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Context

This seminar is based on a presentation that | gave at the Lepton-Photon conference
in Bombay late this summer:

XXV International Symposium on
Lepton and Photon Interactions at High Energies,
Mumbai, 22 — 27 August 2011
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Global electroweak fit e

Aug 11 version of Gfitter
standard model fit includes,

in addition to the latest

theory calculations, the
LEP/SLD precision legacy, ...,
various updates that have
been shown at EPS-HEP

in July in Grenoble:

- latest top quark combination
from Tevatron,

-new Ac _ (M,?) using e.g.
all available BaBar results,

- latest Higgs limits from
Tevatron,

- first Higgs limits from LHC !
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S| 2
Free Re:znlts from global EW fits: Complete ft wic
Farameter Loput valae in fit Standard fit Complete it exp. mputin line
Mz [GeV] 011875400021  wes 9118744 0.0021 911877 £0.0021 01,1983 ¥ 012
Tz [GeV] 2.4052 4 0.0023 - 240504 0.0015 2.4955 4+ 0.0014 2.4951F0 00T
o4 [0b] 41,5404 0,037 - 41478+ 0.014 41,478 &+ 0.014 41.469 + 0,015
gy 20.767 & 0,025 - 20.743 + 0.018 20.741 & 0,018 20.718 X0 iae
At 0.01714 0.0010 - 001641+ 0.0002 0.01620 +]- 0002 0.01606 + 0.0001
A, ) 0.1499 4 0.0018 - 0.1479 4 0.0010 0.1472700002 -
A, 0.670 £ 0.027 - 0.5683 +0-00es 0.6680+0 D0020 06679100002
A, 0.923 £ 0.020 - 0,93470 00000 0.93463 X0 0oons 093463 00a0T
Ale 0.0707 £ 00035 - 0.0741 4 0.0005 0.0737 X oo 0.0738 £ 0,0004
0.k . X
ALt 0.0992 4 0.0016 - 0.1037 % 0.0007 0.1035 *7 500 0.10382 7 Hong
RO 0.1721 = 0,0030 - 0.17226+ 000006 0,17226 4+ 0.00006 0,17226+ 0.00006
Rl 0.21629 + 0.00066  — 0.21578 50000 0.21677 *5-5000 0.21577 0 3003
sin% g (Qrr) 0.2324 4 0.0012 - 0231414000012  0.23160 3555055 0231620 H0R0e
. . . . +30[+74] +&[+21] +30[+74]
M [Gev] o) Likelihood ratios  yes 957 a4 126750 95 g e
My [GeV] 80,309 + 0,023 - 80,382 +7 D1 80.368 X007 80.360 *0- 012
T [GeV] 2.085 =+ 0.042 - 2.003 4 0.001 2,092 +0.001 2,001 %585
. [GeV] 1.27 %007 yes 127+ 07 1.7 007 -
7y, [GeV] 4204017 yes 4320018 420018 -
my [GeV] 173.24£0.9 yes 1733409 17354+ 0.9 177.2320(%)
Aal (M2)(12) 2749 + 10 yes 3750 4 10 2748 + 10 2716452
oy (M2 - yes 01192400028 0.1193 £ 00028 0.1193 4+ 00028
B Mg [WaV] [—4, 4] theo ves 4 4 -
S sin®y (1) [~4.7,4.7 e yes 4.7 4.7 -

(*)Average of LEF (4, = 0.1465 + 0.0033) and SLD (4, = 0.1513 £+ 0.0021) measurements. The fit w/o the LEF (S1I1)
measuremeant but with the direct Higes saarches gives s = 0.1471 "_'%‘_%%103 (Ae = 01487 tg:gggﬁ)_ 9 brackets the 2. PIn
units of 107%, “*)Rescaled due to o, dependency. “'Ignoring a second less significant minimum, of fg 77 and the result of

eq. (7).

Jan Stark

Precision EW measurements at colliders, LAPP Annecy, October 21st, 2011



Cross section [nb]

Hadronic contributions to «(M _°)

Electroweak fit requires the knowledge of the electromagnetic coupling strength at the Z mass scale
to an accuracy of 1% or better.

Hadronic contribution for quarks with masses smaller than M_ cannot be obtained from
perturbative QCD alone (low energy scale).

Constrain photon vacuum polarisation function using measured total cross section for

e’e” annihilation to hadrons above the two-pion threshold. L oo ws s
Burkhardt, Pietrzyk 2011
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Burkhardt and Pietrzyk, Phys. Rev. D 84, 037502 (2011)
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Global electroweak fit

Complete fit:
x* =17.9 for 14 degrees of freedom.

Pull values for the different observables
are shown on the right.

- no value exceeds 3 sigma

- largest individual contribution
to %* from FB asymmetry of bottom
quarks.

Overall good agreement between precision

data and standard model.

As is well known, some tension
between A (SLD) and A_ "° from LEP.
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W boson mass

W mass is a key parameter in the Standard Model. This model does not predict the value of the
W mass, but it predicts this relation between the W mass and other experimental observables:

TQ 1
Mw =
W T\ V2Gy sin 6w /I = Ar

Radiative corrections (A r) depend on M, as ~Mf and on M as ~log M. They include diagrams

like these:
Precise measurements of MW and I\/’It
constrain SM Higgs mass.
w w

For equal contribution to the Higgs mass uncertainty need: The limiting factor here
AM_~ 0.006 AM . will beAMw,notA M !

