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Outline

e Persistent hints of anomalous FBA in tt production at Tevatron

e NP proposals (phenomenological approach)

e Impact of existing LHC measurements

e Possible future directions

e Discriminating power of tt observables



FB & Charge asymmetries in tt production

e Charge (a)symmetric cross-section

= d cos 0 _/ d cos 6.
or = / dcos@ woR Y o5 1dcos«9 o8

P P TevatronA top
v anti-top
o > S —/ o
PY q q O
® o
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FB & Charge asymmetries in tt production

e Charge (a)symmetric cross-section

_ d cos 0 _/ d cos 0.
Or = / dcos@ MG OB 1dcos«9 O

P /S P LHC A top
v anti-top
O > @ —fo
® q q o
® e
B
t B

O‘F—O'B_N(Ay2>0)—N(Ay2<O) Y=y +ys
or +0p  N(Ay2 > 0) + N(Ay? < 0) Ay? = yi — 2

Ac = sign(Y)



FB & Charge asymmetries in tt production

e Non-zero Ars,c require t-( odd contributions to o 5 \/1 4m?
t = —

R S r N2
t,u = m? — g[l F 3 cos 9] t = (pq — pt)

$=(pt +pp)°

e |[n QCD induced at order o3 |
Kuhn & Rodrigo,

hep-ph/9802268,

——$ 00000600 >— q 0
)00 000> hep-ph/9807420

V A 100ee beo000 000000 Ahrens et al.,

— 1106.6051

—<—= 0000000 $—<— g 3

e Additional EW contributions
g Y

Hollik & Pagani, 1107.2606
Kuhn & Rodrigo, 1109.6830

e SM predictions for Tevatron: A%s ~ 7 — 9% (qg initial states dominate)
LHC: A%M ~ 1% (gg initial state dominates)



Measurements of tt production at Tevatron & LHC

¢ Precisely measured inclusive observables -
Kidonakis, 1009.4935
-0 Teva-tron 1105.3481

Beneke et al., 1109.1536
see also talks by
I o AFB Mitov, Kidonakis, Yang
15}
a¥ I
A I
S5 10 *
_~ i
o _
- I
00!

CDF, Public Notes

o = (7.50 £ 0.48) pb App = 0.187 £ 0.037" 9913, 10398, 10807

DO, 1107.4995

*naive average of
CDF & DO
measurements

6



Measurements of tt production at Tevatron & LHC

Ahrens et al., 1003.5827

® Precisely meas 100 CDF, 0903.2850
Kidonakis, 1009.4935
(\ e 1105.3481
1 s=1.96TeV
20 I | \\ ] Beneke et al., 1109.1536
— 10 i N — I see also talks by
i % | \ | Mitov, Kidonakis, Yang
1.5} &, | N\ ]
~— | 7
2 : = | \ _
I + | )
e 10E= = | :
- = |
5 5 !
: < o1 | | -
05¢: | CDF data :
‘ B NLO + NNLL
! 001 ‘ ‘ ‘ ‘ ‘
0oL 0 200 400 600 800 1000 1200
myg [GeV]|
. , CDF. Public Not
e Sensitive my exclusive observables 0913, 10398 10807

DO, 1107.4995

see talks by
Soustruznik, Vellidis
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Measurements of tt production at Tevatron & LHC

® Precisely measured inclusive observables
Tevatron

2.0
151

1.0 ¢

0O / Oexp

05!

00!

h
AFB

(CDF)

e Sensitive my exclusive observables

o = o(700GeV < my < 800GeV)

A%‘B = Arp (mtf > 45OG6V)

Kidonakis, 1009.4935
1105.3481

Beneke et al., 1109.1536

see also talks by
Mitov, Kidonakis, Yang

Ahrens et al., 1003.5827

CDF, Public Notes
9913, 10398, 10807

DO, 1107.4995

CDF, 0903.2850

see talks by
Soustruznik, Vellidis
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Measurements of tt production at Tevatron & LHC

® Precisely measured inclusive observables

20

15!

1.0 ¢

0O / OGXp

0.5

Tevatron

00!

e Sensitive my exclusive observables

o = o(700GeV < my < 800GeV)

A%‘B = Arp (mt{ > 45OG6V)

Kidonakis, 1009.4935
1105.3481

Beneke et al., 1109.1536

see also talks by
Mitov, Kidonakis, Yang

Ahrens et al., 1003.5827

CDF, Public Notes
9913, 10398, 10807

DO, 1107.4995

CDF, 0903.2850

see talks by
Soustruznik, Vellidis
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Measurements of tt production at Tevatron & LHC

e Confronting Tevatron Ars & LHC Ac measurements

>

IO RIS
T

<‘N

03
021
0.11

—0.1!
02!

