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| will focus on the second anomaly and NP explanations
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Top Quark and New Physics

SUSY, LH, Composite, RS, TC...

Weakly Higgs S’[rong|y What should
Natural NP models always
have non-trial couplings
between top quark and
NP particles
Effective . What could
. Experimental
Field we see?

Data
Theory )




Top quark as a probe of new physics
It appears often in the decay of NP resonances

Extra Gauge Bosons
Zl W/ GI

Exotic
COIOI’Gd Color
States | Sextet

New Heavy
Quarks
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Vector Quarks

Common in many NP models, Economics for model building

Mass Mixing and Heavy Quark Couplings to Higgs
Chiral Doublet
~Lq =Y/ QL®Ur + Y5 QL®Dr + h.c. del Aguila

O 2) singlet
SU(2) single SM Yukawa FCNC Yukawa  Explicit Dirac mass

o Up-type —Lp =Y, Qo Btop + YrGop @ Tor + My TorTor + H.c. S?;ggag)o

Perez-Victoria

0 Down-type —Lp =Y, g5, ®byr + Yo, ® Bor + Mp Bor Bor + H.c.
o SU(2) doublet
—Lo =Y, Gy, Ptop+ Y7 Qup Ptop + Y Qyr ®bor + M QorQor + H.c.

Lo =Y, Gor Btop + Yr Qb Btop + M QL Qhr + Hee. ?ngulczlxr-
v Y aavedra
T T ;L r -
QOL — (B(())Z> ’ QOR — (B(())];) QOL - (TOL> ’ QOR - (TOR) (2009)
o SU(2) triplet Exotic Q=5/3 fermion

Ly =Y, G Ptop + YrGo 7 @ Sop + M TorTor + He. Cacciapaglia,
—Lsy =Yy Otop + Yr @y T @ Thp + M T, S5 + Hec. Deandrea,

. . - - Harada,

0oL OR oL OR Okada

2oL = (TOL) , 20R = (TOR> 26L — (BOL) ) 261% — (BOR) 2010
BOL BOR XOL XOR ( )

/ Quarks, 20-21 Dec 2011 Exotic Q=-4/3 fermion ,

Koji Tsumura (ntu)



Vector Quarks

T — Wb/Zt/Ht Y - Wt
B — WT™t/Zb/Hb X Wb

Very Rich Collider Signatures



Extra Color Gauge Boson

SU(3); x SU(3)s — SU(3)c

g=u,d,c,s
Model SU(3)1 SU(3)2
XL?SFJ?DH ool Gaigna bl dijet, AFB(t)

Frampton,
Glashow (1987)




Extra Weak Boson and Quarks

G(221) Model
SU(S)C X SU(2)1 X SU(2)2 X U(l)X

Heavy Quark

SU( )CXSU




Extra Weak Gauge Bosons

221 Model: SU(2): ® SU(2)s @ U(1)x

ken, Schmitz,
Yu, Yuan
1003.3482

@51 N
Yu, Yuan
1205.3769

Models |  SU(@2): (TL,Ti) | SU(2)2 (Te, Th) |U(D)x (X,Y)

| | | X, =1/6 LRD (LRT): left-right doublet (triplet) model
X, = -1/2

| X,=1/6 LPD (LRT): Leptophobic doublet (triplet) model
X1 =Ysm

| X, = You HPD (LRT): Hadrophobic doublet (triplet) model

Xi=-1/2

LRD/LRT
LPD/LPT

HPD/HPT

FPD (LRT): Fermio-phobic doublet (triplet) model

FPD/FPT i X, = Yaum

SQD T, Xy = Yau SQD: Sequential W’ with doublet Higgs

X; = Ysu NUD: Non-universal doublet model

Xs = Yaum UUD: Un-unified doublet model —




Extra Weak Gauge Bosons
221 Model: SU(2); ® SU(2)s @ U(1) x

92

by, PLtW'" by, ((—3 + 4s2)) Pr, + 4s2, Pr)tZ"™

1 1
PRtW/’u Y — P, + (— — 3OCLR)PR)tZ,’u
XLR XLR

Top-Flavor g2 S & by, PLtw'" 9251 gbfyMPLtZ '

