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Introduction

TeV Scale New Physics at the LHC

(*]

Much attention has been focused on electroweak physics: EWSB? Higgs?
but LHC is a QCD machine: Most initial states consist of colored particles

©

New physics discoveries: Focus on largest rate and simplest event
topology.
Simplest Topology:

@ 2 to 2 processes through resonant production: pp — X — £4,qq, ...

(]

©

Largest rate:

@ Strong interactions: g2 = 4T0s ~ 1, A ~ 1

@ Large parton luminosity: u,d,g
@ Colored resonances are expected to couple strongly to SM partons and
contribute to dijet events.
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Classification of Colored Resonances

Classification of Colored Resonances

Quantum numbers of initial states (SU3,SU2)JQe
Most prominent initial states are valence quarks and gluons

1/2

Q  (3.2))5 .,  Left—handed doublet
U (B Right — handed singlet
D (3, Right — handed singlet
A (8,1)} Vector.

Classify interactions according to SUs3:
@ Quark-quark interactions: 3® 3
@ Quark-gluon interactions: 3® 8
@ Gluon-Gluon interactions: 8 ® 8
@ Quark-antiquark interactions: 3® 3
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Resonance Interactions Quark-Quark

Quark-Quark

initial state | J | SUc(3)
QQ 0| 3¢6
QU 1| 396
QD 1| 3@6
uu 0| 336
DD 0| 336
uD 0| 3®6

Two quarks can couple to color sextet and triplet scalars or vectors
Interested in physical states, i.e., color representation, electric charge, and spin
After electroweak symmetry breaking:

@ 3 scalar and 3 vector physical states
@ Epy,Un,,Dn, With charges —4/3, 2/3, —1/3

quD = |:)\GB N uaaPTuBb+}\qB J’.\‘D daaPTde+}\aB J P'[Uua
-+AEBE LmaprRuBbq—AqBUNDdggyuPRde

+>\GB N UaayuPTde +hC
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Resonance Interactions Quark-Gluon

Quark-Gluon
initial state | J SUc(3)
13 A
QA 1.2 |306m15
UA 33| 3@6m15
DA 3.3 |3m6d15

Quark-gluon annihilation can result in exotic fermions.

Focus on spin % and lower dimensional color representations.

Physical states denoted as:
uy, Qe=2 /3
|>\k1D Qe = _1/3
Np denotes dimension of the color representation 3 or 6
Logr = %FA"W [GRN, AWPL 4+ ARPR)OWUR, +Kno A(APPL + ARPR)OWR, | +hec.
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Resonance Interactions Gluon-Gluon

Gluon-Gluon

initial state J SUc(3)
AA 0,1,2 | 1983083100 10® 27

Gluons annihilate into scalar, vector, and tensor states.
Will focus on color octets.

Couplings to CP-even states utilize symmetric representation:
@ Neutral Scalar: Sg
@ Neutral Tensor: Tg

Kt
At

Ks A, \ A, R
Logs = gsdBC (ESQFEVFQW + —(Tg YRR FS " +1Tg ;’ FBWFEV))
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Resonance Interactions Quark-Antiquark

Quark-Antiquark
initial state | J | SUc(3)
QQ 1| 1®¢8
QU 0| 18
QD 0| 18
Uuu,bb |1 1®8
ub 1| 148

Quark-Antiquark can annihilate into color octets and singlets
Physical color-octet vector states.

@ Neutral vector: V§
@ Charged vector: V§"
Lgv = s [Ve" M TTAY(alPL+ O Pr)u+ Ve M ATAY(gPPL + 0B PR)d

+ <V8+7A"u aTAyu(CLVEMPL + CrVRMPR)D + h,C,)}
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Summary

Resonance Interactions Summary

Particle Names J | SUc(3) | |Qe|l | B Related models
(leading coupling)
Els (uu) 01| 3,6 3| -2 scalar/vector diquarks
Dg_’e (ud) 01| 3,6 1 | -2 | scalar/vector diquarks; d
U?flﬁ (dd) 01| 3,6 £ | —% | scalar/vector diquarks; i
uze (u9) 3.3] 3,6 2 | 1| excited u; quixes; stringy
d36 (dg) 12| 3,8 3 1 | excited d; quixes; stringy
Ss (99) 0 8s 0 0 Thc, Nrc
Tg (99) 2 8s 0 0 stringy
Vg (ut, dd) 1 0 0 | axigluon; gy, Prc; coloron
Vg (ud) 1 1 ]0 pi
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LHC Production
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LHC Production
and