Additional contributions to Ar arise in various
extensions to the Standard Model,
e.g. in SUSY:
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W boson

Mass

] ] I | ] I ] ] | ] ] | | ]
80.70 | experimental errors: LEP2/Tevatron (today) 1 For equal contribution to the
- 68% CL 1 Higgs mass uncertainty need:
- N AM_=0.006 AM .
| = 95% CL i W ¢
80.60 — — C { Tevat
- _ usY| urrent Tevatron average:
j gt SE=0 1AM =09 Gev
E 80.50 - Mssml = would need: AM_ = 5 MeV
= g 1 Currently have: AM_ =23 MeV
= B 2
80.40
i At this point, i.e. after
80.30 - _ all the precise top mass
SM B - measurements from the
MSSM 1 Tevatron, the limiting factor
80.20 both models EEE ] here is AM_, not AM .
| Hei|nemeyer, Hollik, lSlockinger, Web|er, Weiglein "10 7
160 165 170 175 180 185
m, [GeV]
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A p035|ble scenario for Lepton Photon 2013

| | 1 | | 1 | | ] | | 1 I | ] | | | 1 ]
80.70 | experimental errors: LEP2/Tevatron (today) _
- 68% CL i
[ —— 95%CL ]
80.60 — —
> - : AM =0.7 GeV
@© 80.50 — MSSM| — t
o] ! 1 AM,, = 15 MeV
= B :
= g
80.40 |
80.30 -
80.20 both models T Higgs discovery at
| Heilnemeyer, Hollik, lSiockinger, Web|er, Weiglein "10 7 a large mass
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Flashback

200 - —  The mass of the top quark had been,
1 1 quite accurately, predicted by EWK fits
{ I E E + ! 1  before the top was finally discovered
®

in direct searches.

— We are now in the middle of a comparable
> 150 - | two-pronged hunt for the (hypothetical)

8 1 ¢ Tevatron 1 Higgs boson. We should see pretty soon
>~ 1 ] SM constraint{ how this new hunt will end ...

68% CL 1

1

Direct search lower limit (95% CL)
1990 1995 2000 2005
Year

50

Plot from: “Precision electroweak measurements on the Z pole”, Physics Reports 427, 257-454 (2006).
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W mass: measurement method

Isolated, high p,. leptons,

missing transverse momentum in W's

Z events provide critical
K, control sample

{3\~ _Neutrino

»
-
-

. ) - -
L ncderlyang cvent Sy

Hadronic recoil

In a nutshell, measure two objects in the detector:
- Lepton (in principle e or u; e in our analysis),

need energy measurement with 0.2 per-mil precision (!!)
- Hadronic recoil, need ~ 1% precision
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W mass: results

20000 x
E “(b) DO, 1 fb 1 = Ief\tSaT MC CDF Run 0/1 e 80.436 + 0.081
0 N m Background
o 15000 12/dof = 39/31 DO Run | ——e——  80.478+ 0.083
D B
c - CDF Run I —— 80.413 + 0.048
£10000F
(11 B Tevatron 2007 —e— 80.432 + 0.039
B @ O 80.4@
Tevatron 2009 —o— 80.420 + 0.031
World average o 80.399 + 0.023
l | | July 09
80 80.2 80.4 80.6
m,, (GeV)
Jan Stark Precision EW measurements at colliders, LAPP Annecy, October 21st, 2011 11



W mass: D@ projections

With 1 fb*! uncertainties are mainly statistical (including 'systematics' from limited data
control samples). Let's extrapolate:

source of uncertainties l1fb-l1 |[6fb-1 |10fb-1 :
______________________________ At end of Run |l, expect total uncertainty
““““““““““““““““““ i on W mass of 16 MeV from DJ alone.
W - . | Expect similar performance from CDF,
---------------------------------------------------------- --- and combined error of 12 MeV.
s This legacy measurement will be in the
Electron energy scale 34 14 11 textbooks for decades to come.
Electron resolution 2 2 2
Electron energy offset a4 3 2
Electron energy loss 3 3 2
Recoil model 6 3 2 : : 2 :
e 5 3 3 Could be an |mportapt contribution to getting
Backgrounds 2 2 2 the standard model into trouble
Tl M. S as | 16 13 in the near future:
— with ém =15 MeV, sm =1 GeV
PDF 9 6 a s .
T (ISRTSN) = : - and m 80.400 GeV :
Boson Pt 2 2 2
= m, =717 GeV <117GeV @ 95% cl
Total Theory 12 8 5
(P. Renton, ICHEP 2008)
Total syst+theory 37 18 14
(if theory unchanged) 20 17
Grand total 44 21 16 [
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W mass at the LHC

Similar level of precision can be achieved at LHC once the detectors are sufficiently well understood.

There are challenges that new (or more pronounced) than at Tevatron ...
- pileup, ...
- parton density functions (more on this later)

... but also a lot of powerful calibration events.

>100k Z — e e events in just this bin!
CMS Preliminary 2011 1.07 fb' at\'s =7 TeV

6L ' ] ' - |
10 AAS s 2 . @ CMSdata 1
10° ) (CDiboson |
= i i — fit projection
o f Ldt=1.08fb = > 40000 proj ]
; - QCD
10° Ns=7TeV [JZ'(1000 GeV) O] i |
12°(1250 GeV) ©
10° et []2’(1500 GeV) o - §
. —
10 2
520000 -
1 z i 1
10 - .
102 - ]
1 1 I 1 1 1 1 1 1 1 1 L 1 1 | 1 1 1 L I 1 L 1 1 1 1 1 1
80 100 200 500 1000 2000 %0 85 90 95 100
M., [GeV] m [GeV]
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[1/GeV]

Z
T

1/6% do'9dp

p_. distribution of Z bosons

Precise description of the kinematics of W boson production and decay is a critical ingredient for
precision measurements of W boson mass.

An important part is the distribution of the transverse momentum of the W bosons (pTW).
Cannot reconstruct pTW easily (neutrino in final state). To check models of pTW, confront models to pTZ,
which can be measured precisely in data (production mechanisms for W and Z are similar).

First measurements from ATLAS and CMS are available. The plots below compare shape of unfolded data distributions
to various predictions.

