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Outline & Rationale*

♦ Why is the top quark interesting, why in flavor conference?

* Hundreds of papers, just give brief subjective impression.

mass & Xsection,
forward backward 

asym’ (AFB)

Just because: 
(i) Perturbative, we can calculate; 
(ii) Special, we can measure stuff.

2



Outline & Rationale*

♦ Why is the top quark interesting, why in flavor conference?

* Hundreds of papers, just give brief subjective impression.

mass & Xsection,
forward backward 

asym’ (AFB)

Just because: 
(i) Perturbative, we can calculate; 
(ii) Special, we can measure stuff.

♦ Conclusions.

Theoretical importance: 
(i) Affect electroweak physics 
     & electroweak sym’ breaking;
(ii) Yields the most severe fine tuning problem;
(iii) Dominates flavor & CP violation (CPV)+(ii)
       expect new top contributions to flavor & CPV.

stability, 
top partners &

resonances,
up flavor, 

alignment & 
burried squarks,

flavoverse
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Just because, interesting calculations & measurements  
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Producing Top Quarks 
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Tevatron  

Fermilab 

1 km 

CDF 
D0 

Main Injector 

PIC 2009 – Kobe, Japan Bernd Stelzer, Simon Fraser University 

- The Energy Frontier -!

LHC 

CERN 

•! 1.96 TeV pp collider 

•! Run II started in 2001 

•! Record Inst. Lum. 3.6!1032 [cm-2sec-1] 

Most of the results 

•! 14 TeV pp collider 

•! Restart in Nov 2009 at 7 TeV 

•! Inst. Lum. 1032-1034 [cm-2sec-1] 
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Brief outlook 
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Top mass/Yukawa & production Xsection 
♦ Tevatron: top mass now known to 0.5%,  mt = 173.2 ± 0.9 GeV

Tevatron combination (11).

!W,Z, higgstop

H,Z                                  H,Z

t

t̄

W                 W

t̄

t

Standard Model (SM): top coupling to Higgs is perturbative but LARGE:  yt ' 1

Quantum effects (virtual tops) => dramatic impact on EW & flavor phys.: 2Nc yt2

16⇡2
' 5%

♦ Theory: t-Xsection (Tevatron) now known to NNLO (+NNLL resum’)

Bärnreuther, Czakon & Mitov (12).

NNLO phenomenology at the Tevatron: 

 Two loop hard matching coefficient extracted and included 
  
 Very week dependence on unknown parameters (sub 1%): gg NNLO, A, etc. 

 
 ~ 50% scales reduction compared to the NLO+NNLL analysis of  

Cacciari, Czakon, Mangano, Mitov, Nason ‘11 

 Independent F/R scales 
 MSTW2008NNLO 
 mt=173.3 

P. Bärnreuther et al arXiv:1204.5201 

Best prediction at NNLO+NNLL 

NNLO 

Resumed (approximate NNLO) 

Top physics: theory                                                                     Alexander Mitov                                                                     PLHC, Vancouver, 7 June, 2012 

Will be discussed in detail, WG VI.
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Theoretical approaches for Mtop determination  
 
 Approach 3 of 3: Extract Mtop from the top cross-section.  

 
 Theoretically very good control. 

 
 Extraction not as sensitive to Mtop : (δMtop/Mtop) = ± 3%. 

 
 A good independent cross-check. So far well consistent with direct measurements. 

Beneke, Falgari, Klein, Schwinn `11 

 Proposed idea: extract MSbar mass; not pole mass 
  
 Makes little difference (as expected) 

Langenfeld, Moch, Uwer `09 
 
Ahrens, Ferroglia, Neubert, Pecjak, Yang `11 

Similar extractions from:  
Langenfeld, Moch, Uwer `09 
Ahrens, Ferroglia, Neubert, Pecjak, Yang `11 

Ahrens, Ferroglia, Neubert, Pecjak, Yang `11 

Best extraction: 

Top physics: theory                                                                     Alexander Mitov                                                                     PLHC, Vancouver, 7 June, 2012 

Xsec’, consistent, 

less sensitve to mt . 
(Mitov, PLHC12)

Will be discussed in detail, WG VI.
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 Approach 3 of 3: Extract Mtop from the top cross-section.  
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Langenfeld, Moch, Uwer `09 
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Best extraction: 

Top physics: theory                                                                     Alexander Mitov                                                                     PLHC, Vancouver, 7 June, 2012 

Xsec’, consistent, 

less sensitve to mt . 
(Mitov, PLHC12)

But possibly one step from
shedding light 

on a Tevatron anomaly!

Will be discussed in detail, WG VI.
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• Combined CDF+DO results: 

 

 

 

 

• If QCD is small, can such large effects be due to heavy 
(non-resonant) new physics? 
→ first lessons from Effective Field Theory 

→EFT implications for the LHC 

 

• What naturalness has to say about AFB? 
→SUSY: ?? (see maybe Kamenik & Isodori ‘11) 

→warped extra-dimension or 4D strong dynamics: need to deviate 
from the generic flavor paradigm 

 

Synopsis 

AFB
inclusive  (18±4)%  

AFB
>450GeV  (28±6)%  

 

in ttbar  
rest frame post-Moriond 2012 

→ this talk 

QCD+EW state of the art: AFB
[inclusive|>450GeV]  [6.6|10]% ±?? (NLOx30%?) 

see A. Mitov talk Delaunay, Top physics workshop, CERN 12; Amidei, Top12, Winchester.

Tevatron’s t¯t forward backward asymmetry.

2 kind of anomalous asymmetries (6 measurements):

(i) Top forward backward asymmetry (AFB).

(ii) Lepton asymmetry (Al).

l

Starring

Two important top asymmetry observables at Tevatron

Belle de Jour: top (�y) asymmetry

At¯t =
N(yt > y

¯t)� N(yt < y

¯t)

N(yt > y

¯t) + N(yt < y

¯t)

Poor Cousin: lepton asymmetry

A` =
N(qlyl > 0)� N(qlyl < 0)

N(qlyl > 0) + N(qlyl < 0)

Parton level results for lepton+jets channel

CDF with 8.7 fb�1

At¯t = 16.2± 4.7%

A` = 6.6± 2.5% (folded!)

D0 with 5.4 fb�1

At¯t = 19.6± 6.5%

A` = 15.2± 4.0%

SM

At¯t = 7-9%

A` = 2%
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At¯t = 7-9%

A` = 2%

To interfere or not to interfere        
The bottom line:Att̄

FB=
�SM

F��SM
B+�NP

F��NP
B

�SM
F+�SM

B+�NP
F+�NP

B
,

NP-SM interference + NP^2 can be either sign.

arXiv: 1102.3374 - Phys.Rev.Lett.107:012002,20
11. 

Grinstein, Kagan, Trott, Zupan

Smoking gun for new physics interference?

(11.8 ± 3.2)% ' 4%
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Synopsis 
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�SM
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,

NP-SM interference + NP^2
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arXiv: 1102.3374 - Phys.Rev.Lett.107:012002,2011. 

Grinstein, Kagan, Trott, Zupan

Smoking gun for new physics 
interference?

AFB & Al within the SM

Higher order soft effects probed. No essential new effects (beyond Kuhn & Rodrigo).
Awaiting for real EW calculation & most importantly the NNLO answer!

Kuhn, Moch, Penin & Smirnov (01); Almeida, Sterman, Wogelsang (08);Melnikov, Schultze (09); 
Ahrens, Ferroglia, Neubert, Pecjak, Yang; Kuhn & Rodrigo; Hollik, Pagani (11); 
Manohar, Trott; Skands, Webber, Winter (12).

CERN, June 27, 2012J. Zupan     Recent anomalies in...

SM origin of the 
asymmetries

• nonzero AFB from (û-t̂)-odd contributions

• in QCD at O(#S3)

• additional EW contribs. 