Dijet Bounds
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LHC Production

LHC Production

Hadronic production cross section:

dLji
o(s) = /dT — 6y(s)

@ S (s) hadronic (partonic) c.m. energy squared

@ 1=5/S
dL,,
= (f ®f)(1) = / dx, / ot (%2 )fj (x2)8(xa% — T)
For resonant production of mass M: gj ~ 8(s —M?2), T=M?/S =x;x,

Parton Luminosity
Parton Luminosity

15 2
M (TeV)
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Dijet Bounds

Detector Acceptances

ATLAS excited quark acceptances:
@ 31% at mj = 300 GeV
@ 48% at mj = 1700 GeV
Model with simple parameterization:

0.17
7(m — 300 GEV) +0.31 m < 1700 GeV
A _ 1400 GeV
\TLAS —
0.48 m > 1700 GeV

CMS acceptances:
@ Compared our results to CMS results with acceptance
@ Axigluon production for gq acceptance
@ Excited quark production for qg acceptance
Parameterization:

(m—500 GeV)+0.47

A
AcMs = 5100 Gev

@ A =0.08forqq
@ A =0.17forqg
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Use 95% CL upper limits to place bounds on new physics couplings.
@ Apply ATLAS bounds on excited quarks.

@ Apply relevant CMS bounds on all resonances.
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Dijet Bounds

Bounds
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Dijet Bounds

Mass Bounds

Mass bounds for coupling constant and BR of unity.

EY  25TeV (CMS) Es 2.1TeV
DY 2.3TeV (CMS) Dg  1.9TeV
Ut 08,09-1.1,14-16TeV (CMS) Us 05Tev
DY 1.9 TeV (CMS) D 08,09-1213-17TeV

u{  1.7TeV (CMS), 1L6TeV (ATLAS)  d¢  1.1TeV, 1.2TeV
Vi 1.7TeV (CMS) vy  16Tev

Sg 0.8 TeV (CMS) Tg 07TevV,
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Conclusions

Conclusions

We classified possible color resonances at the LHC

We analyzed the simplest topologies (dijet events) for the production of these
color resonances.

Bounds were place on the couplings of these new states to Standard Model
partons using ATLAS and CMS dijet data

Our approach is quite general and can be applied to other possible signals
LHC turned on and already probing the high energy frontier.

If a new particle is observed, then it is an exciting time to unravel the underlying
dynamics.

With the expected increase in luminosity and c.m. energy, the LHC will
undoubtedly shed light on new fundamental physics.
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@ Most Stringent bounds on new physics [1103.3864[hep-ex] (ATLAS), 1102.2020 1009.5069[hep-ex]
(Cms) ]

@ LHC entering discovery phase
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Classification of Colored Resonances

Quantum numbers of initial states (SU3,SU2)JQe
Most prominent initial states are valence quarks and gluons

1/2

Q  (3.2))5 .,  Left—handed doublet
U (B Right — handed singlet
D (3, Right — handed singlet
A (8,1)} Vector.

Classify interactions according to SUs3:
@ Quark-quark interactions: 3® 3
@ Quark-gluon interactions: 3® 8
@ Gluon-Gluon interactions: 8 ® 8
@ Quark-antiquark interactions: 3® 3
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Group Theory Decomposition

initial state J SUc(3) SU(2)L | U(1)y | |Qe| | B
@ | 0 366 tos | § 3212
QU 1 306 2 2 N
QD 1 306 2 -t | 55|35
uu 0 306 1 4 iz
DD 0 306 1 -2 L
uD 0 306 1 1 i |z
QA 3.3 306915 2 1 2171
UA 13 3®6®15 1 2 I E
DA 13 3d6d15 1 3 R
AA 0,1,2 | 198080100 10027 1 0 0 |0
QQ 1 138 103 0 1,0 |0
QU 0 108 2 -1 1,0 |0
QD 0 138 2 1 1,0 |0

uU, DD 1 138 1 0 0 0
ub 1 148 1 1 0

Will focus on lower dimensional representations.
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Other than being phenomenologically interesting, many of these states are
theoretically motivated.

