Parton Distribution Functions
for the Large Hadron Collider

Graeme Watt
(Theoretical Physics Group, CERN, Geneva
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Standard Model of Particle Physics

Three Generations
of Matter (Fermions)

I I ... is very successful.
1.27 GeV 171.2 GeV
. C Missing ingredient:
charm Higgs boson.
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Large Hadron Collider (LHC)

® 27 km circumference, pp collisions at 7 TeV.

® 4 experiments (ATLAS, CMS, LHCb, ALICE).
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Status of the LHC

® False start in September 2008 (electrical fault)
= ~| year to repair damage to magnets.

® 2.36TeV collisions on 30 November 2009
= surpasses Tevatron pp collider (1.96 TeV).

2010/05/27 08.08
LHC 2010 RUN (3.5 TeV/beam)

® / TeV collisions on 30 March.

Ty Pt ® Peak luminosity: 10%” cm>2 s
-©- ATLAS/ LHCf (30 M&I‘Ch), 2 |029 (22 Ma.Y),

-£1- ALICE

v aim for 1032 by end 2010.
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® (Goal is integrated luminosity
TR TR T of | fb! by end of 201 [, then
prepare for 14 TeV collisions.
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First W and Z candidate events

First W (™ V) candidate  First Z (—ee) candidate
event from ATLAS: event from CMS:

E M= 24 GeV || Lumi section: 387

EX P E R I M E N T | \\ MT =53 GeV \ Sat Apr 24 2010, 14:00:54 CEST / /\

S , » 2 . A p,(p+) = 29 GeV CMS Experiment at LHC, CERN
‘ %{ \ nu+) =  0.66 ;[ Run 133877, Event 28405693
)il

Run Number: 152221, Event Number: 383185
Date: 2010-04-01 00:31:22 CEST

Electrons p;=34.0,31.9 GeV/c Y
Inv. mass =91.2 GeV/c2 y

\

!

W-uv candidate in
7 TeV collisions
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W and Z events in ATLAS

Conclusions

= W-uv and W —-ev have been observed in ATLAS

Observed 57 events
xpected 51.8 event

» |ndividual results are consistent with Standard Model
expectations

®x Small excess of events is observed in the muon channel

» Data has been scrutinized and so far there is no evidence
of problems

= /7 boson events have been observed in both channels

Observed 3 events
pected 4.8 events

-- 2002 DH'T 3 S218AY ] -- uoneA1asqQ Z /M

= Work well advanced towards cross section measurements

We eagerly await the addition of more data
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Event rate = Cross section (0) X Luminosity (L)

ow - Br(W — fv) ~ 10nb
oz -Br(Z — 00) = 1nb

proton - (anti)proton cross sections

Ot : : E e Ea

Tevétron LHQ

TheO r)’ Cross sections EXPeriment

® Theoretical calculations:
Feynman diagrams have
initial quarks and gluons.

e Problem: the LHC collides

b oersm S ) protons. Need to know
frtozeen K . density of quarks and gluons

200 GeV 7

weer /N | (partons) inside the proton.

v

Parton Distribution Functions (PDFs)
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QCD factorisation

= Quantum Chromodynamics
(descrlbes interactions between quarks and gluons)

o f,a(x, Q%) gives number density of partons a in hadron A
with momentum fraction x at a hard scale Q* > AQCD

. s ~LO ~NLO ~NNLO
Perturbative expansion: Gap = gy + Qs 0oy~ + Qs 0oy S

C)f Y NLO is

PDF evolution: 5 3232 — 2—5 [PL ; + as PNLO - ] RPN standard
dIn 0§ ' :

(DGLAP equation) a'=q.g

das N[\|K®
as evolution: : 5 = d’LOaS — JNLOQ% — ... P..’ (2004)
dln Q and 2— 1.

e Need to extract input values f,,4(x, QF) and as(M%) from data. g’g’g
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Diagrammatic interpretation

Drell-Yan production at LO:
qq — V =W/Z/y*

Cut diagram: |M|? = MM*
Large logarithm from
collinear gluon emission:

Q2
fk& (dk$/kT) 53 Pg—q(2)
Similar collinear logs from
other parton splittings.

e DGLAP evolution equation:

Of
a/p

— P, f/

9N Q2 or 5 O Ola'/p

a'=q.g

2/p(X, Q5) = foyp(x, Q%)
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7, - « Tl N

* | ocated at DESY:Hamburg.
* Operated from 1992-2007/.
* ep collisions at 318 GeV.