• SM predictions

• Tevatron: (AFB)SM~7-9% (q̄q init. state dominates) 
7

Kuhn, Rodrigo hep-ph/9802268; hep-ph/9807420
Ahrens et al, 1106.6051

Hollik, Pagani, 1107.2606
Kuhn, Rodrigo, 1109.6830
Manohar, Trott, 1201.3926

♦ Contribution to AFB start at NLO QCD, i.e. ~(αS)3.   Kuhn & Rodrigo (98)

♦ Contribution to Al , now known to full NLO. Bernreuther & Si(10,12);
Campbell & Ellis (12).
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asymmetries

• nonzero AFB from (û-t̂)-odd contributions

• in QCD at O(#S3)

• additional EW contribs. 

• SM predictions

• Tevatron: (AFB)SM~7-9% (q̄q init. state dominates) 
7

Kuhn, Rodrigo hep-ph/9802268; hep-ph/9807420
Ahrens et al, 1106.6051

Hollik, Pagani, 1107.2606
Kuhn, Rodrigo, 1109.6830
Manohar, Trott, 1201.3926

♦ Contribution to AFB start at NLO QCD, i.e. ~(αS)3.   Kuhn & Rodrigo (98)

♦ Contribution to Al , now known to full NLO. Bernreuther & Si(10,12);
Campbell & Ellis (12).
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Al vs. AFB “uncorrelation” plots (D0, CERN Top Phys. workshop, 12)

Bottom line: among few serious anomalies, perturbative 
nature, should able to get sharp predictions within SM!
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Some features of new physics (NP) interpretations*

♦ Top asymmetry is special, not only top sector is probed: 
uū & tt̄Large asymmetry (PDFs) => new dynamics couple to both                  .

(furthermore the lepton asymmetry need not be related to top physics) Falkowski, GP & Schmaltz (11)

To interfere or not to interfere        

The bottom line: Att̄
FB =

�SM
F � �SM

B + �NP
F � �NP

B

�SM
F + �SM

B + �NP
F + �NP

B

,

NP-SM interference + NP^2
can be either sign.

arXiv: 1102.3374 - Phys.Rev.Lett.107:012002,2011. 

Grinstein, Kagan, Trott, Zupan

Smoking gun for new physics 
interference?

To interfere or not to interfere        

The bottom line: Att̄
FB =

�SM
F � �SM

B + �NP
F � �NP

B

�SM
F + �SM

B + �NP
F + �NP

B

,

NP-SM interference + NP^2
can be either sign.

arXiv: 1102.3374 - Phys.Rev.Lett.107:012002,2011. 

Grinstein, Kagan, Trott, Zupan

Smoking gun for new physics 
interference?

Grinstein, Kagan, Trott, Zupan (11)
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negative Xsec’ favors,
new physics interference.

* Hundreds of papers, just give brief subjective impression.

♦ Challenged by agreement \w SM Xsec’ => SM-NP interference.

♦ Two broad classes of models: (i) hard physics; (ii) on shell physics.
CERN, June 27, 2012J. Zupan     Recent anomalies in...

the problem

• indications that AFBtt ̄ at Tevatron is 
anomalously large

• the top cross section agrees with  
predictions

6

Att̄
FB =

�F � �B

�F + �B

Ahrens et al., 1003.5827
CDF, 0903.2850
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Relevant observables (constraints) @ the LHC

♦ Charged asymm’ Ac , large errors, consistent \w  SM,

♦     spectrum finally approaching the 2TeV barrier, both differential 

& cumulative distributions consistent \w SM (more below):   

tt̄

ATLAS
AC(l+jets) = -0.018 ± 0.028 ± 0.023  
AC(dilept.) =  0.057 ± 0.024 ± 0.015  
AC(comb.) =  0.029 ± 0.018 ± 0.014

MC@NLO:     0.006 ± 0.002

CMS
AC(l+jets) = 0.004 ± 0.010 ± 0.012

MC@NLO:    0.0115 ± 0.0006
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Fig. 2 Distributions of the reconstructed (a-b) t  t mass, mt  t , (c-d) the t  t transverse momentum, pT,t  t , and (e-f) the t  t rapidity, yt  t , before background
subtraction and unfolding. Data are compared to the expectation derived from simulation and data-driven estimates. All selection criteria are
applied for the (a, c, e) e+ jets and (b, d, f) µ+ jets channels. The uncertainty bands include all contributions given in Sect. 6 except those from
PDF and theory normalization.

mtt Enhancement Results
‣ A counting experiment is performed 

for all events with mtt > 1 TeV

‣ Limit set on S -- the ratio of number of 
events above 1 TeV with the 
enhancement to the SM contribution

‣ Observed S < 2.6 at 95% CL
‣ Expected 1σ range [2.0, 3.5]
‣ Expected 2σ range [1.7, 5.5]
‣ Expected S = 2.5

‣ Models predicting enhancements of 
more than 2.6x the SM top pair 
production rate are excluded

20

arXiv:1204.2488

< 2.6 at 95% CL
CMS:1204.2488.
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Hard physics explanation (e.g.: heavy axigluon-KKgluon variety)

♦ A rough idea is obtained from effective field theory (EFT) analysis: 
[Delaunay, Gedalia, Hochberg & Soreq (12)]   

AFB via EFT

✦ Heavy NP yield a simple description: (dim’ 8 not important)

i. Two leading op’ interfere to contribute to AFB:

                                    

3

We conservatively use this result, as that of [47] would
be less constraining given our framework.

(iii) The tt̄ differential cross section, which for sim-
plicity we choose to represent by the following large Mtt̄

bin [48]:

σh ≡ σtt̄(700 GeV < Mtt̄ < 800 GeV) = 80 ± 37 fb ,
(10)

to be compared with the SM prediction [2, 47], σh =
80 ± 8 fb. The choice of this specific bin requires some
explanation.

• Since we focus on new physics which contributes to
the tt̄ cross section ∝ (Mtt̄/Λ)2 relative to the SM,
the corrections to lower Mtt̄ bins are less significant.

• In the more recent study of [1], which was based on
a larger sample, there is some discrepancy above
800 GeV (note however that the data in [1] is not
unfolded to the partonic level and so cannot be di-
rectly used). Hence we choose to use the next-to-
last bin given in [48].

In order to minimize the impact of NLO corrections
to the new physics (NP) contributions, we normalize the
new physics contribution to the SM one. We assume that
the K-factors are universal, so that the NP/SM ratios at
LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent
Eqs. (9) and (10) as follows:

Ni ≡
∣

∣σNP
i /σSM

i

∣

∣ ! 0.1 ,

Nh ≡
∣

∣σNP
h /σSM

h

∣

∣ ! 0.5 . (11)

Leff for tt̄ production. The basic assumption that
we aim to test is that the source of the large value of Att̄

h is
new physics that is characterized by a mass scale Λ that is
larger than Mtt̄ in all the measurements that we consider.
In such a case, the new physics can be represented as a
set of effective operators. These operators must lead from
an initial uū state to a final tt̄ state. (The contribution of
dd̄ → tt̄ at the Tevatron is at most 15% that of uū → tt̄
for Mtt̄ above 450 GeV, as relevant for the observables
that we consider.) When expanding in inverse powers
of the scale Λ, the leading NP contributions to top pair
production appear at O(1/Λ2):

|M |2 = |MSM|2 + 2Re(MSMM∗
NP) + O(1/Λ4) . (12)

Therefore, we should consider dimension-six operators
that interfere with the SM amplitude. There are two
such four-quark operators:

L4q
eff =

1

Λ2

(

c8
AO

8
A + c8

V O8
V

)

,

O8
A = (ūγµγ5T au)(t̄γµγ5T at) ,

O8
V = (ūγµT au)(t̄γµT at) . (13)

Below, we consider the effects of these two operators on
the forward-backward asymmetry and on the differential
cross section in top pair production. We work only at
leading order, using the MSTW PDF set [49] and run-
ning of the strong coupling at leading order. We use fac-
torization and renormalization scales given by the par-
tonic center of mass energy. Note that all other possi-
ble Lorentz structures (scalar, pseudoscalar, tensor and
pseudotensor) and the other possible color contractions
do not interfere with the SM amplitude.

