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| Electroweak Measurementsat theLHC 11 |

e Plan for today:

<= Di-boson production and weak boson self-couplings

< Probing the weak couplings of the top quark at the LHC

e good references:
<= J. Ellison and J. Wudka, Ann. Rev. Nucl. Part. Sci. 48, 33 (1998)
< H. Aihara et al. hep-ph/9503425
= UB et al. PRD71, 054013 (2005); PRD73, 034016 (2006)
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Di-boson Production

e Physics interest:

< background to new physics searches (W W and ZZ production
background to SM Higgs search)

< probing weak boson self-interactions
concentrate on the latter

plan of action:
<= theory of weak boson self-couplings
probing weak boson self-couplings at the LHC

there are three vector boson couplings (eg. WW Z) and quartic
couplings (eg. WW Z~)

only consider three vector boson couplings here
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Theory of Weak Boson Self-couplings

one of the consequences of non-Abelian gauge theories are the self-
interactions of gauge bosons

in QCD (SU(3) gauge theory) the gluon self-interactions lead to asymp-
totic freedom (as — 0 for ¢ — 00)

gluon self-couplings:

| R apv
£self—z'nt — _ZGILLVG g

where a = 1,...,8 and (A} is the gluon field)
G, = 0, AL — 0, A% + g f*° AL AL

gs: strong coupling constant
f abe. SU(3) antisymmetric structure constants

this leads to three- and four-gluon vertices
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e forelectroweak interactions (SU(2)x U(1) gauge theory), one gets sim-
ilar expressions with the SU(2) structure constants €*/*

e can rewrite everything in terms of the mass eigenstates W=, Z and

e (ualitative overview of three gauge boson couplings in the Standard
Model:

= WW~and WW Z couplings are non-zero

< there are no tree level couplings with neutral gauge bosons, ie.
Zvy, £Z~y and Z Z Z couplings all vanish

Ulrich Baur Expecting LHC September 2006



General WW~ and WIW Z Couplings

e [f we want to test the SU(2)x U(1) gauge theory, we have to go beyond
and generalize the WWV (V = ~, Z) couplings

e The most general effective Lagrangian consistent with electromag-
netic gauge invariance and Lorentz invariance is

T/ A — [glv (W/I,,W“ . WT“W,W) VY kv WIW, VY

+722V W WH VP — g WIW, (8" VY + 8*V*H)
w
+igY e o ((aPW”)W” . W*“(aPW”)) Ve
P T Y424 -S‘V t e Yrve
FiRV WLV i S W W, v
myy

W, =o0,W, —9,W,; same for V. ; f//w = (1/2) €000 VP

Igww~ = €, gwwz = ecot Oy
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In the SM:

g{ , Ky and Ay respect charge conjugation (C) and parity (P)

gX and gg/ violate C' invariance

g}f, kv and Ay violate C' P invariance

for on-shell photons: g; = 1 (electric charge of W), g, = g = 0

(em gauge invariance)
higher dimensional operators do not lead to a new Lorentz structure

they can be taken into account by allowing the couplings g{ , kv etc.
to be energy dependent so-called form factors
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e the W W couplings are related to the static moments of the W (uw
(dw): (magnetic (electric) dipole moment; gy (g ) electric (mag-
netic) quadrupole moment)

e Unitarity requires weak boson self-couplings to be of SM form at high

energies
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Sidebar: Unitarity

e Consider 2 — 2 elastic scattering. Differential cross section (€2 is
solid angle; s squared center of mass energy)

do 1

- 2
dQ 6471'28’M‘

M amplitude

e expand in terms of Legendre polynomials (form a complete set): par-
tial wave decomposition

M =167 Z(Ql + 1)Pi(cos 0)ay

[=0

0: scattering angle; a;: spin [ partial wave
e the P, are orthonormal, so

167

2l—|—1 ]al\
S

=0
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e now we invoke the optical theorem:
o — %Im[/\/l(Q —0)]
(proof only requires conservation of probability) and get:
Im(a;) = |ai|”
which implies
|Re(ar)| <

e amplitudes which grow with the parton center of mass energy v/ vi-

olate unitarity at some energy scale

e example: terms proportional to k- and A\, in q¢' — W~ amplitude
Myyaw NV~ (W) polarization; ©: scattering angle):

Vi 0
A _ ~1
Mo S0 2w | + Ay F iRy + A )} (1 F cosO)

e? S

AM4 4+ ->W F i } 7 sin © |

sin Ow 2m3, L
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if k, A etc. 1S a constant, it must have SM value

or, they are momentum dependent form factors which — 0 for § — oo

example:
. A~ (0
Ay(8) = (11(1\%))2

where the form factor scale A is the scale of new physics (which is

responsible for the anomalous weak boson self-couplings)

this picture is similar to the proton form factor where A? = 0.71 GeV?