¢ 6.3 km circumference.
* Experiments: HI, ZEUS.
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Deep-inelastic scattering (DIS)

Graeme Watt (CERN)

H1 and ZEUS
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Deep-inelastic scattering (DIS)

FAPQ) =) Cia @l a0 omaGis + 008 s

a=q,9

H1 and ZEUS
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Deep-inelastic scattering (DIS)

FAPQ) =) Cia @l a0 omaGis + 008 s

H1 and ZEUS
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LHC kinematic plane

Produce a final state of mass M = +/(x; x2 s) and rapidity y = 0.5 log(x//x2)
at LHC (+/s = 7 TeV) from two partons with momentum fractions x; and x..

7 TeV LHC parton kinematics .
PDFs are universal.

WJS20103

- = (7 TeV) o) ] Fit existing data from HERA
M=7TeV and fixed-target experiments,

together with Tevatron data.
HERA ep (H1, ZEUS).

Fixed-target experiments:
Nk tp, td
N I A (BCDMS, NMC, E665, SLAC),
S vIN
(CCFR, NuTeV, CHORUS),
pp, pd (E866/NuSea).

Tevatron pp (CDF, DQ).

DGLAP evolution gives PDFs
at higher Q? for LHC.
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Which processes constrain different PDFs?

Process

Subprocess Partons

X range

(={p,n} — (=X
fi n/p — Ei X
pp— pp” X
pn/pp — pp~ X
VDY N — i (i) X
vN — ™ X
vN— = X

x > 0.01

x > 0.01
0.015 < x < 0.35
0.015 < x < 0.35
0.01 < x < 0.5
0.01 < x < 0.2
0.01 < x < 0.2

Yq9—4q

v d/u— d/u
uil, dd — ~*
(ud)/(uT) — 7"
W*q — q/
W*s — ¢

W*s — ¢

e~ p— e~ X
et p—1vX
etp — et ce X
etp — jet + X

0.0001 < x < 0.1
x > 0.01
0.0001 < x < 0.01
0.01 < x<0.1

Y'q—q

W+ {d,s} — {u,c}
v'c—c, v'g— cc
"8 — 49

pp — jet + X
pp — (W:t — Eil/)X
pp— (Z = LTL7) X

0.01<x <05
x > 0.05
x > 0.05

88,498,499 — 2J
ud — W.,od — W
uu,dd — Z

Need many processes from different experiments
= global analysis needed for flavour separation.
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Paradigm for PDF determination

@ Parameterise the x dependence for each flavour a = g, g at
the input scale Q5 ~ 1 GeV? in some flexible form, e.g.

Xfa/p(x, Qg) — A, xP? (1 —x)" (1 + €5v/X + 72 %),

subject to number- and momentum-sum rule constraints.

® Evolve the PDFs to higher scales Q% > QF using the DGLAP
(Dokshitzer—Gribov—Lipatov—Altarelli-Parisi) evolution equations.

©® Convolute the evolved PDFs with C; , and &,, to calculate
theory predictions corresponding to a wide variety of data.

@ Vary the input parameters {A,, A,, 74, €2, 724, ...} tO Minimise

Npts.

(Data,- — Theory,)2

Error;

=1

or generalisations to account for correlated systematic errors.
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Example of PDFs from global analysis

MSTW 2008 NLO PDFs (68% C.L.)

I lllllll LI lllllll e rrnn 1.2- .".'. I ll|lllll

Q% =10 GeV?! 3 \ la

0 | llllllll | llllllll Ll : -. Y 0 | llllllll | llllllll

2 _10% GeV?2-

\ g/10

L L1t

10 103 102 10" 1 10 10° 102 10"

X

e Error bands shown are obtained from propagation of

experimental uncertainties on the fitted data

A=, e e — ()1
Quark number sum rules

Graeme Watt (CERN)
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Who does PDF fits?

Name of group

Who!

Global?

