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This talk is mainly based on papers

@ JAAS, M. Pérez-Victoria, “Probing the Tevatron ft asymmetry at
LHC”, arXiv:1103.2765

@ JAAS, M. Pérez-Victoria, “No like-sign tops at Tevatron: Constraints

on extended models and implications for the tt asymmetry”,
arXiv:1104.1385
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Introduction

The FB asymmetry

App in ff CM frame is the top quark FB asymmetry in opening angle 6

N(cosf >0
N;(cos@ > 0) + N,(cosf < 0)

N;(cosf <0
App = ( )

) —
)

or, since in CM frame N, (cos 6 < 0) = Nz(cos @ > 0),
) —

Ni(cos @ > 0) — Ni(cos 6 > 0)

A =
B N;(cos @ > 0) + Ns(cosf > 0)

Agp is a charge asymmetry where the initial partons stay fixed

1= not to be confused with C, charge conjugation symmetry

QCD tree level FB symmetric [V coupling; compare with Agg at LEP]
=>  Apg is generated at NLO in QCD
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Introduction

The FB asymmetry at Tevatron

Since some time there were discrepancies but in 2011 they got worse:
for miz > 450 GeV there are 3.40!

AN = 0.088 +0.013 Apg = 0.475+0.114
This is an endless source of models for theorists!
Unfortunately, models are not so easy because o = osm
o(tt) = osm + 00int + 00quad 15 00ing + 00quad =~ 0

in some models this requires a new amplitude A,y ~ —2Asm m

that should have effects elsewhere s fftailat LHC &
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Introduction

We don’t know the NP (if any) and we haven’t seen new resonances:

working with effective operators is an excellent choice

Effective operators parameterise effects of new physics at scale A > v

=>»  gauge symmetry unbroken

Leti = L4+ Lo+ Lg+ ...

where
L4 = Lsm - SM Lagrangian
Le = %OX =>» O, dim-6 gauge-invariant operators
Ls ' -> usually ignored
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Introduction

Here we are not doing anything new, nor modern

The history of the SM

(1 1933: Fermi introduces 4F interaction to explain 3 decay

@ 1958: V — A structure is determined { "o Gefl-Mann. PR 109.(1958) 193
: Sudharsan, Marshak, PR 109 (1958) 1860

Glashow, NP 22 (1961) 589

@ 1961-1968: birth of EW theory { Weinberg, PRL 19 (1967) 1264

Salam, Proceedings (1968)

@ 1983: UA1 and UA2 discover the W and Z at CERN
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Introduction

Heavy physics and 4F operators

(new) heavy VB
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Introduction

Heavy physics and 4F operators

Integrate

—

(new) heavy VB 4-fermion interaction
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App in the effective framework

Agp 1n the effective framework

Studies done using effective operators are often referred to as ‘model
independent approach’ because using them you can parameterise

corrections from any decoupling heavy physics to cross sections, etc.
Example: uit — tf, dd — tf and 4F operators
20 independent dim 6 operators contribute

2. 1133 3113 3113 3311 1331 3113 3113
I/A . qu’ ’ qu > Ouu ’ Oud’ > Oqu ’ Oqu > qu

4. 1133 3113 1133 3311 3311 1331 3113
/A OB 0B olB L oB . oBlt, ol ollB,
3311 3113 1331 3311 1331 3311

o, OB, ol onn. ol 0¥l

[subindices label structure ; superindices are the quark flavours]
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App in the effective framework

Four-fermion operators, for fans

) B - ) )
03’: = Hquiv"q1) (Quvuqu) 0y = 2 @riay* qup) (GrivYuquia)
1
2

O = Y(upiy"ugy) (irytr)

O™ = (wgiy" uy) (dgey,dri) O = (wtriay" urjp) (driv Y dria)

Oiﬂ;l = (Griug;)(drrqrr) OZﬁf = (qriakrjp) (URkbqLIa)
Ukl = (qridr;) (drequi) OZS{ = (qLiadrp) (dRbqLIa)

OZSIE (qrivg;) [(Guee)" dr] OZ];L = (quiattrip) [(qLiv€)" dria]
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App in the effective framework

Agpg with effective operators

Corrections to cross sections in terms of the C’s 1008.3562
F.B D? Di?
Sl (ui) = /1\7112[ [CLII;;S_’_C;;B_’_CE;B} . /1\71121 [C;33‘+C;},13}
F.B/ — D?B 1133 3113 1133 3113 1133 3113
boiun) = Sl [IC” + P o) e, el
D D
+5 [H(c;f,?l,c;i“) +1I( ;j},)ici),”)] + e et
DTl e s o it o)
HICH, G, P, )]

[C’s: operator coefficients ; D’s: numerical constants ; II’s: some functions]

Seems complicated but it’s easy to implement in F77 code &
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App in the effective framework

Corrections up to order 1/A* ?