1S O(AQCD).
special case: imposing SU(2)x U(1) symmetry:

. 1
1 = 1
91 2 cos? Oy (54 )

1
kz —1 = 5 (1 —tan” Ow) (ky — 1),

Az = A,

all other couplings vanish
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e what about higher order corrections in the SM? They either have to
vanish, or lead to a form factor which — 0 for s — oo

e higher order corrections to the gauge boson self-couplings in the SM
lead to a form factor. The form factor scale A is the mass of the heavi-

est particle in the loop, usually either the top quark, or the Higgs boson
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Neutral Weak Boson Couplings

appear in Z~ and Z Z production

there are 4 ZZ~, h? (i = 1,...,4), and 4 Z~~ couplings, k], which

1

contribute to qq — Z+y
hi 3 (ha.4) correspond to dimension 6 (8) terms in the Lagrangian
hi,2 (hs 4) violate (conserve) C'P

the Z~~ vertex function vanishes if both photons are on-shell (Yang’s
theorem)

there are also 2 ZZ Z ( ff5) and 2 Z Z~ couplings ( fZ’ =) contributing
toqq — Z72

all these couplings have to be form factors which — 0 for s — oo to
avoid violation of unitarity

Ulrich Baur Expecting LHC September 2006



Measuring the Weak Boson Self-interactions

e di-boson production at eTe~ or hadron colliders
e eTe™ and hadron colliders test complementary aspects of anomalous
gauge boson couplings:

<= in eTe™ collisions, one probes the structure of the amplitude (ie.
its dependence on the scattering angle) at a fixed energy
example ete™ — WTW

OPAL

&

do(W,)/dcost, [pb]
do(W, )/dcosd,,, [pb]
N
o
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< at a hadron collider, one probes the high energy behavior of the am-
plitude: the incoming quarks carry only a fraction of the (anti)proton
momentum with a probability distribution given by the PDF

example (form factor scale A = 1 TeV):
101

T T T T | T T T T | T T T T | T T T T | T T T T
pp->W'Z+X-1jv,151; +X

0 _
10 Vs = 14 TeV

Born

101

—~~
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O
&)
\
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~
~~
N
~
=
Q,
T
\
o)
T

black = SM

blue = A, = —0.25
magenta = k; = 0
red = g% = 0.75
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pr(2) (GeV)

@)
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e different processes are sensitive to different couplings
= WTW ™ production: WW+~y and WW Z couplings
= W~ (W Z) production: WW~ (WW Z) couplings only

= Z~ production: ZZ~ (h#) and Z~+ couplings
= 77 production: ZZZ and Z Z~ (f#) couplings

backgrounds at the LHC:

= V3 (V =W, Z) with jet “faking” photon in V'~ production
(manageable)

< tt production in W W ~ production (impose jet veto)

< V74 production in pp - WW, W Z and ZZ if one weak boson
decays hadronically (usually very large; require both weak bosons
to decay leptonically)
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QCD corrections to Di-boson Production

e QCD corrections to di-boson production become very large at high
energies, especially for W+~ and W Z production

e twO reasons:
< there is a logarithmic enhancement factor in gqg — W~q’ and
qg — WZq'

= the SM LO W~ (W Z) cross section i1s suppressed by a (approx-
imate) radiation zero which is due to destructive interference be-

tween the contributing Feynman diagrams

e radiation zero in q; G2 — W*~: the amplitude vanishes for

1
©=+-
COS 3

©: scattering angle of W w/r to ¢, direction in the W~ rest frame
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the approximate radiation zero in W= Z production is at

1
cos©® = Z|Z§ tan” Oy ~ F0.1

the amplitude zeros only occur in the SM; anomalous WW~or WW Z
couplings destroy it

it should be possible to see the W~ zero at the Tevatron as a dip in the

Ay =y(y) —y(l)
distribution. y is the rapidity, which, for massless particles is related
to the scattering angle by

——llo tang
I= 7579 2

there are not enough W Z events to see the approximate zero at the
Tevatron

at the LHC, QCD corrections essentially wash out any sign of the
ZEros.
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pp-o> W Z+X->1jv,131;+X

T
Z

a) pp-Wy-1"vy

0
o

—
(o)
T 17 | T 17 | T 17 | T 1771 | T 17 | T

do/dAy (fb)