Tevatron L HC

(CDF) I

Ac = 0.001 +£0.014 "
A% = —0.008 &+ 0.047 (ATLAS)

No deviakions seen ok Ehe LHC!

Kidonakis, 1009.4935
1105.3481

Beneke et al., 1109.1536
see also talks by
Mitov, Kidonakis, Yang

Ahrens et al., 1003.5827

ATLAS, 1203.4211
CMS, PAS-TOP-11-306
ATLAS-CONF-2011-106

*naive average of
ATLAS & CMS
measurements
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New Physics Interpretation(s)

c.f. Kamenik, Shu, Zupan, 1107.5257

e t(u)-channel resonances \//

e /', W’, H’, scalar color triplets, sextets,... M

e asymmetries driven by kinematics (Rutherford scattering) W

11



New

Physics Interpretation(s)

e t(u)-channel resonances

e /', W’, H’, scalar color triplets, sextets,...

e asymmetries driven by kinematics (Rutherford scattering)

Q|

|

e Present impact of LHC: Z’, W’ incompatible with combined Ars & Ac values

0.10

005

AAC

—005"

0.00

10!
~0.10 =005 000 005 0.10 0.15 020

AAFRpB

AA¢

0.10
005
0.00

—005.

AAFRpB

10
20.10 =005 000 005 0.0 015 020

Fajfer, J.F.K., Melic,
to appear.
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New Physics Interpretation(s)

q t
e t(u)-channel resonances \//
e /', W’, H’, scalar color triplets, sextets,... M
q t

e asymmetries driven by kinematics (Rutherford scattering)
e Present impact of LHC: Z’, W’ incompatible with combined Ars & Ac values

® expect sizable o excess in the forward region: top quarks at LHCb?
Kagan, J.F.K., Perez & Stone, 1103.3747

e alternatively extend rapidity coverage of semileptonic tt events at
ATLAS & CMS - y dependent charge asymmetries Arguin et al., 1107.4090

Antunano et al., 0709.1652
Hewett et al., 1103.4618
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New Physics Interpretation(s)

e t(u)-channel resonances

q\/
e /', W’, H’, scalar color triplets, sextets,... M
e asymmetries driven by kinematics (Rutherford scattering) W

e Present impact of LHC: Z’, W’ incompatible with combined Ars & Ac values

e predict flavor violating (t-j) resonances in t-associated production
Gresham et al., 1102.0018

see also talk by Peters

~ Sg
g 4 xcluded
s Observed Agg and 0.
o
2 Ldt=8.7 fb"
S Jra=s

CDF1203.3894

PR R R T N T NN S T AN T SN SN T AT T SN NN AN SO N ST S N S S N
900 300 400 500 600 700 2800
Resonance Mass [GeV/c7]

Singlet models. 14



New Physics Interpretation(s)

e t(u)-channel resonances \//

e /', W’, H’, scalar color triplets, sextets,... |

Q|
Sl

e asymmetries driven by kinematics (Rutherford scattering)

e Present impact of LHC: Z’, W’ incompatible with combined Ars & Ac values

e predict flavor violating (t-j) resonances in t-associated production
Gresham et al., 1102.0018

see also talk by Peters T R T A
v Sg ’ sol® o - 50,167
g 4 Excluded e sl o 30,1107
g ~ Observed Ay and o -« e — —e — 50,10 fb!
'E‘-‘ __________
= _ -1 20
2 f Ldt=87fb M
2
2. - 10:
E L
sl - >~
1. S r \‘.\~ \\\? -0
0. CDF,1203.3894 .. Discoverable -with — —
A R R B R S T~ e
300 400 500 600 700 800 isbina LHC doka! -
Resonance Mass [GeV/c?] 1 @XLS | 9 LHC a0 e
200 300 400 500 600
my (GeV) 15

Singlet models.