In addition to the four-quark operators, there is a chro-
momagnetic dipole operator,

Ltg
eff =

ctgv

Λ2
(t̄σµνT at)Gaµν . (14)

Here v is the vacuum expectation value of the Higgs field,
reflecting the fact that the operator breaks SU(2). The
corresponding chromoelectric dipole operator violates CP
and, therefore, does not interfere with the SM amplitude.
The interference of the chromomagnetic operator requires
a chirality flip. Consequently, the corresponding operator
involving the up quark is suppressed by mu and therefore
negligible. Thus, among the dipole operators, Eq. (14) is
the only one that we need to consider.

The interference of the ctg term with the SM amplitude
does not contribute to the forward-backward asymmetry.
As concerns the contribution to the cross section, it falls
like 1/M2

tt̄. We learn that it does not affect Att̄
h , and its

effect on Nh and Nb is negligible. We therefore do not
discuss it any further and focus just on the effects of O8

A

and O8
V .

The forward-backward asymmetry. It is con-
venient to represent the new physics effects on Att̄ as
follows:

(Att̄)NP =
σNP
−

σSM
+ + σNP

+

, (15)

where σ± ≡ σ(∆y > 0)±σ(∆y < 0) and ∆y is the rapid-
ity difference, ∆y = yt − yt̄. Among the two operators of
Eq. (13), only O8

A contributes to σ− . If this is the only
NP operator, the NP contribution to Att̄

h is

(Att̄
h )NP % 0.17

c8
A

Λ2
TeV

, (16)

where ΛTeV = Λ/TeV. Requiring that (Att̄
h )NP ∼ +0.4±

0.1, we obtain

c8
A/Λ2

TeV ∼ 2.4 ± 0.7 . (17)

Eq. (17) implies, in turn,

(Att̄
l )NP ∼ +0.10 ± 0.03 =⇒ Att̄

l = +0.14± 0.04 , (18)

about 1.7σ higher than the experimental result in Eq. (8).
In addition, Eq. (17) predicts (Att̄)NP ∼ +0.21 ± 0.06,
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corresponding chromoelectric dipole operator violates CP
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The interference of the chromomagnetic operator requires
a chirality flip. Consequently, the corresponding operator
involving the up quark is suppressed by mu and therefore
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the only one that we need to consider.

The interference of the ctg term with the SM amplitude
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0.1, we obtain
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Eq. (17) implies, in turn,

(Att̄
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l = +0.14± 0.04 , (18)

about 1.7σ higher than the experimental result in Eq. (8).
In addition, Eq. (17) predicts (Att̄)NP ∼ +0.21 ± 0.06,

There are four additional orthogonal combinations of color contraction, which are given by:

O1
V = (ū⇤µu) (t̄⇤

µt) , O1
A =

�
ū⇤µ⇤

5u
⇥ �

t̄⇤µ⇤5t
⇥
,

O1
AV =

�
ū⇤µ⇤

5u
⇥
(t̄⇤µt) , O1

V A = (ū⇤µu)
�
t̄⇤µ⇤5t

⇥
.

(9)

The list of dimension six operators is concluded with eight scalar and two tensor operators:

O1,8
S = (ū T1,8u) (t̄ T1,8t) , O1,8

P =
�
ū T1,8⇤

5u
⇥ �

t̄ T1,8⇤
5t
⇥
,

O1,8
SP = i (ū T1,8u)

�
t̄ T1,8⇤

5t
⇥
, O1,8

PS = i
�
ū T1,8⇤

5u
⇥
(t̄ T1,8t) ,

O1,8
T = (ū T1,8⌃

µ�u) (t̄ T1,8⌃µ�t) ,

(10)

with T1 � 1 and T8 � T a .
The above dimension six operators contribute to top pair production at O(1/�4) as well, via

the square of their amplitudes. Another type of contribution at O(1/�4) comes from chirality-
conserving dimension eight operators that interfere with the SM. These can be constructed by
applying two covariant derivatives in various ways to the operators in Eq. (7). However, naive
dimensional analysis shows that their value is given by c2/(16⇧2) , where c is a typical dimension
six coe⇤cient. We have verified numerically that their e⇥ect is at most of order a few percent, and
thus they can be safely neglected.

Note that in principle there are also dimension six chromo-magnetic/electric u and t dipole
operators that can be considered. Their e⇥ects at O(1/�2) were shown to be negligible in [40].
As they involve chirality flips, their contributions at order 1/�4 are suppressed by at least (mt/�)
compared to their 1/�2 e⇥ects. There are also chirality-flipping dimension eight operators which
interfere with the SM. These can be neglected either by naive dimensional analysis considerations
on top of the (mt/�) suppression factor.

To conclude, we describe the hard region of the tt̄ physics by the following e⇥ective Lagrangian:

Le� =
⌥

i

ci
�2

Oi , (11)

where the ci are real coe⇤cients and the operators Oi are listed in Eqs. (7)-(10). Below for
simplicity of notation, ci will denote ci/�2

TeV, where �TeV � �/TeV . In our analysis we perform all
calculations at leading order and neglect renormalization group running and mixing. Consequently,
we also do not discuss the contribution from operator mixing to dijet production at the LHC [13].

4 Relating Operators to Data

We now write the contribution of the operators to the various observables of interest. We first
focus on the vector operators of Eqs. (7)-(9).

It is natural within the vector sector to distinguish between the operators that interfere with
the SM and those that do not. The latter set of operators can be parameterized by:

w2
± � 1

2

⇧�
c8V A ± c8AV

⇥2
+

9

2

��
c1V ± c1A

⇥2
+

�
c1V A ± c1AV

⇥2 
⌃

,

R2 � w2
+ + w2

� , tan ⌅ � w�/w+ .

(12)

The relevant observables of Sec. 2 then take the simple form

NX ⇥ aXc
8
V + bX(c

8
V )

2 + dX(c
8
A)

2 + eXR
2 , (13)

Att̄
450 =

⇤
�c8A + ⇥c8Ac

8
V +

⇥

2
R2 cos 2⌅

⌅
(1 +N450)

�1 , (14)
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  (chromo-magnetic not important) 

ii. The rest: (focus on vectors only to simplify) 
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conserving dimension eight operators that interfere with the SM. These can be constructed by
applying two covariant derivatives in various ways to the operators in Eq. (7). However, naive
dimensional analysis shows that their value is given by c2/(16⇧2) , where c is a typical dimension
six coe⇤cient. We have verified numerically that their e⇥ect is at most of order a few percent, and
thus they can be safely neglected.

Note that in principle there are also dimension six chromo-magnetic/electric u and t dipole
operators that can be considered. Their e⇥ects at O(1/�2) were shown to be negligible in [40].
As they involve chirality flips, their contributions at order 1/�4 are suppressed by at least (mt/�)
compared to their 1/�2 e⇥ects. There are also chirality-flipping dimension eight operators which
interfere with the SM. These can be neglected either by naive dimensional analysis considerations
on top of the (mt/�) suppression factor.

To conclude, we describe the hard region of the tt̄ physics by the following e⇥ective Lagrangian:

Le� =
⌥

i

ci
�2

Oi , (11)

where the ci are real coe⇤cients and the operators Oi are listed in Eqs. (7)-(10). Below for
simplicity of notation, ci will denote ci/�2

TeV, where �TeV � �/TeV . In our analysis we perform all
calculations at leading order and neglect renormalization group running and mixing. Consequently,
we also do not discuss the contribution from operator mixing to dijet production at the LHC [13].

4 Relating Operators to Data

We now write the contribution of the operators to the various observables of interest. We first
focus on the vector operators of Eqs. (7)-(9).

It is natural within the vector sector to distinguish between the operators that interfere with
the SM and those that do not. The latter set of operators can be parameterized by:
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2
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c8V A ± c8AV

⇥2
+

9

2

��
c1V ± c1A

⇥2
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�
c1V A ± c1AV

⇥2 
⌃
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+ + w2

� , tan ⌅ � w�/w+ .

(12)

The relevant observables of Sec. 2 then take the simple form

NX ⇥ aXc
8
V + bX(c

8
V )

2 + dX(c
8
A)

2 + eXR
2 , (13)

Att̄
450 =

⇤
�c8A + ⇥c8Ac

8
V +

⇥

2
R2 cos 2⌅

⌅
(1 +N450)

�1 , (14)
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inclusive asymmetry. We therefore use a theoretically-cleaner observable, also relevant for Att̄
450 ,

related to the cross section above 450 GeV, ⇥450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.