MSTW (MRST)
[arXiv:0901.0002]

A.D. Martin (1987-), R. G. Roberts (1987-2004), W.
J. Stirling (1987-), R.S. Thorne (1998-), G.W. (2006-)

CTEQ (Coordinated Theoretical-

Experimental Project on QCD)

J. Huston, H.-L. Lai, P. Nadolsky, J. Pumplin, D. Stump,
C.-PYuan (W.-K.Tung), and others

NNPDF

R. Ball, L. Del Debbio, S. Forte, A. Guffanti, |. Latorre,
J. Rojo, M. Ubiali, and others

HERAPDF (HI, ZEUS)

HIl and ZEUS Collaborations

ABKM (Alekhin)

S.Alekhin, J. Blumlein, S. Klein, S. Moch, and others

GJR (GRV)

M. Gluck, P. Jimenez-Delgado,
E. Reya (A.Vogt)

® NNPDF: parameterise input PDFs by a Neural Network.
Error propagation using Monte Carlo methods.

Graeme Watt (CERN)



Heavy quarks in DIS

Fixed flavour number scheme Zero-mass variable flavour number scheme
e No heavy quark PDF. e Use heavy quark PDF.
e Includes O(m%,/Q?) terms. e Mass dependence neglected.

e No resummation of e Resums asIn(Q?/mz)
as In(Q?/m3)) terms. terms similar to light quarks.

Graeme Watt (CERN)



General-mass variable flavour

number scheme (GM-VFNY)

nterpolate between two well-defined regions.
CENS for Q2 < m%,, ZM-VENS for Q% > m%,.
Details of interpolation are ambiguous (= uncertainty).

CTEQ6.1 (ZM-VENS) — CTEQ6.5 (GM-VENS)
e 8% increase in W and Z cross sections at LHC (14 TeV).

MRST 1998-2006 and MSTW 2008
e MRST/MSTW group have used a GM-VENS since 1998.

NNPDF 1.0-2.0
e Fits still use ZM-VENS (— GM-VENS [arxiv:1002.4407]).

Recent comparison between GM-VFN schemes used by different PDF groups:
J. Rojo, S. Forte, J. Huston, P. Nadolsky, P. Nason, F. Olness, R. Thorne and G. W.

“The Les Houches benchmarks for GM-VFN heavy quark schemes in DIS”, arXiv:1003.124|

Graeme Watt (CERN)




NuTeV/CCFR dimuon cross sections and strangeness

do do

—— (N — = X) < —— (v, N — p~c X)

dxdy dxdy

® 1, and I/, cross sections constrain s and

s, respectively, for 0.01 < x < 0.2.

e Can relax assumption made in previous fits that

s(x, Q2) = 3(x, Q2) = % (G(x, Q2) + d(x, Q2)] . with x ~ 0.5.

e MSTW parameterise at input scale of @ = 1 GeV? in the form:

s7(x, Qg) = xs(x, Qg)+x3(x, Qg) = Ay (1 —x)™ xS(x, @),
xs~(x, Q) = xs(x, Q) —x5(x, Q%) = A_ x"?(1 — x)" (1 — x/x0).

e Xxp fixed by zero strangeness: foldx s(x, Q) —5(x,Q3) =0

Graeme Watt (CERN)



Strange quark and antiquark distributions

Ratio of strange sea to non-strange sea: (s +3)/(i + d).

MSTW 2008 NLO PDF fit (68% C.L.) MSTW 2008 NNLO PDF fit (68% C.L.)

2 = 2 2y = 2
s(x,Q 0)+S(X,Q 0) s(x,Q 0)+s(x,00)

u(x,o§)+a(x,o§)

K’(X,Q2) =

= K(X,Q2) -
: U(x,Q§)+H(x,Q§) o

o b

MRST NLO
MRST 2006 NNLO

1 1

de [xs + X3l /de [xt + xdl = 0.33 7 jdx [xs +x81/ !dx [xU + xdl = 0.36 " >
0 0 ’ 0 =

107 107

1 1

IIIIIIIIIlIIII IIII| Illlllllllllllllll
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e Strange sea asymmetry: xs — X5.

