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Era of Precision Measurements @ €€

é Measurement Fit \O""%“"—Oﬁt\/G'm"""“a
: : 1 2 3
By comparing measurements and theoretical W R ?

prediction of electroweak precision observables m, [GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4965

Opgg[MD]  41540£0.037  41.481
a the electroweak sector of Standard Model (SM) | . 2076740095  20.739

|

is probed at the quantum-loop level A 0.01714£0.00095 0.01642
A(P) 0.1465+0.0032  0.1480
: . _ R, 0.21630 + 0.00066 0.21562
» the consistency of SM is checked by comparing | 5 0172340.0031 04723
direct measurements with indirect determinations Zt;b 0.0992+0.0016  0.1037

o
of input parameters, e.g. m _and M. A USIFERiog  [ans
A, 092340020 0935
A, 067040027  0.668
» the parameters of models beyond the SM can A(SLD)  0.1513+0.0021  0.1480

S8 (Q,) 0.2324+0.0012  0.2314
my[GeV] 80425+0.034  80.390
Global SM fit to all electroweak data: * [y[GeV]  2133+0.069 2093

from LEPEWWG (Winter 2004) m, [GeV] 178.0+4.3 178.4 o
\ 0 1 2 3

be constrained.




Precision Data

® Most precise measurement of W boson
mass was done at Tevatron.

® Most precise measurement of Top
guark mass was done at Tevatron.



Phase Il: Precision Measurements
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Outlines

® Precision measurements at Tevatron
Run-2 and LHC:

W/Z Physics

® Impact of New CTEQ Parton
Distribution Functions to LHC
Phenomenology:

W/Z, Top and Higgs Physics
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W-boson physics

© W-boson production and decay at hadron collider

@ How to measure W-boson mass and width?
® High order radiative corrections:
i QCD (NLO, NNLO, Resummation)
1= EW (QED-like, NLO)

@ ResBos-A and its predictions




W-boson production at hadron colliders

h(P)
h(Pl)
arton
II)nOdel
—
h(Ps)
X h(Fy)

1
Ohh —W+X = Z/ dr1dzs {qbf/h (1) 675 Q7 1y (22) + (21 < iEz)}

TSN

PDFs are known from partonic “Born”

. . . . i +
deep inelastic scattering cross section of ff — W




parton
distribu
tion

underlying events
(from proton remnants)
parton

distribu
tion

fragment

r ~ ation ™\
PDFs: probability of ISR and FSR:
finding a “parton” r N Jet colored) initial and
inside the hadron 1 LO final states
. J
can radiate gluons
J




W-boson Decay

Hadronic mode

wt 4 By 6 hard to detect,
, 9 due to huge QCD backgrounds
1 (u uuccece
JJJESE)
a Leptonic mode
+ easy to ldentlf ) {0 Neutrino
w+ ¢ Br ~ § g Vy " u..\
0 but lack of P, L
v ( et ut
Ve Vy Vr

unknown ~_ s cannot reconstruct invariant mass of W boson




Transverse momentum of the charged lepton

PP T Jacobin peak” T
- LO

o
Q>

@ In (ud) c.m. system, 52
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Jacobin factor
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d cos 6 2 1 pS (GeV)
dp7 5. [1_ %%
5 — : :
sensitive region for measuring
dé dé 1 My : p7 ~ 30 — 45 GeV
—

— ~ X |
dpz  dcos6 V1 — 4p2. 3 I'w: nota good observable




/4
Transverse mass of the W-boson

@ Definition: ) X
Jacobin pea

mi(¢,v) = 2 pp p7(1 — cos pe)

l

from overall PT imbalance

do 1
—— n I
2 2 /A w
dmz /1 —m2/3 | //
L1 1| | 1111 | 1111 | L1 11 | i
0 60 70 80 90 100
. m}¢ (GeV)
5" unaffected by longitudinal boosts of/v  system
IS not sensitive to ¢} sensitive region for measuring

Mw : Mp ~ 60— 100GeV

tail knows about T’ direct measurement
i w( ) Tw My > 100 GeV




Theory requirements for Tevatron Run-II and LHC: 28

Theory framework for Tevatron Run-I

*  O(as) (NLO-QCD) corrections
& O(a) (QED) corrections

Run-II experimental targets:
5<7tot/<7tot ~2 — 3%
0 Mw ~ 30 MeV

Many factors contribute at a percent level:
@ (O(a?) (NNLO-QCD) corrections
*  O(a) (NLO-EW) corrections
@ uncertainties of parton distributions

@ power corrections to resummed
Ccross sections

} Adequate for comparison to Run-I data

™

Task: consistent and efficient
implementation of these
effects




NNLO hard cross section
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® Little shape difference

from NLO to NNLO

¢ K-factor should be

sufficient

® Z rapidity distributions
could/will be used as

iInput for pdf fits

Rapidity distributions

pp — (Z,7*)+X

d*c/dM/dY [pb/GeV]

ZIy Rapidity

— NNLO, MASTO1

« Data




Shortcoming in fixed order pQCD calculations

@ Cannot describe data with small ¢, of W-boson.

