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Cross sections at the LHC 7M™

LHC parton kinematics

® Experience at the Tevatron is
very useful, but scattering at
the LHC is not necessarily S TEn epE) o
just “rescaled” scattering at "
the Tevatron

® Small typical momentum
fractions x in many key
searches

+ dominance of gluon and
sea quark scattering

+ large phase space for
gluon emission and thus
for production of extra jets

+ intensive QCD
backgrounds

e Or to summarize,...lots of
Standard Model to wade
through to find the BSM 8

pony

Q" (GeV?)
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Cross sections at the LHC
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® Note that the data from HERA
and fixed target cover only part of

kinematic range accessible at the
LHC

® \We will access pdf's down to 1E-°
(crucial for the underlying event)
and Q2 up to 100 TeV?

® Ve can use the DGLAP

equations to evolve to the
relevant x and Q? range, but...

+ we're somewhat blind in
extrapolating to lower x values
than present in the HERA data,
so uncertainty may be larger than
currently estimated

+ we’re assuming that DGLAP is all
there is; at low x BFKL type of
logarithms may become
important

strong ordering in x rather than Q2 SS
—t, : —tp-1 —ln 5
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® To serve as a handy “look-up”
table, it's useful to define a
parton-parton luminosity
(mentioned earlier)

® [Equation 3 can be used to
estimate the production rate for a
hard scattering at the LHC as the
product of a differential parton
luminosity and a scaled hard
scatter matrix element

dL;; 1 1 _ | ‘
L = 3 iy, p) [z, p) + (1 < 2)] .

didy s 1+ 0ij

Q?* (GeV?

Parton kinematics at the LHC

LHC parton kinematics

L Q=M

M =100 GeV

E Xy, = (M/14 TeV) exp(zy)

L B 10 B L R AR

M=10TeV ,—

(1)

The prefactor with the Kronecker delta avoids double-counting in case the partons are identical. The

generic parton-model formula

this is from the CHS review paper

1
o = Z /0 dxy dxy fi(zy, p) fi(z2, p) 0
1,7

ds dL;;
= — i L (.
’ ,z,:/ ( 3 ("U) ((1§ (l;_l/) (

can then be written as

AN

6u).

(2)

(3)
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Cross section estimates

for the gluon pair production rate for s=1 TeV and As = 0.015,

As (dL.,;,') (6,7) dL i
O = - A' S ()' qq an A A o . ONL
3\ de i) we have —#£ ~ 10 pb and s 6,4, ~ 20 leading to o ~ 200 pb
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Fig. 2: Left: luminosity [%b] in pb integrated over 1. Green=gg, Blue=g(d + u +s+c+b) +gld+u+5+¢+b) +

dr

(d+u+s+c+b)g+(d+i+35+¢c+b)g, Red=dd + uii + s5 + ¢ + bb + dd + u + 55 + éc + bb. Right: parton level

cross sections [$6;;| for various processes
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Heavy quark production

As
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Figure 71. Parton level cross sections (§61 j) for various processes involving massive partons in
the final state.

VS(TeV)

Fig. 2: Left: luminosity [%%’:‘L] in pb integrated over 3. Green=gg, Blue=g(d + u +s+c+b) +g(d+u+35+¢+b) +

(d+u+s+c+b)g+(d+i+35+c+b)g,Red=dd + uii + s5 + ¢ + bb + dd + @u + 5s + éc + bb. Right: parton level

cross sections [§4;;| for various processes
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Fig. 3: dLuminosity/dy at y = 0,2, 4, 6. Green=gg, Blue=g(d + u+s+c+b) +g(d+i+5+c+b)+(d+u+s+c+
b)g+ (d+ @ + 5+ &+ b)g, Red=dd + uii + $3 + ¢& + bb + dd + @iu + 3s + &c + bb.



Fractional uncertainty of dL/ds§

2.0

1.5—

1.0 l”-HHH““IPmHm i1} “m”ﬂ“r{’ i »

L AL B R

Integrated over y |

0.0

05—

gg \
|

a0 Ll

ol

'0.01

Fig. 4: Fractional uncertainty of gg luminosity integrated over y.
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PDF uncertainties at the LHC

Note that for much of the
SM/discovery range, the pdf
luminosity uncertainty is small

It will be a while, 1.e. not in the
first fb!, before the LHC
data starts to constrain pdf’s
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Fig. 7: Fractional uncertainty for Luminosity integrated over y for dd + uii + 55 + ¢ + bb + dd + fiu + 55 + & + bb.
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NB: the errors are determined

using the Hessian method for
a Ay? of 100 using only

experimental uncertainties

Fig. 6: Fractional uncertainty for Luminosity integrated over y for g(d + u + s +c+b) + g(d+a+5+c+b) + (d +u +
s+e+blg+(d+a+5+7+b)g,
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Ratios:LHC to Tevatron pdf luminosities M

® Processes that depend on gQ initial
states (e.g. chargino pair production) :
have small enchancements

® Most backgrounds have gg or gq
initial states and thus large
enhancement factors (500 for W + 4
jets for example, which is primarily gq)
at the LHC

1000 -

-
o
o

dL/ds [LHC] / dL/dS [Tevatron]

® \W+4 jets is a background to tT :
production both at the Tevatron and at ) S PV S PP AR PP Iy
the LHC Sqrt(3) [TeV]
® {T production at the Tevatron is largely Figure 11. The rati of parton-parton uminosity [12] in pb integrated over y at the
through a qQ initial states and so qQ- B AR o4 LA A NP
>tT has an enhancement factor at the O oo e
® Luckily tT has a gg initial state as well o .
as gQ so total enhancement at the T wp 3
LHC is a factor of 100 gl 3
o butincreased W + jets TeE 3
background means that a higher o 1
jet cut is necessary at the LHC iZ:z; oW\
+ known known: jet cuts have to be T e e
higher at LHC than at Tevatron i 10, To patoparon it (165 1 g o . G

Blue=g(d+u+s+c+b)+g(d+a+5+2+b)+(d+u+s+c+bjg+(d+ua+s+c+b)g,
Red=dd + ut + s§ + c¢ + bb + dd + tu + §s + ¢c + bb. The top family of curves are for
the LHC and the bottom for the Tevatron.
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® Total cross sections for tT and
Higgs production saturated by tT
(Higgs) + jet production for jet p;
values of order 10-20 GeV/c

do/dET [fo/ GeV]

Figure 91. Predictions for the production of W+ > 1, 2, 3 jets at the LHC shown as a function
of the transverse energy of the lead jet. A cut of 20GeV has been placed on the other jets in the
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® Gyizjets ~ Ow+2jets

W41 jet (NLO)

N - wman W42 jets (NLO)
SIS0 essesssaas W43 jets (LO) E
3" R — W43 jets (LO, CTEQ61) E
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L L 1 L 1 | =
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Leading jet ET [GeV]

prediction.

® indication that can expect interesting

events at LHC to be very jetty

(especially from gg initial states)
® also can be understood from point-of-

view of Sudakov form factors

The LHC will be a very jetty place
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Figure 95. The dependence of the LO t7+jet cross section on the jet-defining parameter pr,min.

together with the top pair production cross sections at LO and NLO.
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Figure 100. The dependence of the LO t7+jet cross section on the jet-defining parameter pr pin.

together with the top pair production cross sections at LO and NLO.
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Aside: Sudakov form factors

® Sudakov form factors form the basis 11
for both resummation and parton s
showering | Bl
® \We can write an expression for the E 06
Sudakov form factor of an initial state 3 E
parton in the form below, where tis T
the hard scale, to is the cutoff scale ? 2l
and P(z) is the splitting function f | | | |

10 15 20 25 30

. P2“°"(GeV/c)
tdt' [ dz as f(x/z,1) i
A(f) —— pr 5 ) S EE—— Figure 21. The Sudakov form factors f(?rinitial-smtegluonsatahardscaleofIOOGeVasafunction
: ‘_ﬂ f ( X . r) zf\fli ;r:g;\(')e';s.e (;liogmi)lgtugloc;f, t()l);(x)elln;tl:zdotg(l)ltl)c(;l;.' The form factors are for (top to bottom) parton
. . 1|
® Similar form for the final state but -
without the pdf weighting g o8 —
® Sudakov form factor resums all E osb -
effects of soft and collinear gluon '§ .
emission, but does not include non- 3 041~
singular regions that are due to large B o,k
energy, wide angle gluon emission N
® Gives the probability not to radiate a T R - S—
gluon greater than some energy PY“*"(GeV/c)

Figure 22. The Sudakov form factors for initial-state gluons at a hard scale of 500 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3,0.1,0.03, 0.01, 0.001 and 0.0001.



