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CDF Sees a Bump!

Originally a measurement of WW/WZ
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es a Bump!

Updated 7.3 / fb analysis finds a
4.1 o deviation from SM

Observes large excess near
M;; = 150 GeV with ~ 400 events

Background (except diboson peak)
normalized assuming gaussian

signal present

Good fit with 0 x Br =4 pb and a
central value near Mjj = 150 GeV

Interesting tail in high Mjj region
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Inclusive (2+ jet) Distributions
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Excesses grows to 4.8 o, almost certainly not statistical fluke
Background better modeled without vetoing 3+ jet events

Similar increases in statistical significance (V. Cavaliere, CDF Thesis, 2010) when

cuts are varied.
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Suggestive Kinematics
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Data from inside signal window (115 GeV < Mjj < 175 GeV)

Total mass (Mlvjj) looks highly resonant
pp -> X -> W + 2j with Mlvjj = Mx

Dijet system (PTjj) shows consistent excess

Similar results for many other distributions -- no excesses in sidebands 6/38
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Complimentary Measurement

< - - —4— Data < : -1 —e— Data - Bkgd
L2 1200 D@,4.3 b . 2 300 D@,431fb
% - Il Diboson % 300; b —— Bkgd = 1 s.d.
@) 10001— (a) = \ZK:;E;S O 250 ? (b) B Diboson
= - B Top — 200 I Gaussian (4 pb)
~ - ~ ? 2
5 800 ] Multijets ~ T M, = 145 GeVic
% B — Gaussian (4 pb) g 150—
z 600 — M, = 145 GeV/c® k2 -
- 1001 P(x2) = 0.526
400 — 50 -
200 0
O : 1 1 1 1 1 1 1 ‘ 1 _50 L | Il L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Dijet Mass [GeV/c?] Dijet Mass [GeV/c?]

D0 imposes the same cuts and sees only a modest ~ 1.50 excess near 150 GeV
Claims to rule out CDF’s (4pb) gaussian signal with p-value 8x10/-6
Claims to rule out smaller (1.9 pb) signal at 95% confidence

Both claims assume SM Higgs acceptances
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Comparable Higgs analysis (S. Zellich, DO thesis, 2010) suggests similar excess in
unreweigted sample, but then goes away

Analysis based on 5.4/fb of data

No comment on possible excess
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Controversy

CDF data consistently suggest a new physics.

DO jet definition AR < 0.5 ==> may veto some signals (CDF: AR < 0.4)

DO corrects out-of-cone radiation ==> more high-energy jets, more likely to
veto events (Buckley, Hooper, Kopp, Martin, Neil hep-ph/1107.5799)

How does DO signal change with different cuts? CDF’s significance varies
considerably.

Will we see full ~ 10/fb DO analysis? Inclusive?
Task Force and/or LHC will ultimately settle discrepancy

Our strategy: Interpret CDF signal as new physics
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OCTO-TRIPLETS
0% : (8,3,0)

SU(S)C X SU(Q)L X U(l)y
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Most General Renmormalizable Lagrangianmn

1 1
Lo = 51)#@@@1)“@@0‘ — 5zwg@m@w ~V(©,H)

Du@aa s a'u@aoz _I_gsfachZ@coz a0 _l_geaﬁfywlf@a'y

Charge Eigenstates : QT = _1(@a1 T i0%2) Q0 = ga3
V2
(Some) Gauge Interactions : p 92
W e
\/VVVY = ig 5ab(p q>u
—igW7 [(0,0°7)0% — 695,06 5
2iggsfabc (GIHa (W’J—@b_ ot W,u_ @b—|—) @CO W @?x
ol 7a . o _zgsgfabcguu
Similar couplings to (WW), (ZZ), (Zg), (g8), :,;} >
(YY)--. o of
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Mass term gets “democratic” _1 ( M(% g H) Qe gac
SM Higgs correction 2

Other Higgs bilinears are equivalent to above (HTO_aOﬁH)@aa Qas
or vanish.

All Os get same positive mass. Must not

e 2
acquire VEV to preserve SU(3)c. e \/M@ AHUR

Small O(100MeV) charged/neutral mass 1 — cos Ow

splitting from EW loops 0M = Mg+ — Meo = aMwy

2 sin%Oy
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V(@) = M@fabceaﬁfy@aa@bﬁ@c’y % )\@ (@aa@aa)Q L

Other quartics also allowed, but not important for us.

Without cubic term, all scalars are stable -- all operators feature pairwise
couplings.