Of particular relevance for W boson mass: lower part (<30 GeV) of the distribution
(W mass measurements typically veto events with large hadronic recoil).

80 x10° CMS prellmlnary
F | L IR RS W r T ' ] - [ T i
0.06- 4 ATLAS 7 Q | combinedee+uy ATLAS ] T [ " a5 =7ToV ]
i y 2 1.6 - Data 2010 4] >
0 05-_ L dt = 35-40 pb = Ll L L dit = 35-40 pb i o 60 e  data(eand s combined) —
B . ] o ro===PYTHIA i = | e e Pythia DBT .
: 1 = 14 —MC@NLO 7 - 2 Paiaro 1
- Combined ee+upL =) r POWHEG ] Q — - Pythia ProQ20 ]
0.04- - o r ALPGEN ] % 40 Pythia Z2 N
4' y -+ Data 2010 : S 1.2 SHEHF’A | . 3 1
2 —RESBOS | ® TR iy [ o] 2 '
0.03 . . S Ll 1‘% Ay ] - i
--PYTHIA A ,'“‘L;ﬁ‘*“r. T SR 20 by 5
0 02-_ __ 'lta' i :I- ] e e
i ] 0O 0.8 T = .
- N[ <24 | Fn | <24 | 0 ! ! | | |
- ] i — i b C T T T T T ]
0.01: p. > 20 GeV . 0.6- P, >20 GeV _— E! -
~ 66 GeV <m, < 116 GeV i L 66 GeV <m, < 116 GeV : = :
_l | - I VI —— | V- | ] - I Ll | Ll ] i | Il IJIll 1 L - 1 I_ 0
%5 70 15 20 25 30 ] 0 ppe 2
p_zr [GeV] p‘$ [GeV] % 5F | | | | | .
=~ 0 5 10 15 20 25 30
pr [GeV/c]
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p_ distribution of W bosons

First direct measurement of the W boson transverse momentum spectrum by ATLAS.

W boson transverse momentum (pTW) is inferred from the energy deposition in the calorimeter
from the recoil to the W.

Detector and FSR effects removed by “unfolding”
(invert a response matrix that parameterises the probabilistic mapping from recoil pTR to W boson pTW).

% 104 E_I T T T | T 1T T T | T T 7T | T T T T I L T | T T T I—§ 8 2_ T T T T ‘ T T T T | T T T T ‘ T T T T | T T T T | T T T T ]
imi 7 - —e— Combined Data B
9 ATLAS Preliminary t \[/)Vat_a) oy % 1.8 Stat. Uncert. ATLAS Preliminary _]
£ 03 . BZoee I LLI - ALPGEN . .
"E Ldt= 31 pb -t 3 o L —-MC@NLO Ldt = 31 pb i
o me ] ~ 16 L. POWHEG E
T = s i = PYTHIA ]
10 op E QO 14—~ —RESBOS —
WZow S o |
S RT3 g —:
10 E o N § L o || 1
E % 1y i - N — il :
1 _ 0 C I!—:_ 1
E ~ osf T i -
10-1 __ 0.6:— TOmAT T ;
0.4_ | | | | ‘ | | | | | | | | | ‘ | | | | | | | | | | 1 | | | ]

0 50 100 150 200 250 300 0 50 100 150 200 250 300
P} [GeV] p¥ [GeV]
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p_. distribution of Z bosons

Shown on the right is an example of p_(Z)

T 5 eek ending
PRL 100, 102002 (2008) PHYSICAL REVIEW LETTERS Week encing

14 MARCH 2008

in DY data, integrated over a large
range in Z rapidity, and unfolded.

Measurement of the Shape of the Boson-Transverse Momentum Distribution

inpp — Z/y" — eTe” + X Events Produced at /s = 1.96 TeV

V.M. Abazov,*® B. Abbott,”® M. Abolins,® B. S. Acharya,” M. Adams,”” T. Adams,*” E. Aguilo,® S.H. Ahn,*'
M. Ahsan,® G.D. Alexeev,”® G. Alkhazov,*" A. Alton,* G. Alverson,® G. A. Alves,? M. Anastasoaie,” L.S. Ancu,”’
T Andesn 3% € Anderenn #® R Andrion "M € Anzale ¥V Amand ¥ M Araw M Arthand 18 A A depu 30

eV/c)

o
o
@

q, (@

1/o x do/d

=
o
o

0.04

0.02

DO, 0.98fh D

— RESBOS

* D@ data

mainly because of the poor

IlIJ.IIJ.II].l.IJJII.J.IIJ.IIIIIJIIII.I

Already systematics limited,

experimental resolution on p_(Z).

0 5 10 15 20 25 30

Ziv* qT{GeWc}
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New experimental constraints on "p_(£)’

Phys. Rev. Lett. 106, 122001 (2011)

The next-generation D@ measurement (7.3 fb™') has
just been published.

Fermilab-Pub-10-403-E It avoids the resolution issues with p_(Z) by using an
Precise study of the Z/4* boson transverse momentum distribution in pp collisions alternatlve observable that IS_ .SGHSItIVG to the same .
using a novel technique physics, but much less sensitive to lepton p_ resolution:
) * I : *
{Dated: October 1, 2010) ([)n — T,aln ((pa(:{}P/Z) Sln(ﬁn)
Using 7.3 Ih™" of pp collisions collected by the DO detector at the Fermilab Tevatron, we measure * i i
the distribution of the variable (}:. which probes the same physical effects as the Z/4" boson (I) and 9 Only depend on Iepton dlreCtlonS
transverse momentum, but is less susceptible to the effects of experimental resolution and efficiency. acop n

A QCD prediction is found to describe the general features of the ¢; distribution, but is unable to

describe its detailed shape or dependence on boson rapidity. A prediction that includes a broadening => (I) * |S measured mUCh more preC|Se|y than any
of transverse momentum for small values of the parton momentum fraction is strongly disfavored. n
quantity that depends on lepton momenta.

