DPF 2011 — Brown University

Electroweak Physics

Michael Schmitt
Northwestern University
August 9, 2011




What is Electroweak Physics.
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e couplings / mixing
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Higgs boson / EWSB
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New Measurement of G;

MulLan

* new (2011) measurement of muon lifetime

1 Gpm, A (?Mc
= 1+A A5
192 HAD ,

u
« improvement by factor 15 over all
prior measurements

« 2 x 1072 u* decays

« accumulate muons in target during beam-on
» record individual e* pulses (24 slices)

* icosahedral arrangement reduces systematics

G, =1.1663788(7)x107GeV ™

Phys.Rev.Lett. 106 (2011) 041
. 0.6 ppm ys.Rev.Lett. 106 (2011) 041803
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sin%0,, at Low Energy
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Argwalla, arXiv:1005.1254

* NuTeV anomaly has proved to be
provocative...

« E158 demonstrated a precise
measurement of sin?0,, and that
sin?@,y runs.

» Qweak just completed 15t run
* longitudinal e~ on liquid H,
«very low Q? = 0.07 GeV?
* Ap, = 230 ppb, measure to 2.5%,
expect sin6,, to 0.3%
» 24% of proposed data recorded
* “teething pains” overcome

* look forward to 1st results soon.

* Moaller approved

* error 3 times smaller than Qweak
*:sin%0,, to £0.00029 (= LEP)




W and Z Production at Hadron Colliders

 production
* copious, even in a pp machine like the LHC
» depends on proton structure
* PDFs and pQCD inseparable from EWK physics at hadron colliders

- decay
* leptonic decays are the most useful by far

» tau final states are clear but less precise than decaysto e and u
* neutrinos in the final state implies use of “missing energy”

7 — (507 W= — (v
 energetic & isolated e*e or utu~  energetic & isolated e or u
* resonant peak in M, * neutrino: E/mss

« Jacobian peak in M;
see talks by F. Petriello, J. Anderson



These results are based on 36 pb-' collected in 2010. Today: nearly 2 fb.
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* energetic & isolated e or u
* neutrino: E/mss
« Jacobian peak in M;
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 experimental accuracy about 1% (aside from 4% luminosity uncertainty)
» theoretical uncertainly — mainly from PDFs — about 3%

» most stringent test of theory comes from ratios of cross sections

* no signs of any discrepancy

CMS 36 pb'at \Vs=7TeV

" lumi.uncertainty: =4%
ox B (W) - 0.986 = 0.009,,, = 0.028
ox B(W*) —tad— 0.982+0.010,,, + 0.030,,
oxB(W) e 0.992:0.010,,, = 0.029
oxB(2) ot 1.002 = 0.010,, = 0.032,
Rus ol 0.981+0.010,, + 0.015,
R, Ha 0.990 = 0.011,,, = 0.023
06 08 1 12 14

1 1.2
Ratio (CMS/Theory)




W Mass

SM,, IM,, =0.3%

CDF Run 0/1 —— 80.436 = 0.081
DO Run | ——@—— 80.478 = 0.083
CDF Run i —&— 80.413 = 0.048
Tevatron 2007 —@— 80.432 + 0.039
DO Run i —— 80.402 = 0.043
Tevatron 2009 —o— 80.420 = 0.031
World average @ 80.399 = 0.023
L | | Julyo0s
80 80.2 80.4 80.6
m,, (GeV)

see talk by D. Boline

* beautiful measurements from DO & CDF

 Tevatron & LEP numbers compatible

* LHC will need more time to do this kind
of very challenging measurement.
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do/dM

* The Z peak sits on top of
the Drell-Yan continuum.

* A correct theoretical
description requires both
Z and y* exchange.

* An extra gauge boson
could become visible in
this spectrum.

» Accurate PDFs are also
essential.

see talk by S. Stoynev

1/c, do/dM(ll) [GeV™]

L 36pbTatVs=7Tev CMS |
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do / dg.

Z boson P, after unfolding

The low — g, part is non-perturbative.