Generic to all nonzero hypercharge assignments .

9, . In charge eigenbasis cubic term is
¢
R il 2ipe f°0°tO°~ Q%

Q0"

C
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Arge

Pecays

Extremely tiny tree-level width

(6M)°

157 sin*Oy My,

Loop decays easily dominate for nonzero cubic term

F(@jE — Wig)

Y

2
018 ¥y 7=,

 m3sin?fy Mg

F(Myw [Mo) ~ 10-7 10

Mg

(replace W --> Z,Y)

(even at one-loop)

— 1.6 x 10710 GeV

Similar diagrams for Neutral scalar decay

Dijet decays forbidden by gauge invariance
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Accidental Suppressiomn

Function “f” arises from integration over Feynman parameters First define:

7 1—R2)xy -

Computing the width diagrams and expanding in R gives
1
f(R) = 5 C2(1 = B?) = {(0) + 1LR* + [,R* + O(RY)
Where the coefficients are all O(10/-2)

2 = 9 [ 72 T
AT R L s —2 e e e ] s P A i
Gl e )

9 [ 72 T 2 3 (72
275 3 P e P e Al S N
J2 8<9+\/§ )+16(9 ) :

F0) =5
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Charged pair resonances : (W))(Wj))

Neutral pairs : (Zj)(Z)), (Y)(Y])), (Zj)(Yj))

Charged/Neutral EW production : (W))(Z)), (Wj)(Y))

Recall that these widths are extremely small.
Can higher dimension operators compete for variety?
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Mass scale set by some heavy Y- geoiy e T gy o
/ : — + H.c.
field (M >> Mo) integrated out My “r L
Coefficients C, C’, C” related by SM : -
fermion Eqs. of Motion giop.pela ol gt
L s e e

Can trade derivative operator for quark
masses upon Higgs insertion ~

UV completion for operators can be a heavy vector-like quark

P : (3,2, 1/6) under SU(3) ¢ x SU(2) L x U(1)y
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Yector-like Quark @P%

Including the most general octo-triplet interactions

87

£ O .
Loy =0 Up TCL? (?}LQZL = nw\I/L) + H.c.
and mass terms

—mwﬁL\I/R = /Li@z\IJR + H.c.

integrate out P, use EOM, work in quark mass-eigenbasis

@CH_U Ta [(CVKM) md PR Ty, (CT VKM) PL} DJ-FHC.
\/_m¢

C is now a matrix in flavor space and depends on
Lagrangian parameters Y n, and my
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Decays with mixed generation jets scale with different C’s

Bles bl | m3 5
[(Gt— c3) |Cosl? ( Casl” + [ Coal”

3d generation dominates w/ top-mass enhancement, but
kinematically forbidden if Mo < mt + mb
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Virtual Top Decays

If allowed, the dominant width is

2 2 2
% M 1 TeV
(O 2 (b o2 910 2 2l D
s Loy ( M2 ) \150GeV ) \ my

However, for Me = 150 GeV, there is a 3-body off-shell decay with much smaller
(but still relatively large) width

b

et L
i G e S s L T br
r(©* W) = _IBLIz ) ’<\/«§
6472 sin“Oy m T+

2
P

With a dimensionful function arises from the phase-space integral

B e g Eb)[ (EO Eb)—l}
F(Mo) / dE; / dEb 5

G — Mé— MI%V E(l;nax £= EO: EB
2Mg o= QEB/M@ 21/38
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Numerically we find

2
[(OT—=WThb) ~ 2.9 x 107° GeV \033|2FF(M@) <1Tev)

(150 GGV) mw

Recall that the 2 body dijet width is

M 1 TeV )~
[(O1T = c5) ~ 1.3 x107°GeV |Cya? (150 gev> < eV)
TYL¢

For natural Lagrangian parameters, processes are automatically in
competition w/ comparable branching fractions

Both also dominate over loop-induced diboson and tree-level (virtual W)
decays.