MSTW 2008 NLO PDF fit (68% C.L.) MSTW 2008 NNLO PDF fit (68% C.L.)

jdx xsv(x,Q:‘;) = 0.0023 100015

j dx xs,(x,Q?) = 0.0024 00024
0 ) -0.0011

-0.0016
0

IIII|IIII|IIII|I
llllllllllllllll
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Importance of PDFs: NuTeV “anomaly”

VOLUME 88, NUMBER 9 PHYSICAL REVIEW LETTERS 4 MARCH 2002

Precise Determination of Electroweak Parameters in Neutrino-Nucleon Scattering

The NuTeV Collaboration has extracted the electroweak parameter| sin“fy | from the measurement
of the ratios of neutral current to charged current » and 7 cross sections. Our value, sin’@y *" ! =
0.2277 = 0.0013(stat) = 0.0009(syst), is|3 standard deviations above the standard model prediction.| We

also present a model independent analysis of the same data in terms of neutral-current quark couplings.

But corrections from and

MSTW 2008 NLO PDF fit (68% C.L.)
T T T T LENEL L B | T L) T L) LI}

Jd”sv(x,oz,ﬂooom.m— NNPDF: isospin symmetry, unbiased parameterisation

1

- 0.0016

Determinations of the weak mixing angle sin“g,,,

NuTev0l  NuTeVO1 NuTevol  EW fit
+NNPDF1.2[S] + NNPDF2.0 [S]

lllllllllllll

111

Isospin violation: [uEmhsese
- Q*=20 GeV?
AR |
S
naturally from
QED corrections.

[arXiv:1002.4407]
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Tevatron pp collider
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Tevatron pp collider

® | ocated at Fermilab, lllinois.
® Operating |987-present.
b collisions at .96 TeV.
6.3 km circumference.

Experiments: CDFE DQ.

Several measurements
important for PDFs.
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Inclusive jet production

Tevatron,\'s = 1.96 TeV LHC,\'s =14 TeV
1_....| . . T 1 . T T T T 71717 T ]
095 0.1<y<0.7: 0.0<y<0.8:
0.7¢ qq — jets _;
0.6F :
0.5F
0.4
0.3

0.2| : _

0.1 gg — jets ] [ fastNLO withy_=p_=p_
T F 1 " [ k; algorithm with D = 0.7
0 [

—t
LY AL

N
c
s
njd
-
o)
"
)
o
o)
o
©
o
@)
-
Q
@
S
LL

Fractional contributions

100 100 1000
p. (GeV)

Sensitive to high-x gluon distribution.
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Importance of PDFs: Tevatron jets

Gluon distribution at Q% = 10* GeV?
1.5

1.4
1.3
1.2
1.1

% Difference

2 %

S /
2::
 Bo———

o
-
<
[oe]
(=)
o
AN
=
|—
(7))
=
O
et
O
]
(1]
o

GRV-94

Y ///////// 0.6 %E&é Fit with Tevatron Run | jet data

y i LSS /
7~~~ Sum of correlated systematic uncertainties 7~~~ .
y il . . . 0.4 05 06 0.7 0.8

150 200 250 300 350 400 450 X
Jet Transverse Energy (GeV)

® Early Tevatron Run | jet data showed an excess at high Et
(sign of quark compositeness?), but later accommodated by
refitting gluon distribution (= PDF uncertainties needed).

e MSTW 2008 was first PDF fit to include Run Il data:
preference for smaller gluon distribution at high x.
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Implications for Higgs cross sections

Gluon distribution at Q% = 10* GeV?

0,0(99 —H), with NNLO pdfs

. 2
- - - without overall Og factor

® Dominant gg—H via t-loop.

® Higgs cross sections smaller

T ith 2008 PDF =E?n‘=§E=
at Tevatron wit S. A AR
® Used in Tevatron exclusion. B R ey

arXiv:1001.4162

Graeme Watt (CERN)



Description of DO dijet mass spectrum

D@,L=0.7fb" 220<il,, <24 (10
s16<ly| <20 (x10°

)
)
Ns=1.96TeV  ci2.yy. <16(x10)
)

Q. 20.8<| 1.2 (x10°
11 = Y]y <1-2(
=10""e Reone = 0.7 004 <yl <0.8(x10)

<0.4

_E10°

§

10 = -NLOpQCD
+non-perturbative

-1 correctlons
10 “iy = By, +Pp,) /2

10.3..[|1.1|...|...|]..|1..|.1.|.1
02040608 1 1214
M,, [TeV]

arXiv:1002.4594

04" by L= 0.7 fb"

