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Perturbative QCD computations
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= - N Global
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-
Why QCD at LHC is special

dominance of sea parton
scattering

small typical momentum fractions
x in several key searches
(Higgs. lighter superpartners, ...)

large QCD backgrounds

Q (GeV)

complicated event signatures;
reliance on differential distributions

different low-energy dynamics
(underlying event, multiple
interactions...)

LHC parton kinematics
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. ____________________________________________
Examples of global connections

B Correlations between collider cross sections through shared
parton distribution functions

based on

Implications of CTEQ6.6 global analysis for collider
observables

by PN., Q.-H. Cao, J. Huston, H.-L. Lai, J. Pumplin, D. Stump, W.-K. Tung. C.-P Yuan; arXiv:0802.0007

B Standard model effects on electroweak precision
mMmeasurements

» W boson mass at the Tevatron and LHC
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. ____________________________________________
PDF-induced correlations in hadron scattering

Noteworthy (anti)correlations

i@ * KO at the LHC
Range of PDF uncertainties (CTEQ6.1)

~N
S
o

~4%)

B Dependence on the PDF’s is
strongly correlated for some pairs
of cross sections and
anti-correlated for other pairs

N
S

|=4% |

a(pp>W>e,) [nb]
P
%
o

19

= implications for the monitoring

of parton and collider luminosities, T T T T i

determination of new physics i T

parameters e persren
W | will discuss the origin of the .

correlations, especially for W, Z, tt

cross sections i iim b e PO DRI |
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Correlation angle ¢

Determines the parametric form of the X — Y correlation ellipse
X = Xg+AXcoso
Y = Yo+ AYcos(f+ p)

cosp ~ 1 0 R cosp ~ —1

o1, X, Yo: bestAfit
‘ 0, ro OEsI-

| values

cos p =
-
5X \\/62{ 3X AX, AY: PDF errors

COSp ~ +1:
cosp ~0:

fight

constraints onY
loose

Measurement of X imposes
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-
“Standard candle” processes: W, Z, 11 production

B Cross sections for pp — WX, pp — Z°X at the LHC can be
measured with accuracy do /o ~ 1% (tens of millions of
events even at low luminosity)

B These measurements will be employed to fightly constrain
PDF’s and monitor the LHC luminosity £ in real time oittmar. pauss,

Zurcher; Khoze, Martin, Orava, Ryskin; Giele, Keller;...)

» other methods will initially give 6£ = 10 — 20%

B 1 cross section can be potentially measured with accuracy
~ 5%
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Theoretical uncertainties on oy, 07, 053

o+60ppr in units of o(CTEQ66M)

LHC,NLO
Knnio ow,z
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Z e 4 IC-Sea
W*h%(120) e > N NLO PQCD (Hamberg et al; Harlander, Kilgore:
W-h°(120) s

tt (171) e
gg—-h°(120) [
e

h*(200)
o 0
o » PDF dependence: > 3%

Anastasiou et al): ONNLO — ONLO = —2%
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g2 il
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-
Cross section ratios
B LHC collaborations will normalize many cross sections o to

the “standard candle” cross sections os (i.e., measure
r=o/osc)

» dependence on £ and other systematics may cancel in r

» PDF uncertainties cancel in r for strongly correlated cross
sections; add up in anticorrelated cross sections

B Similar cancellations may occur in S/\/E, asymmetries, etc.
It helps to find a correlated “standard candle” cross section for
each interesting LHC cross section

For example, it is better to normalize o4jggs t0 07 (017) if ohiggs is
correlated (anticorrelated) with o7
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-
A mini-poll: Z production at the LHC

Choose all that apply and select the x range
The PDF uncertainty in o is mostly due to...
1. u, d, U, dPDF'sat x < 102
x> 102

2. gluon PDF's at x < 102
x> 1072

3. 5,c,bPDF'sat x < 1072
x> 1072
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-
An inefficient application of the error analysis

pp-ZX, Vs=14 TeV; 40 CTEQ6.1 extreme PDF sets

© compute oy for 40 (now 44y 1
extreme PDF eigensets 1o

1.94

€102
@ Find eigenparameter(s) Lof®
producing largest variation(s), 188
1.86
such as #Q, '|O, 30 0246 3101214P1§éi§?§5rﬁﬁgre28303234363840