For simplicity, we will ignore other decay modes for main results
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Signals R

W+W- + 4jets signal. Leptonic W decays looks
like dilepton top signal. With branching fractions
the contribution is negligible

for MO = 150 GeV

(Wbb)(jj) signal relevant for CDF Result. Can
contribute to W + 2 jet events with large jet
Pt cuts

4jet final state. Also dominant channel for
neutral pair-produced scalars. May explain
CDF 3b anomaly.
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Naively a W + 4 jet event, but the

b-jets are very soft

14 - A o2 = o i des
- b pp—> OO - (Whbb)(sc)
1245 :
7 s
U 10 ji II-"L
) Ln : :'I
T
L1 = |
8 a Fe 1 1
I | s .
R AL - ¢ (s)
2;: I
) -.__'_"l__
0 e Y ot T L e W0 xl-""-T:-q-'--'E
0 50 100 150 200
Partonic py [GeV]

250

Partonic simulation using MadGraph5
at \s = 1.96TeV

Interactions generated in FeynRules

For sufficient cuts, the b-jets will be
vetoed to give effective W+2 jets event

*Similar result with gluon from loop
decays (0-> Wg)
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CIDF Mjj spectrumm ?@% 7
g @_\0< EL

. S = l QCD ®"®™ production
Exclusive dijet mass spectrum I : s
for 00 ->(jj)(Wbb)->(vbb)j) &= | e e
at Vs = 1.96 TeV e * T Moeated o

i) s
FeynRules (model file) © SRR * + + + +
MadGraph5 (parton events) S = f"‘H‘I | %ﬁﬁé—
Pythia (parton shower) s \
50 £

PGS (detector simulation)

100 150 200 250 300

m;j; [G@V]

Data w/ diboson tail
subtracted

2 0 x Br(Wbb) x Br(jj) = 3.2 pb

Br(Wbb) = 40 %

BI‘(]]) = 60 %
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Inclusive difje

Same inputs as exclusive
sample

High tail arises when
hardest jets are from
different octo-triplets

Excellent agreement,
even captures the tail

Br(Wbb) = 40 %
Br(jj) = 60 %

t spectrum (QCD production)

=20 00 QCD ®*0®™ production
'& : W,22j |
2 - 7L Y Mg = 155 GeV |
> i ¢ J- ]
D] - _
S : ‘[
o0 z - 7
= g !
= gt + = H
2 O ® H [ ]
&8 + t

100 150 200 250 300

m;; [G@V]

20 x Br(Wbb) x Br(jj) = 3.2 pb

before cuts, without W branching fraction
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CL

The agreement is quite good, but the exclusive spectrum is a little low.
Neither curve includes a K factor, which would improve agreement.

Note tail for large Mjj in both data and curve. Arises when hardest jets come
from different octo-triplets

CDF BG normalization assumes gaussian signal, so proper subtraction may
Improve agreement

Recall: CDF data seem to favor resonant (s-channel) production. How does
this (QCD) production mechanism model compare to alternatives?
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Resonant Prodactiomn

Embed color sector into extended SU(3)xSU(3) gauge group

Adapt simple “Renormalizable Coloron Model” (Bai, Dobrescu hep-ph/
1012.5814)

Charge the scalar responsible for SU(3)xSU(3) -> SU(3)c breaking

IR spectrum features 8 massive spin 1 “colorons” and three color octet
scalars (two charged, one neutral)

Coloron couples to both quarks and scalars and induces qq -> G’ -> 60
production through an s-channel resonance
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Coloromn Features

New interaction with coloron G’

1 —tan? ¢
2tan ¢

gs e ooz e b e i

Single coloron production proceeds only from qq initial states

Decays mostly to scalar pairs

Mg 4ME N\
1B / R (D T s MG oot O
5 ) 16 tan?2¢ ( M2, )
Quark couplings suppressed g = gstan ¢ < gs
3/2
e AM
F(G, e QQ) = F tan2¢ M (1 = M?;q, )

for tan ¢ = 0.1 model is completely safe from dijet searches.
Total width typically few GeV 20/38
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Nonresonant QCD production of octo-triplets still present
Goal: decrease QCD, enhance Coloron

Strategy:

1. Decrease Br(Wbb) from 40% to 4% => Kills QCD signal (4jet events
dominate)

2. Total Coloron section very sensitive to width.
Pick tang to modify coupling and width to get large coloron signal.

Simulations for this model include both QCD and Coloron diagrams
and their interference
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\ et T T e o e s R S e ] 200 F T T \ \ =]
& Resonant @@ production | 594 I Resonant @~ production -
:49 Exclusive Wjj - :49 e , W, 22 ]
2 . e Sl Mg =340 GeV |
i i Mo+ = 160 GeV | SR o ]
> 50 | = 00 Mg+ = 160 GeV 1
O - |
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o0 PSS o ee) I
:/ 0 -I_—. i :/ 50 i -I_I_l' + ]
! 2 [ar + ’ {1 :
S Sl %J'ig*
H : m i A
—50 e 6 B e Rl e G5 [y St SN W T (2 A5 Sy e LA N R e e S R R I i | (AN i BV, Ty A ‘ i A N BT A gt
100 150 200 250 300 100 150 200 250 300
mj; [GeV] mj; [GeV]
Br(Wbb) = 4 %, I = 6.5 GeV, tand = 0.15, o x Br = 3.8 pb
Very good fit, but unlike QCD production, misses the tail.
Same simulation method (FeynRules, MG5, Pythia, PGS)
So far, no clear winner, but ... v
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LHC Cross ®ectiomns