The high — g, part is perturbative & calculable.
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A Resbos+PHOTOS CTERS.1m, no small-x corr

|

-- Resbos+PHOTOS CTEQ6.1m, with small-x corr

* DO Run Il data

DO Run II Preliminary

ppbar Vs =1.96 TeV

+ Z bosons will recoill
against (gluon) jets
radiated in the initial state.

* Precise measurements of

the Z transverse momentum
(“g,') distribution confirm our
understanding up to a point.

OO

10 20
see talk by J. Gartner, J. Liu
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Z
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1/5" do™/dp

* ATLAS measurements show good agreement for g out to 100 GeV.
* The low-q; region has to be “tuned”.
* The high-q; region is sensitive to higher-order terms.
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» Use the RESBOS Monte Carlo as the base line.
* NNLO calculations are fairly accurate at high-q;

» Matched parton shower & higher-order matrix element calculations
like SHERPA and ALPGEN do the best.
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Let’s return to the Electroweak Sector of the Standard Model:

The W and Z are electroweak bosons.

Key signature: parity violation

“V-A” coupling

.m strongly favors fL,f_R over fR,f_L

more complicated — relative couplings for

fL 7fR VS. fR ’fL depends on
the fermion and a universal parameter

. M;
sin® %, =1- %@



W Charge Asymmetry

Ny, (y)=Ny_(y)

parity violation (PV) occurs AW (y)=
at the production ud =W "
and atthedecay W+ — ¢*v

Ny, (V) + Ny, _(y)

interesting twist:
(forward) W production is polarized due to PV at production,
so there is a strong asymmetry in the lepton decay distribution
(in the W rest frame)
- the lepton charge asymmetry is useful

N - N
A, (1) = N£+ (1) Nf- (1)
see talk by J.Y. Han C+ (77) TV, (77)
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W Polarization at high-g;

This is a bona fide PV effect.
It is something new — it has not been seen at the Tevatron.

qg —>q'W i.e., W+ 1-jet
i.e., high—p, W

The W will tend to be left-polarized.

9-Aug-2011 Electroweak Physics - Schmitt
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W polarization

The W will tend to be left-polarized.

We observe this through a kinematic variable:

W= — (v
Pry® Prw :
L, =—"—— >%(1+cos€)
| Dr oy |
at very high pA{W)
KL,ZR will peak toward one - fraction f;
l, ,ZL will peak toward zero - fraction f,

there is also a longitudinal piece, fraction f,

28-April-2011 LHC Electroweak Physics - Michael Schmitt 17



Events/ 0.1

W polarization

In practice, we form templates for f,, f, and f,
and fit them to the observed distributions:

pAW)>50 GeV
w~ W

60077 « 600
- CMS preliminary: L = 36pb”@ 7 TeV o, 1 © - CMS preliminary: L = 36pb”'@ 7 TeV o, .
500 f.fr=0.310£0.036(stat.)t0.017(syst.) .. f, - E 500 f.fr=0.2400.036(stat.)t0.031(syst.) .. f, -
- f,=0.171+0.085(stat.)+0.099(syst.) o 1 5 - f,=0.183+0.087(stat.)+0.123(syst.) -ofy i
- : 1 > - "EWK
400 - W 400 -
300 - 300 -
2y . N Py .
200F " — 200 i .
100 = 100}~ L ~
- o “|_ L l...l """"" ,,3
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W polarizaﬁon These are the fit results for (f,- fz) and f, :

w+ w
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A clear demonstration that Ws are polarized.

28-April-2011 LHC Electroweak Physics - Michael Schmitt
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A_; and sin?0,, at High Energy

<«<—— Average 0.23153+ 0.00016

SITEEE EEE ; * Well-known tension among
A  —e— | 0.23099 + 0.00053 e*e- Z-pole measurements
A(P) e | 0.23159 + 0.00041

i i * “leptonic” values are 3o
A (SLD) N 0-23095+0.00026 lower than “hadronic” ones

0.b 1 P | . .
Ao e 0232212000029 ), y5inr jssue for indirect bounds
Al° —e— | 0.23220+0.00081 on the Higgs mass
Qe ——e—— 0.2324 + 0.0012 _ _
N ........ | * sin%0,, can be measured in
I | I | I |
0228 023 0232 0234 0236 0.238|, s yvery challenging