Note: c|>n* ~a_/ m(ll)

|
(lepton1) I:)T Ay (lepton2)

anline,
‘‘‘‘‘

Detailed discussion of observables alternative to p_(2):

TR TR oA M. Vesterinen and T.R. Wyatt, Nucl. Instrum.
> a X, el Methods Phys. Res. A 602, 432 (2009).

A. Banfi et al., arXiv:1009.1580,
submitted to Eur. Phys. J. C (2010).

Recoil
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New experimental constraints on "p_(Z)’

Unfolded data (ee and uu channels shown separately) in three bins of Z rapidity:
(455k Z — ee/ 511k Z —up decays)

i 10§ [
15[ (b) 1f i -
! 10°1F _< b@ 7.3 1b >
1ok 102} - + updata
:-;— ::84 : °© ee data
- - Frass —— ResBos
T S
-6 I —— ResBos (small-x)
S |
o~ 15T
©
~~ [
10}
5f
0 [ | M | M 2 2

T E— 5

03 0.3 . . .
0; 0y 0

Jan Stark Precision EW measurements at colliders, LAPP Annecy, October 21st, 2011 18




New experimental constraints on "p_(£)’

Comparison of the unfolded data to (three flavours of) ResBos:

=
[ ]
b

(b)y1<|y|<2

m llllllll =
3 -
N B )
® og+2 = s

oc 0 9: x(ee,uu) =432 - X(ee,uu) =27/24

212_' — 1 :”"I — ' ' '

O (c) ly| > 2 i ;-<3m;;@{$5;ul

s : - ° eedata

= 1 K ResBos

"""""" ResBos (tuned g,)
I ResBos (small-x)
{ % It PDF @ scale uncertainty

q07 10T 1102 10T 1
0 Oy
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PDF uncertainties

In principle:
transverse observables (e.g. m_) are insensitive to the uncertainties in the (longitudinal) parton distribution functions (PDFs)

In practice:

the uncertainties are to some extent reintroduced via the limited n coverage of experiments,
which are not invariant under longitudinal boosts

How to reduce the impact of the PDF uncertainties in measurements of the W boson mass ?

- Reduce the uncertainties in the PDFs s Hr ,
AN
e.g. via measurements of the W charge asymmetry o o m,
at the Tevatron and the LHC (complementarity of the two colliders) S
o
- Reduce the impact of the PDF uncertainties on W boson mass - “N“IHHNH ‘H ” || h|
by extending the n coverage as much as possible E_ S5 bz oa s o8 """"
(challenging: understanding lepton energy scale and pile-up and s L
backgrounds in the forward detectors) C_EU T
O a3 ,
- Possibly reduce the impact of the PDF uncertainties on W boson mass < Hﬁm n M=1
by exploring even more robust observables ‘—5, f)%ﬁ:;}sat'lca”y)
(“single out events with small longitudinal momentum”) to replace/complement m_ & singularity
s = variable
<

e r r r
02 00 02 04 0.6 0.8 1.0
g2

These three approaches are not mutually exclusive, i.e. they can be pursued at the same time and gains should “add up”.
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W charge asymmetry

W* rapidity measurement constrains e Mrw ty
PDF of u and d quarks. 1.2 W,.E
Different u, d momentum: N
W* produced asymmetrically. I N
£ ] ]
— charge asymmetry of |, v from W decay = N W+ -
u IR
But V-A interaction: reduces the observable > S, >
try in the lept idity distributi = N
asymmetry in the lepton rapidity distributions. Wy,
,
Y
lin :
g 180 ¢ ] .E I:IEL & W produciion charge pegrmary |- -_-."‘-:
‘g oo E E 0.4 -...- .| W Leplon chargs ssymmeiy . ‘ ... ]
¢ 140} E E _ . 1o ]
W oqonk b E 02k . ol : ..' ]
100 | o . Emng
a0k i ol B ol o o ol e E 0F .'-...III"'.' e . ]
60 E : i Lo w rapidiny ﬁ 02F ........;...'. ..,. ]
i [ I:Iw rapidity .' i m
ol - . | —- =" ps=udo-rapmdity 04 'i" v LR
20 Ll == pEaudo-rapicity - .- . -
D R 0 2 3 DS ' : ' : 1
' ' ' - =3 -2 =1 1] 1 2 3
generated rapidity[y,, or n.] generated raplcil'_qfhr.l., or n,]
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W charge asymmetry

PRL 102:181801

Asymmetry

O‘BE_ —-—I CDF 1 fb"data{slall. + syst.) | | _E
0.4¢ A 7 £ o1 NLO Prediction(CTEQ6.1M) E
- D@ Preliminary E: F g 0.6/ [ PDF uncertainty(CTEQS.1M) =
3 - a0t § fr—p— Eof
0.3F p > 35GeV S | il -}: 0.4t e
- p! > 20 GeV n © oaE 3
025 T ‘ET : E
g o 02 E
0.2F : 2 o1 . E
015:_ ' . ngf: —t—t———— A
- — " - - —e— CDF 1 fb data(stat. + syst.)