 \s = 1.96 TeV

02k E.R°°"e=°7

1.6F
1.4
1.2t

0.8

.6
0.4 ©® Data/NLO
ot DSystematlc Uncertalnty

16<|y|

I : : MSTW2008 w/ Uncertalnty E

*CTEQ6.6/MSTW2008
_uF‘. [ varlatlon

02040608 1 1214 02040608 1 1214 02040608 1 1214

M,, [TeV]

® Data favour less gluon at high x (MSTW 2008 over CTEQ®6.6).
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Three-jet mass cross section

D@ Preliminary, L = 0.7 ft' — Scale dependence

- = MSTW2008 uncertainty
pT1>1 Bl By, pT3>40 HeY Syst. uncertainty

0'8.4 05 06 07 08 09 10 1.4 06 038
My, (TEV)

D@ Preliminary p,>150 G.ellll;r())Tgé>40 GeV. D O N Ote 604 3 s C O N F

mly|<1.6
Aly|<2.4 (x4)

8
JE\s=1.96TeV

® Reasonably well described

cone

102 Systematic uncertainty
10°%F — NLO pQCD-+non-perturbative by I I STW 2008 P D FS °

corrections, Mo =M = 1/3 (pT1 +P,,+ st)

10
0.4 0.6 0.8 1.0 1.2
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Tevatron and Z data

Z/y* rapidity distribution from CDF CDF data on lepton charge asymmetry from W —ev decays

MSTW 2008 NNLO PDF fit, x* = 50 for 29 points

25<E} <35 GoV, Fy>25 GeV, 50 <M, <100 GeV

daidy (pb)

|

COF Run Il (11 points)

CDF Run Il Preliminary with 2.1 fb™ — MISTW 2008 NLO PDF fit,* = ©

. . .. —— - Same but no ant) k
o Without systematic uncertainties o ——

“ With systematic uncertainties

IlllIllllllllIlllllllllllllllllll LI
lllIllllllllllllllllllllllll Illllllllllllllllll

rapidity distributi

ribution

CDF Run Il Preliminary with 2.1 fb™

" With syastematic uncertainties

° Without syastematic uncertainties %

CODF Run Il (11 points)

——————  MISTW 2008 NLO PDF fit,)* = 20

R — - Same but no antiguarks

MSTW 2008 NNLO PDF fit, y? = 19

Illllllllllllllllllllllll lllllllllllllllllll

CTEQS.6 NLO,x* = 16

poa dy v e be e beaa be v o ber o baa s baraboa s tyr el

02 04 06 08 1 12 14 16 18 2 22 4
nd

[Data: arXiv:0908.3914] [Data: hep-ex/0501023]

—rrn
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Latest DO data on W—/ v charge asymmetry

Ae [arXiv:0807.3367] and A,, [D@ Note 5976-CONF]

p! > 35 GeV, E;>25 GeV
B L L T

o
© p ©
N 01 W

o ©
b

o

MSTWO08: X =530 (8 pts) X =144 (12 pts.)
F|tnewD@A X = 97, X = 58

Weight by100 X = 6, xz— 88

Cut BCDMS+NMCn/p: X2 = 14,2 = 55
Deut. corr., fit old DJ A : X = 190 X2 = 42
Deut. corr., fit new DY A X = 6, Xz = 75
Deut. corr., fit new DO A Xz 173, Xz 23
D@(preI)A L=491fb"

DY (pubI)A L=0.75fb"

CDF (pubI)A L=0.17 b

>n
| -
ajed
O
£
&
>n
(7]
©
()
o0 0.15
| -
©
c
o
c
o)
wjd
o
)
=

o

(&)
IIII|IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII|IIII

- ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ]
0'20 : 1 . 2

=
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arXiv:1006.2753 (proceedings of DIS|0 )
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PDF4LHC benchmark exercise
e Talk by G.W. at CERN on 26™ March 2010.

® “PDF+0s uncertainties: FEGEn T e

PHYSICAL JOURNAL C

Regular Article - Theoretical Physics
MSTW arXiv:0905.3531 (May 2009)

Uncertainties on «g in global PDF analyses and implications

(GRS OIETD AN CETYZ NN W) NI for predicted hadronic cross sections

arXiv:1004.0962 ( April 201 O) A.D. Martin', WJ. Stirling”, RS. Thorne’, G. Watt'*

:lnstinm: for Particle Physics Phenomenology, University of Durham, Durham, DHI 3LE, UK
O “Cavendish Laboratory, Univessity of Cambridge, Cambridge, CB3 OHE, UK
arXiv:1005.0397 (May 2010) > Department of Physics and Astronomy, University College Londoa, Londoa, WCIE 68T, UK

® Use most recent public NLO PDFs from all

fitting groups to calculate LHC benchmark
processes at 7 TeV (W=, 2%, tt, gg — H).