Sudakov form factors for tT ™™

® tT production atthe . | AR
LHC dominated by gg & =F -
at x values factor of 7 : .. e :
lower than Tevatron £ * Lot

100 1 1 1 1 1 1 1 1
40 60 80

® So dominant P (G
Sudakov form factor iy e e

goes from i [
= i—/”‘fﬂ + ____-_—————__O
S o8 e
‘ tO s | = )
M— )
S 08
3 o
E 0.4 —
> T
@ 0.2 —
PI“" (GeVic)

Figure 96. The Sudakov form factors for initial-state quarks and gluons at a hard scale of 200 GeV
as a function of the transverse momentum of the emitted gluon. The form factors are for quarks
(blue-solid) and gluons (red-dashed) at parton x values of 0.3 (crosses) and 0.03 (open circles).
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Sudakov form factors: quarks and gluons

1 = B — —
5 [ —— o —— —3
8 o o—
E ,
-§ sl SO quarks don’t radiate
£ s as much
] B

o.2:—

S T

PI"*"(GeV/c)

Figure 23. The Sudakov form factors for initial-state quarks at a hard scale of 100 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3, 0.1 and 0.03.
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Figure 24. The Sudakov form factors for initial-state quarks at a hard scale of 500 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3, 0.1 and 0.03.

0.8

04

Sudakov form factor

0.2

III]IIIIIIIIIII]III]I

o

20 25 30
PZ“"(GeVi/c)

-
o
-
(4]

Figure 21. The Sudakov form factors for initial-state gluons at a hard scale of 100 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values 0of 0.3,0.1,0.03, 0.01, 0.001 and 0.0001.
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Figure 22. The Sudakov form factors for initial-state gluons at a hard scale of 500 GeV as a function

of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3,0.1,0.03, 0.01, 0.001 and 0.0001.



CTEQ

Sudakov form factors: quarks and gluon

1 = B —
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Figure 23. The Sudakov form factors for initial-state quarks at a hard scale of 100 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton

x values of 0.3, 0.

1 and 0.03.

t | plot
3 for quarks?
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Figure 24. The Sudakov form factors for initial-state quarks at a hard scale of 500 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3, 0.1 and 0.03.
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Figure 21. The Sudakov form factors for initial-state gluons at a hard scale of 100 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values 0of 0.3,0.1,0.03, 0.01, 0.001 and 0.0001.
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Figure 22. The Sudakov form factors for initial-state gluons at a hard scale of 500 GeV as a function
of the transverse momentum of the emitted gluon. The form factors are for (top to bottom) parton
x values of 0.3,0.1,0.03, 0.01, 0.001 and 0.0001.



Benchmarks/cross section
measurements at the LHC



Total cross section at LHC (10-14 TeV)
® Fair amount of uncertainty on
extrapolation to LHC 5 120
. E G.G.P.S. model, Phys. Rsv. D 72, 076001 (2005) i
¢ In(s) or In?(s) behavior ¢ 110 | — G.G.P.S. model, using GRV P.D.F.
---- modified G.G.P.S. model, using GRV P.D.F. = 34
¢ rely on Roman pOt = Luna-Menon model, hep-phi0105076 F 3
measurements 100 > Cudell et. al. model, hep-phi0212101 _J}';f'
. ¢ Block-Halzen model, Phys.Rev. D 72 036006 (2005)
A heed 90 m optics run; 9o [ ¢ Donnachie-Landshoff model, PRL B206(1002) 227 &7/
sometime in 20097 : iz
. 80
+ extrapolating measured cross :
section to full inelastic cross 70 F #
section will still have al
uncertainties (and may take % . %:;\?ggﬂigﬁﬁ&on
time/analysis) 5 A At
O
+ we'll need benchmark cross : cor
sections for normalization 40 MDY
- ' ' 10 10° 10° 10"
® G,sics ~ #events/luminosity PSS

® \Ve're not going to know the
luminosity very well until we know
the total inelastic cross section

® So it's useful to also have some

benchmark cross sections for
normalization
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Precision benchmarks:
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W/Z cross sections at the LHC

22

20

14

CTEQG6.1 and MRST NLO predictions in good agreement with each other

NNLO corrections are small and negative

NNLO mostly a K-factor; NLO predictions adequate for most predictions at the

LHC

W LHC

NLO

Z (x10)

NNLO

VW Y PV P P
100 %000 Y0 %% % % %0 % % e %

& @
CERIIEIEHIRIKICIAHKIRD
"".’.’6"’.’.’.’..A’Q.A.Q.

LO

llllllllllllllllllll

[ MRST2004 CTEQB.1

llllIllIllllllllllllll

pp = (Z,77)+X

20 -. T AL B L | T I LB I
NNLO
= SR AX ~\~’/)\
~ 77 N0 RN
> 15 % A _
S AN
X
2 A\
- LO A\
5 10 — —
~
2 -
5 L \
“32 s - Vs = 1.96 TeV _
- M =M,
M/2 £ p < 2M
0 k [P | ol 1
-2 -1 0 1 2
Y

Figure 38. Predictions for the rapidity distribution of an on-shell Z boson in Run 2 at the Tevatron
at LO, NLO and NNLO. The bands indicate the variation of the renormalization and factorization
scales within the range Mz /2 to 2M z.

Figure 80. Predicted cross sections for W and Z production at the LHC using MRST2004 and
CTEQG.1 pdfs. The overall pdf uncertainty of the NLO CTEQ6.1 prediction is approximately 5%,
consistent with figure 77.
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o Is NLO good enough for the LHC? 7"

® MRST found a tension 2 :
between low x and high x data N aea < 3;3',::;:: ‘;&‘ii‘i'ed“)) W@ LHC |
. . . _— X (- gluon allowe —_
in their NLO global fit 5 [no .
, T oo [T @ g
® Removing data from low x I B ™ x :
resulted in a substantial Z of * 200
decrease in the predicted W 6 . :
cross section [ x,=0 00002 0001 00025 0005 001
14
. " and a SUbStantlaI Change to .Figure 81. Predic.t.ed total cross section of W+ + W~ production at the LHC for the ﬁt§ obtained
th e W r apl d Ity d | Strl butl On :)nr ;giecfi,;l;ﬁ(s) i(zsig(l]l;); Sotltli);;, .Z?jnil;)::irge:lir:';t_l;. the MRST results. The overall pdf uncertainty of the
® This tension went away when '
i .. i | MRST-N.O LHC |
they carried out similar fits at | ——default
N N L O 3 - conservatn—‘e--“-. ]
® Do NNLO ME’s have the “right =L S N\
99 . . ’ I s \ ]
stuff” lacking in NLO ME’s? S0
= 1L | _
0 I L '{"Ill ] 1 ] 1
-6 -4 ] 4 6



s NLO good enough for the LHC? ~ ~ ™

® CTEQ carried out a similar study but

24

found that the central prediction for [ MRST @ (- gluon prefered) W@ LHC -

the W cross section at the LHC did 2| % Cuon aowed) :

. e . - NLO .

not Change Slgmflcantly ;8, 20 IZZZIZi'?,'(fZIZIZ!IZZIZIi&:ﬁZZZIZZIZIIZZIZ!IZIZﬁIIZIIZIZZZIiIZ:

® ...BUT the uncertainty on the cross £ | x :
section greatly increaseq, easy to | & BF o 20%%

understand as the data in the x region : :

relevant for W predictions at the LHC er * g

X,=0 00002 0.001 00025 0005 0.01

has been eliminated
® Amenable to to study using LM

14 L

Figure 81. Predicted total cross section of W* + W~ production at the LHC for the fits obtained

1.06 SRR [T [ 1 the CTEQ stability study, compared with the MRST results. The overall pdf uncertainty of the
i : rediction is ~5%, as observed in figure 77.
1‘05 .—_“ _— 1.06 T 1T T 1T T 1T T 1T LI L
o ] . . L | | | | o ]
] uncertainty is i ]
R g even greater if 105 E
0 1 ' i ]
Nxé 1.03 - — negatlve 1.04 - —
~ 1 - ]
SR | gluon : :
1.02 — — 1 H H o I |
: ! distributions BeLoes :
1 [4¥] -
L - = ]
Lor |- 4 are allowed but ~ R
: : central value ; ]
1.00 T y 101 —_ _—
17 23 doesn’'t change ' ]
100'7_'|'|"r-l_|.|_1 1 | |\|-'|" .+"|"|_|“1’|‘| 11 | L]
Figure 82. Lagrange multiplier results for the W cross section (in nb) at the LHC using a T 18 19 20 21 22 23
positive—definite gluon. The three curves, in order of decreasing steepness, correspond to three 0. (LHC)
sets of kinematic cuts, standard/intermediate/strong. w
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Heavy quark mass effects in global fits 7M™

\

2.0

[ gluon at u = 100 GeV

CTEQG6.1 (and previous T e 1T
generations of global fits) used 1
zero-mass VFNS scheme
With new sets of pdf’s 4
(CTEQ6.5/6.6), heavy quark
mass effects consistently taken :

[N
o
=
o
g
o

Ratio to CTEQS6.1
Ratio to CTEQ6.1
Ratio to CTEQS6.1

°
2
o
2
I

!!
I

into account in g|oba| f|tt|ng Cross T e e oy y T e e Pl Ty ey

x X X

sections and in pdf evolution
In most cases, resulting pdf’s are Facomparson st 266V [ v | -

within CTEQ6.1 pdf error bands i — ]

But not at low x (in range of W S b .

and Z production at LHC) e

Heavy quark mass effects only .

appreciable near threshold e B —

+ ex: prediction for F, at low x,Q at

HERA sSm a”er |f mass Of C,b Fig1‘1.1:e 6: qulll)al-isoll of theoretical ‘célculation.‘s of Fz uéi‘ng CTEQG.%M in the ZM forllialis%ll
quarkS taken into account (horizontal line of 1.00), CTEQG6.5M in the GM formalism (solid curve), and CTEQG.5M in

the ZM formalism (dashed curve).

+ thus, quark pdf’s have to be
bigger in this region to have an
equivalent fit to the HERA data

\» implications for LHC phenomenology
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CTEQ6.5(6) e
Inclusion of heavy quark mass
effects affects DIS data in x range v I Z 0L
i i 22 e i
appropriate for Wiz production at S CTEQ6.5(6)
~ 20—
Cross sections for W/Z increase £ |
by 7-8% Ry ;
+ now CTEQ and MRST2004 in | ) E
d|Sagreement ” E MRST2004 CTEQ6.1 ]

+ and relative uncertainties of
W/Z increase

¢ although individual
uncertainties of W and Z
decrease somewhat

Two new free parameters in fit
dealing with strangeness degrees
of freedom so now have 44 error
pdf's rather than 40

Figure 80. Predicted cross sections for W and Z production at the LHC using MRST2004 and
CTEQ6.1 pdfs. The overall pdf uncertainty of the NLO CTEQ®6.1 prediction is approximately 5%,

consistent with figure 77.
W= & Z cross sections at the LHC

215F NNLL-NLO ResBos

CTEQ6.6/ 4,/

205} Free s=S (solid), 2
fixed s=5 (dashes) N/ .-~

Tiot (PP—(Z° 00)X) (nb)
N

185 19. 195 20. 205 21. 215 22
Tiot(Pp—(W==£v)X) (nb)

Note
importance of
strange quark
uncertainty for
ratio

Figure 8: W & Z correlation ellipses at the LHC obtained in the fits with free and fixed strangeness.



Inclusion of heavy quark mass

effects affec}s DVIVS/’Zdata(;n Xrange g e = 0L
appropriate or pro UCtion at :_ ............................ ) ' —:
tha LHC b e | CTEQ6.5(6)
...but MSTW2008 has also lead £ |
to increased W/Z cross sections % 18~ ]
at the LHC " b - E

+ now CTEQ6.6 and MRST2004 CTEQ6.1

MSTW2008 in agreement 14

Figure 80. Predicted cross sections for W and Z production at the LHC using MRST2004 and
CTEQ6.1 pdfs. The overall pdf uncertainty of the NLO CTEQ®6.1 prediction is approximately 5%,
consistent with figure 77.
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Correlations with Z, tT

Remember the correlation cosine defined
before. Now consider the correlation cosine
between two cross sections.

cosp & 1 cos p A~ () cosp A~ —1

T, N
/i 5X \,VJX :\5)(

3

Figure 1: Dependence on the correlation ellipse formed in the AX — AY plane on the value of the

correlation cosine casg.

*If two cross sections are very

correlated, then cosd~1
«...uncorrelated, then cos$~0

-...anti-correlated, then cos¢~-1

pp—h?X vs. pp—(Z°—¢0)X (left) and pp-ttX (right)
Vs=14 TeV, CTEQ6.6, NLO

Cos[p]=0.56 Coslg¢]=-0.27

2 t-tar

33

32

o(pp — h°X) (pb)

—
w
o

4.1

3.8

14.4

—
N

My =120 GeV

Cos[p]=0.25 i Cosl¢]=0.13

My = 200 GeV

Cos[¢]=-0.87 Il Cos[g]=0.99

My = 500 GeV

2 205 21 _215 22 860 870 890 910
o(pp — (Z — t£)X) (nb) o(pp — tt) (pb)
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cosp 1 cosp ~ 0 cospr —1
. oY oY oY
Define a ; : w
correlation ; i i

cosine betweeﬂ
two quantmes 1 Deende

ed in the AX — AY plan

Correlation with |i —. tf (dashes

0X
| I
I
I

the value of the

, PP — ZX (dots)

CI:) Agg—h® ¥ Bb—h° + Ssc—h+ O WH+h° v h° via WW fusion
(g 1 & w+ w-z wHh0:2(Tev2) o-n2 % S Y
O | e O iriiiliiiiiiie, ., T 27
O' R & AT T L
c T pp— (WW = R)X: Z(lev2) T T
(@) | <>\ X ¢-channel single top:Z ~ 7 /// Ty
Q B N T~ =
- — Z (Tev-2): Z(LHC) R
(o) @ S —_—
o Ei—

| ';%,’ .