In order to minimize the impact of next to leading order (NLO) corrections to the new physics
(NP) contributions, we normalize the latter to the SM one. We assume that the K-factors are
universal, so that the NP/SM ratios at LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent Eq. (3) and the uncertainty on the cross
section above 450 GeV as follows:

|N700| ⇥
⇧⇧⇥NP

700/⇥
SM
700

⇧⇧ � 0.5 , |N450| ⇥
⇧⇧⇥NP

450/⇥
SM
450

⇧⇧ � 0.2 . (4)

It is also intriguing to explore the implications of the new physics in the context of the CDF
boosted jets study [8, 9]. The cross section for ultra-massive boosted jets (not coming from QCD
events) can be estimated as follows [40]

⇥b ⇤
⇤
21� (8.7± 3.1)R�1

mass

⌅
fb, (5)

where ⇥b is the cross section of hadronically-decaying tt̄ with a pT cut of 400 GeV on the leading
jet and Rmass is a parameter that determines the QCD background, as defined in [40, 46]. (An
assumption of naive factorization of the jet mass distribution yields Rmass = 1 , while matched
Monte-Carlo simulations give Rmass = 0.87 [40, 46] with an excellent agreement on this value
between the di⇥erent generators.) The SM prediction for the top contribution is ⇥SM

b = 2.0 ±
0.2 fb [47]. We interpret the excess as top pairs, generated by the new physics source. The
magnitude of this e⇥ect is then [40]

Nb ⇥ ⇥NP
b /⇥SM

b = 5± 2 , (6)

where ⇥NP
b is the new physics contribution to the boosted cross section, assuming Rmass = 0.87.

3 The Operator Basis

As stated above, the basic assumption that we employ is that the new physics is characterized by
a scale � that is larger than the invariant mass of the top pair Mtt̄ in the measurements which
we consider. The natural approach is then to use a set of e⇥ective operators to describe the new
physics. These operators must lead from an initial uū state to a final tt̄ state, and as such appear
at dimension six and higher. (The contribution of dd̄ ⌅ tt̄ at the Tevatron is at most 15% that of
uū ⌅ tt̄ for Mtt̄ above 450 GeV, as relevant for the observables that we consider.)

At O(1/�2), there are only two four-quark operators that interfere with the SM:

O8
V = (ū�µT

au) (t̄�µT at) , O8
A =

�
ū�µ�

5T au
⇥ �

t̄�µ�5T at
⇥
, (7)

where the superscript 8 denotes an octet color structure. Allowing for contributions that do not
interfere with the SM, there are two more vector octet operators at this order:

O8
AV =

�
ū�µ�

5T au
⇥
(t̄�µT at) , O8

V A = (ū�µT
au)

�
t̄�µ�5T at

⇥
. (8)
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The scalar and tensor operators are:

O1,8
S = (ū T1,8u) (t̄ T1,8t) , O1,8

P =
�
ū T1,8�

5u
� �

t̄ T1,8�
5t

�
,

O1,8
SP = i (ū T1,8u)

�
t̄ T1,8�

5t
�

, O1,8
PS = i

�
ū T1,8�

5u
�
(t̄ T1,8t) ,

O1,8
T = (ū T1,8�

µ⌫u) (t̄ T1,8�µ⌫t) ,

(4)

with T1 ⌘ 1 and T8 ⌘ T a . The operators O8
V,A in Eq. (3) interfere with the SM and thus

contribute to uū! tt̄ processes at O(↵s/⇤2), while the rest of the operators in Eqs. (3) and (4)
only contribute at O(1/⇤4).

In principle, there are also chromomagnetic dipole operators involving the gluon field
strength which contribute to uū ! tt̄. Their contribution at O(1/⇤4) is suppressed by at
least (mt/⇤) compared to their 1/⇤2 e↵ects [17]. Their interference level contribution has the
same shape as the QCD Mtt̄ distribution, and so these operators are strongly constrained by
tt̄ cross section measurements at the Tevatron. We thus neglect the chromomagnetic operators
from further discussion. Dimension eight operators interfering with the SM are subdominant
compared to the e↵ects that we consider when the NP couplings are sizable at the scale where
NP is on-shell [17], as is typically required by the large Att̄

FB measurement. As such, they are
henceforth omitted.

The total e↵ective Lagrangian which we consider is then given by

Le↵ =
X

i

Ci

⇤2
Oi ⌘

X

i

ciOi , (5)

where the sum is over the operators in Eq. (3) and (4) and ci are of dimension [mass]�2.
In order to minimize the impact of next to leading order corrections to these NP contribu-

tions, we normalize the latter to the SM one in all calculations. We assume that the K-factors
are universal, so that the NP/SM ratios at leading order and next to leading order are the
same. For an extended discussion, see [16, 17].

3 Global Fit to the Top Tevatron Data

The NP contributions described by the operators defined above can be used to fit the Tevatron
data on top related observables. We begin by describing the relevant measurements. We avoid
the need to deal with correlations in the data by considering only measurements which can be
treated as uncorrelated. We thus use the following Tevatron data and the corresponding SM
estimates:

• Inclusive tt̄ cross section from D0 [21] and the QCD NNLO calculation [22].

• Di↵erential tt̄ cross section as a function of mtt̄ from CDF [23] (Table 3, all bins but the
first), to be compared with the approximate NNLO calculation of [24] (Fig. 12).

• Inclusive tt̄ forward-backward asymmetry as measured by D0 in the lepton+jet channel [6]
and by CDF in the dilepton channel [5], and the corresponding NLO QCD+EW estimate
quoted by CDF in [7].

• Di↵erential tt̄ forward-backward asymmetry as a function of Mtt̄ from CDF and the NLO
QCD+EW estimate [7] (Table XVII).

We fit the Wilson coe�cients of the Lagrangian Eq. (5) to the Tevatron data listed above
using a �2 analysis. Since large interference e↵ects are required by the data [31] we derive
confidence level contours in the plane of the two interfering operators O8

V,A by marginalizing

3
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Figure 1: The result of the �2 fit to the top related Tevatron data, presented in the plane of
c8
V and c8

A , while marginalizing over the rest of the operators. The red, orange and yellow
shaded regions correspond to 1�, 2� and 3�, respectively, and the black dot stands for the
best fit point. The light gray shaded region to the left of the green contour is excluded by the
experimental bound on the tt̄ cross section for Mtt̄ > 1 TeV, Eq. (6).

over all the non-interfering operators. Note that in practice the full tt̄ di↵erential cross section
contains only on 6 independent terms, and so the list of Wilson coe�cients can be combined
into 6 parameters. The result is presented in Fig. 1. The best fit point corresponds to c8

A =
1.35 TeV�2, c8

V = �0.24 TeV�2 and mild contributions from the non-interfering operators. The
goodness-of-fit is 0.88.

We learn that heavy NP which does not interfere with the SM (c8
V = c8

A = 0) is in ⇠ 3�
tension with the data. Furthermore, the absence of the axial-octet operator O8

A is in ⇠ 2�
tension with the data. Qualitatively, the non-interfering operators do not relax the need for
interference mainly due to their rapid growth with Mtt̄ , which makes them strongly constrained
by the measurement of the di↵erential cross-section in the hard regime.

If the heavy NP generates a single operator of definite chirality for each color structure,
then a positive Att̄

FB can be induced through either left-handed up quarks and right-handed top
quarks or vice versa. In the vector-axial basis defined in Eq. (3) this corresponds in particular
to c8

V = �c8
A , a↵ecting at the interference level both the tt̄ cross section and the asymmetry.

Indeed we find that the fit in the chiral case is worse by at least 2� than the best fit point in the
general case. For concreteness, at the minimum of ��2 in the chiral case, we find Att̄

FB . 20%
and ⇠ 2� tension with the di↵erential cross section.

4 LHC Predictions and Constraints

We now discuss predictions for LHC measurements arising from the EFT description of the top
Tevatron data. We first compare the above fit results with existing LHC data based on the
7 TeV run, and then provide predictions for the 2012 run at 8 TeV.