Aims:
@ Establish degree of compatibility and identify outliers.

@ Compare cross sections at same ag values.
©® To what extent are differences in predictions due to different

Comparisons at NLO.
(MSTW have NNLO

PDFs, but CTEQ and
do not.)

«vs values used by each group, rather than differences in PDFs?
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http://projects.hepforge.org/mstwpdf/pdf4lhc/
http://projects.hepforge.org/mstwpdf/pdf4lhc/

Values of Xs(Mz) used by different fitting groups

NLO ocs(Mi) values used by different PDF groups
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® (s(Mz) for MSTWOS, and GJR0O8 obtained from fit.

® (s(Mz) for other groups applied as an external constraint.
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Riggs total cross section

NLO gg—H at the LHC {/s = 7 TeV) for MH =120 GeV
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Top-quark pair production

NLO tt cross sections at the LHC (\'s = 7 TeV)
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gg luminosity at LHC (s = 7 TeV)
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Z total cross section

NLO Z° — I'I' at the LHC {s = 7 TeV)
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Graeme Watt (CERN) 35



W total cross section

NLO W* s Fv at the LHC (s = 7 TeV)
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Ratio of W and Z

NLO WI/Z ratio at the LHC (\/s =

7 TeV)
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~4(q9) luminosity at LHC (s = 7 TeV)
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W™ total cross section

NLO W' = I'v at the LHC s = 7 TeV)
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W total cross section

NLOW — Iv atthe LHC (s =7 TeV
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Ratio of W™ to W

NLO W'/W ratio at the LHC (/s = 7 TeV)
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LHC constraints on PDFs

® |nitial jet
measurements
subject to large
uncertainty from
jet energy scale.

® Use Wand Z
measurements:

small uncertainty
(< 1%) from
higher-order
QCD corrections.

Catani, Cieri, Ferrera, de Florian, Grazzini [arXiv:0903. 2I20]
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Potential of LHCDb for PDFs

LHC parton kinematics

X, , = (M/14 TeV) exp(zy)
Q=M

® Specialised b-physics
experiment designed
to study CP-violation.

DY lepton pair production at LHCb

® Forward spectrometer
enables electroweak
measurements at large
(pseudo)rapidity

=> small-x!
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Drell-Yan rapidity distributions

v*/Z rapidity distributions at LHC

® Rapidity distributions
unstable for M%2 << s
= small-x.

® Expect need to

resum s log(|l/x)
terms (BFKL) in

addition to usual
s log(Q?) terms
(DGLAP).
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Gluon dlstrlbutlon and FL

Q = 2 G.ev2

|T| TTTI

MSTW 2008 LO ]

MSTW 2008 NNLO ]
MSTW 2008 NLO .

WT NLO+NLL(1/x) |

MSTW 2008 NNLO ] “\ Dipole (b-Sat)

Perturbatively unstable as the hard scale Q“ is lowered.
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FL compared to HERA data

H1 Preliminary FL

® HIl (Prelim.) — MSTW NLO

- - MSTW NNLO
E, = 460, 575, 920 GeV --- WT NLO + NLL(1/x)

0.000059
0.000087
0.00017
0.00029
0.00040
0.00052
0.00067
0.00090

| | | | 1 I
102
Q?/GeV?

e NLO and NNLO calculations lower than data at low Q2.
e Small-x resummation helps [White, Thorne, hep-ph/0611204].

Thorne-White approach is “BFKL-improved DGLAP”.
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DGLAP-improved BFKL

H. Kowalski, L.N. Lipatov, D.A. Ross, G.WV.

arXiv:1005.0355

® Successful BFKL description of HERA data.

® More work needed to unify with DGLAP
approach and extend to hadronic processes.

® Electroweak data at LHC will provide a test.
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Summary

® We are now firmly in the LHC era.

® Parton Distribution Functions (PDFs)
are a non-negotiable input to almost all
theory predictions at the LHC.
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