@ Quark-Quark: Color-antitriplet scalar: q
Color-sextet scalars: Diquark Higgs

@ Quark-Gluon: Color-triplet fermions: g*
Color-sextet fermions: quixes

@ Gluon-Gluon: Color-octet scalars: Tgc
@ Quark-Antiquark: Color octet vectors: prc, 9k, axigluon
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Quark-Quark

Quark-Quark

Interaction Lagrangian:
Lo = K [)\GBEN USaPrugy + YU JN dSaPrdg, +A2EDk, 45, Pruaa
+}\EBEN “GaVHPRUBb+>‘a[3 No dc(aprRde

+)\ B N UaayuPTde] +h C.

o K;b are SU(3)c Clebsch-Gordan coefficients.
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Quark-Gluon

Quark-Gluon

actions Lagrangian:

Logr = gWSFA=W [gRND_’A()\EPLﬁ-)\gPR)GWu,’QD +aRND_’A()\EPL+)\EPR)GWd,§D] +h.c.

@ For3: KA =2TA
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Gluon-Gluon

Gluon-Gluon

Leading order interaction Lagrangian:

Ks

KT
Loga = gsd"* ( AL SEFWF O 4+
S

At

AMO-B ~C V A, B, C
(Te YO RRFS +fT8§F '“"FW))

Possible to have CP-Odd tensors and scalars.

~ 1
@ Replace one FW with FW = ZglVPOF
2 p

@ Also have fABC term: T} FyyF’
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Quark-Antiquark

Quark-Antiquark

Physical color-octet vector states: VJ, V-

Lgv = s [V M TTAY(alPL+ O PR)u+ Ve M ATAY(gPPL + 0B PR)d

+ (VJ AHTTAY(CLVEMPL + CrVE*MPR)d + h.c.)]

@ C_R,0Lr diagonal in mass basis and of order unity
@ VM left- and right-handed CKM matrices

Singlets: Replace TA with Kronecker delta.
Did not consider scalar octet production because of Minimal Flavor Violation.

lan Lewis (UW-Madison) Colored Resonances at the LHC Pheno. 2011, 5-9-2011 2415



Quark-Antiquark

Dijet Production Rates: Quark-Quark Annihilation

10 g T B B B U
tud_ D" 7TeV ] 3 14 TeV ]
10°N\ 6  Sextet Vector - 10°F _,, Sextet Vector 4
,\Ud"De
2 10°F 1 3108 3
o £ e £ 3
N% 10'F 3 N% 10'F 3
=< F 1 = £ . Bl
B 0L 1 % 00 e ]
10% 6 v Ny 0 T Y
107 I B 3
’2:\\\\‘\\\\‘\\\\‘\\\\‘\\\\: ’2:\\\\‘\\\\‘\\\\‘\\\\:
005 1 15 2 25 3 107 2 3 5

M (TeV) M (Tev)

_)\Zﬂ 1+61J (q®q/)(.[0)
a 22N2 s

Conjugate production rate also included.
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Quark-Antiquark

Dijet Production Rates: Quark-Quark Annihilation

10 g T B B B U
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o £ e £ 3
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Conjugate production rate also included.
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Quark-Antiquark

Quark-Gluon Annihilation

10" gy W T T T3
3X\ 7TeV ] 3: 14 TeV ]
106N Sextet Fermion : Sextet Fermion 3
E \ ] ]
3102§ ERRGY 3
et i e 3
& 10k 18 3
< £ 1 "< 3
® 10’ 1° E
10'% 3 3
-2:‘H‘\HH\HH\HH\H\‘\" -27””\HH\HH\H‘\‘\:
0051 15 2 25 3 1071 2 3 5
M (TeV) M (TeV)
Oqq = BTEAZ S M21( ®q)(To)
= — = 0
ag N AZSg q

@AN=2M

@ Tripelt and antisextet production rates are the same for our normalization
of CG coefficients
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Quark-Antiquark