For the range of parameters required to explain the asymmetry,

quadratic corrections are important.

1= remember that A,ew ~ Asm
However, we have to worry about consistency: dim 8 not considered!
For extra vector bosons and scalars approximation consistent because:

e for C small, A* does not matter

o for C large, SM x dim 8 ~ C/A* is subleading with respect to
(dim 6)> ~ C2/A*.
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App in the effective framework

Agpg with effective operators

This has been done in several places with several approximations
1/1\2 : o 0912.1105, 1008.3869, 1010.6304

1/A*: 10083562, 1103.2297

BUT

We also want the ‘theory connection’.

Rembember history of the SM. We want to see which NP could be
generating this, if any.

Effective operators are not the theory!
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App in the effective framework

The bridge to theories

Now, which can be the “heavy new physics” in the case of gg — f£?

e Z' or g’ in uii — ff, s and t-channel

e W indd — fi, t-channel

@ charge 4/3 vector boson in uu — ff, u-channel
° ...

@ and also scalars!

Fortunately, the possibilities are limited by group theory. Only 18!

Lagrangian terms are SU(3) x SU(2), x U(1)y singlets:

types of bosons determined by quantum numbers of quarks
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App in the effective framework

Colour:
3@3=8a1
33=6®3
Isospin:
2@2=3a1
2®@1=2
1®1=1
Hypercharge:

SY=0

Vectors Scalars
Label Rep. Label Rep.
B,u (171)0 ¢ (132)7%
Wi (1.3) ° (32
B, (1,1) w31y
G, (8,1)o Q! (6, 1)7%
HM (8, 3)() w4 (3, 1)_%
G, (81) Qr(6,1)_s
Q, (3.2 o (3,3)_y
Qo (32 S (6,3)1
y}L (67 2)%
yz (67 2)—%

J. A. Aguilar Saavedra
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App in the effective framework

Important comments

We need a different notation because, for example, a Z’ can be an
SU(2), singlet B,, or belong to a triplet W, (in SM both).

% Any model will have a number of particles and multiplets in any

of these representations.

For each representation we can obtain the contributions to

uit, dd — ft in terms of 4F operators (see next slide).
These contributions sum up linearly (more on this later).

% We are considering all models. We are model-independent!
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App in the effective framework

From the Lagrangian to effective operators

couplings g;;i
plings g;; => effective operators C, A =M

masses M
3113 133 3113 3311 1331 3113 3113
CM qu’ Cu Cud/ Cqu Cqu qu
2 2
B, —leds | - —leisl - - - -
2 2
Wy 18131 —2|g13] - - - - -
11,9 12 14 4 el 1 | 1,9 1,4 1,9 ,d
u u u
Gu 51813l — 2811833 O — 7833811 2811833 2833811 2833811
. R 2811833
H —é\g13\2 j‘g]3| _ _ _ _ _
" —811833 +%g11233
1 1 2
B, - - - 1 - - -
1 1 2
G, - - - 1318131 - - -
1 2
al, . - - - - - lg13]
5 2 2
(239 - - - - g3t 13l -
1 2
vl _ _ - - - - —1lesl
5 2 2
A% - - - - —1leal — 121l

metry at LHC



App in the effective framework

The bridge to theories: how to

Model X has a Z| (in rep B,,) with mass //; and couplings
—(glsm . + gisurtr + .. ) 71, + hee.

and a Z), (in rep B,,) with mass M> and couplings
—(hi{sat, + Risupyig + ... ) 23, +hec.

Then, you look in the tables and find the coefficients

I () G (i G < S L1 i

uu

A2 Ml 2 M22 ’ A2 M] 2 Mzz )

from which you calculate your o, Afg, etc. Just add up!
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Constraints on popular models

Constraints on popular models

Many popular models explaining App fall into one of these classes ...