A ey
-0.51—

_IIIIIIlIIlI'IIlIII|Il||l|l|llIIIlIllllllﬁlll
100 150 200 250 300 350 400 450 500

Particle mass (GeV)

Correlations with Z, tT

*If two cross sections are very
correlated, then cos¢~1
*...uncorrelated, then cos¢~0
-...anti-correlated, then cos¢~-1

*Note that correlation curves to Z
and to tT are mirror images of
each other

By knowing the pdf correlations,
can reduce the uncertainty for a
given cross section in ratio to

a benchmark cross section iff
cos ¢ > 0;e.g. A(oy+/0,)~1%

*If cos ¢ < 0, pdf uncertainty for
one cross section normalized to
a benchmark cross section is
larger

*So, for gg->H(500 GeV); pdf
uncertainty is 4%; A(c,/6,)~8%



W/Z summary FAERES

® \We will use W and Z cross sections as luminosity
normalizations in early running and perhaps always

¢ because integrated luminosity is not going to be

known much better than 15-20% at first and maybe
never better than 5-10%

® The pdf uncertainty for the ratio of a cross section that
proceeds with a qQ initial state to the W/Z cross section
Is significantly reduced

® The pdf uncertainty for the ratio of a cross section that
proceeds with a gg initial state to the W/Z cross section
Is significantly increased

® \Would it be reasonable to use tT production as an
additional normalization tool?
+ Yyeah, yeah | know it’s difficult



Theory uncertainties for tT at LHC 7 Meret

® Note that at NLO with CTEQG6.6 pdf’s Production of tE at the LHC
the central prediction for the tT cross 1200
section for p=m, is ~850 pb (not 800 1100}
pb, which it would be if the top mass B
were 175 GeV); ~880 pb if use effect 2 1leoog
of threshold resummation g %00 L
® The scale dependence is around 2 800"
+/-11% and mass dependence is 8 |
around +/-6% 700 |
® Tevatron plans to measure top mass 600 | : |
to 1 GeV  fTEVEWWG, 2007
+ mass dependence goes to ~+/- 168 T e 17 176
3% 1400 | I I I I | I I I I | I I I I ]
® NNLO tT cross section will be finished 1200 L Opp it [PD] @t LHC _
in near future (Czakon et al) e S .
: 1000 | = -
+ scale dependence will drop B e ]
+ threshold resummation reduces 800 e
scale dependence to ~3% (Moch 600 |- -
and Uwer), with the caveat that - ]
400 | =
Matteo gave C .
® T still in worse shape than W/Z, but 200 - #Z NNLO_ oy, E
not by too much o -+ v by by T
» and pdf uncertainty is (a bit) ) 165 170 175 180

smaller m, [GeV]
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Modified LO pdf's (LO*)

® \What about pdf's for parton shower Monte Carlos?

+ standard has been to use LO pdf’'s, most commonly CTEQSL/

CTEQGL, in Pythia, Herwig, Sherpa, ALPGEN/Madgraph+...

...but
+ LO pdf's can create LHC cross sections/acceptances that differ

in both shape and normalization from NLO
a due to influence of HERA data
a and lack of In(1/x) and In(1-x) terms in leading order pdf’s
and evolution
...and are often outside NLO error bands
experimenters use the NLO error pdf's in combination with the
central LO pdf even with this mis-match
A causes an error in pdf re-weighting

predictions for inclusive observables from LO matrix elements
for many of the collider processes that we want to calculate are
not so different from those from NLO matrix elements (aside
from a reasonably constant K-factor)



CTEQ
Modified LO pdf’s (LO*)

® ... but

+ Wwe like the low x behavior of LO pdf's and rely upon them for
our models of the underlying event at the Tevatron and its
extrapolation to the LHC

+ as well as calculating low x cross sections at the LHC
® thus, the need for modified LO pdf’s
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Where are the differences between LO and NLO partons?
g 1: E_ \S ”lcl;a-»2= 10000 ”<I3Iew=-2 _E Lo . . .
= f — s CTEGSIE : W rapidity distribution at LHC
1.4 —; 5103
2 b 1 B L _NLO®6.1
3 E C I XS A PIAL SBIIS
oz | —; 1200— xx - o . Q’KO;L%CtOI’=1.15 o
6 TS _; B s%%°%&°£mw9¢%:% ’o;:eo‘b%% coog::; LO 6.1
04 | 3 1000— 20 %
o2 | low x and high x for up 1wk LO 6L1 A
010__4 - "1'('}_3 - I“llé_z — III(;_1 >< E ;; d*
600— = >
= T T UL oot B o
= 20 ) 2m|SS|ng 1 - x og
% 15 | i;_\/go(z.-n—u(z.))ln(,l_X) /7 : 400: 5 .
§°F fermsin /[ /3 200/ & °
Pt ] I~ <]
= LO ME ] oL .88 L | | | L 138.,
o F 3 -4 -2 0 2 4
a3 E Ywt
OF q For example, the shape of the W* rapidity
tE distribution is significantly different than the
s I 7 o " NLO result if the LO pdf is used, but very

similar if the NLO pdf is used.



Where are the differences?

percentage.error

nrre T T T TTTT T T T LA
T T T
)

Qes2= 10000 GeVas2 . at O Q
— gluon  CTEQGSE . W

———- gluon  CTEQGL1

- 3 — 30
: 1 & T
:_ E gﬁ : D#12= 4 GeVes2
o 3 % - __ gluon  CTEOG.1M
: ] 2 L
C ] -~ gluon CTEQBL1
;‘ _; ........ gluon CTEQSL
: 1 »f
3 E o CTEQS5SL and 6L
E everywhere for g : [
S A vy S: L steeper than 6.1 (or
10 16 10 10 T\
" ..~ any NLO gluon pdf)
o | ; [~ atlow x
: i;-\/gv(ﬁ—ﬂ—cr(zl)}z 18 = o
: s
- g ]
E missing In(1/x) 0 = = = =

terms in LO ME
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Talking points

® L O* pdf's should behave as LO as x->0; as close to
NLO as possible as x->1

+ pdf’s should improve Monte Carlo cross section predictions for
benchmark processes in normalization and shape

® L O™ pdf's should be universal, i.e. results should be
reasonable run on any platform with nominal physics
scales

® |t should be possible to produce error pdf's with
+ similar Sudakov form factors
+ similar UE
+ SO pdf re-weighting makes sense

® L O* pdf's should describe underlying event at Tevatron
with a tune similar to CTEQGL (for convenience) and
extrapolate to a reasonable UE at the LHC
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Sudakov form factors form the
basis for parton showers
Typically at both the Tevatron and

LHC, MC events are generated

with a LO pdf and then pdf
uncertainty is evaluated by

performing a pdf re-weighting
using the NLO error pdf's

Works if Sudakov is the same for
the LO pdf and the NLO error
pdf's

NLO pdf error band very small
LO Sudakov outside this error
band, so ISR not correct for re-
weighted events generated using
LO pdf

Need to generate MC events and
to evaluate pdf's with same order

1.2

0.8
0.6
0.4

Sudakov form factors

Herwig++ spacelike g — gg

q1 = 10 GaV, G = 300 GeV¥, x = 0.003
| l

1 1 1 |

az(Q/2.4)
as(Q.29)
CTEQ 6.1
CTE(Q 6L ——
| C]’;EQELLI—

100 150 200 280
g/ GeV
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“Transgwarse™ Changad Density

“Transvarsa” FTaum Dansity {Gavic)

Tunes with CTEQ6L

® Tune A (and derivatives) obtained with CTEQSL but 6L works just as well

"Transverse"” Charged Particle Density: dhlfdndni]l

=
o
Il

=
L%
1

RDOF Preliminary
ipemerabor lavel

g*r Tune DW

4 ——
r P PYfTumgDE -~~~ ~ -~~~ "~~~ ~"~" -~~~ ---—-----———q

Laading Jat (|n}=2.0§

=
=

16

12

e e e

00

0 H 100 430 200 230 30 350 40D

Charged Particlas jq}1.0, PT=0.5 GaVic)
430 500
PT{particle jetd#) (GeVic)

"Transverze" PTsum Densgity: dPTidndé

T
. PY Tuns QK |
ROF Preliminaryt-=---== -z, _
ganarator lavel

Leading Jat {js]<2.0}
Charged Particles [jn|<1.0, PT=0.5 Ge\vic)

O 50 100 150 200 250 300 350 400 450 500
PT{particle jeti#) (GeVic)

P(MPD) | o(MPI) | Pu(MPL) | o(MPI)
GeV mb GeV mb

Tune DW 1.9409 351.7 31730 549.2
Tune DWT 1.9409 351.7 16001 829.1
ATLAS 2.0046 3245 2.7457 T65.0
Tune D6 1.83587 306.3 3.0059 546.1
Tune D6T 1.8387 306.3 15184 T86.5
Tune QK 1.9409 259.5 31730 422.0
Tune QKT 1.9409 259.5 2.6001 S88.0

FNAL-CMS MC Generator Meeting

Jun

e 7, 2007

Rick Field — Florida/CM5

= Average charged particle density and
PTsum density in the “transverse”
region (pt -~ 0.5 GeV/c, |n| = 1) versus
Pr(jet#1) at 1.96 TeV for PY Tune DWW,
Tune D6, and Tune QK.