Regarding the tt̄ cross section at the LHC, the heavy NP explanation of the Tevatron data
can significantly a↵ect the top pair spectrum only at invariant masses above ⇠ 1 TeV [17]. In
this regime, top decay products are highly collimated such that they merge into a single jet, and

4

no interference.

EFT fit to recent data

shaded area left of green curve excluded by CMS cumulative bound for Mtt ̄ > 1 TeV.

Chivukula, et al.; Degrande, et al.; Cao, et al. (10); 
Delaunay, et al.; Aguilar-Saavedra, et al.; Westhoff (11).

Issues: spectrum; dijet; flavor                 .guū = �gtt̄
Westhoff, et al.; Bai, et al.; Delaunay, et al. (11)
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Hard physics explanation (e.g.: heavy axigluon-KKgluon variety)

♦ A rough idea is obtained from effective field theory (EFT) analysis: 
[Delaunay, Gedalia, Hochberg & Soreq (12)]   

AFB via EFT

✦ Heavy NP yield a simple description: (dim’ 8 not important)

i. Two leading op’ interfere to contribute to AFB:

                                    

3

We conservatively use this result, as that of [47] would
be less constraining given our framework.

(iii) The tt̄ differential cross section, which for sim-
plicity we choose to represent by the following large Mtt̄

bin [48]:

σh ≡ σtt̄(700 GeV < Mtt̄ < 800 GeV) = 80 ± 37 fb ,
(10)

to be compared with the SM prediction [2, 47], σh =
80 ± 8 fb. The choice of this specific bin requires some
explanation.

• Since we focus on new physics which contributes to
the tt̄ cross section ∝ (Mtt̄/Λ)2 relative to the SM,
the corrections to lower Mtt̄ bins are less significant.

• In the more recent study of [1], which was based on
a larger sample, there is some discrepancy above
800 GeV (note however that the data in [1] is not
unfolded to the partonic level and so cannot be di-
rectly used). Hence we choose to use the next-to-
last bin given in [48].

In order to minimize the impact of NLO corrections
to the new physics (NP) contributions, we normalize the
new physics contribution to the SM one. We assume that
the K-factors are universal, so that the NP/SM ratios at
LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent
Eqs. (9) and (10) as follows:

Ni ≡
∣

∣σNP
i /σSM

i

∣

∣ ! 0.1 ,

Nh ≡
∣

∣σNP
h /σSM

h

∣

∣ ! 0.5 . (11)

Leff for tt̄ production. The basic assumption that
we aim to test is that the source of the large value of Att̄

h is
new physics that is characterized by a mass scale Λ that is
larger than Mtt̄ in all the measurements that we consider.
In such a case, the new physics can be represented as a
set of effective operators. These operators must lead from
an initial uū state to a final tt̄ state. (The contribution of
dd̄ → tt̄ at the Tevatron is at most 15% that of uū → tt̄
for Mtt̄ above 450 GeV, as relevant for the observables
that we consider.) When expanding in inverse powers
of the scale Λ, the leading NP contributions to top pair
production appear at O(1/Λ2):

|M |2 = |MSM|2 + 2Re(MSMM∗
NP) + O(1/Λ4) . (12)

Therefore, we should consider dimension-six operators
that interfere with the SM amplitude. There are two
such four-quark operators:

L4q
eff =

1

Λ2

(

c8
AO

8
A + c8

V O8
V

)

,

O8
A = (ūγµγ5T au)(t̄γµγ5T at) ,

O8
V = (ūγµT au)(t̄γµT at) . (13)

Below, we consider the effects of these two operators on
the forward-backward asymmetry and on the differential
cross section in top pair production. We work only at
leading order, using the MSTW PDF set [49] and run-
ning of the strong coupling at leading order. We use fac-
torization and renormalization scales given by the par-
tonic center of mass energy. Note that all other possi-
ble Lorentz structures (scalar, pseudoscalar, tensor and
pseudotensor) and the other possible color contractions
do not interfere with the SM amplitude.

In addition to the four-quark operators, there is a chro-
momagnetic dipole operator,

Ltg
eff =

ctgv

Λ2
(t̄σµνT at)Gaµν . (14)

Here v is the vacuum expectation value of the Higgs field,
reflecting the fact that the operator breaks SU(2). The
corresponding chromoelectric dipole operator violates CP
and, therefore, does not interfere with the SM amplitude.
The interference of the chromomagnetic operator requires
a chirality flip. Consequently, the corresponding operator
involving the up quark is suppressed by mu and therefore
negligible. Thus, among the dipole operators, Eq. (14) is
the only one that we need to consider.

The interference of the ctg term with the SM amplitude
does not contribute to the forward-backward asymmetry.
As concerns the contribution to the cross section, it falls
like 1/M2

tt̄. We learn that it does not affect Att̄
h , and its

effect on Nh and Nb is negligible. We therefore do not
discuss it any further and focus just on the effects of O8

A

and O8
V .

The forward-backward asymmetry. It is con-
venient to represent the new physics effects on Att̄ as
follows:

(Att̄)NP =
σNP
−

σSM
+ + σNP

+

, (15)

where σ± ≡ σ(∆y > 0)±σ(∆y < 0) and ∆y is the rapid-
ity difference, ∆y = yt − yt̄. Among the two operators of
Eq. (13), only O8

A contributes to σ− . If this is the only
NP operator, the NP contribution to Att̄

h is

(Att̄
h )NP % 0.17

c8
A

Λ2
TeV

, (16)

where ΛTeV = Λ/TeV. Requiring that (Att̄
h )NP ∼ +0.4±

0.1, we obtain

c8
A/Λ2

TeV ∼ 2.4 ± 0.7 . (17)

Eq. (17) implies, in turn,

(Att̄
l )NP ∼ +0.10 ± 0.03 =⇒ Att̄

l = +0.14± 0.04 , (18)

about 1.7σ higher than the experimental result in Eq. (8).
In addition, Eq. (17) predicts (Att̄)NP ∼ +0.21 ± 0.06,
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about 1.7σ higher than the experimental result in Eq. (8).
In addition, Eq. (17) predicts (Att̄)NP ∼ +0.21 ± 0.06,

There are four additional orthogonal combinations of color contraction, which are given by:
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The list of dimension six operators is concluded with eight scalar and two tensor operators:
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SP = i (ū T1,8u)

�
t̄ T1,8⇤

5t
⇥
, O1,8

PS = i
�
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(10)

with T1 � 1 and T8 � T a .
The above dimension six operators contribute to top pair production at O(1/�4) as well, via

the square of their amplitudes. Another type of contribution at O(1/�4) comes from chirality-
conserving dimension eight operators that interfere with the SM. These can be constructed by
applying two covariant derivatives in various ways to the operators in Eq. (7). However, naive
dimensional analysis shows that their value is given by c2/(16⇧2) , where c is a typical dimension
six coe⇤cient. We have verified numerically that their e⇥ect is at most of order a few percent, and
thus they can be safely neglected.

Note that in principle there are also dimension six chromo-magnetic/electric u and t dipole
operators that can be considered. Their e⇥ects at O(1/�2) were shown to be negligible in [40].
As they involve chirality flips, their contributions at order 1/�4 are suppressed by at least (mt/�)
compared to their 1/�2 e⇥ects. There are also chirality-flipping dimension eight operators which
interfere with the SM. These can be neglected either by naive dimensional analysis considerations
on top of the (mt/�) suppression factor.

To conclude, we describe the hard region of the tt̄ physics by the following e⇥ective Lagrangian:

Le� =
⌥

i

ci
�2

Oi , (11)

where the ci are real coe⇤cients and the operators Oi are listed in Eqs. (7)-(10). Below for
simplicity of notation, ci will denote ci/�2

TeV, where �TeV � �/TeV . In our analysis we perform all
calculations at leading order and neglect renormalization group running and mixing. Consequently,
we also do not discuss the contribution from operator mixing to dijet production at the LHC [13].

4 Relating Operators to Data

We now write the contribution of the operators to the various observables of interest. We first
focus on the vector operators of Eqs. (7)-(9).