New Physics Interpretation(s)

e t(u)-channel resonances \//

e /', W’, H’, scalar color triplets, sextets,... M

Q|
Sl

e asymmetries driven by kinematics (Rutherford scattering)
e Present impact of LHC: Z’, W’ incompatible with combined Ars & Ac values
e predict flavor violating (t-j) resonances in t-associated production

e same-sign top pair production can be a problem - model-dependent

Aguilar-Saavedra & Perez-Victoria,

1104.1385
Z’ of Berger et al., 1101.5625 \ 1202. 5520 see also talk by Calfayan \ Degrande etal.,1104.1798
10: T I T |||||||||||IIII: 10;||||||||||||||||| I IIIIIIIIIIIIIII:
] - ATLAS =
u t U t ] ——
— /éé% 1= m,, =1TeV /Zé
2 —————— 1 %8 — ———
7/ 7' '2'_1 0° 252:/ =4 0%k Z?% -
> :;/// P e 2 N E
|2 2 NN . |9 — | m, =100 GeV
U > t U t ~ m,, =100 GeV 1 ~
(c) (d) ® 10 CMS 95% CL 1 ® 10k CMS 95% CL _:
=) .. ATLAS inclusive 95_/_9'-_ £ [\l _ATLASinclusive95%CL|
u t 9 Q00004 t i ?
a 5 ATLAS 95% CL o Il ATLAS 95% CL e
a 1E o }_3 - o 1 4 =
Z/ t A t ~— E 15 + N LOL 3
Z' © ol a8 © o
U — M — Prediction from Z' — Prediction from Z/
g — — 10-1 | 1 il 1 I S I N N S N N N S N | 10 1 I I I : I ) S S S S T T T I 1 6
(6) u (f) u -0.1 0.1 0.2 03 04 05 0.6 0 01 02 03 04 05 06 07 0.8
&) J AFB A (m > 450 GeV)



New Physics Interpretation(s)

c.f. Kamenik, Shu, Zupan, 1107.5257

e s-channel resonances (KK or “Axigluon”, also EFT?)

e asymmetries driven by spin interference effects

q ¢

]
Sl

*c.f. Delaunay et al., 1103.2297 17



New Physics Interpretation(s)

q t
e s-channel resonances (KK or “Axigluon”, also EFT?)
e asymmetries driven by spin interference effects M
e top spins at threshold probe initial state chiralities 7 -

e use leptonic asymmetries as probes

Falkowski, Perez & Schmaltz

_ 1110.3796
“““““““ q->
I RR
s Ni(gcos6; > 0) — Ny(qcosb; < 0) . |
e Nl(Ql cos 0 > 0) + Nl(ql cos f; < 0) m RV —

< j ﬁ
First exp. result by DO, 1107.4995 — 1
see talk by Soustruznik -05 i RL |

e at large my interesting spin correlations ... ... ... . ... *
G. Mahlon and S. J. Parke

see talks by
hep-ph/9512264 Head, Vellidis VS
Bernreuther et al., hep-ph/0403035 ’ Hirose
Hewett et al., 1103.4618

Krohn et al., 1105.3743
Bai et al., 1106.5071
Berger et al., 1201.1790



New Physics Interpretation(s)

q t
e s-channel resonances (KK or “Axigluon”, also EFT?)
e asymmetries driven by spin interference effects M
* need color octet axial vector contributions . .

e m, differential Ars,c change sign at resonance mass

04 Tavarqs & S‘chm‘alt‘z, 1 1‘07‘.0978

e Tevatron data suggest 0s |
02"
M <400 GeV o

o r ]

or = 0.(); —8,=039g; F:0.20M,;

M z 1 TGV —-0.1 —g,=037g; ['=0.15M

-0.2¢ —8,=035g,; T=0.10M -

000 5000 600 700 800

m;z
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New Physics Interpretation(s)

e s-channel resonances (KK or “Axigluon”, also EFT?)
e asymmetries driven by spin interference effects
* need color octet axial vector contributions

e m, differential Ars,c change sign at resonance mass

Djouadi et al., 1105.3158

e predict resonance in my 0
® may be very broad 60 Jr
. | T
> | © 40
iJFe +

20! SM
. NNLO

LHC 7TeV
Luminosity 1 fb™!

Data Prediction - RS + SM -

+ {smearing}

__+__

4',
‘\—\ﬁﬁiiﬁ_—'——l— -

0 P S U N [
1000 1200 1400

1600 1800 2000 2200

M,+GeV)
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New Physics Interpretation(s)

e s-channel resonances (KK or “Axigluon”, also EFT?)

e asymmetries driven by spin interference effects

e need color octet axial vector contributions

e m, differential Ars,c change sign at resonance mass

e predict resonance in my =
o

e may be very broad [Br(tt)<<1]

care needed when
interpreting LHC bounds

Upper Limit Ty X BR(g' —

10°

—
(@)
N

ATLAS CONF-2012-029

CMS PAS TOP-11-009
See also talks by Calfayan, Bazterra

—
o
T T T

—
T T 11

T | T T T | T T T |
- CMS Preliminary E
4.7 b at\s =7 TeV .