Page 11
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® Include in LO* fit (weighted) pseudo-data for characteristic LHC
processes produced using CTEQ6.6 NLO pdf's with NLO matrix
elements (using MCFM), along with full CTEQG6.6 dataset

+ low mass b-bbar

a fix low x gluon for UE
+ t-tbar over full mass range
a higher x gluon
o W* W-.Z0 rapidity distributions
A quark distributions
¢ gg->H (120 GeV) rapidity distribution



CTE = '\'f\’l/jfet
Options -

AR = /dxadxb faraXas 15) forp(Xp, 13) X [ 60 + as(ug) 61 + -+ lapsx.

® Use of 2-loop or 1-loop o
+ MC preference for 2-loop?
® Fixed momentum sum rule, or not

+ re-arrange momentum within proton and/or add extra
momentum

+ extra momentum appreciated by some of pseudo-data sets but
not others and may lose some useful correlations

® Fix pseudo-data normalizations to K-factors expected from higher
order corrections, or let float

® Scale variation within reasonable range for fine-tuning of
agreement with pseudo-data

+ for example, let vector boson scale vary from 0.5 mg to 2.0 mg
® Will provide pdf’'s with several of these options for user



CTEQ

® Quicker running of o,
at NLO at low scales

® Use of NLO coupling
helps alleviate
discrepancy between
different orders

® NLO coupling used in
CTEQOGL and in
Monte Carlo
generators

Comparison of ¢g at LO and NLO

0.5 T T T T TTTT

0.4

0.3

0.2

0.1

A
T

——  NLO ay(MS)=0.12
- LO ag(M)=0.12

L0 as(M)=0.13

Robert Thorne

PDF4LHC meetin

10 102 103

Q(GeV?)

|,_——

MCnet
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K-factors (NLO/LO)

Typical scales

Tevatron K -factor

LHC K -factor

Process 1o I8 Klpo) | Kip) | K'po) | Klpo) | Kip1) | K'pa)
W mw | 2mp 1.33 131 121 1.15 1.05 1.15
W1jet mw ﬁt 1.42 1.20 1.43 1.21 1.32 1.42
W42jets mw p"ﬁt 1.16 091 1.29 0.89 0.88 1.10
W et mw | 2my 1.19 1.37 1.26 1.33 1.40 1.42
tt me | 2my 1.08 1.31 1.24 1.40 1.59 1.48
ti+1et me | 2my 1.13 1.43 1.37 0.97 1.29 1.10
bb mp | 2my 1.20 1.21 2.10 0.98 0.84 251
Higos M ]?-t 2.33 - 2.33 1.72 - 2.32
Higos via VBF | mpy p"]ft 1.07 0.97 1.07 1.23 1.34 1.09
Higos+1jet M ﬁt 2.02 - 2.13 1.47 - 1.90
Higos+2jets mH ]-E-t - - - 1.15 - -

Table 2:

seales.

A
T

K -factors for various processes at the Tevatron and the LHC calculated using a selection of input parameters. In all
cases, the CTEQ6M PDF set is used at NLO. K uses the CTEQ6L1 set at leading order, whilst £’ uses the same set, CTEQ6M,
as at NLO. For most of the processes listed, jets satisfy the requirements pr > 15 GeV/ie and |n| < 2.5 (5.0) at the Tevatron
(LHC). For Higgs+1,2jets, a jet cut of 40 GeV/e and || < 4.5 has been applied. A cut of p=° > 20 G'eV/c has been applied
for the tf+jet process, and a cut of pf' > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets are separated by
AR > 0.52, whilst the VBF caleulations are performed for a Higgs boson of mass 120 GeV. In each case the value of the K-

factor 1s compared at two often-used scale choices, where the scale indicated is used for both renormalization and factonization

|,_——

MCnet
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Some observations -

® Pseudo-data has conflicts with global data set
+ that’s the motivation of the modified pdf’s

® Requiring better fit to pseudo-data increases chisquare
of LO fit to global data set (although this is not the
primary concern; the fit to the pseudo-data is)

+ 2 improves with oy free in fit
¢ 2 improves with momentum sum rule free
a prefers more momentum, smaller o

a hormalization of pseudo-data (needed K-factor)
gets closer to 1

a still some conflicts with DIS data that don’t prefer
more momentum

+ x? typically improves if K-factors can vary from
values given in previous slide
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o(arb units)
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Some cross section results

N ’ [
—MCnet

® Rapidity distributions for W* and Higgs from pure NLO,
LO with LO pdf, LO with CTEQ modified LO pdf

® Momentum sum=1.06 for CTEQ modified LO pdf
® 0. (mM,)=0.124 for CTEQ modified LO pdf

o e
b © LOgmodLO
7
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Ev_
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MRSTLO* :

Drell-Yan Cross-section at LHC for 80 GeV with Different Orders

® The MRST group has a
modified LO pdf that tries

NLOP-NLOM
to incorporate many of P
the p0|ntS mentIOned On _____ S
. . NLOP-LOM
the previous slides

" LOP-LOM

® They relax the

momentum sum rule
(114%) and achieve a
better agreement (than
MRST LO pdf’s) with
some important LHC
benchmark cross
sections

L TN T T T T T T T I I
0 0.5 1 1.5 2 25 3
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Error pdf’s -

® In order to be truly useful, there
should be accompanying error pdf’s
of a similar character as the LO* pdf’'s

+ so at the least, experimenters will
not mix the NLO error pdf’'s with a
central LO pdf

a but maybe not so bad as far
as gluon radiation is
concerned if same o, used

Ao would still be a problem for
UE if low x gluons are
different

® But error pdf's imply a level of
precision that is inherent to NLO

+ at NLO, we can construct an
orthonormal set of eigenvectors
accompanying a level of
precision corresponding to a
given change of Ay? in the global
fit

+ thatlevel of Ay?, that variation,
less well defined for LO fits

2-dim (i,j) rendition of d-dim (~16) PDF parameter space

contours of constant nglobal

u;: eigenvector in the l-direction
p(i): point of largest a; with tolerance T % .
(i) 8y global minimum P

diagonalization and

rescaling by
the iterative method

a;
’ « Hessian eigenvector basis sets

(a) (b)
Original parameter basis Orthonormal eigenvector basis

Figure 28. A schematic representation of the transformation from the pdf parameter basis to the
orthonormal eigenvector basis.