@ Check that the same eigenparameters produce largest
variations in o

@ It is not obvious how to relate abstract eigenparameters to
physical PDF’s u(x), d(x), efc.
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CTEQ®6.6 theoretical framework
(W.-K. Tung and collaborators)

B A full NLO analysis (NNLO is nearly completed)

B 2700 data points from 35 experiments on DIS, Drell-Yan
process, jet production

B Recent improvements in treatment of heavy quark masses in
DIS, etc. (CTEQO6.5), with important impact on W, Z cross
sections

» a general-mass factorization scheme with full dependence
on M p

» free parametrization for strange quarks (constrained by CCFR,
NuTeV charged-current DIS data)
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General-mass CTEQ6.6 PDF’s vs. zero-mass
CTEQ®6.1 PDF’s

Dashes: CTEQ6. 1M

Ratio to CTEQ6.6
° N

Ratio f:.;crcqa.a

Ratio !o-L'l'EQG.D
. Ratio toFL'l'EQB.B

B CTEQ6.6 u, d are above CTEQ6.1 by 2-3% at x ~ 1073 ; -,
ow,z at the LHC larger by 5 — 6%

W very different strange PDF's: s(x) + 5(x) # U(x) + d(x) at low p
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-
Multi-dimensional PDF error analysis

X“

B Minimization of a likelihood
function (v2) with respect to
~ 30 theoretical (mostly
PDF) parameters {a;} and
> 100 experimental

X3 . systematical parameters

! » partly analytical and
= partly numerical
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-
Multi-dimensional PDF error analysis

X2 A
____________ B Establish a confidence
region for {g;} for a given
5 tolerated increase in 2
Xo| "
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-
Multi-dimensional PDF error analysis

X2 A

Pitfalls to avoid

B “Landscape”

» disagreements between
the experiments
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-
Multi-dimensional PDF error analysis

X2 A

Pitfalls to avoid

/
B Flat directions
» unconstrained
combinations of PDF
parameters
a;
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Multi-dimensional PDF error analysis

X2 A
The actual 2 function shows

B a well pronounced global
miniMum 3

B weak tensions between
data sets in the vicinity of 3
(mini-landscape)

a;
B some dependence on
assumptions about flat
directions
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Multi-dimensional PDF error analysis

X2 A
The actual x? function shows

B a well pronounced global
miniMum 3

B weak tensions between
data sets in the vicinity of 3
(mini-landscape)

a;
B some dependence on
assumptions about flat

directions

The likelihood is approximately described by a quadratic 2 with
a revised tolerance condition Ay? < T2
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Multi-dimensional PDF error analysis
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

contours of constant y? lobal

p(i): point of largest a; with tolerance T Z

u;: eigenvector in the I-direction '
1

(i) Sy global minimum

diagonalization and
rescaling by
the iterative method
o Hessian eigenvector basis sets

(a) (b)

Orthonormal eigenvector basis

Original parameter basis

A hyperellipse Ay? < T2 in space of N physical PDF parameters
{g;} is mapped onto a hypersphere of radius T in space of N or-
thonormal PDF parameters {z;}

February 13, 2008 15
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

(b)

Orthonormal eigenvector basis

PDF error for a physical observable X is given by

/

AX=9X-Zn =[] = 1o/, (P - )
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

(b)

Orthonormal eigenvector basis

Correlation cosine for observables X and Y:
_UXVY ] N (+) (-) (+) (=)
COS ¢ = XXXV = Z&XAY Li-] (X/ =X ) <Y/ —Y )

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 15



Correlation angle ¢

Determines the parametric form of the X — Y correlation ellipse
X = Xg+AXcoso
Y = Yo+ AYcos(f+ p)

cosp ~ 1 0 R cosp ~ —1

o1, X, Yo: bestAfit
‘ 0, ro OEsI-

| values

cos p =
-
5X \\/62{ 3X AX, AY: PDF errors

COSp ~ +1:
cosp ~0:

fight

constraints onY
loose

Measurement of X imposes
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-
Types of correlations

X and Y can be

B two PDFs f1(x;, &) and f(xp, &)
(plotted as cos v vs x; & Xo)

