note that the quark-gluon process is zero in lowest order, but is present in higher
orders.
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. 1
B The functions cgj) are also known

\mu,ﬁﬁ 9909 v
+ + loooo. —+

Real emission diagrams

NITT PN T TP
+ §+f§@w<+

Virtual emission diagrams

B Examples of higher-order corrections to heavy quark production.

B |n order to calculate the ¢;; in perturbation theory we must perform both
renormalization and factorization of mass singularities. The subtractions required
for renormalization and factorization are done at mass scale .
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Higher order results, ¢

ceR)

o)

2 T IIIIIII|

(1)

1]

Gluon—Gluon

1 | IIIIII|
T

- (0) 2 1)
Ceg (0)+8 (cge (P)

+6(p) In(1®/m?) )

_ (N EENT
. \Y &~ 9 L3
]10 10 10 10 10 10
1/p
T YHHH‘ T YHHH‘ T YHHH‘ T YHHH‘ T TTTT
[” Gluon—Quark T
) =(1) A
+€" (e (p) +87 (o) In(u’/m”) ) i
1 1111111" 1 llum“ 1 xumﬂa 1 xumﬂ. I 5
10 10 10 10 1
1/p

CqalP)
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1 dependence

1 is an unphysical parameter. The physical predictions should be invariant under
changes of n at the appropriate order in perturbation theory. If we have performed a

calculation to O(a?), variations of the scale v will lead to corrections of O(a%),

B The term (1), which controls the 1 dependence of the higher-order perturbative
contributions, is fixed in terms of the lower-order result ¢(0):

p K
/ (O)(i)PS) (22)] -
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In obtaining this result we have used the renormalization group equation for the running
coupling
d

2 2\ _ 2
% ﬁas(ﬂ ) = —bag + ...

and the lowest-order form of the GLAP equation

d u?2 d
u2ﬁf¢(w,u2 )Z/ =P Z)fk(gaﬂ2>+----

This illustrates an important point which is a general feature of renormalization group
improved perturbation series in QCD. The coefficient of the perturbative correction
depends on the choice made for the scale u, but the scale dependence changes the
result in such a way that the physical result is independent of that choice. Thus the scale
dependence is formally small because it is of higher order in ag. This does not assure
us that the scale dependence is actually numerically small for all series. A pronounced
dependence on the scale p is a signal of an untrustworthy perturbation series.
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Scale dependence in top production

M Inclusion of the higher order terms leads to a stabilization of the top cross section.

30 | T B B B |
top production, Vs=2TeV, m=172.5GeV

CTEQ6m

25

20

15

o[pb]

10

III|IIII|IIII|IIII|IIII|III
llll|llll|llll|llll|llll|llll

10
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Top production at LHC

T T L |
2.2 !
Top production at Vs=14TeV, m=172.5GeV

CTEQ6m

2
1.8
1.6
1.4
1.2

o[nb]

[ | T T I T A T T

v A O @

IIIIIIIIIIIIIIIIIIIII

| I | 1 1 1| I I
20 50 100 200

u[GeV]

-
o

B At LHC top cross section is more than 100 times bigger than at Tevatron.
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Scale dependence in bottom production

B The perturbation series for bottom quark production is not well behaved.

B The lowest order cross section is almost 1 independent because of an accidental
cancellation between the fall-off of g and the increase of the gluon distributions
with increasing p.

80 \ T T T T |
Bottom cross—section vs. scale w,
i Vs =1.8 TeV, my = 5 GeV ]
60 — MRS(4), as(Mi)=0.1124 |
o
S 40—
b
20 — —
0 | I |
2 ) 10 20
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Beauty production at CDF

I I I I I 1
n T I L L] 1 Li I L L L L] L L] Li L L L] ¥ L] o oo r gl
- pp = B*+X, Va=1.8 TeV, |yl<1 i O: DO data
o prakd
109 dashed: pg=pp=pus=v(mi+p3) 4 3 100 - pr>5 GeV :
= - solid: pg/2 < gy < 2y 1 B sof 2
> C
g - CTEQ5M1 1A g
E 102 3 2™ my = 4.75 GeV — -.E 20
- : dotted: Peterson, f{b-+B)=0.375 : ) 10}
o B e = 0.008 1 * -
5 L 5
@ 10! 5 :
= O: CDF data - ;
- Theory: FONLL with N=2 fit 2
lﬂ i I " I i i i i i L1 1
5 10 18 20 28
pr (GeV) |5l

B To compare the b-quark production prediction with the experimental data on
B-meson production, we need to include a fragmentation function.