® \Ve are currently working on several
ways of implementing this at LO*

® |n addition to providing orthogonal set
of pdf errors as for NLO set, it may be
useful to provide error pdf’'s that probe
specific directions (W rapidity
extremes, high p; jet cross sections,
etc), with the direction determined by
the Lagrange Multiplier technique



-

N ”//
—MCnet

CTEQ4LHC/FROOT

® C(Collate/create cross section

predictions for LHC

¢ processes such as W/Z/
Higgs(both SM and BSM)/
diboson/tT/single top/photons/
jets...

o atLO, NLO, NNLO (where
available)

a new: W/Z production to NNLO
QCD and NLO EW

+ pdf uncertainty, scale uncertainty,

correlations

+ impacts of resummation (q; and
threshold)

As prelude towards comparison
with actual data
Using programs such as:

+ MCFM

+ ResBos

+ Pythia/Herwig/Sherpa

¢ ... private codes with CTEQ

First on webpage and later as a
report

Primary goal: have all theorists write out parton

level output into ROOT ntuples
Secondary goal: make libraries of prediction

ntuples available

FROOT: a simple interface for writing
Monte-Carlo events into a ROOT
ntuple file

Written by Pavel Nadolsky
(nadolsky@pa.msu.edu)

CONTENTS

froot.c -- the C file with FROOT
functions

taste_froot.f -- a sample Fortran
program writing 3 events into a
ROQOT ntuple

taste_froot0.c -- an alternative top-
level C wrapper (see the compilation
notes below)

Makefile
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PDF Uncertainties and FROOT
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Z production in ResBos

© DO M= <

&I 63% Mon 11:57AM % Q

@ Grab File Edit [[EFIIY Window Help

X! ROOT Object Browser

aXaXa)

20_root_files

File View Options Help || e Q
I@ 10 jv il? - M ﬁl Optlunl ]v Name Date Modified Size
|AII Folders |Contents of "/ROOT Files/reshos_lhc_z0.root’h10" D res221_z0_lhc_aaana00.root Aug 20, 2006, 2:54 PM 52.9 MB
(_Jroot &D_phi &Delﬁsa &M_B &wmg %wm %wmz &WTEB QWTM &WT% &wma D res221_z0_lhc_aaanall.root Aug 20, 2006, 2:55 PM 52.9 MB
(_1PROOF Sessions Fewoz  Spwmos  Jawios  Fewmo JpwTn ewmz  Ewwms Jpwme Fewns  fxwmie D res221_z0_lhc_aaana02.root Aug 20, 2006, 2:55 PM 52.9 MB
(_)iUsersustoniDesktap Fwn7 Gewne  Rewms  fewro Sewr2t fewme Jewres Jewie Rewmes  Rhws [:_| res221_z0_lhc_aaana03.root Aug 20, 2006, 2:55 PM 52.9 MB
(__1ROOT Files &W? &wrzs &Wl?g &WBO &WBI %\sz &WT% &m“ QWTBS &WTBB _J res221_z0_lhc_aaana04.root Aug 20, 2006, 2:55 PM 52.9 MB
[=-(Jreshos_lhe_20.root &wm &wras &vma &w‘mo WT41 iwm &wms &wwt &cos the &dummy :'j res221_z0_lhc_aaana05.root Aug 20, 2006, 2:55 PM 52.9 MB
g 10] WeTE  Rhetdl RxeTee  Jhenist v B P Py -7 || res221_z0_lhc_aaana06.root Aug 20, 2006, 2:56 PM 52.9 MB
- - - - - - - | | res221_z0_lhc_aaana07.root Aug 20, 2006, 2:56 PM 52.9 MB
3 res221_z0_lhc_aaana08.root Aug 20, 2006, 2:56 PM 52.9 MB
2 1 res221_z0_lhc_aaana09.root Aug 20, 2006, 2:56 PM 52.9 MB
:] res221_z0_lhc_aaanalO.root Aug 20, 2006, 2:56 PM 52.9 MB
3 res221_z0_lhc_aaanall.root Aug 20, 2006, 2:56 PM 52.9 MB
3 res221_z0_lhc_aaanal2.root Aug 20, 2006, 2:57 PM 52.9 MB
neW Wa al I pdf Wel htS StO red || res221_z0_lhc_aaanal3.root Aug 20, 2006, 2:57 PM 52.9 MB
K yi g D res221_z0_lhc_aaanal4.root Aug 20, 2006, 2:57 PM 52.9 MB
. [—_| res221_z0_lhc_aaanal5.root Aug 20, 2006, 2:57 PM 52.9 MB
| n ntu p I e eve ntS ge n e rated O n Ce || res221_z0_lhc_aaanal6.root Aug 20, 2006, 2:57 PM 52.9 MB
’ | | res221_z0_lhc_aaanal7.root Aug 20, 2006, 2:58 PM 52.9 MB
3 res221_z0_lhc_aaanal8.root Aug 20, 2006, 2:58 PM 52.9 MB
j res221_z0_lhc_aaanal9.root Aug 20, 2006, 2:58 PM 52.9 MB
3 res221_z0_lhc_aaana20.root Aug 20, 2006, 2:58 PM 52.9 MB
j res221_z0_lhc_aaana2l.root Aug 20, 2006, 2:58 PM 52.9 MB
:] res221_z0_lhc_aaana22.root Aug 20, 2006, 2:58 PM 52.9 MB
3 res221_z0_lhc_aaana23.root Aug 20, 2006, 2:59 PM 52.9 MB
3 res221_z0_lhc_aaana24.root Aug 20, 2006, 2:59 PM 52.9 MB
[ 114 Obiects. /| || res221_z0_lhc_aaana25.root Aug 20, 2006, 2:59 PM 52.9 MB
ini D res221_z0_lhc_aaana26.root Aug 20, 2006, 2:59 PM 52.9 MB
D res221_z0_lhc_aaana27.root Aug 20, 2006, 2:59 PM 52.9 MB
Qres22 1_z0_lhc_aaana28.root Aug 20, 2006, 2:59 PM 52.9 MB
?eszz1_zO_Ihc_aaana29.root Aug 20, 2006, 3:00 PM 52.9 MB
3 res221_z0_lhc_aaana30.root Aug 20, 2006, 3:00 PM 52.9 MB
pe nd e nt :J res221_z0_lhc_aaana3l.root Aug 20, 2006, 3:00 PM 52.9 MB
| | res221_z0_lhc_aaana32.root Aug 20, 2006, 3:00 PM 52.9 MB
[ 2 _lhc_aaana33.root Aug 20, 2006, 3:00 PM 52.9 MB
p | e fo r eacrﬁ Ig_lhc_aaanau.root Aug 20, 2006, 3:01 PM 52.9 MB
(’I res?221 70 |he _23anal3s ront Aun 20 2006 301 PM 52 Q)M‘R

69 items, 4.36 GB available

float Px_e,Py_e,Pz_e,E_e;

/¢ re-define variables for each pdf 1,2,3,...
/¢ use fin-xSetBranch rather than hi@
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Coordinated

Theoretical-

E xperimental study on
Quantum chromodynamics

Online plotter of resummed cross sections

[ cTEQ6.6 grids for W, Z
production ; ResBos with PDF
reweighting and output into ROOT
ntuples

Download the latest resummation
code (Fortran)
eResBos (C, P versions)
e ResBos-A
e RhicBos
e ResBos for SIDIS
Why different versions?

Processes

o PP = WEX

. pp = 20X

~ pp’ S TEX

° pp’ Hgy\ X

. pp’ — HyssmX

o PP X

PP = ZZX

e €0 — ehX

® DIS heavy-quark production

Qr resummation portal

at Michigan State University
A collection of resources on transverse momentum resummation

o Home o Theory overview « Computer programs and usage policy e Particle processes
® Our publications e Bibliography

Transverse momentum (or Q) resummation is a powerful method to predict differential distributions of elementary particles in quantum chromodynamics. Its main
features and differences from Monte-Carlo showering methods are discussed in the brief overview of resummation theory. Our group is actively involved in the
development of transverse momentum resummation methods in essential collider processes. This page collects various resources for computation of resummed cross
sections, including publicly distributed computer codes, references to journal papers published by our group, and relevant bibliography.

Computer programs

A quick plot of the resummed Qr distribution for a given invariant mass and rapidity can be made with the help of the online plotter of resummed cross sections,

which provides an intuitive user interface and produces figures in Postscript and GIF formats. For more detailed studies of resummed cross sections, a ResBos family of
Fortran programs is publicly available.

e ResBos -- calculation of resummed initial-state contributions in unpolarized Drell-Yan-like processes at hadron-hadron colliders. At present, two branches of the
ResBos code are supported. They are mostly compatible with one another, but optimized for different tasks:
o branch C -- original ResBos version, supported by Csaba Balazs (old versions);
o branch P -- the ResBos version adapted for various CTEQ studies, supported by Pavel Nadolsky.
e ResBos-A -- a program spawned by ResBos that includes final-state NLO electromagnetic contributions in W boson production, supported by Qing-Hong Cao.
The inputs for this program are not compatible with ResBos inputs and can be downloaded here.
¢ RhicBos = ResBos optimized for polarized hadron-hadron collisions at the Relativistic Heavy Ion Collider; supported by Pavel Nadolsky.
e ResBos-DIS -- a program for computation of resummed hadronic distributions in semi-inclusive deep inelastic scattering at lepton-hadron colliders; supported by
Pavel Nadolsky.