@ (Cannot precisely determine mw at hadron colliders without knowing the transverse
momentum of W-boson. Most events fall in the small q,. region.

(at NLO)

q- (W)

=
. / Transverse momentum
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Resummation effects agree with data very well
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High order QCD corrections (NLO, NNLO, Resum)

W-boson physics High order radiative corrections

What is QCD resummation ?

® All order quantum corrections

e, (L K + L4

+og | L +L'+ L0 +L° +L +1|

Resummation is to reorganize the results in terms of the large Log’s.

C.-P. Yuan (MSU) Precision Electroweak Physics at Hadron Colliders




= _ High order QCD corrections (NLO, NNLO, Resum)
High order radiative corrections

W-boson physics

What is QCD resummation ?

e reorganization of logs

do | | | o ml Al o)
—-—,;[ o (L+1) +ol{LC+L|+o) LD +LY)  +- ]
dg; ¢,
+] +og( L+1) 4o (C+L|  +- ]
+ +o (L+1] 4 ]
=
collinear + soft
gluon
Renormalization

Group Technique “oft
> gluon

C.-P. Yuan (MSU) Precision Electroweak Physics at Hadron Colliders




. = _ High order QCD corrections (NLO, NNLO, Resum)
High order radiative corrections

W-boson physics

CSS resummation formalism

do - o . Collins-Soper-Sterman

1Y (47.7,0)}

W=e".c®f(x,) C®F(x,)

N ldﬁﬂ X g } :
2 [a Ly e/ACH

¥

2 2
Sudakov form factor S(b)= '[l” e [ln[(j ] [u}+5[ﬁ}}

| Non-perturbative functions| are functions of (b,Q,x,,xg) which
include QCD effects beyond Leading Twist.

C.-P. Yuan (MSU) Precision Electroweak Physics at Hadron Colliders




W-boson physics

= _ High order QCD corrections (NLO, NNLO, Resum)
High order radiative corrections

Resummation effects agree with data very well

PP — Z @ Tevatron

?U'U T T T T T T T T T T T T T T T T

Predicted by ResBos:

BLNY (CTEQ6M)

DO Z Run-1
CDF Z Run-1#0.89

A fortran program that
includes the effect of

multiple soft gluon emission

do/dq, (pb/GeV)

on the production of
W and Z bosons
in hadron collisions.

C.-P. Yuan (MSU) Precision Electroweak Physics at Hadron Colliders




W Charge Asymmetry: A Monitor of DFs

» Difference between u(x) and d(x) in proton cause ud — WTand @d — W~
to be boosted in opposite directions

Al do(W')ldy, —da(W)ldy,
i do(W7)ldy, + do(W™)ldy, Rapidity charge asymmetry is
) | sensitive to d(x)/u(x) ratio at high-x
u{xl}d fx.) = d{xl)u(.x } — primary interest of PDF fitters.
Aly,) = -
W T )

do(I")ldn,—doll”)ldn,
da(l")ldn,+dall )ldn,

\ ® cannot reconstruct y_ directly I

® measure charged lepton only

A(n) =

b \

= i proton diveckon ot diection — = ¥




Rapidity Distribution

u higher momentum

/¢
E ;wa U ] ‘ﬁ."- f
/o "

[ 01

al— andi proton direction  proton direction  —s

baoosted in p direction ‘
boosted in T direction




ResBos needed for Rapidity

Charged lepton asymmetry (from W decay)

4.2

- COF-Il Preliminary, 170 pb
= 28« E:_ < 35 GaV

4.4

0.5f

.31
% Phys Rev D67 073016, 2003)

RESBOS CTEQS. 1M
(. Lantiry, B theock, 2 A0 liade by, C B,

Al sxtreme padfseiz

a a5 1 1.5 2

All recent CTEQ and MSTW PDF fits include

A

Charge asymmetry

25 < py; < 35 GeV, CTEQSS

02 -
A
i,
s
\\{x
LN
- NNLL/NLO . ¥ S
———NLO A
— D) e
0.5 1 1.5 2 2.5 3
¥e

the effects of soft gluon resummation predicted by ResBos.




NLO EW corrections

= The complete NLO EW correction to W and Z boson
production 1n hadron collisions are known.

* The NLO QED corrections to the decay of W and Z bosons
can be factored out from the complete NLO EW corrections

In a gauge invariant way.