B The data agrees with the upper range of the theoretical prediction. Given the
status of the perturbation theory for b-quark production, this is a positive outcome.
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1 roquct'on
glz‘lll?he In orma%on on the top quark is still rather limited and crude
B Within errors agreement between three generation theory and experiment

Experiment Theory
My 172.5 + 2.3 GeV 178.9 4+ 12.0 — 9.0 GeV
BR(t — Wb)/BR(t — Wgq) 111192, ~ 1
BR(t — Wyb) 0.7410-22 ~ 0.7
BR(t — W4b) < 0.27 (95%cl) ~ 0
& [ COFNPreliminary 760pb"

o(pp — tt) (pb)

Cacciari et al. JHEP 0404:068 (2004)
L] e Cacciari et al. + uncertainty 4
2 e Kidonakis,Vogt PIM PRD 68 114014 (2003) |~
I - Kidonakis,Vogt 1P ]

160 162 164 166 168 170 172 174 176 178 180
Top Quark Mass (GeV/c")
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Single Top production

B CDF has measured

BR(t — Wb) _ Vip|? _ . q1+0-21
BR(t — Wq)  |Vial|? + [Vis|? + [Vip|? —0:26

If we assume just three generations of quarks, unitarity of the CKM matrix implies
that the denominator is equal to one, so that we can extract

[Vip| = 1117573

B But assuming unitarity we know already that V;; = 0.9990 — —0.9993.
B The current CDF measurement shows that |V, | > |Vial, |Vis|-

B For a real measurement of V;; we must look at the electroweak production of a top
quark.
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Producing the top quark
B The top quark was discovered in Run | of the Tevatron by producing it in pairs:

q t

B However, it should also be possible to produce it singly in Run I, for example:

b

+ 14
Wt w

b

B This is especially interesting since it would yield information about the weak
interaction of top quarks (V;3).
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Top production rates

t

w

b

6 pb
720 pb

0.8 pb
10 pb

9°00000) t
0.14 pb
66 pb
b AVAVAVAVAVA %
q q
1.8 pb

b b

t

B All cross-sections are known to NLO (Tevatron / LHC)

B The total single top cross-section is smaller than the ¢ rate by about a factor of

two, at both machines
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Experimental signature

B The experimental “signature” is an event which contains a top quark — identified by
the combined mass of its decay products — and which also has two jets containing
b-quarks. These can be distinguished from other jets around 50% of the time.

B Observed events such as these can also be the result of other basic processes.
These backgrounds include, for example:

u | u |
b 70 b
d / : d /W/< ;
Wbb W Z(— bb)

B MCFM can calculate the signal and backgrounds at NLO.
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Inclusion of decay

B Results had previously been presented without including the decay of the top
quark. Without it, predictions for some quantities used in Tevatron search
strategies are impossible

B Final state radiation that enters at next-to-leading order is possible in either the
production or decay phase:

production

decay
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Backgrou?ds

- u - d —>—N%A<
AN e B

' 30 11 3
e AVAVAV b > b — NN/
Lt Lot o
M M 5o~
q v
7 6 7 3 AN, 35

U > U _._/ij< C > C
C
5 %fc 19 AN 6 u gﬁ;ds

B Cross-sections in fb include nominal tagging efficiences and mis-tagging/fake
rates. Calculated with MCFM, most at NLO

B Rates are 7 fb and 11 fb for s- and t—channel signal
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do/dH; [fb/Gev]

Smg]e top signal vs. backgrcgunds

A s B B
Vs=1.96TeV, MRST2002 Vs=1.96TeV, MRST2002
signal+background - 40 — signal+background —
— L e background i
L signal
— 30—
] I~ Y )
T
S I —
o 20—
10—  feeed
b & i R R R | L1 N e o s s e O""'\""T_.-\_'-W oo b e b b
900 150 200 250 300 350 400 —2 -1 0 1 2
Hy [GeV] an

B [+ = scalar sum of jet, lepton and missing Er

B (7 is the product of the lepton charge and the rapidity of the untagged jet, useful
for picking out the ¢-channel process

B Signal:Background (with our nominal efficiencies) is about 1 : 6
— a very challenging measurement indeed. Production in this mode has not yet
been observed at Fermilab.

M it will take 1.5 fb—! to have evidence (3o) for single top from a single experiment at
the Tevatron (Gresele, Moriond 2006).
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Top +jet production at LHC

I I I I | I I I I | I I I I | I I I I
1000 = tt, ti+jet and W+W_ production =
—  pp collisions py  jet > 20 GeV =
100 |— —
a | —— &t 0(d) i
b 10 —— — . 3 j—
= —  tt+jet O(ay) =
- WW ]
1 =
1 | | | | | | | | | | | | |
0 5 10 15 20

VS[TeV]
M tt+jet cross section same as tt cross section; Radiation probability is one.

B Note that a pr = 20 GeV jet can be adequately described using the soft
approximation.