B a physical cross section o and PDF f(x, Q)
(plotted as cos ¢ Vs x)

B two cross sections o and o,

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 17



Correlations between 1(x;, Q) and f(x,, Q) at Q = 85 GeV

Figures from http://hep.pa.msu.edu/cteq/public/6.6/pdfcorrs/

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 18



Correlations between 1(x;, Q) and f(x;, Q) at Q = 85 GeV

f] (X17 Q) Vs, f] (X27 Q) fz(x]a Q) Vs. f2(x27 Q)

Correlations between CTEQ.6 PDF's Correlations between CTEQ6.6 PDF's.

10°
10%0% 10° 001002 005 01 02 05 0.7
xin f2at Q-85. GeV/

~ 00002 005 01 02
Xin flat Q-85. GeV

cose m

=il -05 0 0.5 1

Can you guess which PDF’s these are?

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008
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Correlations between 7(x;, Q) and f(x,, Q) at Q = 85 GeV
U(X17 Q) Vs. U(X27 Q) Q(X], @) Vs. Q(X27 @)

Correlations between CTEQ6.6 PDF's Correlations between CTEQ6.6 PDF's

10> Z 10> /(1)
10°0% 10° 001002 005 01 02 0507 10°0% 10° 001002 005 01 02 05 07
xin flat Q-85. GeV. xing al Q-85. GeV.

Correlation patterns look similar for g, ¢, b PDF’s (no intrinsic
charm herel)

CVs. C bvs. b

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 20



Correlations between 1(x;, Q) and f(x,, Q) at Q = 85 GeV

dvsu svs Uat Q=2 GeV SVSs. g

Correlations between CTEQB.6 PDF's

Correlations between CTEQS.6 PDF's

&

Correlations between CTEQ6.6 PDF's

3 5 01

& 8

o5 008 S oo

fo §

& &

s 002 S oo
o1

10

10°
10904 107 001002 005 01 02

001002 005 01 02 0507
xinuat Q-85. GeV

cose m

-1 -05 0 0.5 1

Sometimes there is a clear physics reason behind the correlation
(e.g.. sum rules or assumed Regge-like behavior); sometimes not

001002 005 01 02 0507
Xingal Q-85. GeV

xinuatQ-2. GeV.
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Correlations between g(x;,2 GeV) and g(x,, 85 GeV)

Correlations between CTEQG.6 PDF's

Gluons at @ = 85 GeV are
i correlated with gluons at

. Q =2 GeV and larger x

/ because of DGLAP evolution

001002 005 01 02 0507
XingatQ-2
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Correlations between W, Z cross sections and PDF’s

Tevatron Run-2

CTEQB.6: correlation between i and f(x.Q=85. GeV) Correlation between 7(LHC) and f(x.Q=85. GeV)

PP-ZX, V5=1.96 TeV. —_—
7

Correlation
Correlation

= o
10°10¢ 107 001002 005 01 02 05 07 10°10¢ 107 001002 005 01 02 05 07
. x
CTEQ6.6: correlation between o and f(x,.Q=85. GeV) Correlation between oy (LHC) and f(x Q=85. GeV)
! 1
PhWX, VE=L96 eV —-_ A

—u

TN ==
%_ \_\\\\\ —=
N ==

Correlation
Correlation

=
105104 102 001002 005 01 02 05 07 001002 005 01 02 05 07
x x
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A surprising discovery

Correlation between o2(LHC) and f(x.Q=85. GeV)

LHC Z, W cross sections are strongly
correlated with g(x), c(x), b(x) at
x ~ 0.005

.. they are strongly anficorrelated et e oooe om0 oz s e
with processes sensitive to g(x) at

x ~ 0.1 (tt, gg — H for M > 300 ==
GeV) ™\ =

Correlation

Correlation

-1
10°10* 10° 001002 005 01 02 05 07
x
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Correlations between o(gg — HO), 0z, 0