@ 7' in t-channel
e W in t-channel
@ scalar sextets or triplets in u-channel

@ ¢’ in s- and/or t-channels

. and, in any case, combinations are straightforward to discuss once

the contributions from all representations are known
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Constraints on popular models

Example #1: Z/ (t channel)

Large cancellation Apeyw ~ —2AgsMm required to fit o and Apg

Large coupling g ~ 2.5 TeV~!  [1/A* required]

o at Tevatron Arp at Tevatron
10°F ] 07 T
0.6
05
"i:; 10°F é 04r |
P ﬁ 03 '/
— 3, inclusive
02 M’M inclusive 7
- QI“ mﬁ>450 GeV
ok [(R1= W, m;>450 GeV| ]
TR
0 00 é Jl t") 8
Ig/ A (TeV™) I/ A (Tev™)
Notice that at order 1/ A? o and App are reduced 1010.6304
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Constraints on popular models

For a single Z' boson, this implies like-sign 7 production
_ El C1313 C1313 2 C1313 2
o(t) = P|qq + qq’|+|uu|
qu’

13132 13132 2 1313 ~1313%
+22 [|CW/| +]CRPP 4 2Re CBBCY ]

+55 {RecuP el + L[ICRR P + 1P }

No model-independent relation between #¢ and #7. Independent operators!

AgB O’(ﬂ) A | d
elate
C3113 — 17 12 (1313 _ _ (o9 )2 — FB I
qq . |g13| qz . (813)2 to U(tt)
Ca® = —lghsl* G = —(gh)
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Constraints on popular models

New CDF limit on like-sign ¢t with 6.1 fb~! CDF note 10466, 07/04/11

excludes models with a heavy Z' contributing sizeably to Apg

O — L B s S S S
[e| |2 2| i =77
06| & 3 g
[ X 9 A 8
e I = 1
0.5 :
g 04f ;
 f ;)
) E ;
< 03: 3
s i — B, inclusive
0.2 W, inclusive
F -- B, m;>450 GeV
C /)
0.1 .1 A W, my>450 GeV
S 4
s = ‘ :

o
]
IS

6 8
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Constraints on popular models

However ... cunning physicists build models with light elusive
particles hard to see anywhere but in # production . ..

For t-channel new physics, effective operators overestimate Agg and o (1)
1= models with Mz < 200 GeV still viable

Agp at Tevatron

04r ‘ .
S 03 "
> s
O e
> g
2 .
< /
A 02 J -
= /
S
~ r/
e [
< oaf/ ]
/ 3 ) ,
b |C/A =-58TeV ~-~- Z' t-channel
oL | | L | L
500 1000 1500 2000 2500 3000
A (GeV)

o (tt) at Tevatron

0.6 T T T T
05 |
~ L ST ]
204k P B!
& Mo — 4F
T , 2 === Z' t-channel ]
T03Fe o AL=03 7]
= / CDF6.1 " ]
B 02 e B
/ ]
/
0.1f 3 > 4
/ | Tevatron C/A” =-5.8 TeV ]
0 | | I | 1 1
500 1000 1500 2000 2500 3000
(GeV)
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Constraints on popular models

In any case, models with a 7-channel Z’ can be probed and eventually
excluded with 2010 LHC data

10°F E

[ "’/v“ — i

— lOz; i === Z t-channel|
] ¢t/ » Ay=03 E
T mL" LHC35 pb” 4
= g ........................................................................... El
s r 1
c ]
r LHC 1 fb 4

3 E

z :

Lo b b e b b L]

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
A (GeV)
still one possible escape: introduce more than one Z’ 1103.4835

[two degenerate Z’ with couplings differing by i give no contribution to #]
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Constraints on popular models

BUT

one probe from which you cannot escape is #f production itself:

if you have something anomalous in #f at Tevatron

% something anomalous in #f must be seen at LHC

. . . not dominated by gg — tt
The best candidate is the #7 tail: . )
more sensitive to heavy physics
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Constraints on popular models

Arbitrary heavy Z' (s and ¢ channels)

S

0.3

0.2

0.1

Apy (m>450 GeV)

15 2 25 3 35 4 45 5
G /0, (m;>1TeV)

o
n

App >~ 0.28 implies 5 x tail above 1 TeV for LHC
=> excess should have been already seen
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Constraints on popular models

. and for lighter Z' . ..

For light #-channel Z’, effective operators overestimate Agg and tail

1= more luminosity needed to see or exclude

Agp at Tevatron

tail at LHC

041 T T 10 T T T
0 o 1
£ 0 T P e
3 I - < -
o r - 6k P ]
o) b A -7
< 7/ - -
n 02 1 = s
" / = -
= ’ = 4 ’ -
S [ 2 . 7
e e — 4F
< 01/ o ] © Ad 7 === Z tchannel| 7
/ 2 2 i 2 2 e A_=03
C/N =-58TeV C/N =-58TeV B
0 Il Il 1 Il 1 0 Il Il 1 1 1
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
A (GeV) A (GeV)
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Constraints on popular models

Example #2: colour-sextet and triplet scalars

AP e
[ o

~~ [ ‘u‘d

503

R

O

=3

2}

~

A 021

E,_

/M

< 0lF

A P F T N P B
%.5 1 1.5 2 2.5 3 35 4 4.5 5
G /G, (m, >1TeV)

