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1 — Introduction |

e | will concentrate on two topics:
(1 W/Z production on and off the resonance

[] di-boson production: probing gauge boson self-couplings

e W/Z production:
[1 Standard candles

W mass measurement (maybe not in the first year or so...)

[]
[J constraining PDF’s
[]

search fodV’ andZ’ resonances
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e di-boson production:
(I probeWWV,V =~, Z, vertex inW~, WZ andWW produc-
tion
[] probeZZ~ andZ~~ vertices inZ~ production
[1 probeZZ~ andZZZ couplings inZ Z production

e | will concentrate on how higher order QCD and electroweaW}E
corrections affect measurements

e most numerical results are fefs = 14 TeV, but holdmutatis
mutandidor /s = 7 TeV
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‘2 —W /Z production: on- and off-shelll

e W andZ Production has been observed at the LHC
W —eV candidate

| CMS Experiment at LHC, CERN
Run 133874, Event 21466935
il Lumi section;: 301

| Sat Apr242010,05:19:21 CEST

o

Electron p ;= 35.6 GeV/c
ME; = 36.9 GeV
My =71.1 GeV/c?
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Z —ee candidate

| CMS Experiment at LHC, CERN
i Run 133877, Event 28405693
!| Lumi section: 387

Sat Apr 24 2010, 14:00:54 CEST

Electrons py=34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c?
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W—ev Candidate

Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST

W-ev candidate in

7 TeV collisions
pT(e+) =34 GeV

nie+)= -042

E™ =26 GeV

M, =57 GeV

Pheno 2010 Symposium, Madison, Wisconsin, May 10-12, 2010 Jianming Qian (University of Michigan)
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expect a torrent of//’'s and Z’s at the LHC in the near future

for /s =7 TeV:
o(W* — fv) ~ 10.5 nb
o(Z — 0707) ~ 0.96 nb

cross section approximately doubles {gs = 14 TeV

Status of theory calculations foV'/Z production:

[1 the NNLO QCD corrections téd//Z production are known in fully
differential form (Melnikov, Petriell and are available in form of
a parton level MC prograntFEW2)

[ resummed NLL QCD corrections (soft gluon resummation)
known RESBOS

[ NLO QCD corrections have been merged with HERWIG in
MC@NLO andPOWHEG
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e Status of theory calculations f&V/Z production (continued...)

[ several calculations of the futD(a) EWK corrections tolW/Z
production existUB, Wackeroth [WGRAD, ZGRAD];
Bardinet al. [SANC]; Carloni Calamet al. [HORACE]; Dittmaier,
Denner; Jadacht al. [WINHAC])

e Why do we need higher order QCD corrections?

[J LO cross sections strongly depend on the renormalizatidrian
torization scalesyr andu r, used

this dependence is an artificial byproduct of truncatingp@eur-
bation series

the scale dependence is (usually) reduced when higher QdPEr
corrections are included, and NLO theory predictions terapree
much better with actual data
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e ExampleWW + n jet production at the Tevatron
(C. Berger et al., arXiv:0907.1984

1 of jets CDF LO NLO

1 535456 41400027100 57.83(0.12) T

6.8+11  6.159(0.004) 221 7.62(0.04) 10

0.84+0.24 0.796(0.001) 0488 882(0.005) T0-027

—0.276 —0.138

e in some cases (edl” + 1 jet production) NLO is not enough...
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e when do we need NNLO corrections?
[J When NLO corrections are large and NNLO is needed to chgrk
expansionqg — H)
[] for benchmark processes where high precision is neeaed{
33, W/Z production)

e Example:(Anastasiu et a).

80 T T T [ T T T T[T TTT[TTIT TTTITITTI[TITT]im, T T T T T T T T[T T T[T

Vs = 14 TeV
M =M,
MRST2001 pdfs
Mp = MR = K ]
Mp = M, pp =M — — — )

d®*c/dM/dY [pb/GeV]

1‘111111111111

2.0

The NNLO residual scale uncertainty<is1%
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e O(«) electroweak (EWK) corrections /2 production
[0 1-loop: naively ofO(a) < 1%
(1 why bother?

[1 EWK corrections may be enhanced by large
[ collinear |OgS:log(§/m?), relevant near th&l’/Z peak

Sudakov Iogslog(§/MV2V/Z), relevant at large di-lepton masseg
QCD corrections may be small (example: QCD correction®ls
cancel inlW/Z cross section ratio)

for consistent treatment need PDF’s which include QED ©arre
tions. These are available MRSTQEDO4set (eventually will
need an update to these ...)

