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Outline

® Jop Quark is sensitive to New Physics
Heavy Quark can decay into top quark

® Review Heavy Quark Theory and Constraints

® Pair Production of Heavy Quark

® JSingle Production of Heavy Quark

® Exotic Production: Anomalous B-prime via s-
channel



Top Quark and New Physics |

e |63,000 top quark pairs and 76 000 smgle top
events produced during the 7 TeV, LHC
run.

® Natural new physics models always have
non-trivial couplings between tops and new
physics: Higgsless, LH, RS, SUSY, TC, ...

In Little Higgs, composite Higgs and
SUSY, top sector stabilizes the
electroweak symmetry breaking



Motivation for Heavy Quark

New Heavy Quarks loop contribution
stabilize EVVSB

New Heavy Quarks condensates to form
BCS type EVWWSB

New Heavy Quarks to explain B_s and other
flavor puzzles

New Heavy Quarks to explain CP violation
and Baryon asymmetry ws oy




Heavy Quark Mixing ingler)

® JSinglet/Triplet Vector-like quark mass mixing
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Heavy Quark Mixing (Doublet)

® Doublet/Bi-doublet Vector quark mass mixing
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4 . ) v?
lL E LR ] i &7 sin @y, ~ yt)\ﬁ
(H)  (H)
U
Q S - sinfp ~ \A\—
tR :: TL TR M
(H)
sinf; — %% Ginoy Mainly right-handed mixing

M



HeaV)/ Qual"k M'XIng (4th Generation)

e CKM Mixing with the top quark
Lo =Y QPUr+YYQr®Dg + h.c.

U = (H&C&t&T)T D = (d&S&b&B)T Q: ( g )

Verkm = VfTVf VETYUYJVE = Mg /v

Neutral currents are not relevant to
the mixing rotation matrices




HeaV)l Quark MiXing (4th Generation) I
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Often, focus on third and fourth generation mixing

Large mixing among 4th and |5t or 2" generation quarks can
generate large new physics signals.



Review of Heavy Quarks

Classify based on EW gauge couplings:

® Chiral Fermion (Fourth Generation)
® Vector-like Singlet

® Vector-like Doublet

® Vector-like Triplet

® Vector-like Bi-doublet




Review of Heavy Quark Type

Mass Mixing and Heavy Quark Couplings to Higgs

Lo =YYQ1PUr +Y]QL®Dp + h.c.

o SU(2) singlet
SM Yukawa FCNC Yukawa  Explicit Dirac mass
o Up-type ~Lp =Y,y Pton + Yr @gp ® Tor + My Tor. Tor + Hec.

o SU(2) doublet
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—Lo =Y: G Ptor + Yr Qh Ptop + M Q) Qpr + Hee.
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o SU(2) triplet Exotic Q=5/3 fermion
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Gauge COUPllngS (4th Generation) |
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SM-like Gauge Couplings with CKM mixing



Gauge Coupllngs (Vector-like Singlet)
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Gauge COUP|IngS (Vector Doublet)

SB 2> S,




Gauge Couplings (Vector Doublet Q=5/3)

SE 2> S,




Indirect Constraints

S, T parameters

Zbb corrections

Single top t-b-w coupling

b to s gamma

Other flavor constraints (B, Charm)
Higgs Search limits (heavy quark loop)

WW scattering and Unitarity




Indirect Constraints

AS = % Z Nej|I3L () — ISR(j)]E :

For vector-like quark, S is negligible.

3m X2 | M2
2

" 1672 M2 ms
T approaches to zero in heavy mass limit
(decouple limit for vector-like quark)
b

L

Zbb can be calculated in gaugeless limit




Indirect Constraints

STU Parameter Example: Top See-Saw in Top-Flavor Model

@sL = {tL:bL}T: Ly = (FTL,TL)T: and S = (Tu E}T-
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Indirect Constraints

Constraints from T, Zbb and Wtb
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Indirect Constraints
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Indirect Constraints

Constrain on number of heavy flavors

g 7000000

T d -— — h

In Heavy Quark mass limit, approach to effective
ggh couplings



Indirect Constraints

Unitarity Constraint: WWTT scattering
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Cross section [pb]
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o(pp — TTX) [pb]
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Search Limits at LHC
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same sign dilepton + trilepton combined results