It is natural within the vector sector to distinguish between the operators that interfere with
the SM and those that do not. The latter set of operators can be parameterized by:
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9

2

��
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⇥2
+

�
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+ + w2

� , tan ⌅ � w�/w+ .

(12)

The relevant observables of Sec. 2 then take the simple form

NX ⇥ aXc
8
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8
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2 + dX(c
8
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2 + eXR
2 , (13)
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8
V +
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(1 +N450)

�1 , (14)
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inclusive asymmetry. We therefore use a theoretically-cleaner observable, also relevant for Att̄
450 ,

related to the cross section above 450 GeV, ⇥450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.

In order to minimize the impact of next to leading order (NLO) corrections to the new physics
(NP) contributions, we normalize the latter to the SM one. We assume that the K-factors are
universal, so that the NP/SM ratios at LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent Eq. (3) and the uncertainty on the cross
section above 450 GeV as follows:

|N700| ⇥
⇧⇧⇥NP

700/⇥
SM
700

⇧⇧ � 0.5 , |N450| ⇥
⇧⇧⇥NP

450/⇥
SM
450

⇧⇧ � 0.2 . (4)

It is also intriguing to explore the implications of the new physics in the context of the CDF
boosted jets study [8, 9]. The cross section for ultra-massive boosted jets (not coming from QCD
events) can be estimated as follows [40]

⇥b ⇤
⇤
21� (8.7± 3.1)R�1

mass

⌅
fb, (5)

where ⇥b is the cross section of hadronically-decaying tt̄ with a pT cut of 400 GeV on the leading
jet and Rmass is a parameter that determines the QCD background, as defined in [40, 46]. (An
assumption of naive factorization of the jet mass distribution yields Rmass = 1 , while matched
Monte-Carlo simulations give Rmass = 0.87 [40, 46] with an excellent agreement on this value
between the di⇥erent generators.) The SM prediction for the top contribution is ⇥SM

b = 2.0 ±
0.2 fb [47]. We interpret the excess as top pairs, generated by the new physics source. The
magnitude of this e⇥ect is then [40]

Nb ⇥ ⇥NP
b /⇥SM

b = 5± 2 , (6)

where ⇥NP
b is the new physics contribution to the boosted cross section, assuming Rmass = 0.87.

3 The Operator Basis

As stated above, the basic assumption that we employ is that the new physics is characterized by
a scale � that is larger than the invariant mass of the top pair Mtt̄ in the measurements which
we consider. The natural approach is then to use a set of e⇥ective operators to describe the new
physics. These operators must lead from an initial uū state to a final tt̄ state, and as such appear
at dimension six and higher. (The contribution of dd̄ ⌅ tt̄ at the Tevatron is at most 15% that of
uū ⌅ tt̄ for Mtt̄ above 450 GeV, as relevant for the observables that we consider.)

At O(1/�2), there are only two four-quark operators that interfere with the SM:

O8
V = (ū�µT

au) (t̄�µT at) , O8
A =

�
ū�µ�

5T au
⇥ �

t̄�µ�5T at
⇥
, (7)

where the superscript 8 denotes an octet color structure. Allowing for contributions that do not
interfere with the SM, there are two more vector octet operators at this order:

O8
AV =

�
ū�µ�

5T au
⇥
(t̄�µT at) , O8

V A = (ū�µT
au)

�
t̄�µ�5T at

⇥
. (8)
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The scalar and tensor operators are:

O1,8
S = (ū T1,8u) (t̄ T1,8t) , O1,8

P =
�
ū T1,8�

5u
� �

t̄ T1,8�
5t

�
,

O1,8
SP = i (ū T1,8u)

�
t̄ T1,8�

5t
�

, O1,8
PS = i

�
ū T1,8�

5u
�
(t̄ T1,8t) ,

O1,8
T = (ū T1,8�

µ⌫u) (t̄ T1,8�µ⌫t) ,

(4)

with T1 ⌘ 1 and T8 ⌘ T a . The operators O8
V,A in Eq. (3) interfere with the SM and thus

contribute to uū! tt̄ processes at O(↵s/⇤2), while the rest of the operators in Eqs. (3) and (4)
only contribute at O(1/⇤4).

In principle, there are also chromomagnetic dipole operators involving the gluon field
strength which contribute to uū ! tt̄. Their contribution at O(1/⇤4) is suppressed by at
least (mt/⇤) compared to their 1/⇤2 e↵ects [17]. Their interference level contribution has the
same shape as the QCD Mtt̄ distribution, and so these operators are strongly constrained by
tt̄ cross section measurements at the Tevatron. We thus neglect the chromomagnetic operators
from further discussion. Dimension eight operators interfering with the SM are subdominant
compared to the e↵ects that we consider when the NP couplings are sizable at the scale where
NP is on-shell [17], as is typically required by the large Att̄

FB measurement. As such, they are
henceforth omitted.

The total e↵ective Lagrangian which we consider is then given by

Le↵ =
X

i

Ci

⇤2
Oi ⌘

X

i

ciOi , (5)

where the sum is over the operators in Eq. (3) and (4) and ci are of dimension [mass]�2.
In order to minimize the impact of next to leading order corrections to these NP contribu-

tions, we normalize the latter to the SM one in all calculations. We assume that the K-factors
are universal, so that the NP/SM ratios at leading order and next to leading order are the
same. For an extended discussion, see [16, 17].

3 Global Fit to the Top Tevatron Data

The NP contributions described by the operators defined above can be used to fit the Tevatron
data on top related observables. We begin by describing the relevant measurements. We avoid
the need to deal with correlations in the data by considering only measurements which can be
treated as uncorrelated. We thus use the following Tevatron data and the corresponding SM
estimates:

• Inclusive tt̄ cross section from D0 [21] and the QCD NNLO calculation [22].

• Di↵erential tt̄ cross section as a function of mtt̄ from CDF [23] (Table 3, all bins but the
first), to be compared with the approximate NNLO calculation of [24] (Fig. 12).

• Inclusive tt̄ forward-backward asymmetry as measured by D0 in the lepton+jet channel [6]
and by CDF in the dilepton channel [5], and the corresponding NLO QCD+EW estimate
quoted by CDF in [7].

• Di↵erential tt̄ forward-backward asymmetry as a function of Mtt̄ from CDF and the NLO
QCD+EW estimate [7] (Table XVII).

We fit the Wilson coe�cients of the Lagrangian Eq. (5) to the Tevatron data listed above
using a �2 analysis. Since large interference e↵ects are required by the data [31] we derive
confidence level contours in the plane of the two interfering operators O8

V,A by marginalizing
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Figure 1: The result of the �2 fit to the top related Tevatron data, presented in the plane of
c8
V and c8

A , while marginalizing over the rest of the operators. The red, orange and yellow
shaded regions correspond to 1�, 2� and 3�, respectively, and the black dot stands for the
best fit point. The light gray shaded region to the left of the green contour is excluded by the
experimental bound on the tt̄ cross section for Mtt̄ > 1 TeV, Eq. (6).

over all the non-interfering operators. Note that in practice the full tt̄ di↵erential cross section
contains only on 6 independent terms, and so the list of Wilson coe�cients can be combined
into 6 parameters. The result is presented in Fig. 1. The best fit point corresponds to c8

A =
1.35 TeV�2, c8

V = �0.24 TeV�2 and mild contributions from the non-interfering operators. The
goodness-of-fit is 0.88.

We learn that heavy NP which does not interfere with the SM (c8
V = c8

A = 0) is in ⇠ 3�
tension with the data. Furthermore, the absence of the axial-octet operator O8

A is in ⇠ 2�
tension with the data. Qualitatively, the non-interfering operators do not relax the need for
interference mainly due to their rapid growth with Mtt̄ , which makes them strongly constrained
by the measurement of the di↵erential cross-section in the hard regime.

If the heavy NP generates a single operator of definite chirality for each color structure,
then a positive Att̄

FB can be induced through either left-handed up quarks and right-handed top
quarks or vice versa. In the vector-axial basis defined in Eq. (3) this corresponds in particular
to c8

V = �c8
A , a↵ecting at the interference level both the tt̄ cross section and the asymmetry.