Benchmark QCD and production rates (not including acceptances)

o(pp — ©TO™— (jj)(fvbb)) ~ 52 pb

o(pp — G'— ©TO0™— (jj)(4vbd)) ~ 10 pb

Naive estimate: assume same acceptances as CDF (few %) both
models predict a few hundred total events at LHC so far.

Coloron cross section smaller because of relatively smaller quark
luminosities at the LHC. Resonant production is boosted at the
Tevatron where CM energy is closer to threshold.

Current results may be borderline for QCD production, but Coloron
induced events are invisible at current luminosity
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Preliminary ATLAS Spectram

% 9000 — rfrrrr|rrr+r.Jrr . rror1r—| &1t &1 1T 1T 11 —I:
e = ATLAS  Prelimi - Da =
T 8000 reliminary  —uw.wz =
g F f Ldt=1.021"  CDwses -
E 7000 = E
w — e+u, Njet = 2 [ Jacp 3
6000 — B z+jets -

= [ single top ]

5000 = —— Total SM (Syst. Unc.) =
4000 f— —E
3000 f— —E
2000 f— —E
1000 f— —f

n = ~

Q 14f =
% 12 3
O 08F i
0.6 & . . | | | | | =

0 50 100 150 200 250 300 350 400

M, [GeV]
Possibly a small excess near 160-170 GeV. Too soon to tell

Uncertainties near 150 GeV O( few 100) events for each bin

Diboson peak (white) not yet visible
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br, Vp SL
O C <
' 2
ngmb> — 2
oo , o =< brT%s;) + H.c.
: Bs—Bs 2M@m¢ ( )
> B
5L [ br

Exchange induces mixing in the B meson system.
Complex coefficients provide a new source of CP violation

New physics contribution to Hamiltonian matrix element is

(o3 )2 589 + 383

(Bulto|Be) = (5| M, fhmaco ot

M@m¢

Parametrize new physics matrix element

<§S|HSM i H@|BS>

o = 675
(B, |Hsw| Bs) b
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Using the SM contribution and the known B mass difference

Q2

(Bs|Hsm|Bs) ~ (8.0x1070 GeV)?(1£0.15) .  Cp, ~ 0.98 + 0.15.

Mass needed to produce a given CPV phase

150 GeV
Mg

My = 1.1 TeV x ‘023| ( ) (C%S—I—l—QCBSCOS ¢S)_1/4

For large phases ~ n/4, this requires M ~ 300 GeV, which is not ruled out.

Only decay processis Y --> 0 q --> 3j.

Pair production yields 6 jet events with pairs of 3j resonances. Still allowed
above ~ 200 GeV
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Using the SM contribution and the known B mass difference

(Bs|Msm|Bs) = (8.0x107% GeV)°(1+£0.15) .  Cp,

0.98 & 0.15.

Q2

Mass needed to produce a given CPV phase

150 GeV
Meg

i —A e o] < > (C%S—I—l—QCBSCOS ¢3)_1/4
Nonzero phases can contribute to like sign dimuon asymmetry
(DO sees ~ 40 excess )

For large phases ~ ©t /4, this requires My ~ 300 GeV, which is not ruled out.
Only decay process

Y — Oqg — 37

Pair production we get 6 jet events with 3j resonances. Not ruled out by 3j

searches above ~ 250 GeV 37/38
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CDF and DO discrepancy is not yet resolved. Not clear yet whether D0
actually disagrees

Octo-triplet scalars give a good fit to the CDF data

Minimal model features small widths, loop decays, and diboson resonances
Higher dimension operators allow (jj) (Wjj) decays that give right topology
Resonant production through s-channel coloron can modify kinematics
Production through coloron gives better fit to other kinematic plots
Extended model w/ vectorlike quark can also induce CPV in B meson mixing

Dont take my word for it, play with the model files
http://theory.fnal.gov/people/dobrescu/octet/
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