Heavy Quark Production

q Q 4 b(B) 4 q
\; g i W
>\/\A< z
q Q ¢ T & i3
(a) (b) (c)
Pair Production: QCD process

Single Production (s-channel): EWV process

Single Production (T-channel): EVV process, with
longitudinal VW enhancement at high energy



Pair Production

a(pb)

Discover resonance

Sensitive to decay branching ratios,

not determination of couplings
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Single Production

® [wo lypes of Single Production
Determine the gauge coupling strength of heavy quark
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4th Generation I-prime

Cross sections for pair and single productions

t't'bar pair / single production via PYTHIA 8
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o(pp — Q Q) [pb]

Vector-like T-prime

_ —
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Single production is larger if A ~1



Vector-like T-prime
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Decay Channels |

T->tz,bw,th; Botw,bzbh
Yo>tw, X>tw
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Branching Ratio

Take vector-like singlet as an example

0.8

0T
m=450 GeV, M,=150 GeV sing;=0.3 , M, =150 GeV |
0.6k » - =] 0.8
foon W e _ .,
el e = - "; L -."-. -
L "'+ Wb
-~ " . 08] S,
o 0 : m [
i m 9
o - 20 04f
e | t' > hot
0.2 e 00 . ) ' T e
= e t __}. "r;;_t__ R e g 0.2+ ) ._______:ﬂ-. e
- E . e ot
ool o ﬂﬂ'fl!I..J...l...l...l...l.
0.0 0.2 0.4 0.8 " mpp 400 500 8O0 Y00 80O
sinf my (GeV)

Equivalent Theorem in heavy quark mass limit:
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Pair Production

® Discovery Channel:

pp—g— QQ

® Signal for discovery:

® Resonance Peak and Mass Determination:

® Charge and Spin Determination



Events / 40 GeV

T-prime Pair Production
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Discovery: HT distributions
Resonance and mass: Mass distributions




B-prime Pair Production
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Sdame sign dilepton
5 CMS 2011 Preliminary 1.14 fb’
> 10°F ® data 1 M, 400 GeV/c?
Qo P o I ti+W(2)
S I Single-top CCOW =k
= B Bz [ diboson
:%10 = same-sign dilepton 3
~ [
2] : |
o 10F P E
> : '
e |
1E E
10'F =
= .I...I...I.:
200 400 600 80010001200140016001800
S, [GeV.

Events / 200 GeV

=

-y
O

10"k

-— m

l = g 4 . .
[ I| Falat: s ™y .
i I=hIl1E®]
2 B B S '__"-_.'-"-' e I B
|

CMS 2011 Preliminary 1.14 fb"

E ® data [ M, 400 GeV/c® ?
I 1 N ti+W(Z) ]

[N Single-top N Wby ]

| W zZ-IT [ diboson il
= trilepton ]
Il i CMS PAS EXO-11-036 _
= .I...I...I...I..I.:
200 400 600 80010001 20014001 60 EDD
S; [GeV]

Signal: HT distributions



Single Production

® |arge Production Rate

® Now focus on a detailed study to distinguish
different types of heavy quarks:

® JSingle Production at 7 TeV LHC:

pp —T7— Wiy pp — 175 — bW 35 — blvy
pp =17 — 2737 pp — By — bZ7 — blly



Distributions
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Normalized Weight
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Heavy Quark Polarization

Similar to top polarization, use charged lepton
distribution in the heavy top rest frame

(a) left-handed top (b) right-handed top
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Top Quark Polarization

(a) left-handed top
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Anomalous Single Production
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Anomalous Couplings \

® Anomalous couplings in initial states:

E
s AZ ]_ e § e /\ﬂ
§ “1=%6ma 97 g Owi
q q
Q '1,‘ ; q )\2 1
ST 1672
Assume: Strong/colored physics generates effective

operators.

® Bounds on Heavy quarks:

Direct stringent bounds on the mass of heavy
quarks from ATLAS and CMS



Production Cross Section
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Cuts and Distributions
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Event Weight

Reconstructed Mass
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Summary

® Jop Quark is sensitive to New Physics

Heavy Quark can decay into top quark

® Review Heavy Quark Theory and Constraints

® Discovery New Resonance: Pair Production

® Determine Coupling: Single Production

Measure polarization of top, from decay of top quark

® Exotic Production: Anomalous B-prime via s-
channel



Thank You |
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