NLO EW corrections to W boson production

05" virtual photon contribution

'?1(?1_] W(Pf.]

g pure weak contribution ! !

" TI%
1 W-7 box contribution 05" real photon contribution

Wz ¥
q W 9 W
- - - wrz - 1 -\I“\j\r
Tn
i ¥
5 r g iy r

w*



W-boson physics

EW corrections ( QED-like)

High order radiative corrections ‘r High order EW corrections

| T N
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Precision Electroweak Physics at Hadron Colliders



SRR Precision measurements require accurate theoretical predictions€

ResBos-A: improved ResBos by including final state NLO QED corrections

to IV and Z production and decay

hep-ph/0401026

Qing-Hong Cao and CPY

Resum+Born

Resum+NLO

=

_|_

@ and B denote FQED radiation corrections, which dominates the W mass shift.
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W Mass @ CDF Run-2

W—ev transverse mass distribution

CDF Il preliminary

I L dt = 2.4 fb™

15000

10000

Events / 0.5 GeV/c?

5000

=15 MeV/c?
v2dof = 70 / 48

Statistical error only.

data
— MC
background

90 100

m.(ev) (GeV/c?)




Transverse momentum distribuiion of charged lepton

[Pf? is sensitive to gy j
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Z-boson physics

@ Help to improve the measurement of W-boson

=" calibrate detector

2" indirect measurement of W-boson width

® ResBos-A and its predictions
i effective Born approximation

I  various kinematical distributions



05" help to calibrate detector

Precision measurement of Z-boson

Mass information comes primarily from leptonp_ - —» @ "™
- e 4] ¥
- Run 2 goal: calibrate p_to ~0.01% L Gy, ™ oo
prozon bears > "“"f-"""“""*““
E t, - e HH &
g i, e
s x irhh # b 3
'E mu-:l_— Hﬂ“:ﬁ i:_jl ] . _izx . \
) o | Wof=sz a8 Additional information from v p_
o +
et Wy R (inferred through measurement of
B Db b U Preliminars .q"'h.. hadIDI'Il.C I'ECO]] 'E'Ilerg}f)
— |
P (GeV) o b
RN L Z—pu
Use Z decays to model boson p_distribution, ™|
detector response to hadronic recoil energy Tt '1* .
zoa[- ¥y s
. . - * PRT
Combine lepton and neutrino p_to form : T
T maf® gk
transverse mass (1) for best statistical power = L e




Including photon and Z boson interference effect

=5~ Photon and Z interference effect q /
has been implemented, therefore /%
ResBos-A can be use to low
energy Drell-Yan process. q o+

=" Effective Born Approximation is adopted in order to include the
dominant higher order EW corrections around the Z-pole.

eﬁ' ]. MZ

a— af8) vy — v§ = S Mo —Z(I] —2Q¢sin 9

=" Effect from pQCD soft gluon resummation is included, at the same level of
accuracy as that for W boson production and decay.
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4500
4000
3500
3000
2500
2000
1500
1000

500

Events / 0.5 GeV/c?
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First part of Conclusion and outlook

1. We are entering the era of precision measurement at hadron colliders.

2. For precision measurement of W mass, it is needed to include both QCD and EW
corrections consistently and efficiently.
As the first step toward this goal, ResBos-A includes both the initial state

multiple soft gluon resummation effect and final state QED corrections
(which dominates the W mass shift).

3. Precision measurement of Z boson, via the ratio method, can improve W-boson
mass measurement and provide indirect measurement of W-boson width.

- Precision Electroweak Physics at Hadron Colliders

http://hep.pa.msu.edu/resum/
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Impact of New
CTEQ Parton Distribution Functions
to LHC Phenomenology:

W/Z, Top and Higgs Physics



New Physics signal found?

% Difference from NLO QCD with MRSD(/
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High-x gluon not well

known

...can be accommodated
In the Standard Model

fractional contributions
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1 L T I T 1
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x = p(parton) / p(proton)



® Experience at the Tevatron
Is very useful, but scattering
at the LHC is not necessarily
just “rescaled” scattering at
the Tevatron

® Small typical momentum
fractions x in many key
searches

¢ dominance of gluon and
sea guark scattering

+ large phase space for
gluon emission

¢ Iintensive QCD
backgrounds

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

pony

-

(GeV)

@

107 E

10° E

10

10°

10°

10°

Cross sections at the LHC

LHC parton kinematics
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LHC Parton Kinematics

Lo Ty T T EIEEy T T T F T e T LTI T T I7 il Bk

X =14 TeV| expliy)

P E G=M M- ITV Sensitive to new region of

x and Q values.

4

Need better determination of PDFs

. 5 .