Gluon-Gluon Annihilation

=
o
=g

Octet Scalar
99— Sg

w

o/(k’BR) (pb)

10™
20 N L N
1007 2 3 4 5
M (TeV)
, N2—4 M?1+8y,
Ogg = 4TCAK — (9®9)(10)

Nc(N2—1) A2 s

@ AN=M
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Quark-Antiquark

Quark-Antiquark Annihilation

3 3[ i
1078 7Tev 37 100 14Tev ]
E Octet Vector 5 Octet Vector 1
10 I qa-vy ]
5 i3 of ]
s f ] 210 E
[ 101; 32 f ]
S | 1 S N
<) 100? 4 ® _1: — u?:bvBO ]
Fl-- wm-vy ] 107~ un-V, 3
il 8 | gm0
El-- Ud-V, : E| El- udav8 E
| A N VA N O T B BRI
05 1 15 2 25 3 1 5
M (TeV) M (TeV)
_ ,‘_[2 2 CF =/
Ogg =41 g“0s— = (q®7)(To)
Nc S
where
= F(ICLVEM2 4 |CrVEM?) for charged states,
- uU,D u,D
(19, " P+ 195" %) for neutral states.
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Quark-Antiquark

Rapidity Distribution

2 T T T ] 2 T T T
M=15TeV 1 M=15Tev 1
T=(M/7Tev)’] T=(M/14Tev)’

1.5~ 1.5+
= =
O O
g L g 1 &
~ l, - _ ~ l
8 R
o ~ug 1 o
3 3
o5l 1 o5
%05 1 it %
Yol
log XX
= — 10 —
Yem 5 g Xo

Partonic c.m. rapidity distribution is also of significant interest.
Will have impact on experimental acceptance of events.
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Quark-Antiquark

4 Fermion Contact Interaction

T

Jro=a1p0'NE7 ey o 340<m, <520 Gev El
& 520<m <800 GeV (+0.

L 800< m'<1200 GeV (+0

o m=1200GeV (+0.09)

QoD Predition
[ Theoretcal Uncertainte
[0 Total Systemates

ATLAS has placed a bound of 3.4 TeV and
CMS a bound of 4 TeV on
the new physics scale of the
four fermion contact interaction.

3 e N = 3TV (+0.09)

- - 3 This bound is relevant to our 3® 3 and
E 3® 3 interactions

okt | ATLAS 1 The standard form of the contact

! oo interaction is:

x=e""
2Tt
02.5] - -
ATLAS | Lag = ﬁCILVHQLCILVuCIL

2.0 ILdt:3.1 pb\E=7 TeV B

— QCD Prediction

1.5F  Theoretical Uncertainties f— ZT[ )\2

e ] T
RO o m l 1 Assuming A = 1, obtain mass bound of
os"""*"“*"'—ﬂ—}j# * : 960 GeV from ATLAS and

1.1 TeV from CMS.

0.0

| | | | | |
400 600 800 1000 1200 1400
m; [GeV]
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Quark-Antiquark

Bounds

E T T T T T /L T g R ZEE AR E|
E 7TeV say M 3 / e
o SeetVector / -t » 2 ]
CMS (2.9 p\t.) Y o
1;. ‘‘‘‘‘‘‘‘‘‘‘‘‘ Afreerereernmndifi i .E
ox [i v & ! ]
g = . 7TevV |
< 05p <05 Sextet Fermion |
— ATLAS(3.1pb’)i

[ N At CMS (2.9 pb™)

oo b e e b ool e b
0hs 1 15 2 25 %hs 1 15 2 25

M (TeV) M (TeV)

Everything above curves is excluded.

@ K = 1.2 included for color-sextet vector production
@ Bounds on sextet scalars are twice weaker
@ Utilizing K-factors: DE is 1.8 times stronger than Dg
Dg is 3.7 times stronger than Ds.
@ A = 2M for sextet fermions
@ Color-triplet fermion bounds the same as color-sextet
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Quark-Antiquark

4; T T T R 4; L R B AN
2 R
E E E 7TeV 1
1 ] Vecto ]
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¢ 05- -4 "o 05! -
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@ A\ = M for scalar octet.

@ Scalar octet bounds twice as strong as tensor octet.
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