You can also contact C.-P. Yuan and our coauthors regarding the resummation calculations and computer programs.

Usage and citation policy
You may freely download and use the ResBos software as long as you agree with each of the following conditions:

o the ResBos software is provided AS IS; the authors of ResBos programs cannot be held responsible for errors, damages, or other unwanted consequences resulting
from misunderstanding or misuse of our programs (even though we do our best to prevent such complications from ever happening);

a tha anthaee Aa At neavida cnnnnnet fae tha DacDac cafrionea havand vams heiaf aanonltatinne and Aanlo wwhan thaie athae Autiae aasei
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MCFM

MCFM - Monte Carlo for FeMtobarn processes

~(Q- MCFM

m

Resummation...tal at MSU MTA SZTAKI: ... Dictionary CSCNotesLis...las < TWiki PatVancouve...las < TWiki

PhysicsAnaly...las < TWiki

Quick guide...nda monitor

http:/ /www.....

ession.mp3 Quick guide...nda monitor >

MCFM - Monte Carlo for FeMtobarn processes

Authors: John Campbell, Keith Ellis.

Overview | Examples | Recent progress | Download | Related code | Alternatives

Overview

This is the homepage for the Monte Carlo simulation MCFM. The program is designed to calculate cross-sections for various femtobarn-level processes at hadron-hadron colliders. For most processes, matrix
elements are included at next-to-leading order and incorporate full spin correlations. For more details, including a list of available processes, view the documentation in postscript or pdf format.

Examples

There have been a number of papers based on results produced by the MCFM code, each one corresponding to different processes.

Calculation of the Wbb background to a WH signal at the Tevatron.
R K. Ellis, Sinisa Veseli, Phys. Rev. D60:011501 (1999), hep-ph/9810489.

Vector boson pair production at the Tevatron, including all spin correlations of the boson decay products.

JM. Campbell, R K. Ellis, Phys. Rev. D60:113006 (1999), hep-ph/9905386.
Calculation of the Zbb and other backgrounds to a ZH signal at the Tevatron.

JM. Campbell, R K. Ellis, Phys. Rev. D62:114012 (2000), hep-ph/0006304.
Next-to-leading order corrections to W+2 jet and Z+2 jet production at hadron colliders.
John Campbell, R K. Ellis, Phys. Rev. D65:113007 (2002), hep-ph/0202176.

Higgs Boson Production in Association with a Single Bottom Quark.

J. Campbell, R K. Ellis, F. Maltoni, S. Willenbrock, Phys. Rev. D67:095002 (2003), hep-ph/0204093.

Next-to-Leading Order QCD Predictions for W+2 jet and Z+2 jet Production at the CERN LHC.
J. Campbell, R K. Ellis and D. Rainwater, Phys. Rev. D68:094021 (2003), hep-ph/0308195.
Associated Production of a Z Boson and a Single Heavy Quark Jet.

J. Campbell, R K. Ellis, F. Maltoni, S. Willenbrock, Phys. Rev. D69:074021 (2004), hep-ph/0312024.

Single top production and decay at next-to-leading order,

J. Campbell, R K. Ellis and F. Tramontano, Phys.Rev.D70:094012 (2004), hep-ph/0408158.
Next-to-leading order corrections to Wt production and decay,

J. Campbell, and F. Tramontano, Nucl.Phys.B726:109-130 (2005), hep-ph/0506289.
Production of a Z Boson and Two Jets with One Heavy Quark Tag.

J. Campbell, R K. Ellis, F. Maltoni, S. Willenbrock, Phys. Rev. D73:054007 (2006), hep-ph/0510362.

The third of these references contains the most details of our method.
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Available online at www.sciencedirect.com

. . Progress in
: ScienceDirect Particle and
AL .
V0 Nuclear Physics
ELSEVIER Progress in Particle and Nuclear Physics 60 (2008) 484-551 —_—
www.elsevier.com/locate/ppnp
Review

Jets in hadron—hadron collisions

S.D. Ellis®*, J. Huston", K. Hatakeyama®, P. Lochd, M. Ténnesmann®

A University of Wushington, Seattle, WA 98195, United States
b, ichigan State University, East Lansing, MI 48824, United States
© Rockefeller University, New York, NY 10021, United States
d University of Arizona, Tucson, AZ 85721, United States
€ Max Planck Institute fur Physics, Munich, Germany

arXiv:07122447 Dec 14, 2007

Abstract

In this article, we review some of the complexities of jet algorithms and of the resultant comparisons of
data to theory. We review the extensive experience with jet measurements at the Tevatron, the extrapolation
of this acquired wisdom to the LHC and the differences between the Tevatron and LHC environments.
‘We also describe a framework (SpartyJet) for the convenient comparison of results using different jet
algorithms.

(© 2007 Elsevier B.V. All rights reserved.

Keywords: Jet; Jet algorithm; LHC: Tevatron; Perturbative QCD; SpartyJet

Contents
I.  Introduction
2. Factorization...
3. Jets: Parton level vs experiment ..

3.1, Tterative cone algorithm ...
3.1.1.  Definitions
3.1.2. Rgep, seeds and IR-sensitivity ...
3.1.3.  Seedless and midpoint algorithms.
3.1.4. Merging
3.1.5.  Summary
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Figure 10: (a,b) Correlation between the total cross sections for Z°% and W* production at the
Tevatron and PDF’s of various flavors, plotted as a function of z for @ = 85 GeV; (¢,d) the same
for the LHC
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NLO calculation priority list from Les Houches 2005: — MCnet

theory benchmarks

G. Heinrich and J. Huston

process relevant for
(Ve{zZ W}
_ *
1. pp — VV+jet ttH, new physics
2. pp — H + 2jets | H production by vector boson fusion (VBF) *
4. pp — tt + 2jets ttH
5 pp— VVbb VBF— H — V'V, ttH, new physics
6. pp = VV +2jets | VBF= H - VV
7. pp— V + 3jets various new physics signatures
8. pp—VVV SUSY trilepton +

Table 2. The wishlist of processes for which a NLO calculation is both desired and
feasible in the near future.

*completed *

since

pp->bBbB ;
added in 2007 st

pp->4 jets
gg->W W+

working

+people are

e pp — VV + jet: One of the most promising channels for Higgs production in the

low mass range is through the H — WW?* channel, with the W’s decaying semi-
leptonically. It is useful to look both in the H — WW exclusive channel, along with
the H — WW+jet channel. The calculation of pp — WW+jet will be especially
important in understanding the background to the latter.

e pp — H+2 jets: A measurement of vector boson fusion (VBF) production of the

Higgs boson will allow the determination of the Higgs coupling to vector bosons.
One of the key signatures for this process is the presence of forward-backward
tagging jets. Thus, QCD production of H + 2 jets must be understood, especially
as the rates for the two are comparable in the kinematic regions of interest.

e pp — tThb and pp — #f + 2 jets: Both of these processes serve as background to t7H,

where the Higgs decays into a bb pair. The rate for ¢£jj is much greater than that
for tbb and thus, even if 3 b-tags are required, there may be a significant chance
for the heavy flavour mistag of a #£j;j event to contribute to the background.

e pp — VVbb: Such a signature serves as non-resonant background to # production

as well as to possible new physics.

pp — VV + 2 jets: The process serves as a background to VBF production of
Higgs.

e pp — V + 3 jets: The process serves as background for #f production where one

of the jets may not be reconstructed, as well as for various new physics signatures
involving leptons, jets and missing transverse momentum.

e pp — VVV: The process serves as a background for various new physics

subprocesses such as SUSY tri-lepton production.