Indeed we find that the fit in the chiral case is worse by at least 2� than the best fit point in the
general case. For concreteness, at the minimum of ��2 in the chiral case, we find Att̄

FB . 20%
and ⇠ 2� tension with the di↵erential cross section.

4 LHC Predictions and Constraints

We now discuss predictions for LHC measurements arising from the EFT description of the top
Tevatron data. We first compare the above fit results with existing LHC data based on the
7 TeV run, and then provide predictions for the 2012 run at 8 TeV.

Regarding the tt̄ cross section at the LHC, the heavy NP explanation of the Tevatron data
can significantly a↵ect the top pair spectrum only at invariant masses above ⇠ 1 TeV [17]. In
this regime, top decay products are highly collimated such that they merge into a single jet, and
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shaded area left of green curve excluded by CMS cumulative bound for Mtt ̄ > 1 TeV.
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♦ Apparent serious tension with Ac.
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Figure 1: Feynman diagrams for (a) t-channel Z0 exchange
contribution to uū ! tt̄, and associated single Z0 production
in the t channel (b) and s channel (c).

This result raises an immediate question: what are the
viable candidates for the missing dominant Z

0 decay?
Some possibilities that come to mind are invisible de-
cays, decays to light quark pairs, and decays to a pair of
scalars which subsequently decay to quark pairs (which
could include a virtual top quark). **** AK: could
give more detail on the last option in context of
composite vector strong interaction models?***
The first option yields mono-top events [34, 35]. The
CDF collaboration performed a search for the monotop
signal and obtains a bound on the cross section of 0.5pb
based on 7.7fb�1 of data [36] (for a Z

0 mass between 0
and 150 GeV, while the bound would be weaker for a
heavier Z

0). This means that all of the benchmarks to
be discussed below are allowed to decay predominantly
into invisible states. The second and third options result
in a t+ n jets final state (n � 2). Single top searches at
the Tevatron [37–40] and the LHC [41, 42] have not been
optimized for the higher number of high pT jets compared
to the SM. Nevertheless they may pose an important con-
straint. A detailed investigation of these issues is left for
future work.

Finally, the t�channel vector models are subject to low
energy constraints from atomic parity violation (APV)
measurements, as discussed in [49]. The models, as they
stand, only contain a massive vector with flavor violating
couplings to quarks. Thus, a UV completion would be
required in order to render them renormalizable. We will
show that in the absence of such a completion, i.e., at
the level of an e↵ective theory, the severity of these con-
straints has been substantially overstated. JZ: do we
want to tone this down? Moreover, a shift in the Cs
weak nuclear charge QW (133Cs) due to the nuclear ma-

trix element corrections recently discussed in [51] weak-
ens the corresponding APV constraint on the t�channel
vector models. Thus, one can not claim any tension with
the APV data in the preferred region of parameter space
for the Z

0 model.
The organization of the paper is as follows. In Sec-

tion II we discuss our fits to the Tevatron and LHC tt̄

production data, thus arriving at the preferred region of
parameter space for the Z

0 model. We will demonstrate
that the addition of associated Z

0 production is crucial
for obtaining a good fit, due to the LHC measurements of
AC . This is illustrated in Fig. 6, which is the main result
of this paper. In Section III we discuss the impact of the
tj resonance searches and jet multiplicity measurements.
Atomic parity violation is discussed in Section IV. We
conclude in Section V.

II. IMPORTANCE OF ASSOCIATED Z0

PRODUCTION

The Lagrangian for the Z

0 model is given by

L = gut Z
0

µ ūR �

µ
tR + h.c. + M

2
Z0 Z

0 †

µ Z

0µ
. (9)

Note that the Z

0 would not be self-conjugate if, for ex-
ample, it transforms non-trivially under flavor symme-
tries introduced to suppress single top production and
FCNC’s [20, 22]. We thus assume that Z

0 decays to ut̄

but not to ūt. We employ a �

2 function to search for
optimal ranges of the coupling gut, the vector mass MZ0 ,
and Br(Z 0 ! tū). Six tt̄ production observables enter our
fit: the total Tevatron and LHC cross sections, �TEV

tot and
�

LHC
tot , the Tevatron inclusive forward-backward asymme-

try AFB , the ones formtt̄ � 450 GeV andmtt̄ < 450 GeV
denoted as Alow

FB and A

high
FB respectively, and the LHC in-

clusive charge asymmetry AC . The experimental values
are listed in the second column of Table I. Where more
than one measurement is indicated we take the näıve av-
erage, with errors added in quadrature.

The NP contributions to the above observables are
evaluated at LO, whereas the SM contributions are taken
at the highest order available. The total cross sections
are expressed as

�tot = �

tt̄,Z0

tot + �

Z0t
tot ⇥ Br(Z 0 ! t̄u) + �

SM
tot , (10)

where �

tt̄,Z0
denotes contributions from t-channel Z 0 ex-

change, including interference with the SM amplitude at
LO, and �

Z0t denotes the sum of the cross sections for
Z

0

t and Z

0 †

t̄ production. The inclusive tt̄ asymmetries
are expressed as

A =
��

tt̄,Z0
+��

Z0t +��

SM

�

tt̄,Z0

tot + �

Z0t
tot ⇥ Br(Z 0 ! t̄u) + �

SM,LO
tot

. (11)

For AFB ,

��

SM = �

SM
F � �

SM
B , ��

tt̄,Z0
= �

tt̄,Z0

F � �

tt̄,Z0

B , (12)

��

Z0t = �F

�
pp̄ ! Z

0

t/Z

0 †

t̄ ! t t̄ X

�� (�F ! �B) ,(13)

More on WG VI’s talks ...
7

Figure 6: Scatter plots in the (AFB , AC) plane [left] and (Ahigh
FB , AC) plane [right], for variation over mZ0 , gut and (i) µ = mt/2,

Br = 1/4, (ii) µ = mt, Br = 1/4, (iii) µ = 2mt, Br = 1/4, (iv) µ = 2mt, Br = 1/3. Points compatible with the 1� (2�) regions
in Figs. 2- 4 are shown in red (black) or in blue, if they are compatible with the ATLAS top-jet resonance bound. The green
points are obtained from the red/blue points by setting Br = 0. The gray bands are the experimental 1� intervals. A yellow
circle corresponds to the �2

min point, as well as its shift upon setting Br = 0, while the yellow crosses correspond to a second
heavier benchmark point, if indicated in Figs. 3, 4.
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associate

without 
associate
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Near future improvement:

♦ LHC: Progress on Ac & spectrum (more channels, better sys’ & stat’).

Progress \w: Falkowski, Mangano, Martin, GP & Winter.
See also: Godbole et al. (10) ; Krohn, et al.; Jung, et al.; Cao et al.; Berger, et al. x2 (11);
Fajfer, et al.; Berger, et al.; Aguilar-Saavedra & Herrero-Hahn (12).

♦ Tevatron: looking at AFB vs. Al   as a function of the lepton pT     
(since are correlated within the SM)                    

pT (l) dependence in BSM

In BSM models, due to polarization e↵ect, non-trivial dependence of
observables on pT (l)

Slope on the At¯t -A` may depend on acceptance e↵ects

RH chiral gluon

 axigluon

To interfere or not to interfere        

The bottom line: Att̄
FB =

�SM
F � �SM

B + �NP
F � �NP

B

�SM
F + �SM

B + �NP
F + �NP

B

,

NP-SM interference + NP^2
can be either sign.

arXiv: 1102.3374 - Phys.Rev.Lett.107:012002,2011. 

Grinstein, Kagan, Trott, Zupan

Smoking gun for new physics 
interference?

LH chiral gluonSM

Preliminary

“Trade” AFB  curve for Al  or look at slope => cleaner extraction:
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Why is the top quark interesting theoretically? 

t 

:Reinhard Schwienhorst, Michigan State University
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(i) Electroweak symmetry breaking.

(ii) The fine tuning problem.

(iii) The (NP) flavor puzzle & the top.
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• Coupling to the Higgs => top mass; biggest coupling @ the TeV.

!&Reinhard Schwienhorst, Michigan State University
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 The top & electroweak (EW) breaking

• In most natural models top is linked to EW symmetry breaking.