—e— CLs Observed (95% CL)
—— CLs Expected (95% CL) E

+ 1o Expected

| = 20 Expected

—— 1st KK gluon (Agashe et al)
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New Physics Interpretation(s)

e s-channel resonances (KK or “Axigluon”, also EFT?)
e asymmetries driven by spin interference effects
* need color octet axial vector contributions
e m, differential Arg,c change sign at resonance mass

e predict resonance in my

Zhou et al., 1203.5862
using ATLAS, 1202.5520

- T |
ceee@oeeeiii®Iiiiiiiieillg

—— p tHELO .

— 0, tttt LO ]

--@-- 95% CL limit, p p_— tttt
~m-- 95% CLlimit, p p_— titf -

------ 95% CL limit, SM tftf

o 10
®* may be very broad §
§ u
e also (resonant) 4-top production g | =
IE 'IO3 :—"',:':= ""_':'j:f::===---
TTOO) '% -
| : g f
| 10% = | |
0000 ———

200 400 600 800 1000 1200 1400 1600 1800 2000

Mass [GeV]
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New Physics Interpretation(s)

q t
e s-channel resonances (KK or “Axigluon”, also EFT?)
e asymmetries driven by spin interference effects M
* need color octet axial vector contributions . .

e m, differential Ars,c change sign at resonance mass

Aguilar-Saavedra & Santiago

e predict resonance in my 3 112,378

IOEI I T T T T T 177 T 177 T 177 T T I

®* may be very broad SN

1 E Estimated upper limit

¢ also (resonant) 4-top production

o (pb)

e large widths can again upset the limits

3l
10" g E
= [7Tev] [ =Ty+025M S
10_4 [ 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
100 150 200 250 300 350 400
M (GeV)
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New Physics Interpretation(s)

q t
e s-channel resonances (KK or “Axigluon”, also EFT?)
e asymmetries driven by spin interference effects M
* need color octet axial vector contributions

e m, differential Ars,c change sign at resonance mass

e predict resonance in my
® may be very broad
¢ also (resonant) 4-top production
® large widths can again upset the limits

e however, complementary dijet resonance searches CMS, PAS EXO-11-016
Chivukula et al.,

1107.4771
1007.0260.
Delaunay et al.,

ATLAS, 1108.6311
Conerebe models atread:j very conskrained
1101.2902 24
Bai et al., 1101.5203


http://arxiv.org/abs/1107.4771
http://arxiv.org/abs/1107.4771
http://arxiv.org/abs/1107.4771
http://arxiv.org/abs/1107.4771

New Physics Interpretation(s)

e Incoherent tt production isidorisJFk. 1103.0016

* Production of “top partners” decaying to top + invisible particles
e Need to pass tf selection criteria and escape searches for tt+Emiss  1opq.2011.09

Beenakker et al.,

e QCD production of scalars mostly p-wave, vanishes at threshold! ppltey
e ‘4th gen’ exclusions do not apply! i f ‘a@iojw
* [n low mass region sizable o still allowed }Xo XZ
e mi~190GeV, m~O(GeV) el

CDF Run Il Preliminary L=4.8fb™ CDI:’1 203.41 71

80

& 5 |
S 14002 © I 95% Exclusion limit fromt,— c’;{o
z " E 31200 L
5 1200 - [ [ — Observed Limit [CDF 2.6 fb']
Z g ) i
= 7 E = [ &5 Expected Limit (+10)

e ~
g 1000 g S 100}
50 'E EE :
200 : E;O
B g R P
601

CDF 295 pb’'

I Do 995 pb
11 I 11 1 I 11 I

0 140 160 180 o5
m(t) [GeV/c?]