PP-1EX v, 20X et and pp-1iX right
Vs=14 Tev, CTEQE6, NLO

Cosly]=0.56 Coslg]=-027

34

33

32

M, =120 Gev.
Cosly|=0.25 Cos[¢]=0.13

144

14

196 11, = 200 Gev

= Cosf¢]--087 Cosfi]-0.99
41
4
39
S'Sé 21 215 22 850 870 910

2.05 5 890
a(op — (7 — () X) (nb) a(pp — 10) (pb)
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cos ¢ for various NLO Higgs production cross
sections in SM and MSSM

Correlation with pp — ZX (solid), pp — tf (dashes), pp — ZX (dots)
LHC X-section: & gg — h® ¥ bb — h® +35c+bec— ht W+h? v hO via WW fusion

Q — —
k= 1‘3\’W+:W*.z ,//:::*:_/ IR
a B omao@pooeecs T
8 [ ooiii® L
5 = Xt-channel single t?p/:z’ : g
c_‘3'0.5j .
o L
= of (T2 2
Q B v
(@] |
o
: t-channel single top: tf v
e

—0.5[

[ —

_\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\

100 150 200 250 300 350 400 450 500
Particle mass (GeV)
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An example of a small correlation with the gluon

. CTEQG.6: correlation between oo and f(x,Q=85. GeV) Si ng Ie_To p prod u C'I'i on (N LO)
q t
M
7 b
_ pp-t* X (s—channel) . TypiCOl X ~ OO]
- ¢ Vs=14 TeV, m=171 GeV
e b
7:;.0’5 10* 1073 0.010.02 005 0.1 0.2 05 0.7

B mostly correlated with u, d
PDF’s

PDF uncertainties in W, Z fofal cross sections are irrelevant for

some quark scattering processes (single-top, 7/, ...)
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Precision fests of
electroweak symmetry bbreaking
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Higgs sector in SM and MSSM

T
—LEP1 and SLD

80.5- -~ LEP2 and Tevatron (prel.)
68% CL

SM: 1 Higgs doublet, one boson H

B Direct search:
my > 114 GeV at 95% c.l.
B indirect: My = 80"3; GeV at 68% c..

150 175
m, [GeV]
Greenband: 114 < My < 1000 GeV

200 MSSM: 2 Higgs doublets; h0, H9, A9, H+

mp < myz| cos2i|+rad. corr. < 135 GeV

B In these models, expect one or more Higgs bosons with mass
below 140 GeV

B Many other possibilities for EW symnmetry breaking exist!

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 29



. ____________________________________________
Higgs sector in SM and MSSM

experimental errors 68% CL:

LEP2/Tevatron (today)
Tevatron/LHC

B the goal of direct and indirect
measurements is o over-constrain
SM, greatly constrain SUSY

M,, [GeV]

B indirect constraints strongly
depend on M,y,, m; values, hence
L e L require accurafe QCD predictions

160‘ = ‘1(‘55‘ = 170 175 180 185 .
Y for W and t production
SMband: 114 < My < 400 GeV
SUSY band: random scan

For example, in SM

B 3 L o 2 L)
My = 80.3827 — 0.0579In (1 = GeV) 0.0081n (100 oy

2 o®
my %haa(Mz) <QS(MZ) )
0.543 —— ) — 1] —0517 | =—=22=—— _ || —0.085 =1
- <( 175 Gev) ) ( 0.0280 0.118
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-
M, measurement at hadron colliders

B The Tevatron (LHC) collaborations intend to measure M,
with accuracy 15 MeV (6 MeV)

B Several theoretical factors contribute at this level of
accuracy

NNLO QCD+NLO EW perturbative contributions
PDF dependence

>
>
» small-pr resummation
» small-x effects

>

dependence on mc

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 30



-
Measurement of M, and resummation

The largest QCD uncertainties on M,y arise from

B the model for W boson’s recoil in the transverse plane
B parton distributions

* DATA

—— BLNY

— KN,Cz=hy
—— KN, C3=2bq

do/dQy for W & Z bosons is predicted
by the resummation formalism, which
evaluates Y-, ol INT(&2/ &%) at

Qr — 0 to all orders of ag

( Collins, Soper, Sterman, 1985)

doldd,, poiGeV
]

pp—(2°~e*e’) X, CDF run-1

CDF analysis for 207 pb~ ' T T
uncertainty in nonperturbative resummed parameters currently
franslates into My, ~ 3 MeV (9 MeV) in the M?’ (%) method