Ulrich Baur Implications of early LHC data, MIT 08/12/10



Anatomy of the EWKO(«) Corrections

e 1-loop EWK correctionshift W andZ masses by (100 MeV)
[1 most of the effect comes from final state photon radiation

[] proportional to
o S
T 77Z£

[] these terms together with the Sudakov logs significantlyanfte
the ¢T¢~ inv. mass distribution andv transverse mass distributio
(pole approximation: no Sudakov logs are present)

5 OQ]ED corrections only, no det. effects with detector effects

~7‘“““““““““““‘7 1.00‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
7 N pp () ] I
> 5 : 5\ Vs = 1.8 TeV—{

pp e v(y) |
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solid: (=e | s 28T __ i

5 20F
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Sidebar:1V mass measurement at the LHC

e heed

SMyy =~ 7 x 1073 - 6myop

for equal contribution ta//g uncertainty fromm.,, and My,
Tevatron:om,; = 1.1 GeV (NEW!)
expectom; ~ 1 GeV at LHC

limited by non-perturbative QCD effects, which introdubedret-
ical uncertaintyym,; = O(Agcp) (renormalon uncertainty)

oMy, < 10 MeV should be goal for LHC
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e LHC expectations (fox/s = 14 TeV):

[0 ATLAS: § My = 7 MeV for 10 fb~! per lepton channelsing the
M~ andpr(¢) distributions arXiv:0805.2093

need excellent understanding of detector (lepton scaleestd

lution, @ resolution) to achieve this

assumes that PDF uncertainties can be controlled such#at
contribute onlyl MeV to 6 My,

assumes that needed theoretical tools will be availablelteae

al MeV uncertainty from unknown higher order corrections

0 CMS: My = 40 MeV (20 MeV) for 1 fb~! (10 fb~1!) using
the scaled observable method and the so-called morphing metiod
(J. Phys. 34 (2007), N193

[ CMS makes less aggressive assumptions on PDF and theojeti-

cal uncertainties
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Electroweak Sudakov Logs

for s > MVQV/Z, the weak corrections beconwge and negative

relevant for new physics searchedinand/¢* ¢~ production (egV”’,
7' searches)

However EW corrections danot include real EW corrections, eg.
WW — fvj5 which may partially cancel the large, negative EW ong-
loop correctionsB)

answer depends on whether one looksxatiusiveor inclusiveDrell-
Yan production
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R..: relative correction to LO cross section

0.0

pp > e v (V)
Vs = 14 TeV
V=W, Z
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Combining QCD and EW corrections

QCD and EW corrections tend to cancel in the high mass region

for accurate predictions need a calculation which comb@€® and
EW corrections, preferably interfaced with PYTHIA or HERW/I

such a calculation is also needed to achigVvg;, ~ 10 MeV or better

The HORACEteam has interfaced HORACE (EW corrections) wit
MC@NLO (NLO QCD corrections consistently interfaced witkR-
WIG)

(arXiv:0907.027%
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[] the procedure for doing this rsot unique

[] additive approach:

locowrw =180 eano L0 ~ 0] 0}
QCD&EW dO MCQNLO dO EW dO LO’J HERWIG PS

[] factorized approach:

} N [do/dO]vicanro — [do/dOlpErwiG PS
QCD&EW

[do/dO] Lo /NLo

X
{ dOgw }HERWIG PS

[] defined either in terms of LO or NLO cross section
(1 differ atO(a?) by non-leading contributions

[] the residual uncertainties resulting from the ambiguityween the
additive and factorized approach are(@fac)
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[1 they are numerically significant

HORACE

MC@NLO

ALPGEN So
MC@NLO+HDRACEHerwig
MC@NLOXHDRACEHerwig

QCD+EW
QCDxEW

2000 2500
MY (GeV)

[J need fullO(aays) corrections to quantify
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‘ 3 — Di-boson productionl

e Physics interest:

[1 background to new physics search& W/ and ZZ production
background to SM Higgs search)

[1 probing weak boson self-interactions

e concentrate on the latter

e qualitative overview of three gauge boson couplings in ttem&ard
Model:

0 WW~andW W Z couplings are non-zero

[] there are no tree level couplings with neutral gauge bosens,
Z~v, 4 Z~andZ Z Z couplings all vanish
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General W~ andIWWW Z Couplings

e |f we wantto testthe SU(ZU(1) gauge theory, we have to go beyong
and generalize thB" WV (V = ~, Z) couplings

e The most general effective Lagrangian consistent widctromag-
neticgauge invariance and Lorentz invariance is

T/ A — [g}/ (W,L,W” . WT“WW) VY + kv W,V

+£2V Wi WV — gl WIW, (8" VY + 8" VH)
| %%
+igY € po ((aPWW)W” . W*“(apw”)) Ve
~ T 0% -S‘V T LoYrve
iRy WIW, Vi 20 W, w7

myy

W, =0, W, — 0,W,; same forV,,;; V., = (1/2)€u1po VP°

IJWWw~ = €, gwwz = ecot Oy
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In the SM:

g7 , ky and\y respect charge conjugatio@’) and parity ()

gy andg! violate C invariance

gY, &y and\y violate C'P invariance

for on-shell photonsy] = 1 (electric charge ofV), g = g/ = 0
(em gauge invariance)

higher dimensional operators do not lead to a new Lorentizisire

they can be taken into account by allowing the couplipljys~y- etc.
to be energy dependent so-calfedn factors
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e the W W~ couplings are related to trstatic moment®sf the W (uw
(dw): (magnetic (electric) dipole momendjyr (qy) electric (mag-
netic) quadrupole moment)

e e N ~
Hw = S (9? + Ky +Ay) dw = S (K/v T Av) 3

~

e e
o _ ~W_———(f<; —A).
1 m 7) 1 m2, \ K

e S-matrix unitarity requires weak boson self-couplings todieSM
form at high energies

e anomalous weak boson couplings need to have a form factawlmeir
such as

whereA is the scale of new physics responsible for the non-standgrd
couplings @ = 2 is often used)
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Neutral Weak Boson Couplings

appear inZ~ andZ Z production

there are & Z~, h? (i = 1,...,4), and 4Z~~ couplings,h;, which
contribute togg — Z~

h1 3 (ha,4) correspond to dimension 6 (8) terms in the Lagrangian
hi 2 (hs.4) violate (conservel’ P

the Z~~ vertex function vanishes othphotons are on-shelvang’s
theoren)

there are also 277 (ff5) and 27 Z~ couplings ffZ,5) contributing
toqqg — 274

all these couplings have to be form factors whieh0 for s — oo to
avoid violation of unitarity

Ulrich Baur
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e thus, non-standard gauge boson self-couplings lead to laanead
Cross section at large gauge boson transverse momenta

example (form factor scalé = 1 TeV):
10l

pp->W'Z+X->1jv,151; +X

Vs = 14 TeV

Born

=
]
&
\
O
Nl
~~
=
B
S,
T
\
5
T

black = SM

blue = A, = —0.25
magenta =k, = 0
red = g%::(l75

200 400 600 800 1000
pr(2) (GeV)
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QCD corrections to Di-boson Production

e QCD corrections to di-boson production become very largeigit
energies

e Reason: there is a logarithmic enhancement factor, egjforpro-
duction, thegqg — W~q’ cross section can be written at high phota
transverse momengg-():

A A Qo
dJ(CIlg — W’YQ1,2) — da(Q1g _> *yc_h) 47 sin? Oy log2 (

e similar expressions hold i/ Z production and other processes
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e the log enhancementis not present in diagrams withth&~/W W 2
vertex
[1 QCD corrections substantially reduce sensitivity to aniooscou-
plings UB, J. Ohnemus, T. H3n
10l

pp->W'Z+X->1jv,151; +X

Vs = 14 TeV

do/dpr(Z) (fb/GeV)

— red = SM LO
blue = A\, = —0.25 LO
red dash = SM NLO
" blue dash = A\, = —0.25 NLO

T T TTTII] T T TTTII] T T TTTII] T T+HH
| LA

| IIIIIII'II

200 400 600 800 1000
pr(2) (GeV)
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e however at highpy, most events have a hard jet

[] ajet veto helps to get the QCD under control and restoretsatysi
to anomalous couplings
example: no jets withr(5) > 50 GeV

= |IIII|IIII|IIII
" a) ppoWIZ+X-1ip 115 +X

100

e
=~
©
(@]
\
o)
Na”
~
N
N
=
Q,
)
\
e)
)

Vs = 14 TeV

solid = NLO incl.
red = NLO O jet

blue = LO 1 jet

200 400 600

pr(Z) (GeV)

800

100

" b)  pp-W'Z+0 jet

>1iv,13154 0 jet

Vs = 14 TeV

= blue = Born

magenta = NLO 0 jet

200 400 600 800

pr(Z) (GeV)
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e Scale dependence:

T IIIIIII| T T T T TTTT T IIIIIII| T T T T TTTT
a) ppoW'Z+X-1jv 151 +X | b) pp->W'Z+X-17v,151;+X

Vs = 1.8 TeV Vs = 14 TeV

NLO incl. NLO incl.