V2 V2




Extra Weak Gauge Bosons

331 Model: SU(3)c @ SUB)w @ U(1)x

Hl H2
SU(S) X U(l)X Sty SU(Q)L X U(l)y T U(l)em
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Exotic Colored Scalars/Vectors

Effective Lagrangian:

b= (glLEiTQQL T 91[{@(11{) CI)G.I,l/:S AYE:To
+ 91 rd%RARrP6 1, —2/3 + 9 RUGURD6 1 4/3 Su(I?cZEZ,oy
23 .(]3LE7:T‘27'(1L : (1)6,3,1/3 (1999) |
25 92_(1(_11;7/“(112‘/(5‘,‘2,—1/6 3 QQEV’//’LRV&Q,S/G +h.c., Arnold,
Pospelov,
Trott,
Wise
(2009)
SU@2), UQ)y |QI=ITs+Y]| couplings to
1/3 13
13 1/3,2/3,4/3
2/3 2/3
413 12




Top Quark and New Physics

Rare Decay

or Light
Resonance
6‘% not covered

O\\S\ in this talk
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Single Top Quark

Production




Single Top Quark Production
U U d b t

W | TE |
14
d t b t g 14

s-channel t-channel tW
7 2




Smg\e Top Quark Production

(s-channel resonance and t-channel FCNC)

Drueke, Schwienhorst, Vignaroli

(2) DO [2.3 fb~'] Walker, Yu, 1409.7607
@ : Measured peak

* : SM
\ S/ I(‘\(‘
070y =0

% 1 |Vis|=0.2

A : Top—flavor

my=1TeV
M : Top Pion
m,=250GeV
@ : Triplet scalar
90% C.L. mg = 600GeV
95% C.L. fVBoq, ;PR

Tait, Yuan, hep-ph/0007298 Gogoladze et al, 1001.5260 -



Single Top Quark Production

(s-channel excitation quark)

b ’ t ) t q ) t
g; :W g‘; ::Z g 2
Nutter, Schwienhorst, Walker, Yu, 1207.5179

S s




Single Heavy Quark Production
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Little Higgs Composite Higgs
Perelstein, Peskin, Pierce i S aEEi2 06E5 34
hep-ph/0310039 Boosted jet-substructure

Reuter, Toninli,
1409.6962

AR < 1.0



Mono Top Quark Production
(R-parity violating SUSY inspired)

see Theveneaux-Pelzer's poster Andrea, Fuks, Maltoni, 1106.6199
P Wang, Li. Shao, Zhang, 1109.5963

i | i M
—_—— — < t - - = C t
d; . d; i
W w :
‘ - LHC7TeV S/ B =5

L= ESM ; 1 fb—l

+ ou [a%c + b%c%} u+V,u {a};cv“ + b};cfy“’%} u

—I—Eijk%c?c- a%R—i—bqR%_ dj 4+ ' 1/2—|—b}g/]§ Y|

~1/2 ~1/2

rTbdpY 5 600 800 1000 1200 1400 1600 1800 2000

+ Ekau i d; [C”VR’Y + bVR’Y ’75} dg my/GeV

+ X, U {aV/RW” - bV/Rfy fyg,] x + h.c.,




Top-Antitop or Top-Top
Quark Pair Production
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Top-quark F-B asymmetry in the SM

(A charge asymmetry arises at NLO)

P(q) / P(q)

_)*(_
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8 Brown, Ellis, Rainwater

XS, hep-ph/0509267 Almeida, Sterman,Vogalsang Melnikov. Schul
o Collider simulation of tt+0(1); 0805. 1885 S s
O . : 1004.3284

e Measuring AFB is NLL Threshold resum. : .

o . . Confirm Dittmaier et al

very challenging Asymmetry is robust

O ] A !
_qC) Kuhn, Rodrigo |: . | Ahrens, Ferroglia, Neubert, :