B The W+ W — cross section is also shown, (subject to gauge cancellation)
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General calculational method for NLO

B Direct integration is good for the total cross section, but for differential distributions,
(to which we want to apply cuts), we need a Monte Carlo method.

B We use a general subtraction procedure at NLO.
B at NLO the cross section for two initial partons a and b and for m outgoing partons,

IS given by
LO NLO
Oab = Ogp —+ Oab
where
LO _
o = / doB b
m
NLO L \%
Oab - / do_ab+/ do Oab
m-+1

the singular parts of the QCD matrix elements for real emission, corresponding to
soft and collinear emission can be isolated in a process independent manner
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Calculational method (cont)

B One can use this the construct a set of counterterms

wd:§;/

ct Ym

w3®/mg
1

where do B denotes the appropriate color and spin projection of the Born-level
cross section, and the counter-terms are independent of the details of the process
under consideration.

B these counterterm cancel all non-integrable singularities in dof, so that one can

write
o= [ ok~ dogi)+ [ doth+ [ asl,
m-+1 m-+1 m

The phase space integration in the first term can be performed numerically in four
dimensions.
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Matrix element counter-event for V' production

In the soft limit p5 — 0 we have

P1 - P2
P1 - DP5 P2 - P5

|M0(p17p27p37p4)|2

|M1(p17p27p37p47p5)|2 — QQCF

B Eikonal factor can be associated with radiation from a given leg by partial
fractioning

p1 - P2 p1 - P2 1 1
= | [ +

P1 P55 P2 P5 pP1-pP5 +pP2-p5 P1-P5 P2 * P5

B including the collinear contributions, singular as p1 - p5 — 0, the matrix element for
the counter event has the structure

g2

‘Ml(p17p27p3ap4ap5)‘2 — —pQQ(xa)IMO(xap17p2aﬁ3aﬁ4)|2
LaP1 * P5

where 1 — x4 = (p1 - ps + p2 - ps)/p1 - p2 and Pyq(za) = Cp(1 + 22)/(1 — )
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Subtraction method for NLO

B For event q(p1) + G(p2) — W (v(p3) + e (pa)) + g(ps) with p1 + p2 = 3275 pi
we generate a counter event g(zqp1) + @(p2) — W (v(p3) + eT(ps)) and

TaP1 + P2 = Zj;l:g pi With 1 — x4 = (p1 - p5 +p2 - pP5)/P1 - P2.
B A Lorentz transformation is performed on all j final state momenta
pj = AvpY¥,j = 3,4 such that 5y — p’ for p5 collinear or soft.
B The longitudinal momentum of p5 is absorbed by rescaling with z.

B The other components of the momentum, ps are absorbed by the Lorentz
transformation.

B |In terms of these variables the phase space has a convolution structure,

1
do® (p1, p2; p3,pa, P5) :/0 dz dp'?) (ps, xp1; p3,pa)dps (p1, D2, )]

where
dps
(2m)3

[dps5(p1, P2, Ta)] = 5% (p3)0(2)O(1 — z)é(z — za)
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MCFEM overview John Campbell and R.K. Ellis

B Parton level cross-sections predicted to NLO in ag

pp— W*/Z pp— W+ W~
pﬁ—>Wi—|-Z pp — 4+ Z

pp— W 4+~ pp— W*/Z+H
pp — WE + g* (— bb) pp — Zbb

pp— W*/Z 4+ 1 jet pp — W+/Z + 2 jets
pp(g9) — H pp(gg) — H + 1 jet
pp(VV) — H + 2 jets pp —t+ X

pp —t+ W

¢ less sensitivity to ur, ur, rates are better normalized, fully differential
distributions.

& low particle multiplicity (no showering), no hadronization, hard to model
detector effects
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MCFM:examples

B (W42 jet)/(W+1 jet)

SCT T T T T T T T T T T T
(W+2jets) /(W+1jet) ratio
VS=1.96TeV, py(jet)>15GeV,

25 nl<2, R=0.7

15

W+2jet /W+1jet

NLO
LO

.05

L o e Ly o L o oy |
°720 40 60 80 100 120 140 160 180 200

p [GeV]
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MCFM examples

B Production of a my = 120 GeV Higgs, using effective Lagrangian HG** G ...,
obtained in heavy top limit.

B Cross sections for Higgs+anything or Higgs+1 jet+anything are the same.
B Radiation probability is one, and NLO is clearly inadequate.
B what is needed is a combination of NLO and shower Monte-Carlo, (MC@NLO)

I\ WL A A B B B I — \ N R A A L L
B H+X production | \ H+1jet+X production |
60— — 60 \ —
M NLO 7] 7]
L Lo | A |
= 40— — = 40 — —
I 4 AL .
b - . b - .
20 — I — 20— —
o o v L oy ol v o Lo b oy
50 100 150 200 50 100 150 200
p [GeV] p [GeV]
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NLO: Schematic description

B A schematic description of a NLO calculation is as follows.