-

Q' (GeV)

£

M =10 ¥

Need new kind of global analysis,
3 : such as
W ow ow ow ow e w o |“The Combined PDF and P Fits”




Impact of new CTEQ PDF sets to
SM processes: W, Z, top, Higgs

CTEQ6.6 PDF’s, heavy flavors and
PDF induced correlations between
LHC observables

In collaboration with

Hong-Liang Lai, Pavel Nadolsky,
Qing-Hong Cao, Joey Huston, Jon Pumplin, Dan Stump,
Wu-Ki Tung



-
Global analysis at Michigan State/Taiwan/Washington

B a part of the Coordinated Theoretical Experimental study of
QCD (CTEQ) in U.S.A.

B development of general-purpose PDF’s

(Wu-Ki Tung and collaborators)

B new CTEQ6.6M standard set and 44 extreme eigenvector
Sets (arxiv.0802.0007)
» improved tfreatment of s, ¢, b PDF’s
» correlation analysis of collider observables
» available in the LHAPDF-5.4 library and at www.cteq.org

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008 S



.
“Standard candle” processes: W, Z, 1 production

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

B These measurements will be employed to monitor the LHC
luminosity in real time and tightly constrain PDF’s oitmar, Pauss,

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

We will see that # production may also potentially become a
calibration process at the LHC because of its strong
anticorrelation with Z production

C.-R Yuan (MSU)



CTEQ6.6 PDF’s

20 T T T T 20 T T

T 20 L LS L T TR
uat g = 3.16GeV 1 dat u = 3.16GeV sbar at u = 3.16 GeV
& o &
< < <
(<3 1< (<3
=] =] =]
e e =
3] 3] 3]
o 1Ok 4010 ol0k
- R s f
9 s EEI
p<) EEs] bl
] 1's s
[ e =
07 3 o7 07
{171 PP P P | PRI (PP 1 PR IV R | P11 PP o Y P PRI IR |
“10%10¢10° 0102 05 1 2 3 456788 T10%10%10° 0102 05 4 2 3 456780 T107* 107 10

0102 06 1 2 3 456780
X x x

dashes: CTEQ6.1TM (zero-mass scheme)

B CTEQO6.6 u, d are above CTEQ6.1 at 2 < 1072

» The result of suppressed charm contribution to F(z, Q) at
HERA in the GM-VFN scheme

B very different sfrange PDF’s

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008

6



-
Impact of charm contributions to DIS at HERA
h

Y
e
il il
il

Doshes CTEQb 1 M

|| ’
“ 12
©
&
'5
) T
2
-1
5]
0.8

B W,Z production at the LHC: x ~ 1073 — 102

W Suppression of charm contribution to F,(x, @) in the GM-VFN
scheme results in larger U'(x), &’ (x) at small x = larger oW

dbar at p = 100 GeY

Ratio to CTEQ6.6
Ratio to CTEQG.&

6Qight(X)/ Qlight(X) = 3% = 0Lqq/Lqga = 2(6Qignt/Aight) = 6%

C.-RYuan (MSU) 8



CTEQG6.6 Gluon PDF Uncertainty

2.0 7T T ] 7 T | T T T T 1.4 LA L L T | | TITTTTTTTTNT T

uon at u = 1.30GeV il [gluon at w = 100 GeV Jff ]

| i 12 I i

© i | © -

E I © ]

PR 1 i i RN _

2 il | 9 -
3 B ‘ e =

= NN & :

0.7 IT I 2 Iﬂ .

NI 0.8— —

:“ o Bl o 10 o I | 1 e L 7 B ; -

u'ﬁn" wriw® orLo2 05 1 22 3 458 .Tﬁ PRt NS A | ' L

1ww*1w® o102 05 .1 2 3 4586780
X

At large x, the extremes are given by eigenvector sets 23,24 and 31,32.



W and Z cross sections at the LHC

2.2

W* & Z cross sections at the LHC

W* & Z cross sections at the LHC

22
CT5HQ
NNLL-NLO ResBos B A NNLL-NLO ResBos 5
2.15 LT4HQ 2.15 ‘07 ZEUS-IM
; z ZEUS-TR
A cTsm < Ozeis 2
3 21 A A CTEM g 21 . MW
< S g NLO PDF's
= CTEQ6.6.~  CToW =z B NNLO PDF's CTEQ6.6
5 205 2 e, '3 208 S maienine
N N B AMP 06
T 4 cTsHQL T ors R
g 2 “ crsm1 g 2 e
= ¥ MRST 02
& 5
ok CTEM
1.95 CISIM 1.95
4 cram
1.9 19
185 19. 195 20. 205 21. 215 22 185 19. 195 20. 205 21. 215 22