Y.
sin 9eff
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Forward-Backward Asymmetry, A_,

<oal ~ CDF Run Il Preliminary with 4.1fb”
0.6}  —
0.4F -
0.2}
0 ; : Pythia prediciion
0.2 Unfolded (stat +syst.)
04 — ° Unfolded (sta:t. only)
06
08f - . :
| S il . : P
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. .
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'l Statistical uncertainty
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0.5
T 1 1 L L I 1 1 1 L L L x
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see talk by J. Han M,. (GeV)

» Beautiful measurements
completed by CDF & DO.

« Variation of Az5 with Vs shows
guantum-mechanical interference
of the photon and the Z boson.

 Unfolded and corrected
measurements agree very well
with the SM.

* (No new physics in sight.)
* Use this to extract values for

sin0,, and light-quark couplings
at the Z-pole




* Nice complementarity with LEP; stronger than H1.

» DO derived constraints on the u and d-quark couplings.
* The exact shape depends on how many parameters are fitted.

® SM
=== CDF (b)
— LEP
H1 prel. (4-D)
H1 prel. (2-D)
BN D (2-D), 5.0 fb'
DO (4-D), 5.0 fb'

68% C.L.
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CDF have done a nice analysis measuring the angular distributions
as a function of Z q.

This analysis confirms the mechanisms for production of Z bosons
at high g, and the fact that the gluon has spin 1.

CMS have begun an analysis to extract sin?6,, or better, the light quark couplings.

Perform a likelihood fit to a multi-dimension probability density function;

detector effects are parameterized with analytical functions.

+00
Psig (Y, 5,008 8¢5 8in” By ) = G (Y, 5,08 0¢5) X / dx R(x) Pigear (Y, s — x,c08 0%g; sin® Oyy)

Given only 36 pb?, sin’6,, = 0.2287 + 0.0077 £ 0.0036.

13-May-2011 LoopFest 2011

CMS PAS EWK-10-011

23




tri-Linear Gauge Couplings

 an indirect probe of New Physics
» model-independent as a matter of principle
* very general framework with many free parameters

« introduction of ad hoc form factors is a nuisance
* makes comparing LEP, Tevatron and LHC results difficult
* since the goal is to find deviations from SM predictions,
one should not be overly concerned about unitarity
* presently trying to measure total cross sections for di-boson production

* sensitive s-channel production is “diluted” by t-channel production
q Wi q e

e.g. w*

q’ Z q’ Z
* long-term future: differential distributions and polarization
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200 —
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be checked by looking for ‘E!E——-' = =
b-tagged jets. % 1.5¢
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see talk by H. Yang

Jet multiplicities



CMS Preliminary 2011 Ns=7TeV L=1.13fb"

No 2 B o I | L L l [ | L | I L L I L I l_
S 20F * DATA E
* These ZZ events have | (B 18F Lt e
four energetic leptons. S 460 [ Z+ets -
B r [ zbb/cT -
c - |
« Two pairs make ¢ 14¢ E?galm:"a E
two Z bosons W qoF : ngretor -
12: wz -
10~ —
 Backgrounds are 0; Bz .
very small. 8¢ E
S 6F =
« Signal is very clean and - .
statistically significant with ar E
about 1 fb-1. 21 .
:l 1 11 | | I | I | I | I I | I | I | | I | 1
%0 70 80 90 100 110 120

M, [GeV/c?]

(one entry per event)
see talk by S. Hsu
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see talk by K. Mishra

Preliminary cross section measurements based on 1 fb-'

channel ATLAS CMS theory
WW 414 events 626 events

59% purity 68% purity

48.2+4.0+6.4+1.8 55.3+3.3+6.9+3.3 46 + 3 pb

(6% prec)

W/Z 71 events /5 events

85% purity 89% purity

21.1+3.0+£1.2+0.9 17.0£2.4+1.1+1.0 17+1 pb
YA 12 events 9 events

purity 97% 93% purity

8.4+2.5+0.6+0.3 3.841.4+0.240.2 6.5+0.3 pb

stat syst lumi

Measurements are in broad agreement with theory.