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 31



-
QCD factorization at Q; — 0

(ResBos: C. Balazs, G. Ladinsky, P. N., C.-P. Yuan)

Small-&; factorization B Readlized in space of the
Noep < @2 < @2 impact parameter b
3 (conjugate to Q)
B At NNLL accuracy, we
include perturbative
coefficients up to orders

A(S) (from Moch, Vermaseren, Vogt, 2004),

B2 :and ¢

dUAB—>VX d b

— = B Wop(b, @,

Q2 Q2 (=)
< bg(u)d

Wab(b, @, Xa, Xg) = [Hap|? € 5D Po(xa, b)Pp(Xs, b)
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Universal nonperturbative contributions
A. Konychev, P N., PLB 633, 710 (2006)

12 Nonperturbative Gaussian smearing a(Q)

* E288
1 = E605
4 CDFZ
0.8 A DOZ
4 R209

a,=0.19 GeV?

bmax = 1.5 Gev™?

5 10 20
QIGev]

100 200

B Q; factorization: initial-state
nonperturbative contributions
(a ~"intrinsic” (k?)/4) follow a
universal quasi-linear dependence
on In &; this expectation is
confirmed by the global analysis of
Drell-Yan and Z boson data at
x 2 0.01

B the observed In @ dependence agrees with the
renormalon/lattice estimate daran

B af Q ~ My, soft NP corrections dominate over collinear NP

corrections

B the model is sufficient to predict many Drell-Yan-like resummed

cross sections

Pavel Nadolsky (MSU)
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Combined analysis of PDF’s and resummed
nonperturbative function

(Lai, PN., Pumplin, Tung, Yuan, in progress)

B The common origin of collinear PDF's f5(x, 1) and Fnp(b, Q)
from kr-dependent PDF’s indicates importance of their
simultaneous analysis

» The best-fit Fyp(b, Q) is correlated with fo(x, 1) =
consequences for EW precision measurements

» Pr data constrains poorly known degrees of freedom
in fCJ(X7 ,LL)

B The fechnical challenge of including a slow Fourier-Bessel
transform intfo a global fit has been resolved

B The first combined PDF+Q) fit has been recently finished

Pavel Nadolsky (MSU)

LHC workshop @ KITP
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Impact on lepton p; distributions in W boson
production

Gop;—)a(W*ﬂe*ve)X, /5=1.96 TeV, NNLL/NLO, My=80.423 GeV pP-(W* e ve)X, V5=1.96 TeV, NNLL/NLO, My=80.423 GeV
] 1.02 - =7
—— PDF+Py fit ) —— PDF+Py fit
] g— KNI, CT6.5M - im gg?m
=== (O, Gl 210 - PDF+Py fit ;My£50 MeV
~ 40} PRELIMINARY <
sl3 N
o 2
<30 g 1
s 2
L) S
9099
S
10 : g PRELIMINARY
: i
Mwf2 098
10 20 30 40 50 60 25 30 35 40 45 50
pr® (GeV) pr® (GeV)

Revised do/dp$ correspond to somewhat larger My, values
extracted from experimental data

Pavel Nadolsky (M February 13, 2008 35



e
Conclusions

B [t is exciting to explore rich global connections between the
LHC cross sections
» to calibrate the LHC detectors, monitor LHC luminosity

» to explore new forms of QCD factorization (resummations)
and merge them with important EW contributions

» to precisely test the Standard Model, understand the EWSB
mechanism

» to impose limits on new physics parameters using hadron
collider data

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 36



e
Conclusions (continued)

B Ongoing progress in (N)NLO PQCD global analysis of hadron
Cross sections

B Correlation analysis in the PDF parameter space is an
efficient technique that relates PDF uncertainties in physical
cross sections to PDF’s for specific parton flavors at known

(X 1)
B This technique is essential for revealing poorly constrained

combinations of PDF’s, such as those associated with heavy
quarks

» conseguences for standard candle and other cross sections
at the LHC

» useful guidance for future LHC measurements aimed at
constraining the PDF uncertainties

Pavel Nadolsky (MSU) LHC workshop @ KITP February 13, 2008 7
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Backup slides
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