Tt(PP=>(W*>(v)X) (nb)

Tiot(PP>(W*=v)X) (nb)

B Such changesin o exceed NNLO corrections or
anticipated experimental error of ~ 1%

B Two latest MSTW predictions are compatible with the
CTEQO6.6 result

Pavel Nadolsky (MSU)

HERA-LHC workshop May 28, 2008 7



W and Z cross sections at the LHC

22 22
CT5HQ
NNLL-NLO ResBos B A NNLL-NLO ResBos 5
2.15 " LT4HQ 2.15 ‘07 ZEUS-.
; z ZEUS-TR
A cTsm < Ozeis 2
3 21 A A CTEM g 21 . MW
< S g NLO PDF's
= CTEQ6.6.~  CToW =z B NNLO PDF's CTEQ6.6
5 205 2 e, '3 208  maeine
N N (B AMP 05
T 4 cTsHQL T ors R
g 2 “ crsm1 g 2 e
< ¥ MRST 02
& 5
ok CTEM
1.95 CISIM 1.95
4 cram
1.9 19
185 19. 195 20. 205 21. 215 22 185 19. 195 20. 205 21. 215 22.

W* & Z cross sections at the LHC

W* & Z cross sections at the LHC

Tt(PP=>(W*>(v)X) (nb)

Tiot(PP>(W*=v)X) (nb)

B At the LHC, oy 2 (CTEQ6.6M)~ 1.060yy, 2 (CTEQS. TM)

» reflects a 6% increase in light quark luminosities
Lyq (21,22, Q) = qi(r1, Q)7;(x2, Q) af relevant z and @

Pavel Nadolsky (M

HERA-LHC workshop



Tevatron and LHC cross sections

o+éoppr in units of o(CTEQ6EM) o+60ppr IN units of c(CTEQ66M)
Tevatron Run-2, NLO

LHC,NLO
W NNLO/NLO
—— = CTEQ6.6 w+ L " CTEQ6.6
2 e * CTEQ6.1 Wi ke * CTEQ6.1
b 70 i
(120) e W*h (120)
W-~h (120 Cem—
&0 = tt (171) — ey
gg>h"(120) e
>—,_l$‘
&0 h*(200) =
085 09 095 1 105 1.1 115 1.2 1.25 085 09 095 1 105 1.1 115 1.2 1.25

B NLO calculations using ResBos, WTTOT, MCFM
B CTEQ6.5 and CTEQ6.6 cross sections are qualitatively same
B AfLHC, oy 2(CTEQ6.6M)~ 1.060y ,(CTEQG. 1TM)
» reflects a 6% increase in light quark luminosities
Lqgg (X1, X%, Q) = qi(x1, Q)gj(x2, ) af relevant x and &

finer differences with CTEQ6.5 in precision predictions for
production, strange-quark scattering

C.-R Yuan (MSU) 7



Correlations and ratio of W and Z cross sections

W* & Z cross sections at the LHC

a@)/(a(W+) + a(W-))

215 NNLL-NLO ResBos

2ol

2.05 Free s=s (solid),
fixed s=s (dashes)

Tat(PP—(Z°-£6)X) (nb)
N

19

1.85

Azu

mrst04

i
/ PDF error band

/
sl f

|

{

H
AR
{

|

i

/

o

°% = 2 o 2 0
y

185 19 195 20 205 21 215

Tiot(PP—=>(W*=£v)X) (nb)

22 A. Cooper-Sarkar, 2007

Radiative contributions, PDF dependence have similar structure
in 1., Z, and alike cross sections; cancel well in Xsection ratios

HERA-LHC workshop May 28, 2008 29

Pavel Nadolsky (MSU)



Correlations between physical observables
through PDF degrees of freedom

Misleadingly simple questions

1. Why are PDF induced variations in o\, and o, strongly
correlated?

2. Since both W and Z are mostly produced in light-quark
scaftering, is their PDF uncertainty mostly coming from
light-quark PDF’s?

3. How can we test this?

Answers can be found by systematically studying correlations in
the PDF parameter space

C.-R Yuan (MSU)



.
An inefficient application of the Hessian method

@Compu’re oy for 44 extreme

N
S 1360
PDF eigensets Boal o o
£ e 0
~1zn (@7 200 e%g.0 :-.:S
@Find eigenparameter(s) S o e%] o° LR
- q 0 e L]
producing largest variation(s), g o
such as #4 or 8 ¥

10 15 20 25

PDF eigenparameter
@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.