0.1 5 . g 0.7 NNLO Prediction(MRST2006NNLO)
0.055— A - E u.ﬁ;—]:| PDF uncertainty(MRST2006NNLO) —;
0:_"". —— stal. error 5 0'5§ -
= —e— total error o O4E E
-0.05 ——— CTEQS.6 central value 2 03F 3
_010:.”'. N e s S i , CTEQ6.6 uncertainty pand 5 o2 ._;

. 02 04 06 08 1 12 14 16 138 2 2 01
Pseudorapidity 2l NPT N D T -
DO Conf Note 5976-CONF % o5 1 a2 = .
W
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W charge asymmetry

: e .
- ATLAS Preliminary
—$— Data 2010 fs=7 TeV)
| %4+~ MC@NLO CTEQSE6 PDF
| &%= MC@NLO HERAPDF 1.0
L = MC@NLO MSTWO8 PDF

- -
0.25] I L=35 pb

0.2

o
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Y;_ y
[#%)]
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o
(A}
i

N
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0.150
cay M}V>40GBV

0b 051
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S TR R T T,

LHCb preliminary, 37.1 pb™

15 2 25

ATLAS-CONF-2011-129

55 -
=~ .r il
'_8 _80.4_— ch » Il
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= =1 T T T T T T T T
5 _‘5‘0-2__ o 0.3 .
BB o S 1 § | =
— 1 o e '\,‘
38 O o - B A e T TN
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[ mm vsTwos ] > " P T |
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- JRO9 * " g 0.2 ;(‘i
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Tevatron vs. LHC

W or Z production (first order):

Tevatron: collision of valence quark (u,d) from proton and valence anti-quark from anti-proton

LHC: collision of valence quark (u,d) from proton and sea anti-quark from proton +E(§)—> W+
typically 10* < x < 107, .e. sea-sea contributions are also important o )
d+u(c)-W
Tevatron parton kinematics 7 TeV LHC parton kinematics

109 ; B I R S I o I""I\MJISZIQIQIBII% 109 E Nﬁ 1 .2 LI % LILJ 'I'll'”[ LB lrl'l] LIS
X .= (M/1.96 TeV) exp(ty) 1= (M/7 TeV) exp(ty) e | r Gy
10°F Q=M - 10°F Q=M X | 2 _ 408 -§
E r I lQ — 10 GEV T
X ; x 1 \ ]
10 3 J. Stlrllng (2010) 3 0¥ L ".‘l g/10 |
. _ Mo i Tev /] 10 M=1TeV, S 0.8 1
o 105 ;_ N 105 E r -1
s 3 % 0.6 di
= oL Tt M = 100 GeV / ! |
o g B i
O 0'4._ —
10° i ]
10° 0.2 MSTWO08 1l
' NLO i
101 3 [ 1l ]Illlll L1 l!lllll L L LLiill g

0
. 10*  10° 10?10 1
107 X
X
X
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W + c at CMS

At LHC: pp —» W + ¢ + X largely dominatedby sg—W*c and sg— W c:

" +
W W
gluon gluon
b - - @
s c S Cc

2]

C

Probes s and s content of the proton.

(For a measurement of the W boson mass, the process p p — W + ¢ + X is also interesting by itself
because it introduces a difference between the hadronic recoil in W events and in the Z events
used for calibration [there is no Z equivalent of the diagrams above]).

Select W + >1 jet events in the muon channel:
Transverse mass: m_> 50 GeV

JetE_>20 GeV

Require secondary vertex with >2 associated tracks and significantly displaced from primary vertex

b-tagging discriminant D built from distance between primary and secondary vertex

SSVHE
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W + c at CMS

b-tagging discriminant Dgg\/yg built from distance between primary and secondary vertex

1 CMS prellmlnary ]

CMS prellmmary _

< Frr T < FT T
g 905_ 36 pb at \'s = ] g 90; 36 pb at \'s = 7TeV E
® 80F W™ cH B 80F W ¢ -
€ _F e Daa . € _ [ e Data * ] Fit of four templates
% 705_ [ w*+charm % 705 W +charm tothe D
w B60F [JW'+iight w B0 [JW+light .., OSVHE
© [ Mwp O T muwp distribution observed
3 505_ ] Other bekg. 2 505 [] Other bckg. in data.
£ 40F £ 40t
= o 3 o
< 30F = 30F

20 20}

10[ F 10¢ lﬂ ﬂ

S A S RTI ! E 0
% 4 = 2 4 6 0 42 0 2 4
DSSVHE DSSVHE
For leading jet with E_>20 GeV and |n| <2.1:
Rf =c(WTe)/oc(W¢) Re=o(W+c)/o(W + jets)

RE¥ = 0.924+0.19 (stat.) £ 0.04 (syst.) R, = 0.143+0.015 (stat.) +0.024 (syst.)

Results in agreement with NLO predictions.
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Zly™ forward-backward asymmetry

* Intheprocess 49 — Zlv* —eTe”

* fermion-y* coupling contains only vector component
* fermion-Z coupling contains both vector and axial-vector components

_ f _ rf effective weak
Vector coupling: 9v = I3 — fo mixing angle

Axial-vector coupling: ¢f = I

® Giveriseto non-zero Forward-Backward Asymmetry (Aee) in the final states

N ’ Forward ol
do(qq — e'"e” q/proton
99 ) _ A(1 — cos? 6*) + B cos 6* / o>0 d/antiproton
dcos 0* A A g g i
functionsof vector and axial-vector couplings. .
3 B Arsisrelated to:
O — OB . 9
Arpp = == .= = flg!, g7, sin%0,),...)
ocr+og 8 A

Forward: cos 8 > 0 Backward: cos8* < 0
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Zly™ forward-backward asymmetry

Tevatron

® At Tevatron, Z/y* ismostly produced by light valence quark pair, u-ubar or d-dbar
®* From the observable Ars, we can:

® Precisely measure sin?d, based on Z to light quark couplings

® Directly probethe coupling of Z/y* tolight quarks

® Investigate possible new phenomena, ;
e.g. new neutral gauge boson Z’

* Around Z-pole, Ars isdominated by
interference of vector and axial-vector

couplings of Z to quarks of
* Far away above Z-pole, Ars isdominated by 02}
Zly* interference, which is sensitive to new 0.4
physics. 2l
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Zly* forward-backward asymmetry

* Unfolded AFB agreeswell with A ‘
DG 5.0 b
theoretical prediction .
* No evidence for new physicsat high mass 05 e }

® Extracted sinZ0'«
= 0.2309 + 0.0008 (stat.) + 0.0006 (syst.)