23 Process 2 has been calculated since the first version of this list was formulated [138].

What about time lag in going from availability of matrix elements to having a parton
level Monte Carlo available? See e.g. H + 2 jets. Other processes are going to be
just as complex. What about other processes for which we are theorist/time-limited?



Go back to K-factor table S

® Some rules-of-thumb

® NLO corrections are larger for
processes in which there is a
great deal of color annihilation

¢ gg->Higgs
*+ gg9->YY
o K(gg->tT) > K(gqQ -> tT)
® NLO corrections decrease as
more final-state legs are added
¢ K(gg->Higgs + 2 jets)
< K(gg->Higgs + 1 jet)
< K(gg->Higgs)
¢ unless can access new initial
state gluon channel
® Can we generalize for
uncalculated HO processes?

¢ so expect K factor for W + 3
jets or Higgs + 3 jets to be
reasonably close to 1

Typical scales Tevatron K -factor LHC K -factor

Process po | m Klpo) | Klpa) | K'(o) | Klpo) | K(pa) | K'(po)
w mw | 2mw 1.33 1.31 121 1.15 1.05 1.15
W+ljet mw ]i.t' 1.42 1.20 143 121 1.32 1.42
W42jets mw ]i.t' 1.16 091 1.29 0.89 0.88 1.10
WW et mw | 2mw | 119 | 137 | 126 | 133 | 140 | 142
tt me 2my 1.08 1.31 1.24 1.40 1.59 1.48
tt+1jet me 2my 1.13 143 1.37 0.97 1.29 1.10
bb my | 2mp 1.20 1.21 2.10 0.98 0.84 251
Higos my | P 233 | - 233 | 172 | - 232
Higgs via VBF | my | gt 107 | 097 | 107 | 123 | 134 | 109
Higgs+1jet my p;gt' 202 | - 213 | 147 | - 1.90
Hipps+2jets my ]i.t - - - 1.15 - -

Table 2: K -factors for various processes at the Tevatron and the LHC calculated using a selection of input parameters. In all
cases, the CTEQ6M PDF set 1s used at NLO. I uses the CTEQ6LI set at leading order, whilst K" uses the same set, CTEQ&M,
as at NLO. For most of the processes listed, jets satisfy the requirements pr > 15 GeVie and |n| < 2.5 (5.0) at the Tevatron
(LHC). For Higgs+1,2jets, a jet cut of 40 GeV/e and || < 4.5 has been applied. A cut of pit* > 20 GeV'/c has been applied
for the tf+jet process, and a cut of pi' > 50 GeV/c for W +jet. In the W (Higgs)+2jets process the jets are separated by
AR > 0.52, whilst the VBF caleulations are performed for a Higgs boson of mass 120 GeV. In each case the value of the K-
factor is compared at two often-used scale choices, where the seale indicated is used for both renormalization and factorization

scales.

Casimir for biggest color
representation final state can
be in

Simplistic rule

Cit + Ciz2 = Ct max

\)

Casimir color factors for initial state
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® NNLO: we need to know
some processes (such

as inclusive jet
production) at NNLO

® Resummation effects:
affect important physics
signatures

+ mostly taken into account
if NLO calculations can be
linked with parton
showering Monte Carlos

Don’t forget

do/dEt

0.0 11111111

“R/ET

Figure 16. The single jet inclusive distribution at Er = 100 GeV, appropriate for Run I of the
Tevatron. Theoretical predictions are shown at LO (dotted magenta), NLO (dashed blue) and
NNLO (red). Since the full NNLO calculation is not complete, three plausible possibilities are
shown.

12 g —H + X 8L LHC, 1, = 125 GeV, o = 39.4 pb
c Grazzini ot 3, MRST2002
Ll RosB0s, MRST2001, stop
C NN 0 cemmeee- ResBos, MRST2001, smooth
0.8 —

=+ Kulesza ot al, CTEQSM

do/dp. (pbGev)
=3
o
[

TeSe—
e e
0 1 1
o 20 40 80 100
Py (GeV)
12
E 99— H+ X8t LHC, m, = 125 GeV,c = 394 pb
1= Grezzini et al, NRST2002
C PYTHIA 6215, CTEGSM
3 os - < HERWIG 6.3, CTEGSM
+ 06§
2 e}
s F
04
02
C 1 L 1 1
) 20 ) ) ) 100
pr(GeV)

Figure 102. The predictions for the transverse momentum distribution for a 125 GeV mass
Higgs boson at the LHC from a number of theoretical predictions. The predictions have all been
normalized to the same cross section for shape comparisons. This figure can also be viewed in
colour on the benchmark website.
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...and

® BFKL logs: will we finally
see them at the LHC?

. T 1 T T T T T T 1 T T T T T
tor 1 [ |
0.8 [ I
= L - 4
| 06— -
A L J
~— |- -
> - ==
 — -_-—e——_—e—_——— - - —
g M TR ]
= e ]
= b , -
| BFKL >= 3j (dot—dashed) ]
0.2 — NLO my (solid) —
i NLO <p;> (dashed) ]
8 BFKL 3j (dotted) -
00 i 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 | 1 1
2 2.5 3 3.5 4

lead jets rapidity difference (n,-7,)

Figure 92. The rate for production of a third (or more) jetin W+ > 2 jet events as a function of the
rapidity separation of the two leading jets. A cut of 20 GeV has been placed on all jets. Predictions
are shown from MCFM using two values for the renormalization and factorization scale, and using
the BFKL formalism, requiring either that there be exactly 3 jets or 3 or more jets.

a big number at the LHC
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® EW logs: oyylog?(p+2/my?) can be

Figure 107. The effect of electroweak logarithms on jet cross sections at the LHC.
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W/Z p; distributions

® p,distributions will be shifted
(slightly) upwards due to
larger phase space for gluon
emission

® |'ve generated a million W->ev
and Z->ee events for each of
the CTEQG.1 error pdf's using
ResBos

+ currently ROOT ntuples on
CASTOR at CERN for use by
ATLAS (castor/cern.ch/atlas/
project/smgroup/ResBos

® BFKL logs may become
important and have a
noticeable effect

+ one of the first steps at the
LHC will be to understand the
dynamics of W/Z production

+ can be done with first 100 pb-1
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Figure 89. Predictions for the transverse momentum distributions for Z production at the Tevatron
(solid squares) and LHC (open squares).

W, Z Production at LHC
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Figure 90. The predictions for the transverse momentum distributions for W and Z production
with and without the pr-broadening effects.
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SpartyJet

J. Huston, K. Geerlings
Michigan State University

P-A. Delsart, LAPP

www.pa.msu.edu/~huston/SpartyJet/SpartyJet.html
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SpartyJet et

What is SpartyJet? Available Algorithms

“a framework intended to allow for the easy use of CDF - JetClu
multiple jet algorithms in collider analyses”

- MidPoint (with optional second pass)
Fast to run, no need for heavy framework DO - DORunlIICone

Easy to use, basic operation is very simple
Flexible ATLAS - Cone

(from Lars Sonnenschein)

ROOT-script or standalone execution - FastKt
“on-the-fly” execution for event-by-event FastJet (from Gavin Salam and Matteo Cacciari)
results - FastKt
many different input types - Seedless Infrared Safe Cone (SISCone)
different algorithms Pythia 8 - Celljet
output format

reconstruct
JetBuilder individual

- jets with
basically a frontend to Py J
handle most of the details of On'the'ﬂy” methOd new

running SpartyJet

et T no input data file, no output data file parameters
not necessary, but makes i gy et i i in context
running SpartyJet much Jetalgositm * g = v JetAlgortim(MidPoines"; from other C++ programs, call a variant of
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