—~
0
oF
N
>
<
o
~
o)
i®;

—_
o

—4 -2 0 2 4 ’ -2 0 2
Ay = y(y) — y(") Ay=y(1")—y(Z)
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... back to the QCD corrections

e sample diagrams

e the gg — W~q' cross section can be written at high photon transverse
momenta pr(7y):

d6(qrg — Wryqi,2) = do(q1g — vq1)

e similar expressions hold in W Z production and other processes
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e the log enhancement is not present in diagrams with the WW~/W W Z
vertex
—» QCD corrections substantially reduce sensitivity to anomalous cou-
plings

pp-o>W'Z+X->17v,151;+X

Vs = 14 TeV

T TTTT T T+

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

| LA

11 IIIIII'II

600
pr(Z) (GeV)
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e however: at high p7, most events have a hard jet
—» a jet veto helps to get the QCD under control and restore sensitivity
to anomalous couplings
example: no jets with pr(j) > 50 GeV

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

b) pp-W'Z+0 jet

Vs = 14 TeV ST 540 jet

Vs = 14 TeV

L

T—
[

~
=
()
@)
~
Q0
ha?
—~
N
N~—
=
o
o
.
<)
©

solid = NLO incl.

red = NLO O jet blue = Born

blue = LO 1 jet magenta = NLO O jet

IIII|IIII|IIII|IIII|IIII —5 IIII|IIII|IIII|IIII|IIII
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Present and Future Limits on Anomalous Couplings
e LEP II results: limits for glz , Kyy Ay (assuming A\, = Az, Kz =
gi — (ky — 1) tan? Oyy) fromete™ — WHTW~
g7 0.98470022  SM:gf =1
iy 0.973% 0055  SMik, =1
Ay —0.0287005)  SM: A, =0
e sample Tevatron Run II result: first direct limits on WW Z couplings
from WZ — 3 leptons production (D@, 0.3 fb~1, A = 1.5 TeV,
95% CL)
—0.48 <Az <048 kz =g7 =1
051 <gZ2 <166 Az =kz—1=0

e limits scale roughly like ( [ Ldt)1/*

—» expect bounds on WW~, WW Z couplings in the range of 0.15 —
0.45 for 2 fb~! in Run II

Ulrich Baur Expecting LHC September 2006



o LHC: rule of thumb: limits for A (k, g7 ) are in the 102 (10~ ?) range,
with a significant dependence on A
improvement up to a factor 10 over LEPII results

e neutral gauge boson couplings

< example: Z~vv and ZZ g couplings from LEP and D@:

~0.13< h* <0.13

~0.23< kK <0.23

~0.078 < ¥ <0.071

~0.02 < b <0.02

—0.056 < I <0.055

~0.23< k' <0.23

-0.20< A <0.07

~0.23<h <0.23

~0.045 < K <0.045

—0.02 < h <0.02

—-0.05< h <0.12

-0.019< A <0.019

—0.049 < B <0.008

~0.23< h <0.23

—-0.002 < /] <0.034

-0.019< i <0.019

< at the end of Run II bounds will be about a factor 2 better

= at the LHC one can reach the 1072 (10~*) range for hy 5 (hy 4)
with strong dependence on A
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o /ZZ and Z Z~ couplings in Z Z production:
<= only results from LEPII so far (95% CL):

—0.17 < f7 < 0.19 —0.30 < ff < 0.28
—0.34 < f7 < 0.38 —0.36 < f& < 0.38

< Run II expectation for 2 fb~2: about a factor 2 improvement over
LEPII limits is possible

<= LHC: one can reach the 1073 level
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Measuring the ¢y and ttZ couplings at the LHC

e the top quark was discovered 11 years ago, but we know little about
its coupling to weak bosons

e focus on tty and ttZ couplings here

e The most general ttV (V = ~, Z) vertex function (for on-shell V)
can be written in terms of 8 form factors

<= for on-shell top quarks 4 form factors remain:

UV (s, 0,0) = —ie{yu (Fiv(s) + s Fla(s)) +

2 (g4 q)” (iF () + 20 FiA (o) |

th

my: top quark mass; ¢ (q): t (t) four momenta
o = (1/2)[Vu 1]
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< physics interpretation of form factors:

- FY, (FY,) are the vector (axial vector) form factors
—» FJ),, is related to the anomalous magnetic moment:

Fyy(0) = Qi (9 —2)/2,Q =2/3
- FY o 4 violates C'P and is related to electric (weak) dipole moment:
dy = (e/2my)Fy4(0)

<~ concentrate on these 4 form factors here

e present bounds:

= b — sy data weakly constrain Fyy, ,: —0.2 < Fj, < 0.5,
|F .| < 4.5

< LEP data indirectly constrain F;3 {7 4 butnot Fyy,
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e The ILC promises to determine F,X/ 4 with a precision of a few percent
in eTe™ — tt for /s = 500 GeV and 200 fb~*
disadvantage: difficult to disentangle ¢ty and t£Z couplings

e LHC:

< consider tt~y and ttZ production

< can separate tty and ttZ couplings

Ulrich Baur Expecting LHC September 2006



tty Production at the LHC

e concentrate on /*15;bby final state and require 2 tagged b’s

e signal:

<~ impose cuts to suppress photon radiation off b-quarks and W decay

products
< impose invariant mass and mp cuts on bj7, bjjy, fvby and fvb
requiring them to be consistent with coming from top decay
e backgrounds:

= W*~bbjj production (non-resonant diagrams contributing to final
state)

= thbyjj, tbyjj, tbyl~ v and tby¢* v production (single resonant di-
agrams contributing to final state)
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< t{t7 production, where one jet fakes a photon

—» largest background if jet misidentification probabilities of CDF,
D@, ATLAS or CMS are used

o pr(v) distribution at LHC (AFY = FY — F/5M)

1
10 solid black: SM

dash black: AF}, = 1

dots black: AF}, = 1

< background manageable
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e determine sensitivity limits from x? fit to p(y) distribution, assum-
ing a 30% normalization uncertainty of the SM cross section

< can constrain tt~y vector and axial vector couplings to O(10%) with
30 fb~ !, and to a few % with 300 fb—*

< can constrain F,) type couplings to O(30%) with 30 fb~—!, and to
O(15%) with 300 fb~!

© 68.3% CL limits pp - 7lvbbjj 1 A pp-lwbbjj 68.3% CL limits ]

Vs = 14 TeV_] L Vs = 14 Tev
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ttZ Production at the LHC

e There are three interesting final states:
= 7 — T4~ and tt — (Tvbbjj
= Z — (Y0~ and tt — bb + 4 jets
= 7 — vv and tt — bb + 4 jets

e only for the last process are the backgrounds substantial

0.1000 g
0.0500 |

T

T

T

X

T

T T T ‘ T T T T ‘ T T T T ‘ T T T

pp - PBrbb+4 jet

Vs = 14 TeV
SM

t{L%\\\

l Lo
| I | |

7

200 300 400

Br (GeV)
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e (tZ cross section smaller than t¢y cross section: need more integrated

luminosity

< can constrain ttZ vector (axial vector) couplings to 35 — 75%
(10%) with 300 fb—*, and to 16 — 55% (3%)with 3000 fb—! (Su-
perLHC (SLHC): 10x LHC luminosity)

< can constrain FY type couplings to O(40%) with 300 fb—!, and to
O(25%) with 3000 fb—*

| a) pp-ttz

Vs = 14 TeV

blue:300 b !

red:3000 fb !

\‘\\\\‘\\\\\\\\‘\\\\ ]
68.3% CL limits _]

2050  -0.25  0.00 0.25 0.50
AFf,

0.75

3000 fb !

68.3% CL limits ]

300 b~ !

pp~>ttZ

Vs = 14 TeV |

0.1
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e Why is it of interest to measure the t¢Z couplings?

e many models of new physics predict anomalous ttZ couplings (in ad-

dition to new particles etc.)

e Models such as top-seesaw models and Little Higgs models have an
up-type quark singlet y
<= x and the top quark mix

< which 1n turn changes the coupling of the lefthanded top quark to
the Z boson:

AF{, = —AFY = FZ°Y sin® 0y,

where 07 is the x; — t;, mixing angle
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e Bounds achievable at the (S)LHC:

sin®f; < 0.084(0.16)  at 68.3% (95%) CL for 300 fb™*
sin®f;, < 0.030 (0.06)  at 68.3% (95%) CL for 3000 fb™ "

e A more concrete example: SU(5)/SO(5) Littlest Higgs model with
T'-parity:

, A0

sin® 0, = 2;%

where v ~ 246 GeV, mr = mass of heavy top quark partner, 7',
(x> x) and Ay = tT'h coupling (h =Higgs boson)

> 600 (430) GeV  at 68.3% (95%) CL for 300 fb ™"
> 1000 (710) GeV  at 68.3% (95%) CL for 3000 fb~ "

e The LHC will be able to find a T' quark if mr < 2 TeV (ATLAS
study)

e measuring the t¢Z couplings gives information on A
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