Arp >~ 0.3 implies 5, 8 tail above 1 TeV at LHC J
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Constraints on popular models

Example #3: W’ in t-channel

1
. B,
~1

9u

=
=
[

e
=
G

Agy (m>450 GeV)
=)
5
L L L
\

P P
225 3 35
6 /Gy, (m;>1TeV)

o2
|
-
i
~

4.5

w

App ~ 0.3 implies 19x, 25 x tail above 1 TeV at LHC J
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Constraints on popular models

Example #4: g’

0.6 e e
. 04f
< [
D A
4] L . ..-v"‘.'w%?'
P e
<t [ g TR Ky U TR N
AT 652?’3??%{%&%%%&!& AR
& oo

E o1
= o2f Gu

[ s

04l b e b e b e 00

’%’.5 1 1.5 2 35 4 4.5 5

25 3
6/0g,, (m.>1TeV)

Apg ~ 0.3 with 1.5x tail =>» testable in near futureJ
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Constraints on popular models

A large asymmetry with a small 77 tail

The asymmetry can be large with not too large couplings provided

Sol (un) = —608 (uin)

do (dd) = —d0® (dd) } = dolgq — 1) =0

This happens at all energies provided that
P+t = [+ e
P vaci] = et

Looks complicated? It’s automatic for an axigluon: —g# = g4 = g

Possible in other models: necessary LL + RR = LR + RL for uii and dd
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G (pb) /20 GeV

10 L 1 L L | I
300 400 500 600 700 800 900

Constraints on popular models

Tails corresponding to Apg = 0.366  (best fit)

. — SM+4F
-- SM

Tevatron

1000
mg ( GeV)

1.5x tail above 700 GeV

(within exp. error)

G (pb) /20 GeV

2 I I I 1 I I L L L
10300 400 500 600 700 800 900 1000 1100 1200 1300

m; (GeV)

2.3x tail above 1 TeV

testable soon?
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Constraints on popular models

The 7t tail at LHC is a crucial test
Already with 2010 data it may exclude* many models:
0 7
o W
o colour-triplet scalar w*
e colour-sextet scalar Q*

@ colour-sextet isodoublet scalar X

* unless the new physics is very light
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Constraints on popular models

CMS public data (ATLAS not public yet)

80
F CMS Preliminary
70136 ph™at\s = 7 TeV

E i
= E
= ]
T 60 —e— Observed (95% CL) |
E’ 50; Expected (95% CL) é
oM F ]
X 40F + 10 Expected E
N C ]
© 300 + 20 Expected !
E F ]
3 20 E
o . f b
Q 10 b
=3 C 4
:) [ &
0 I R T |

0.4 0.6 0.8 2

16 1.
m,,. [TeV/c?]

If App is due to new physics, we should see enhanced # tail at LHC.
Data start to prefer a large tail but not a huge one. A careful analysis

is compulsory!
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Constraints on popular models

Summary




Constraints on popular models

ADDITIONAL SLIDES
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Constraints on popular models

Models with s-channel resonances

For s-channel new physics, effective operators underestimate tail at

LHC: effects can be much larger ...

Agp at Tevatron

tail at LHC

0.5 T T T 30

0451 25k — 4F 3
~ ~ s -~ o s-channe
% % & s-channel
O 04D b = 204 N ¢ Ay =036 |
e b e S - N RN
< e LN
N 035F E = isk = E

@ 03¢ b o 10k RN 1

= © 2 2 Tt

02sf > n E sEoloa’=1Tev S

C/N =1TeV
(,125”‘\ P I B " L - 0 | | I I I
00 1750 2000 2250 2500 2750 3000 1500 1750 2000 2250 2500 2750
A (GeV) A (GeV)
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Constraints on popular models

Efficiency at 7 tail

0.90
0.85— _

08 ]
> r ]
- r / /00—
= L RS S ]
- [ e ]
A 080F T ]
g el ]
5 [ 1
~ r=-" | 7
075 SM 1t 4

L —4F 4

/N’ =-58Tev” --- 7 tchamel| ]

L b b L ]

7 250 500 750 1000 1250 1500 1750 2000 2250 2500
A (GeV)
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Constraints on popular models

Efficiency for 7t at Tevatron

i T G ]
0.6~ /,” 4
L ]

L/ 4, ]
o5 -
0.4 4
L — 4F j

[ === Z' tchannel| ]

o e b b b b b b by
O'?OO 200 300 400 500 600 700 800 900 1000

A (GeV)
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Constraints on popular models

Efficiency for 7t at LHC
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