— PYTHIA
--- ZGRAD2

Statistical uncertainty

<«—— Average 0.23153+0.00016 Total uncertainty

05
A —e— 0.23099 + 0.00053 570 - '1;] 5 . 00— F00- 800
A(P) e 0.23159 + 0.00041 M., (GeV)
A, (SLD) o+ 0.23098 + 0.00026
. . .. :
ALt . 054531 4 0,60035 Statistical uncertainty isstill dominant
NS — e 0.23220+0.00081 ®* PDF uncertainty (0.00048) isdominant in
qQped — e 0.2324+0.0012 systematic uncertainty
A, (DD), 5.0 f5' —e— 0.2309 £ 0.0010 ®* Most precise measurement based on Z to
l 1 1 l l | . .
0.228 0.23 0.232 0.234 0236 0.238 light quark couplings
sin? Hﬁff

Published: Phys. Rev. D 84, 012007 (2011)
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Zly™ forward-backward asymmetry

) L A T ()
I -0 ; — LEP
- - " H1 prel. (4-D)
0.6 P ‘., L ; H1 prel. (2-D)
i v, § _' Il pa (2-D), 5.0 165"
: ‘ 020 . D@ (4-D), 5.0 65 :
0.4 K '
- K .
_ 041 ,
® SM ,
0.2 ---coF e ’
- — LEP -
e 0.6
o Il po (2-D), 5.0 15"
i | DO (4-E:).5.01b" I | IBB%' CI'L' : 68% C.L.
: ! . 1 1 1 L L ! L 1 . 1 1 L L : 1 I 1 1 1 I | | | | 1 1 1 I 1 1 1 I 1 | | | |
-0.2 0 0.2 04 06 O.BQu -0.8 08 -06 -04 -02 -0 02 )
. A . g
Z-u quark couplings Z-d quark couplings ™

Most precise direct measurement of couplings
of Z tolight quarksu and d.

Published: Phys. Rev. D 84, 012007 (2011)
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“ZIy* forward-backward asymmetry’

LO annihilation (qq — Y*/Z g) and Compton (qg — Y*/Z q) diagrams for
production of Z bosons at finite transverse momentum: General expression for angular distribution of final state

electron in the Collins-Soper frame:

W,z W2 -

- WZ W.Z do 2
T \ . — 1 0
PLd \ X ’f .\ ‘,; dCOSﬁdQﬁ ( +COS )
‘:.’! A\ /! 1
L] 1% ¢ ' + 5/—10(1 — 3cos? #) + Ay sin 26 cos ¢
Ve J {}, & \ i + %Ag sin? fcos 2¢ + A5 sin @ cos ¢
V4 M Ve ‘:.} X ‘_‘\"‘-' r
v / ) & 2 + Agcosf + Assin®6sin2¢
Annihilation diagram Compton diagram + Agsin20sin ¢ + A7sinfsin .

A are functions of mass, rapidity and p_ of the dilepton system.

Detailed measurements of the Ai are available from CDF.

A lot of physics can be extracted from these measurements (determination of spin of the gluon, test of Lam-Tung relation, relative importance
of annihilation and Compton diagrams, ...).

We discuss this measurement here because the weak mixing angle can be extracted from A,

CDF Preliminary Result withf L=21fb"

CDF Result with [ L =2.1 b CDF Result with f L=21fb" 0.235
(=] 0.87 — 2 2. o U 1 8 C o \ . +
E qq : PY/(P2+M2) r + S sin’@,, = 0.2329+ 0.0008(A, error)* *%'(QCD)
0.76 - ag :551:/(§P§5M;) 15; B6<M(ee)<116 0234\ . Lty
""E —— VBP Resummation ' F 1 sin Bw =0.232 - \ R — ?. I\I!Ieé\suran::nt
— —t— i L L otal Error of A,
065_ —— E;thi:s e 0.1 4: 0.233 T\\ Systematic (QCD Theory)
0.5[ -« - Pythia Z+ljet 0.12[ : T g
F md;ﬂp; = i R R A i q:g 0.232 \
0.4 -+~ Dyrad 0.1 l NC t
E —+— FEWZ(NNLO) F o 0.231--
0.3F . ... Powheq 008~ .. -
0.2 Data 0.06/~ —— VBP Resummation 0.23-
F :_ E oI IPowheg. E_
0'15 66<M(e’e)<116 0'045 —es— FEWZ(NNLO) 0.229
G—_’,‘_‘.\ 1 1 | | | | 0.02 ‘Dm\ | | 1 | 02280+t o b B b L |
0 10 20 30 40 50 60 70 _ 80 0 10 20 30 50 60 70 80 Ros 04 011 012 013 014 013
ZP, ZP, A4 in 66<M<116 GeV/c
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Zly™ forward-backward asymmetry

A first measurement of the effective weak mixing angle at the LHC is available from CMS.

8000

1

- 6000

Events /0
S
S

2000

CMS Preliminary 2011 1.07 fb" at\s = 7 TeV
L L L e s

® CMS data

— fit projection

The effective weak mixing angle is extracted from

=)
o
o
=)

Events / 0.04
S
S

2000

CMS Preliminary 2011 1.07 fb at\'s =7 TeV

® CMS data

i — fit projection

0.5

source

correction uncertainty

the di-muon data using an unbinned extended maximume-likelihood fit. PDF — +0.0013
FSR - +0.0011

In this fit, each event is characterised by three observables: LO model (EWK) - £0.0002
di-lepton rapidity, di-lepton invariant mass squared, cos 6’ LO model (QCD) +0.0012  +0.0012
cs resolution and alignment  +0.0007 +0.0013

efficiency and acceptance - +0.0003

Result: sin® B = 0.2287 - 0.0020(stat.) + 0.0025(syst. ) background - 00001
total +0.0019 40.0025
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Conclusions

Global EWK fit: good agreement between standard model (SM) and precision measurements.