=8 hep-ph/9802268 | | Dittmaier, Uwer, Weinzierl g Pecjak, Li Lin Yang,

palll SM NLO QCD |: hep-ph/0703120 5 1003.5827
v e = 5% |: [NLO QCD corr. to ttbar+ : SCET NNLL

o s ; s »
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1998 2005 2007 2008 2010 20.| |
Y v v
DO (1.9 fb') CDF (1.9 b CDF (5.3fb™')
0712.0851 0806.2472 1101.0034
uncorrected Arp = [24 + 14]|% App =0.475+0.114
App = [12 £ 8+ 1]%| | Consistent with SM for M > 450 GeV
DO (5.4fb)
1107.4995

AL p =[19.6 + 6.5]%
A% = [15.2 + 4.0|%




Top Quark Ars and NP

s-channel t-channel (Flavor changing)
q— : > [
q G/ t o :Z/7 W/, ¢
——«—1
q t




Timeline of 475 and NP models

Chivukula, Simmons, Yuan Degrande, Gerard,

Axigluon Grojean, Maltoni,
1007.0260 Servant, 1010.6304

Frampton, Shu,Wang
Ferrario, Rodrigo Ferrario, Rodrigo Axigluon QHC et al
Axigluon chiral G’ 0911.2955 Effective coupling
0809.3353 0906.554] (G, Z W', H H)
1003.346 1|
Antunan, Kuhn, Rodrigo Djouadi, Moreau, Richard, singh
Axigluon KK Gluon Jung, Ko, Lee, Nam Aguilar-Saavedra
0709.1652 0906.0604 EFT Perez-Victoria
0912.1105 1103.2765
—
2007, 2008 2009 2010,201 1
Jung, Murayama, Pierce,VVells Shu, Tait, Wang Xiao, Wang, Zhu, .
FCNC Z-prime Color Sextet/triplet scalar NLO QCD to Z-prime
0907.41 12 0911.3237 1006.2510
Bauer et al,
NLO RS
Cheung, Keung, Yuan Arhrib, Benbrik, Chen 1008.0742
FC W-prime Color Sextet/triplet scalar e L o
0908.2589 0911.4875 NLO QCD to EFT
1107.4012
Dorsner, Fajfer,Kamenik, Kosnik, J. Cao, Heng,Wu, Yang Yan,Wang, Shao, Li
Colored scalar R-SUSY and TC2 NLO QCD to W-prime
0912.0972 0912.1447 | 110.6684 ﬁ




Forward-Backward Asymmetry in Top Quark Production in pp Collisions at sgrts = 1.96 TeV

CDF Collaboration (T. Aaltonen (Helsinki Inst. of Phys.) ef al.). Jun 2008. 8 pp.
Published in Phys.Rev.Lett. 101 (2008) 202001

FERMILAB-PUB-08-171-E

DOI: 10.1103/PhysRevLett.101.202001

e-Print: arXiv:0806.2472 [hep-ex] | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CERN Document Server ; ADS Abstract Service; Fermilab Library Server (fulltext available)

Detailed record - Cited by 229 records

. Evidence for a Mass Dependent Forward-Backward Asymmetry in Top Quark Pair Production
CDF Collaboration (T. Aaltonen (Helsinki Inst. of Phys.) ef al.). Jan 2011. 23 pp.

Published in Phys.Rev. D83 (2011) 112003

FERMILAB-PUB-10-525-E

DOI: 10.1103/PhysRevD.83.112003

e-Print: arXiv:1101.0034 [hep-ex] | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CERN Document Server ; ADS Abstract Service; Fermilab Library Server (fulltext available); Link to
SYMMETRYBREAKING; Fermilab Today Result of the Week

Detailed record - Cited by 425 records

Forward-backward asymmetry in top quark-antiquark production
DO Collaboration (Victor Mukhamedovich Abazov (Dubna, JINR) et al.). Jul 2011.
Published in Phys.Rev. D84 (2011) 112005

FERMILAB-PUB-11-347-E

DOI: 10.1103/PhysRevD.84.112005

e-Print: arXiv:1107.4995 [hep-ex] | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CERN Document Server ; ADS Abstract Service; Fermilab Library Server (fulltext available); Fermilab Today Result of the Week