(3—;) = Bd(x)
B
do B
<%> = a<2—€—|—V>5(33)
Vv
<d0> _ R(x)
dx - YTy
R

B In terms of the above the calculation of any observable O can written as

1 o o o
oemferonl(£) (8) +(5),
B 1% R
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Subtraction method

We can isolate the divergent part of the real radiation contribution

x~2€ L O(z)R(z) — BO(0)
—I—a/O dx :

1
<O>R = CLBO(O)/(; dx - $1+2€

The second term does not contain singularities so we cansete =0

B
= —a—0(0)+a

R 2€

(O)

/1 o O(x)R(z) — BO(0) |
0

X

The NLO prediction using the subtraction method is

O(z)R(z) — BO(0)

X

(0) . =BO(0) +a [VO(O) + /0 "z
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Toy Monte Carlo

B Rewrite the basic NLO formula in a different which allows simpler matching with
the Monte Carlo:

(0)_ . = /01 d {O(w) aRf) +0(0) (B taV — %)] |

B Introduce Sudakov form factor for the toy model

A(xz1,z2) = exp {_a/x@ sziz)] |

1

where Q(z) is a radiation function with the following general properties:
0<Q(z) <1, lmQ(z)=1, limQ(z)=0.

If x5 is the energy of the system before the first branching occurs, then A(x, z5) is
the probability that no photon be emitted with energy z such that = < z < z.
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Matching NLO and MC

da)
— = BIuc(0O,1).
(dO MC@LO

(5) ...~ oo o (- 2)]

X

This equation suggests the following procedure:
B Pick at random 0 < z < 1.

B Generate an MC event with zy;(z) as maximum energy available to the photon in
the first branching; attach to this event the weight wgy = aR(x)/=x.

B Generate another MC event (a “counter-event”) with xy; = 1; attach to this event
the weight wer = B+ aV — aB/x.
B Repeat the first three steps IV times, and normalize with 1/N.

This procedure fails, since the weights wgv and wer diverge as x — 0.
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Modified subtraction method

d 1
<_J> — / dx
dO msub 0

x
+Ivc(0,1) (B LaV 4+ CLB[Q(;U) — 1]) ] |
B We subtract and add the quantities
Iuc (O, 1)%@)7 [MC(Q:BM)%(:B)

B The two terms involving Q(x) are not identical, so this is not a subtraction in the
usual sense of an NLO computation.

B The two terms do not contribute to the observable O at O(a), because they are
compensated by terms in the parton shower Blyc (O, 1)
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Expansion to O(a)

B Expansion of Monte Carlo piece is
Invic = (1 — a/ Q( ) (0O —0(0)) + / dt@ §(0 — O(t)) + O(a?)
4 ) o
M Insertion of this piece in the modified Monte-Carlo formula gives
1
(#)... - [
dO msub 0

+46(0 — 0(0)) (B +aV — ﬁ)

+aB5(0 - 0(0)) (47 dtQ—t))

0(0 = O(x))

a|R(z) — BQ(x)]

@ —|—O(a2).

+aB /1 dt5(0 — O(1))
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Expansion (continued)

B Collecting terms we obtain the starting formula for a NLO correction, plus power
suppressed terms which are anyway not controlled in the Monte Carlo

(%)msnb - /1 da [5(0 O(x)) aRf) +8(0 — 0(0)) (B taV — ?) ]

n B/ Q("’) 5(0 —0(0)) - §(0 — O(x))] + O(a?).

M |t can also be shown that the normal summation of branching logarithms is not
compromised by this procedure.
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Asymmetry in top production
B Example of tt-production using MC@NLO

B NLO curve (in blue,

dotted).

Frixione,Nason,Webber

0.2 T

0.1

0.0

-0.1

[o(t)—o(t)]/[o(t)+a(t)]

I T T T T

(t)

Pr p(rf)>20 GeV

___________

I T T T T

Solid: MC@NLO
Dashed: HERWIG
Dotted: NLO
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Conclusions

B NLO formulation of QCD processes gives better information about normalization,
and less dependence on unphysical scales.

B Matching with Monte Carlo can be implemented.

B Much remains to be done

* The NLO corrections which necessary for normalization are unknown for
many of the most interesting processes. 2 — 2 processes are known, some
2 — 3 processes, one or two 2 — 4 processes.

* MC@NLO is known only for a very limited set of processes, namelty the
hadroproduction of single vector and Higgs bosons, vector boson pairs, heavy
quark pairs, singletop, lepton pairs, and Higgs bosons in association with a W
or Z.
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