Can use SM EWK fit to predict mass of the hypothetical Higgs boson.
Limiting factor here is the experimental precision on the W boson mass m(W).
Current central value of m(W) prefers non-standard Higgs boson.

If experimental uncertainty on m(W) can be reduced to 15 MeV and the central value remains
the same, the standard Higgs would be excluded at 95 % CL.

15 MeV precision is within reach at the Tevatron.

Similar level of precision can be achieved at LHC once the detectors are sufficiently well understood.
Wealth of “supporting” precision measurements of W/Z production and decay properties
are available from Tevatron and the LHC.

In many cases, the two colliders are complementary (e.g. constrain different aspects of PDFs, ...).

These measurements are needed for m(W), and they are rich in physics by themselves.

As is well known, some tension in the global EWK fit between precision SLD and LEP data.

Tevatron and LHC measurements of weak mixing angle could become precise enough
to shed some light on this.

Tevatron is still the reference for precision EWK physics in hadron collisions,
but LHC experiments reaching impressive precision at truly amazing speed.

Progress in theory / MC generators continues to be essential for precision measurements.
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Gfitter — removing one input at the time

Z . I‘ H ' i -25
b i +31
T ] 98
4| esrd

-25

{ 98_24

0,1 | | +3
A2 H—e— 99"

-24

A(SLD) H—e 120°%

- lept +
Sln2®:f:)(QFB) : : H I : 1 :I ; H 93 s

: : : : : : : -23
Al 4| 93r®

FB| ! s 5 : i i -2

ob| i gl I | g1t
Al 0T | ] e

Al e e

-24

A 1 e

-2

RO | e | g5*¥®

i IR I £ | R -
o o | 95
AL e || 451

+ 31
97”5
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20 40 60 80 100 120 140 160
M, [GeV]

0
had

lep

C

3|
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DO data periods and m(W) analyses

Run ” IntegratEd LuminDSity 19 April 2002 -25 September 2011

128 B
11.0 — Delivered | 11 88 7
10.0 — Recorded : . / // :
9.0 : /*' / E
8.0 i |/ ,/ ;
_ currently|being|analysed | /' / :
:g 7.0 1 /// [10 64}_:
£ 60 //;[z_____ . ___:
g o / /1|l yet another ~5 fb”
E 7 T Cin ke &
3 yad in the can

| D%

3.0 ;_,,/

’0 published resul 7

' o e

10 /"f’

0.0

L & L & & & & L L L/
0 0,0 Py 0y 0 P 0y 0 0 0 g 0030 00 000 1 0 b g 0 e P M,
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DO projections

With 1 fb*! uncertainties are mainly statistical (including 'systematics' from limited data

control samples). Let's extrapolate: published Run lla analysis
source of uncertainties |1 M1A(ﬂ;1 10fb-1¢—————— expected after analysis of full Run IIb dataset
===s=ssss=ssssgesssspessskes=sh expected after current Run Ilb analysis
Statistics 23 10 8
Systematics
Electron energy scale 34 14 11 )
Electron resolution 2 2 2
Electron energy offset a4 3 2
Electron energy loss 4 3 2 Here we are benefiting from the fact that our experimental
ARCON MOGM. 6 3 2 > systematics are mainly due to limited Z statistics
Electron efficiencies 5 3 3 d wh b I ith dat
Backgrounds 2 2 2 (and whence become smaller with more data)
Total Exp. systematics 35 16 13 y
Theory . o
PDF 9 [6 a) 4 Assumes: -reduction in PDF uncertainties
QED (1SR-FSR) 7 4 3] » (e.g. W charge asymmetry)
Boson Pt 2 2 2 . e g
- reduction of sensitivity to PDF uncertainties
Total Theory 12 8 5 (include EC electrons !)
Total syst+theory 37 18 14
(if theory unchanged) 20 17 Assumes more work on our treatment of FSR
and EWK corrections and the assessment
Grand total 4 | 21 16 | of associated uncertainties
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Experimental observables

- @ P.(W) included
- Detector Effects added

dN/dp-(e)
Arbitrary linear scale

p-(e) most affected by p (W)

dN/dm

30 35 4UI 45 l l'SU
Ref. hep-ex/0011009 p[(c) (GeV)

i

_ t

My = /2% By (1 - cos Ag)

5 M, most affected by measurement

<

| of missing transverse momentum

3 60 65 70 75 80 8 9 9

m.. (GeV)
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Keep in mind: the CAL is not alone !

Central Calorimeter

Intercryostat
Detector

Central Fiber Tracker

|

n‘

First active layer A : LD /'  Forward
liquid argon Y Solenoidal Magnet 0.9 | {| Preshower
A = B = | 4+ Detector
o : E— — —— [ N
innerdetector: 0] - | | Luminosity
i 6 e F-,' .
about H| H| ﬂ _ | Monitor
3.7 X in =l S - | S
betweoen ! — wy i A il — - % || D@
: . : | | —— Beam
L 1Y Pipe
' AT
Interaction _ S\, , Galorimeter
point \__ Silicon \ b
Central Preshower Microstrip
Detector Tracker
0.3 X, plus 1 X of lead } /
I/
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Need more information:
additional observables

Let's go back to one of the plots that we have discussed on an earlier slide.
It clearly suggests that we should try to exploit the longitudinal segmentation of the EM CAL

to get a handle on dead material:

Imagine we vary the size of the N / eta=0
“DEAD’ region a little bit 0.08— (normal
incidence)

=> the individual layers (EM1 etc)
would sample different parts of
the shower and therefore see
different fractions of the
shower energy !!

dE/dX (agbitrary units)
T

EM1
EM2
EM3
A/M
FH1

depth in radiation lengths (X))

Using the longitudinal segmentation to get a handle on material is a standard technique,
it is discussed in the textbooks (e.g. Wigmans).