Figure 13
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Since the (LOW Z + 1 jet cross section dominates, the scale depéen-

dence Is not reduced In theclusiveNLO cross section
NeedWW Z + 1 jet production at NLO QCD for that

However, once a jet veto is imposed, the scale dependeri¢eZn+
0 jet production appears to be very small

[1 This could be very misleading!

NLO QCD corrections tdV Z + 1 jet production Campanario et al.

arxXiv:1006.0390)ed inclusive NLO;green exclusive NLO [no 2nd
hard jet])
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[] scale dependenceg (s varied by a factor 2 up or down) is small at lo
minimumpr (1), and thus in the total cross section, itasgeat higher

pT

[1 need to check foll’ Z and other diboson production processes
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EWK Corrections tdV Z Production

e As in singleW/Z production, large Sudakov logs appear in in EW
radiative corrections to di-boson production at lapge

e Example:W Z production Accomando, Denner, Kaiger

da.
d}ﬁ?ms
J.01 ¢

[fh/GeV]

10 fay,
-20
-30
-40

Born cross section
EW cross section X

3_07 s oo by o by by by s by by by by by
0 100 200 300 400 500 600 700 800 900 1000

P (Gev
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e EWK corrections tdV Z production are substantial (but smaller tha
the inclusive NLO QCD corrections) ame:gative

e but, for inclusive W Z + X production, weak boson emission pra
cessesW ZV,V = W, Z production) may largely compensate thg
1-loop corrections{B)

10! ———

100 &

W ZV, my=120 GeV

W™ ZV, my=200 GeV. - - -~ '%‘ -

W ZV, V-ij, vv (pg(j)<50 GeV)
my=120 GeV

pp > WZ(V) 4 vlslp(V) |

Vs = 14 TeV
V=W, Z

1 ‘ 1 1 1 1 ‘ 1 1 1 1

T ‘ T T T T ‘ T T T T

1000 1500

pr(Z) (GeV)
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Scrutinizing theW W Z vertex at 7 TeV
e recent study byboli et al, arXiv:1006.3562
e consideVW andW Z production

e current bounds (from™e™ — WW andW Z production at the Teva-
tron) and expected bounds from the LHC @ 7 TeV with 1'b

[1 ' andP conserving couplings
coupling PDG bounds W Z 20 limits WW 20 limits

Ag? —0.016J_f8-8§3 [—0.055,0.094]  [-0.33, 0.56]

Arz  —0.0767" 8-8?2 [—0.27,0.55]  [-0.088, 0.11]

Az —0.088j8-8§(7) [—0.051,0.054] [-0.055, 0.056]
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[] C and/orP violating couplings

coupling PDG bounds W Z 20 limits WW 20 limits
g5 —0.07+0.09  [-0.18,0.19] [-0.53, 0.51]
g5 —~0.30+0.17  [-0.08, 0.08] [-0.48, 0.48]

Rz —0.121?882 [—0.40,0.40]  [-0.38, 0.38]

Az —0.09+£0.07 [-0.053,0.053] [-0.055, 0.055]

e form factor effects are still quite small at 7 TeV, utat 14 TeV

e can improve current bounds oy, g7 andz (Az and\z) in WZ
(W W) production with early LHC data

e further significant improvements (factor of 4 or more) at BV Wwith
100 fbo!
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|4 — Conclusionj

EarlyLHC data provide an opportunity to calibrate detextoith well
understood processes suchdsandZ production

These are theoretically fairly well understood, althoulgaré open
guestions on how to combine QCD and EWK corrections

EWK radiative corrections may become large at high

Early LHC data offer an opportunity to improve bounds on wbak
son couplings in di-boson production

NLO QCD and EWK corrections in di-boson processes may be)arg
but this depends on whether one does an exclusive or inelasialy-
sis (ie. jet veto yes, or no)
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