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1. Introduction

Standard ‘color’ or ‘QCD’ model of strong force:

SU(3) gauge force transmitted by gauge

bosons (gluons) that are color-charged

gluons form an adjoint representation of SU(3)
8= 8x8 = |1+ 8 +8+410+10 +2AN

J

quarks (fermions) belong to fundamental

(vector) representation of SU(3)
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SLD / LEP data tightly constrains electroweak physics
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Yet the presence of significant non-standard

strong interactions is still possible.
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Possible new strong physics includes:
¢ new colored fermions
4th generation of conventional quarks
exotic quarks (mirror, weak singlet...)

quixes (color-sextet quarks)
¢ new colored scalars

e heavy colored gauge bosons
flavor-universal coloron
axigluon

topgluon
e compositeness of quarks or gluons
¢ unusual quark chromomagnetic moment

e CP-violating gluon interactions



Frompton
Example: Quixes * Glashow
ordinary quarks are color triplets (a)
more exotic colored particles could transform

as color sextets (1) or octets (P )

QCD beta function
Bla,) = —22 (11 — 2N, — 2 Ng — 4Ng — 10Ny,...)
admits possibility of 2 quixes or 1 queight

Electroweak symmetry breaking ? Marciane
suppose there are 2 flavors of quix
(LH weak doublet, RH weak singlets)
if color interactions break quix chiral
symmetries at high scale (QQ) # o,
breaks electroweak symmetry too



Chivokola,
Cohen , EHS
Example: Colorons

Modify the QCD strong interactions:
» gauge group: SU(3); x SU(3),

e gauge couplings §; < &,

e quarks transform as (1,3)

* new scalar boson ® transforming as (3, 3)
When (®) # 0, SSB occurs:

SU(3)1 X SU(3)2
¢ £=(P)
SU(3)qcn

gauge bosons mix with angle cotf = £ into

» massless gluons with coupling g3

e colorons with mass Mc = (

)£
and vectorial coupling to all quarks
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Axigluon and topgluon models are similar:

separate SU(3) groups for LH, RH quarks

massive bosons couple axially to all quarks

topgluon: Hill
separate SU(3) groups for 3rd family,

and for light family quarks

massive bosons couple more to t and b



2. New Physics & Contact Interactions

Suppose new strong interaction physics exists.

How can one detect it ?

Sufficiently light new particles can be produced
and detected directly:

*4th family quarks through weak decays

e quixes in multi-jet final states

» colorons or axigluons as dijet resonances

* topgluons as tt or bb resonances



New physics at higher scales (A) generically
causes additional (indirect) interactions among

- quarks and gluons.

® extra bosons, quark compositeness

® anomalous top chromomagnetic moment

d
ce-

® extra fermions, gluon compositeness



At scattering energies F << A, these inter-
actions behave like contact interactions among

quarks and gluons suppressed by powers of A:

>.< P\\)fsic.o.“y o A corresponds

to e wioss of Fhe
—L newo Pow‘\'lh\e be.;vlg e_v.dnanseA

oc ‘o e compositeness

x scale of ...

Contact interactions alter rates and kinematic
distributions for hadronic scattering processes
in predictable ways. Those suppressed by the

fewest powers of A have the largest effects.



Efficient, model-independent way to study new

strong physics is to search for all leading

contact interactions.

ensS
For gluons:

1
A2 Ci fachvalv)pGgu

22C2 D¥Gay,D,GYP
equations of motion 3‘%— =
imply DG = ¢)y"Tat
this affects quark-quark scattering




For gluon-quark vertices:

%'3 Co qo'T*qGj,

For quarks:

1,Cy (§7,Tq)?
which is equivalent to (DG )2above
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3. Setting & Deciphering Limits

Two case studies:

e color-octet quark contact interaction

s gluon contact interaction

Ch\'vohilg_s

FIRST CASE: ;;C; (§v,T%q)? Cohen + 1S

which affects quark-quark scattering.

Consider pp — jet + X at FNAL

e dijet production a leading contributor

e high pr jets more likely to come from

initial quarks
¢ 0 for QCD+(DG)? falls more slowly with

pr than 0QCD
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* Variables used in Dijet Angular Distributions

A 0 0
- }90 . 65° 48 9* = Angle between
| jet and p in CMS
' } » QCD
: Most new physics is flat
i in Cos 8* =tanh n*
- :F Isotropic
0 043 23 oo 0*!
| -
A M hysics peaks
. ost new physics
a #\\\ QCD atlow Y =exp(2m*)
dx I A
“S=r=~ [sotropic _ 1 +ICos 8"l
1- ICos 8*l
1 2.5 5 y'a
> rla—> New physics has larger
Low x! Highy ! R,= N(Low x)/N(High %)

* For x<5, the most sensitive variable is Ry:
the ratio of events with 1<y<2.5 and 2.5<y<5.
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Dijet angular distribution less sensitive to PDF’s
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SECOND CASE: G*®

which alters multi-gluon vertices

Initial ations:

¢ hadron scattering at FNAL
or LHC is dominated by gg collisions.

e non-standard gluon self-interactions may
noticeably affect scattering rate

e inclusive jet production (pp — jet + X)
well-measured at Fermilab already

e strong limits on C;/A? anticipated

To assess effect of G3 interaction on inclusive
jet production, first calculate G® contribution

to gluon-gluon scattering cross-section.