Detailed record - Cited by 314 records

See review: kamenik, Shu, Zupan, 1107.5257
Aguilar-Saavedra, Amidei, Juste, Perez-Victoria,1406.1798 25




1) Same Sign Top Quark Pair

s-channel t-channel




2) Top Quark Pair Plus one Jet

(Flavor Changing Interaction)




3) Top Quark Pair Plus One Jet

(Third Generation Favored W-prime and Z-prime)

—— 50 with 100 fb’!
—— 3 o with 100 fb"

S>50

Number of ev

Berger, Cao, Yu, Yuan, Topflavor Seesaw Model
1108.3613 He, Tait, Yuan (2000), Wang, Du, He (2013)




4) Top Quark Pair Plus One Jet

(Charged Higgs Boson)
b / S -
\ / X-section is large for large tanb in
> » MSSM or Type Il 2HDB.

N\
g 9999) \H__ o < X-section depends on my-and tanb
t

(b)

\s=14TeV, M _=400GeV

Top-quark polarization depends on tanb | jznge::v

(my cot B)2 — (my tan 8)?)
(my cot 8)? 4+ (my tan 3)?)

Ddecay B

Huitu, Rai, Rao, Rindani, Sharma, 1012.0527
Godbole, Hartgring, Niessen, White, 1111.0759 QHC, Wan, Wang, Zhu, 1301.6608

Gong, Si, Yang, Zheng,1210.7822 —
29



5) Top Quark Pair Plus Jets

Heavy Quark Pair Production
(Faked Top Quark Pair)

t t b
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6) Top Quark Pair + Invisibles

LAT, UE

Dark Matter Eftective Theory:
Cheung, Mawatari, Senaha, Tseng, Yuan, 1009.0618
Gomez, Jackson, Shaughnessy, 1404.1918

UV Completion Theory:
Jackson, Servant, Shaughnessy, Tait, Taoso,1303.4717




Triple Top Quark
Production

FCNC process



Triple Top Quark Production

Leptophobic Z' from U’(1) directly
couples top-quark to u-quark to
explain AFB(t)

Barger, Keung, Yencho, 1001.0211

Topcolor-assisted technicolor
model with large FCNC
top-coupling to explain AFB(t)

Cui, Han, Schwartz (2011)
Han, Liu, Wu, Yang (2012)

1,_ - 1,_ -
Oﬁlt'tt = E(ulfy#t'-)(tl)’utl-); Ofgt = i(uRi)’utR)(tR)’utR)

OLR — (i1gitr)(ErtL); OLR — (FLuir)(Erty), (

Chuan-Ren Chen (2014)




Four Top Quark

Production




Four Top Quark Production

Axigluon Color Octet Color Sextet
KK Gluon " Scalar / Scalar /
L

% IO - - = - LT = == -
Ié | ¢8 I§b6 —

amo.aa}-----<t ‘QQQQQQQ"""'<;

Plehn, Tait (2008) Chen, Klemm, Rentala, Wang
(2008)

|

Aguilar-Saavedra,
Santiago (2012)

TC2 Top Compositeness
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Six or More Top Quark

Production




SIX orvore TOP Quark Production

Deandrea, Deutschmann, 1405.6119
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Top quark as a probe of new physics
It appears often in the decay of NP resonances

Extra Gauge Bosons
Zl W/ GI

Exotic
Colored Color
States Sextet

New Heavy
Quarks
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Top Quark Production: rich signatures
Single Top Top Pair




Top Quark Production: rich signatures

Single Top E: Top Pair
>*HM+<
g<: ;:W




Top Quark Production: rich signatures

Single Top z > G, 1><




Top Quark Production: rich signatures

Single Top z
M "

Four Tops Triple Tops

: i -
Flavor changing+Flavor conserving 40



Top Quark Production: rich signatures

Single Top
u z
o "
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Four Tops Triple Tops
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Flavor changing+Flavor conserving 40