C.-R Yuan (MSU)



- ____________________________
Correlation analysis for collider observables

(J. Pumplin et al., PRD 65, 014013 (2002); PN. and Z. Sullivan, hep-ph/0110378)

A technigque based on the Hessian method

For 2N PDF eigensets and two cross sections X and Y':

ax =35 (9~

o = gty 33 (47 -3) (47 50)

1=
X% are maximal (minimal) values of X, tolerated along the i-th PDF

eigenvector direction; N = 22 for the CTEQ06.6 set

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008 8



Correlation angle ¢

Determines the parametric form of the X — Y correlation ellipse
X = Xog+ AXcosf
Y = Yo+ AY cos(f + )

cosp ~ 1 cos ~ 0 cosp ~ —1

hay 5Y't, 5Y ¢, .
| /h | Xo, Yo best-fit
‘ ‘ values

L 6X - Jex X
| \\/ | ’ AX, AY: PDF errors

tight
loose

cosp ~ +1:

constraints on Y
cosp ~ 0 :

Measurement of X imposes

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008 9



Correlations and ratios of W and Z cross sections

W* & Z cross sections at the LHC

NNLL-NLO ResBos

Free s=s (solid),
fixed s=s (dashes) W/ .~

o Az

o@)/(a(W+) + o(W-))
mrst04

ot | //wﬁﬂ.—,—%r,—.
008 |-

/\
/ PDF error band

195  20.

due 1o s(x)

C.-R Yuan (MSU)

205 21.

8.5 19.
Trot(PP—>(W*~¢v)X) (nb)
Somewhat surprisingly, the remaining PDF uncertainty is mostly

s = =
A. Cooper-Sarkar, 2007




. 000000
Correlations of Z and ¢t cross sections with PDF’s

Correlation between o7(LHC) and f(x.Q=85. GeV)

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

.. they are strongly anficorrelated

with processes sensitive to ¢(x) at e ey
x ~ 0.1 (tt, g9 — H for My > 300 - vEta T : ===

GeV) as a consequence of
momentum sum rule

-1
105104 10 001002 005 01 02 05 07
x

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008 1
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tt vs Z cross sections at the LHC

Z° vs tt production at the LHC at NLO

m=u=171 GeV

“. CTEQ66,

T (PP—>(Z°—>e*e)X) (nb)

0.82 0.84 0.86 0.88 0.9
Tror(pp->ttX) (nb)

Measurements of o,; and o probe the same (gluon) PDF
degrees of freedom at different = values

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008 12



- ____________________________
Correlations between o(gg — H°), 04, 0y

PP=N°X ¥s. pp-~(Z°~(£)X (left) and pp-ttX (right)
Vi-14 Tev, CTEGE 6, NLO

Gos[¢]-056 Cosfg]=-027

34 /
33 i
LN a—— As My increases:
Cos[¢]=0.25
144 -
. . | COSQD(U]],Uz)
" i, [ ixy decreases
108 w\ B cosy(on,04)
42 Cosl¢]=0.99 i
t increases
41
4
39
3'52 205 2.1 215 22 850 870 890 910
o(pp — (Z — ¢0)X) (nb) o(pp — t1) (pb)

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008 13



tt production as a standard candle process

B Measurements of o,; with accuracy ~ 5% may be within
reach

B would provide additional constraints on the large-z gluon
PDF

B will be useful for monitoring of £, ;¢ luminosity in the first
years and normalization of LHC event rates

See also the talk by M. Csakon,; Moch, Uwer, arXiv:0804.1476; Cacciari et al., arXiv:0804.2800; Kidonakis, Vogt,
arXiv:0805.3844

Pavel Nadolsky (MSU) HERA-LHC workshop May 28, 2008 14



Top Quark Pair production rates

t thar predictions at Tevatron
CTEQ6.6

At Tevatron Run-2, uncertainty
Incduced by PDFs is sizable.

(J-scale = Mt/2

t thar predictions for LHC

1ﬁ ()-scale = 2 Mt CTEQ6.6
} Q-scale = Mt/2

CTEQ61

cross section in pb

169 170 171 172 173
top quark mass in GeV

cross section in pb

Uncertainty induced by
factorization (and renormalization) } |

. (J-scale = 2Mt
scale dependence is large
at the LHC. Hence, NNLO
calculation Is needed.

top quark mass in GeV




CTEQ

DY Runll Preliminary

E 22: c .
o 20__ pp—> tT+X
— L Total uncertainty
=18
© - Cacciari et al. (NLO+NLL)
16:_ ----------- Theoretical uncertainty
14¢ Nadolsky et al. (NLO)
Use top quark pair 12:- ----------- Theoretical uncertainty
production rate 10=.

to determine
the mass of top quark

O N P~ O

*
LJ
Ty

aaaaaaa

-
[

1'.*-

L]

rrrrr

a
r
Tray

160 165 170 175 180 185

Top Mass (GeV)




What’s top mass?