Back to Dzero. Let's compare data (old reconstruction) and full Monte Carlo (nominal geometry)
in terms of the four fractional EM energy deposits. We do this separately in each of the 15 eta

categories.
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Before tuning of material model:
distributions of fractional energy deposits
do not quite match between data and the simulation.

TOYEemf 1 10

EM1T

Fractional energy

deposits, electrons o

with [n| < 0.2

12 =87.32
ndof =19

H YT FTETE FTTTE o - P FE TS PRl PEre
na o1 02 03 04 05 06 07 08

alie
08 1
EMF1

TOYEemi_3_10

s EM3

12 =168.35
ndof = 16

1 | ] | 1

| ! 1 is!
[E! o1 02 03 04 05 06 07 0B 08 1

EMFz

TOYEemt 2 10

Before tuning of material model

800 é—EMZ

00—

—— data

{ast simulation
@ detailed responze

¥? = 20.08
ndof =6

TOYEemi_4_10

0 TR T P P PRI PN P P
ﬂﬂ 01 0.2 03 04 05 06 OF 08 08 1

EMF2

S00—
400~
300~

200 -

EM4

¥!=4.48
ndof = 12

1 1
ul] 01 02 03 04 05 06 OF 0B 08 1

EMF4
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After tuning of material model

After tuning of material model:

“Turn the plots from the previous slide into a distributions of fractional energy deposits
fit for the amount of missing material”. are very well described by the simulation.
EM1 —e——  0.1648+0.0162 . F
= EM1 = Fractional enﬁrgy -EM2 L
ook deposits, elecirons ™¢ o
EM2 e 0.1705+0.0158 - f | withn[<0.2 i @ deedrespors>
A00—
100 x%=20.23 a0l 3 =11.59
EM3 G 0.1528 + 0.0175 ] ndor =18 - oot =6
¥ s A R PR R B A PR TR
Combined e 0.1633+0.0095 e Ene:
. | | | | |
0.05 0.1 0.15 0.2 0.25 0.3 4505—
X, wb EM3 " 1 EM4
1s0f- 42 =18.77 ¥t =13.42
100}~ ndof = 16 ndof = 12
R R T e
EMF3 EMFa
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Recoill model

Recoil vector in parameterised MC: ¢ = ﬁTHa’rd + QITSD& + QITEIDC -+ ’JTFSR

— Hard o —s Hard component that balances the vector boson in transverse plane.
'ELT — (QT) Ansatz from full Z - v v MC; plus free parameters for fine tuning,
e.g. multiplicative scale adjustment as function of q:
RelResp = RelScale + RelOffset - exp —ar
THAD

— Soft __ - MB = ZB Soft component,
Urp — QMB- ET + QzB - ET not correlated with vector boson.

Two sub-components; - additional ppbar interactions and detector noise: from ZB events,

plus parameter for fine tuning
- spectator partons: from MB events, plus parameter for fine tuning

— BElec __ E ~ Recoil energy “lost” into the electron cones.
A’Lﬂ” pPr (8) Electron energy leakage outside cluster.

S
~
|

=
~
|

€
- FSR E 15* (,-}/) FSR photons (internal bremsstrahlung) outside cone;
r includes detailed response model.
v
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Recoll calibration

Final adjustment of free parameters in the recoil model is done in situ using
balancing in Z — e e events and the standard UA2 observables.

= 1ﬂ_ L -II-_
E D0 Do UA2 observables:
2,5 eData - S In transverse plane, use a
= | oFasTMC : coordinate system defined by
oS s of H * \ the bisector of the two electron
' " _ { { { momenta.
i i . D ee recy 7\
L - - L] [ ) : + .
; n-imbalance : (P, ?t ). M
% 5 0 15 20 25 30 GF 0 5 20 25 a0 .. = A
Py GeV Pr.ceV C-imbalance : (P + P ™). C
10
§ [ool ~ oo ¢
E - oy
ET.E-— *Data 2-_ ............................................ .
= | CFASTMC : .
* } prech Ptee —-
5 oy : P Po%E
i L rec A : peea
Euﬁﬂm . _2-. PR — t -E—\ ~rec Pt ..' ﬁ ﬁ
. . P, |
I L =2
%5 w0 15 20 5. OTF 0 15 20 5 t
p% eV’ pef GV r
Jan Stark Precision EW measurements at colliders, LAPP Annecy, October 21st, 2011 44



Results: Z — e e data

[ ZCandMass_CCCC_Trks | [ZCandElecPt 0 |

72indf = 150.1/160 1000 12/ndf = 159.9/135

O
Q
A

DATA
FAST MC

—— DATA

e FAST MC

400 800

300 600

200 400

100 200

%5
ZCandPt_0 [ZCandRecoilPt 0]

600 DD 1 fb™! %2 /ndf = 223.8/150 000

—=— DATA
e FAST MC 800

72IndF = 45.0/45
—8— DATA
e FAST MC

700
600
500
400
300
200

100

- M R "I L e P P |
GeV GeV
v Good agreement between parameterised MC and collider data.
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Mass fits

g

R T s
: wri*#’ww M b ﬁ# ; i "lfk
A s ]

m(Z) = 91.185 *+ 0.033 GeV (stat)

(remember that Z mass value from LEP was

an input to electron energy scale calibration,
PDG: m(Z) = 91.1876 + 0.0021 GeV)

Events/'0.5 GeV

—=— DATA
— FAST MC

m(W) = 80.401 £ 0.023 GeV (stat)

Jan Stark
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Mass fits

- 'aa'p;'ﬁg'p T '%ET,'GE%
m(W) = 80.400 £ 0.027 GeV (stat) m(W) = 80.402 £ 0.023 GeV (stat)
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