ATLAS limits on aTGC similar to Tevatron limits (beware of FF however!).




CDF Note 10595

CDF uses Z g+ spectrum

- WZ > 3leptons + neutrino

« 7.1 fb-! gives 62 events

* shape and size of q; spectrum
varies strongly with the anomalous
couplings A%, Ag,%? and Ak?

- fit the observed q; spectrum directly
and place bounds on each anomalous

coupling directly.

* results are consistent with no
anomalous couplings

DO also incorporated this information
in an earlier publication. see talk by M.Cooke
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« W+y and Z+y also probe anomalous couplings.

an excess of high-energy photons.
« Agreement with the SM is good.

 Large deviations in the tri-linear couplings would lead to

see talk by A. G|oshaw
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 ATLAS measurements
also agree with the SM

* 192 W+y candidates,
purity = 71%

» 48 Z+y candidates,
purity = 85%

* ratio W+y/Z+y

|||||||
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Higgs Bosons / EWSB

m,, [GeV]

auy 2011 TEVEWWG, LEPEWWG, SLDEWKWG 2011

80.5

— High Q® except m,,/T,,
68% CL

Exclydeldl .

» Perhaps the real electroweak
physics news will be the first
positive indications for M.,

* W-boson and t-quark are already
very well known.

* Once M is known, precision
measurements of electroweak
observables may well point to
inconsistencies.

80.3

10 102
m, [GeV]

9-Aug-2011
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Summary

« Significant advances have been and will be made
at the “precision frontier” — including low-energy.

« DO & CDF have shown that high-precision measurements
which constrain deviations from the SM can be done at
hadron colliders.

« CMS & ATLAS already accumulate large samples of W and Z
bosons which allow measurements that rival those of the
Tevatron — di-bosons will soon come very interesting.

- If the Higgs boson is discovered, the whole “game” of
precision electroweak measurements will be transformed.

P ——




13-May-2011

BACKUP

LoopFest 2011
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CMS has presented the first measurements of do/dq; Vs =7 TeV

high — p, prediction is OK.
CMS preliminary

low — p; model needs tuning — .
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CDF Vs =1.96 TeV CMS Vs =7 TeV
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Notice that the CMS range in [Y/ is significantly larger.

The CMS error bars will diminish rapidly this year.

Soon they will be good enough to constrain the PDFs...
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How exactly does the Y distribution relate to the pdfs?
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Lepton Charge Asymmetry
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Katerina Lipka (HERAPDF) already incorporated the CMS measurement:
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Maria Ubiali (NNPDF) shows that the W asymmetry measurement leads
to significant reduction in PDF uncertainties:

Q? =M, ratio to NNPDF2.1

Q° = M, ratio to NNPDF2.1

13

1.2
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ATLAS measured the W asymmetry with muons:
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W,Z + Jets

CMS preliminary
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W,Z + Jets
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W,Z + Jets

CMS preliminary
T

o(W + > n-jets)
o(W + > 0-jet)

107

data
energy scale

VZZZ) unfolding

36pb’ at\Ns=7TeV |
W —ev
E/ > 30 GeV

-3
10 —— MadGraph Z2 —
=== MadGraph D6T H-.-.'IIIIH......?
— = Pythia Z2 a
L ' e —
| | | |
»lo
T 11kt
-'01 /l\ 02 B .--.---?—-—.—.—.-. ----- F = = = —
c [T ! __ __.-.-..m}—,.'.-__ Z 28
N = I ¥ - L . i
+|n 01 — a
< [+ .
S

CMS PAS EWK-10-012

inclusive jet multiplicity, n

Take ratios to reduce systematic
uncertainties:
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Good agreement is reached for

matrix-element calculations,
not for parton-shower calculations.




W,Z + Jets
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The results and phenomenology
suggest some sort of scaling law.
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The cross section o(WW) is sensitive to anomalous tri-linear coupling

(i.e., deviations from the expected WWZ & WWY coupling constants)
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These bounds are not yet very constraining — more data is needed.
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DO combined results: much tighter bounds than CMS
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NB: form factors with A = 2 TeV.