® \\What's the top mass in a full event
generator, such as PYTHIA?

NOBODY KNOWS

Parton showers generate some higher
order corrections in the event shape,
but with approximations.



-
Conclusions

CTEQ6.6 study confirms most findings of the CTEQ6.5
analyses; predicts some differences in cross sections for
heavy-flavor scattering, LHC EW precision physics

Free parameters in CTEQO6.6 strange PDFs probe a new
direction in the PDF parameter space, affect predictions for
strange-quark scattering, o7 /oy, at the LHC

Analysis of correlations in PDF parameter space is a powerful
technique to understand relations between physics
observables through shared PDF degrees of freedom

At the LHC, CTEQ®6.6 tt cross section is anticorrelated with Z
cross section via the gluon PDF; can potentially be used as
an additional observable to monitor the LHC luminosity

C.-R Yuan (MSU)



NNLO Higgs

® Substantial
contributions to Higgs
cross section from
LO to NLO and from
NLO to NNLO

® [or this reason,
Higgs cross sections
most often calculated | |
to NNLO (with NNLO oo a0, S0 500 700 1060 200 500500 700 1009
pdf’'s)




gg->H with MSTWO08

20 r — T ——T—TTTT
= TR T I
L HEPDATH

® Higgs cross section at NNLO is 30%
(115 GeV) to 9% (300 GeV) larger at
the LHC now than in 2003

® Tevatron cross section is +9% (115
GeV) 10 -9% (200 GeV)

Q#+2Z2= 10000 GelVes2 -
gluon MSTW200BNNLOE =
—. gluon MRSTZ2002NNLO =

xf(x,Q2)

® About half or more of the effect is s [ E
from the changes in the gluon 6 |- B
distribution in MRST->MSTW + F 1

o forlow x <0.05, MSTW2008 2 b
gluon > MRST2002 gluon o e

o for moderate x, 0.05<x<0.5,

MRST2002 gluon > MSTW2008 ¢ [ i :

gluon ; 15 - 5V 2(o(2i=1)-o(2D)) E

® (Most of ) rest of change is from 1?: o E
increase in o at NNLO g s F .

o 0.1154->0.1171 o L " L

+ note that oy is included in the s =

global fit; CTEQ fixes it at world o ; error band due to
average - exp errors in

® EW corrections also cause some i global fit
change 107 1072 107"




Change in gluon

® About half of the change happened in ® Change may have worked for Barack
2006 and half in 2008 Obama but it upsets experimentalists

® Due (at least partially) to changes in

— 20
the heavy quark scheme S [ [
. X o1g L Q2= 10000 GeV*x2
+ more light quarks needed at T U  en WRSTI00INNLO
small x w6 L _ gluon  MRST2004NNLO
+ flavor threshold effects more : gluon:  MRST200GNNLO
. ' - . gluaon
complicated in MSTW approach i gluon - METHZO0BHNLE
than in CTEQ due to counting of -
orders (see arXiv:0809.0714) [
o, 10 [
EI.B:— EI;HESS:;:S Q#+2= 10000 GeVs+2 E
= [ __ upbor  MRST200ZNNLO 8 -
16 - —-._ upbor  MRST2004NNLO i
L. upbor  MRST2006NNLO =
1.4 ... upbor  MSTW200BNNLO 6 -
4 =
» [
o L L
v 1072 107"
X




CTEQ

® There’s been some change in the
CTEQ gluon distribution as well due
to the switch to the heavy quark mass

S 20
scheme, but not as much NI oo
® And since we use the world average Z 18 I \ Q**7:| e TES‘;’;‘?
y > L — gluon & !
of o .(and that hasn't changed much), o b el (CTERETH
the Higgs cross section predictions i gluon  CTEQB.6M
have been somewhat more stable 14 s [IUBT  METHEAORNLE
TrtaTpnes inunits of o CTEQSEM) B \
Tewatron Aun-2, MLD 12 -
w= e = CTEQ6S i
z * CTEQE.1 10
aRral ——— Z
Wh120) e ST s L
Zh120) —— i
gg—+h"i120) —_— g [
0B5 08 085 1 105 11 115 1.2 125
Tl e Iir:IIL.II'IitE of i CTECIGEM) % ,_
LHG.NLO
LD Z _—
WO il B CTEQE.E i
W d—=rl— W CTEQG. - A
gl i I & |C-Sen OWO..".:S. L L i 1l 5 b L i
w120 ‘
WR" 120, :E- %
171 ——y
gg—=h"i120 ——
h*i 2000 —— '

09 1 1.1 1.2 1.3
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Comparisons at NLO

Up valence distribution at Q* = 10° GeV?

o 12f
il 1.15: ———— MSTW 2008 NLO (%0% C.L)

E 115_ Lo )
F 1osf //////////////////,‘//////{;,’-I/[’:
:t_ozo.osf /// {Z
& ool ’

7

MSTW 2008 NLO (30% C.L) 7

7

2 A

/7777
7 R 2777
///////{///,””/11./////&{/;

10° 10" 10° 10° 10"

Strange quark distribution at Q° = 10* GeV*
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S
R
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S
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B
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s MSTW 2008 NLO (30% C.L.)