LEP 6 = 56°
- —LEPB8=0°

N\ /|
60 80 100 12

40
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Conclusions

e The most significant hints of BSM physics at the Tevatron in top sector
e | arge measured Ars could still be due to O(TeV) (s-channel) resonances
e at LHC expect excess in di-jet & tt spectra - already constrain such NP
¢ Interesting possibilities of sub TeV contributions in u- or t-channel

e predicted LHC signatures in tt+jets - opportunity for ATLAS & CMS
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Conclusions

e The most significant hints of BSM physics at the Tevatron in top sector
e | arge measured Ars could still be due to O(TeV) (s-channel) resonances
e at LHC expect excess in di-jet & tt spectra - already constrain such NP
¢ Interesting possibilities of sub TeV contributions in u- or t-channel
e predicted LHC signatures in tt+jets - opportunity for ATLAS & CMS
e At LHC, Ars manifestation as rapidity dependent charge asymmetry
* Inclusive values consistent with SM - some tension in all NP proposals

e Enhanced ot in forward region - opportunity for LHCb
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Conclusions

e The most significant hints of BSM physics at the Tevatron in top sector
e | arge measured Ars could still be due to O(TeV) (s-channel) resonances
e at LHC expect excess in di-jet & tt spectra - already constrain such NP
¢ Interesting possibilities of sub TeV contributions in u- or t-channel
e predicted LHC signatures in tt+jets - opportunity for ATLAS & CMS
e At LHC, Ars manifestation as rapidity dependent charge asymmetry
* Inclusive values consistent with SM - some tension in all NP proposals
e Enhanced ot in forward region - opportunity for LHCb
e Also top polarization, spin correlations affected by NP addressing Ars
e related leptonic angular asymmetries

e For incoherent Ars contributions, expect tt+Emiss, jj+Emiss

Looking forward to wmore exciting resulks from the LHC 28



Sackup
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New Physics Interpretation(s)

* {(u)-channel resonances q\/
e /', W’, H’, scalar color triplets, sextets,... M
e Need large FC (u-t, d-t) couplings /\

e potentially severe constraints from AF=2 and dijet searches

ATLAS, 1108.6311
e first significant impact of LHC data with >1fb™" CMS, 1107.4771

e Tevatron still more sensitive if NP light!

e important constraints from dijet angular distributions Grinstein et al, 77028574
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New Physics Interpretation(s)

e t(u)-channel resonances

e /', W’, H’, scalar color triplets, sextets,... \{
e Need large FC (u-t, d-t) couplings /\

e potentially severe constraints from AF=2 and dijet searches

® requires non-trivial flavor structure of the underlying theory

P | Dorsner, S. Fajfer, J.EK., N. Kosnik,

A
* gauge symmetries  — e “Gu¥rCVR, Giudics o 41, 1105316

e flavor symmetries Grinstein et al., 1102.3374

— A A . T Ligeti et al., 1103.2757
(URT WMUR)VM :(Vf - ZVE) (tR'YMuR) T+ Jung et al., 1103.4835

see also
J. Shelton & K. M. Zurek, 1101.5392
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New Physics Interpretation(s)

e t(u)-channel resonances q\/
e /', W', H’, scalar color triplets, sextets,... M

e Need large FC (u-t, d-t) couplings

e Generically predict slow rise in m: spectrum
Scalar V, VI; Vector 11, VIp

3.07‘ L e L
= i Grinstein et al., 1108.4027 | 035 Aguila-Saavedra & Perez-Victoria, 1103.2765.
2. 25" ] ~ | :
I:‘E I (?8 02F »
E 2,0— Vector Il Vector VI, 5 0.1; 3
= i N
A r 1 = ok
g 15" Scalar VI E 7
IZ,: = Scalar V <E 01E
= 1.0 0
b I 02r P ]
0'5 0%)5IIIIlllIIIII.SIIIIé”II2|5””|3II”3|5””4|1””4|5””5

400 600 800 1000 1200 1400 1600 1800
M, [GeV]

6/ 0y, (m.>1TeV)



L HC k

Kagan, J.F.K., Perez & Stone, 1103.3747

e Top quarks at LHCb identified via single muon and b-tagged high-pr jet

t

Vs =7 TeV
100.0 ——
: == jx1078
Y 200¢ == bx107
e Backgrounds for tt: — W00l

2
KQD 100 - 7
. - . S S0]
* Real muons, jets: W+bb, W+jets E
5 o
. = .. 05]
e Fake muons, jets: bb, |j I Y e T
50 100 150 200
my,[GeV] )
Atf - dO’t/dn — dUt/dU
* Prospects for top charge asymmetry measurement  —_.., 1~ \do? Jdn + do' Jdn

10+
08+
¢ top rest-frame cannot be reconstructed |
0.6+
0.4

e use U, b pseudorapidity distribution instead 02,

o
20 2.5 3.0 3.5 4.3