Feynman diagrams for QCD contribution:

¢ Diagrams for leading G? contribution:
e A A 4
O B X

e ¢ Diagrams for sub-leading G® contribution:

e G S 4

Scattering cross-section has the form
(QCD)? + £2(QCD)(s) + 41(2(QCD)(s @) + (o)’

® = 1 Wnsection oF G*



e
BAD NEWS: O(3;) tree graphs L QCD graphs

QCD diagrams are in [+++4+] helicity
O(4y) diagrams are [+++ -] or [++ — -]

leading non-Standard effects are O()

WORSE NEWS: similar cancellation holds for

gq — gq and all related (crossed) processes
=) leading effects again are O(3;) <=

Hence, two-body scattering of massless

partons does not put strong limits on G3

e numerical limits weak since gluons most
prolific at low z where QCD background
is largest

e interference between d=8 operators and QCD

would also be O(4;), muddying the waters



Dixen
+ Shodmi

-. hd » ?

e if 2 outgoing gluons nearly collinear, replace

by effective gluon with momentum P
P
J T ,1/‘ J
!
’
/ ?—
J

N

J

e amplitudes for QCD, QCD-+G?3 behave
differently under rotations about p

e for QCD, [++++] helicity gives amplitude

azimuthal symmetry

e when G2 included, effective gluon can be lin-

early polarized =_ azin}'t}thal depende
| e TR )
A

nearly-collinear 3-jet events ?




II l . 1 I. 2 Cho + EHS

e use massive quarks to study G3
e continue with 2-body scattering, produce

heavy quarks via gluon fusion.

Cross-section for gg — QQ with G? included
does have O(Xlz) piece

["QCD+G3 — UQCD]
2
mQ (ﬁ) (mQ—tt (]:r)lq—u)
+ 6 ($3)° (m3 — t)(mf — )

GOOD NEWS: sensitive to G3 operator
BETTER NEWS: discrimination possible

¢ tt production dominated by gg — tt at LHC
though not at FNAL

¢ however, bb produced from gg at FNAL



For production of massive quarks, G2
® is only operator affecting v}”"' at O(47)

* is not only low-d operator affecting gg - QQ
*mgq QoHvT2Q G3, 9 Q
chromomagnetic moment ng ’i Q

2
* fabcGhLL GhAD Ge, 9 Q@
d=8, no quark currents M a
J

Several operators other also contribute to pp — QQ

through quark annihilation °‘>'< Q
* (DG)? <= (Q*T.Q)? % Q

e other four-quark operators like (Qv*Q)?

Must compare all operators’ contributions to
assess visibility of G3. Comparison has been

done for tt, but not for bb.



Most important operators at FINAL in do/dpT ?
vV four-quark operators like gDGz2 Hall + Farke
enhance rate of top production,
especially at high pr
also alter shape of distribution

‘/chromomagnetlc moment operator Ridze,
. Atwsed +
enhances production rate Kagan

does not alter shape = less visible

X Effects of G* are an order of magnitude smaller

FNAL is unlikely to find G® in tt production.

(a



BITTTT77 T yT 7 OITT T T 7 TP TTT THTTT T 71 T T 71 HITTTT T
= —
o —
A ——
- -
|— -
p— —
- -
= —
— —
= -
- L |
r—- -
- .
el i IR [T Hirey g | I it 1 ity 1l |
~— a2 m -3 0o (e o~ e8]
I | | | I [ I I
< o o o o o o o
i v — — i R | — i

(a3D/ad) Tdp/(33 « dd)op

.
< 4$

500

400

300

200

100

—  pure Qc)

1IKa

p. (GeV)

perators

\/A'-l

NoN - yenorm. o

extre. contribotion o
Yo oecdevr

}

i
A
——






A different situation at the LHCi

Consider the pr distribution:

vV at high pr where QCD background lowest,
most important new operator is G°

v next is (DG)?

x chromomagnetic moment effects 10X smaller

x d=8 operator smaller still

Shape
v curves for G3and(DG)? differ noticeably

from QCD and one another

¥ chrgm nmao‘nptjg mn_ruﬂ__rﬂ’,_ iust like QCD

G3 bx far the most visible in the pr distribution
of the produced top quarks
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Next, consider angular (cosf”) distribution of

produced top quarks. Again, study alteration

of rate and shape by new operators.

X chromomagnetic moment operator changes

neither rate nor shape of do/dcosf*

¢ inclusion of G2 or (DG)? noticeably alters

rate, but changes shape only slightly

v présence of d=8 operator causes largest

deviation from QCD in both rate and shape!

(23
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Operators have distinctive signatures
ﬂ

operator FNAL | LHC

PT
rate

PT
shape

9*
rate

9*
RMS

2
<

<~

<

0O
-
3
=
<
<

® (DG)? most visible at FNAL
® G2 easiest to see at LHC
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Back to the Physics:

Meaning of limits on these contact interactions?

Kl! C, ((-i'YuTaQ)z
e scale of quark compositeness

e mass/coupling of coloron

e scale of gluon compositeness (via (DG)3?)

22 C1 facGL,GY G2,
e scale of gluon compositeness

¢ mass/charge of new fermion or scalar



4. Caonclusians

Many distinct types of new strong physics re-
main possible. Direct searches for light exotic

particles are useful but not exhaustive.

Low-energy effects of new physics at high scales
can be generally described in terms of contact

interactions among quarks and gluons.

Hadronic data contains information about all

the leading contact interactions.

Limiting each distinct contact interaction

corresponds to exploring the widest possible

range of new physics.

Challenge: Can FNAL constrain G ?
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