444 cTEQe.sNLO

10° 10° 10° 10° 10"

4

X

Ratio to MSTW 2008 NLO

Ratio to MSTW 2008 NLO

Ratio to MSTW 2008 NLO

Down valence distribution at Q? = 10* GeV?

%V/// \ _I MSTW 2008 NLO (90% C.L.) ¢Z
1.05 7 ""’;// /’
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CTEQ and
MSTW fairly

close in x range

for Higgs
production at
LHC



Compare gluons

10
o i Moerna
G. B WI:IH::.'H
,3'; g :_ Qeez= 10000 GeVeed
= r — gluon METWZ008NMLD
& i .. gluon MSTWZ2008NLD
E gluon  CTEQG.6M
s
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4
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CTEQ

® CTEQG6.6 and
MSTW2008NLO
predictions for W and

W and Z cross sections

W and Z total cross sections at the LHC

/Z cross sections § 2T
agree amazingly well = 2% E
_T 2.06 -

® Compare to situation s« 204 g
with MRST2004 and ;. 2e2- P
CTEQG.6 F S il

1.98— I,:;c" * % Alekhin02 NNLO -]

(O MsTWO08 NLO

1.96 BrS =

["] mMRsTO6 NLO

1.94 . /\  MRST04 NLO .
L Y& Alekhino2 NLO N
1.92 _—A dh CTEQ6.6 NLO —

1 N 1 | || Lo v v v by vy vy v by a1y
'50 20.5 21 21.5 22 22.5 23
G- - B(W* — Fv) (nb)



Outlines

® Precision measurements at Tevatron
Run-2 and LHC:

W/Z Physics

® Impact of New CTEQ Parton
Distribution Functions to LHC
Phenomenology:

W/Z, Top and Higgs Physics
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b .
%Eﬁ\i\&% W Boson Mass Uncertainties (MeV)

source M, Electron p;
W statistics 19 23
electron <29 29
E$SPRBRlinearity 7 6 Detector response

measured using
electrop 2 2 // /° —e*e events
FeesivEhonse <d7 14 5
recoil resolution 12 2
Background p) p) Electron charge
Efficiencies 5 6 évszlmmetry from
ecays

PDF <d5 24 >=
W boson p; <Z | 5 =<+ 7Ny *bosonp,
QED 8 1DT\‘ distribution
W boson width <5 <5 T~ ZY * A
Total 45 48 distribution

Important for a measurement with 25 MeV uncertainty (4 tb™') *



CTEQ PDF parametrization

® PDF’s (f,(x,Q)) are parametrized with a flexible form motivated by physics

considerations (Regge behavior, spectator counting, for example) at fixed small Q,
(1.3 GeV for CTEQ) and then evolved for Q>Q, by DGLAP

+ assume for most of the general analyses that the ¢ and b distributions are zero
at scales below their masses and are generated by QCD evolution above

Parametrization of parton distributions at Q, used to obtain the CTEQS and CTEQG6
parton distributions contained 5 shape parameters (apart from normalization) for
each flavor

+ global analysis data sets not sufficiently constraining to determine all of the
parameters, so a number are frozen at some particular (motivated) values

¢ 20 free parameters for CTEQ6.1/6.5 and 22 for CTEQG6.6 (see next slide)

For CTEQG6.5/6.6, adopt a simpler form with 4 shape parameters for the valence
quarks u,(x), d,(x) and the gluon g(x)

2
_ a, . a, _azx+asXx
f(x)=ax"(1-x)"e
¢ areasonable generalization of the conventional minimal form

fx)=ax“"(1-x)*"

+ which combines Regge behavior at x->0 and spectator counting at x->1

® Both forms above are positive definite and have simplified logarithmic derivatives



CTEQ PDF Parametrization

® |s this form flexible enough?

® Remember the lesson of Tevatron Run-1 jets, where
low x and high x PDFs can easily be (artificially) tied
together through the parametrization.

® \We find that significantly better fits cannot be achieved
by introducing additional parameters or changing the
functional form

+ NB: prior to CTEQG.6, the analysis generally
assumed

s(x) = 5(x) oc d(x) + u(x)

+ that ansatz has been dropped in CTEQG6.6