!3Reinhard Schwienhorst, Michigan State University
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125 GeV Higgs -> top is ~ saturating metastability

120 130106

108

1010

1012

1014

1016

1018

α S = 0.1184

MN  = 10 14 GeV

m ν  = 0.1  eV

In
st

ab
ili

ty
 sc

al
e 

Λ
 in

 G
eV

Higgs mass mh in GeV

M t = 173.2 GeV

Figure 5: Stability bound for mt = 173.2 GeV and ↵s(MZ) = 0.1184 with (solid red) and without

(dashed red) right-handed neutrinos at MN = 1014GeV implementing a seesaw mechanism with m⌫ =

0.1 eV. The purple line corresponds to the metastability bound against vacuum decay by quantum

tunneling in the presence of such see-saw. (The corresponding limit without right-handed neutrino

e↵ects lies below the LEP limit on the Higgs mass.)

our previous analyses, we find that the lifetime of the electroweak vacuum is longer than the

age of the Universe for

mh > 111GeV + 2.8GeV

✓
mt � 173.2GeV

0.9GeV

◆
� 0.9GeV

✓
↵s(MZ)� 0.1184

0.0007

◆
± 3GeV . (4)

The regions of stability, metastability, and instability in the mh–mt plane are illustrated in

fig. 4. As can be seen, present data strongly favor metastability, although full stability is still

allowed. In the metastable case, the expected lifetime of the SM vacuum, depending on the

precise values of mt and ↵s, for two representative values of mh, is reported in fig. 3.

These considerations clearly show the importance of future precise determinations of the

top and Higgs masses that can be achieved at the LHC, together with higher-order theoretical

computations.

7

See e.g.: Cabibbo, et al.; Hung (79); Elias-Miro, et al. 
(11); Degrassi et al.; Alekhin et al.; Bezrukov et al. (12)

A raise of < 3% in top Yukawa => weakless universe! !W,Z, higgstop
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

Degrassi, Vita,  Elias-Miro, Espinosa, Giudice, Isidori & Strumia (12) 
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♦ Higgs mass & EW scale are sensitive to quantum corrections. 

 The top & the fine tuning problem

 What is
 the fine tuning problem (personal vie

w)?

Imagine that they were equal to 1:1032 !

sun

moon

• Higgs 
mass &

 EW scal
e are ultra 

sensitive
 to quantum corrections. 

 The top & the fine tuning problem

Large
st co

ntributions are
 due to the top couplings.
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if th
ey were equal to 1:1032 ??

It would raise two questions:

(i) W
hat set their precise distance?  <=> Tuning problem ().

(ii) W
hy perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/
⇥m

a

x

⌧ 1 ?)

(why is m
2
H
/m

2
Pl
⌧ 1 ?)

Coincidence of 1:102 - moon subtends an angle 

        
        

        
        

    of ~ 0.52° while sun of ~ 0.53°.

♦ The most severe problem is due to top coupling:

!&Reinhard Schwienhorst, Michigan State University
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sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
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(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 
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contribute to Higgs mass in opposite way => reduce sensitivity.
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Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
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המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
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של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

t
t’

Top physics expected to yield
insight on how the fine tuning

problem is solved. 

�
m2

W /m2

Pl

�
obs

⇠
�
m2

H + �m2

H

�
/m2

Pl

⇠
!W,Z, higgstop

HH

t

t-

!W,Z, higgstop

HH
m2

W + �
t̄0

t0
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So where are those top partners?

Producing Top Quarks 
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Brief outlook 

(ii) Composite Higgs: t’ searches & fine tuning,  
                                  + top resonance searches;
[(iii) Indirect: impact on Higgs couplings.]

(i) SUSY: stop searches & fine tuning;

More in Papucci & Weiler’s talks ...

t 
‘
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The LHC battle for naturalness
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‣CMS has performed SUSY searches in all hadronic channel with different 
kinematic variables using 5 fb-1 pp collision data collected @ 7 TeV. 

‣Results from first search (αT variable), using 4 fb-1 data collected @ 8 TeV. 

‣In the context of simplified models, gluino masses are excluded in the range 
0.8-1 TeV depending on details of decay modes for low LSP masses.

 More results using 8 TeV data are expected soon !!

 (
p
b
)

σ
9
5
%

 C
.L

. 
u
p
p
e
r 

li
m

it
 o

n
 

-310

-210

-110

1

10

210

 (GeV)gluinom
400 500 600 700 800 900 1000 1100

 (
G

e
V

)
L
S

P
m

100

200

300

400

500

600

700

800  exp.σ1 ±Expected Limit 
 theoryσ1 ± NLO+NLLσ

Tα

=8 TeVs,  -1,  3.9 fbsCL

CMS Preliminary

8 TeV

7 TeV

Wednesday, July 4, 2012

Squarks & Gluino searches at the LHC

The relentless march of experiment

Rakhi Mahbubani CERN Flavour vs LHC squark limits 1/14
1/14

Naively: m̃q & 1.5TeV m̃g & 1TeV
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However, nothing to do 
with naturalness, only 3rd generation

partners’ mass matters. 
                                                   (see e.g.: Barbieri-Giudice (88) & many more since ...)

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

18



Natural SUSY endures, only now gaining sensitivity 
to robustly test models
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of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

(dist
ance)2  ~ fine-tu

ning

MSSM higgs: LEP2 tuning vs. direct stop

the fine-tuning which determines the position on the y-axis, is primarily driven by the largest

stop soft mass, here mu3 . The result is that the LHC limit is stronger in the interesting part

of parameter space. By comparing figures 14 and 15, we see that naturalness prefers spectra

where the two stop soft masses are comparable, mu3 ⇠ mQ3 .
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FIG. 14: Here we show the interplay of the LHC limits that we have found on the stops and

left-handed sbottom with the LEP-2 limit on the Higgs mass. We specialize to higgsino LSP, with

µ = 100 GeV. We vary the stop A-term and the square root of the average stop soft mass squared.

This unconventional parameterization emphasizes the fine-tuning of the electroweak sector, which,

as we discuss in the text, corresponds to the squared distance from the origin of the plot. The red

shaded region is the exclusion we find from LHC searches for jets plus missing energy. The green

region corresponds to a stop lighter than 100 GeV and is excluded by LEP-2. In the blue region,

large left-right stop mixing leads to a tachyonic stop and charge/color breaking. The Higgs mass

contours emphasize that the LHC is now beginning to probe the region allowed by the LEP-2 Higgs

mass exclusion, increasing the fine-tuning in the MSSM.

Next we consider the implication of the LHC limits for the flavor structure of the squark

soft masses. Since fine-tuning is determined by the stop soft masses, while the strongest

35

A. Weiler, Blois (12).

LHC: excluding m̃t . 500GeV

MSSM higgs: LEP2 tuning vs. direct stop searches.

Recent: Essig, et al.; Izaguirre, et al.; Kats, et al.; Brust, et al.; Papucci, et al.. (11) many many more before and after ... )-: 
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Composite Higgs

of estimates, and we will therefore not consider this region as fully excluded.

4.2 Constraints from searches for heavy fermions

Expanding the composite Higgs coupling to fermions, we obtain the leading interactions between
one heavy fermion and two SM particles, which mediate the decay of the heavy states,

LY = ysLcR

✓

bL⇡
� +

tLp
2
(h� i⇡0)

◆

T̃R + y
sRp
2
X2/3L

�

h+ i⇡0
�

tR + h.c.

+
yp
2
sRcLTL

�

h� i⇡0
�

tR + ysRcLBLtR⇡
� � ysRX5/3LtR⇡

+ + h.c. , (57)

where we have already performed the rotations / �L,R . From the Goldstone equivalence theorem
then follow the leading order branching ratios (in the limit M � mZ ,mh)

BR(T̃ ! Wb) =
1

2
, BR(T̃ ! Zt) = BR(T̃ ! ht) =

1

4
;

BR(X2/3 ! Zt) =BR(X2/3 ! ht) =
1

2
, BR(X5/3 ! Wt) = 1 ;

BR(T ! Zt) =BR(T ! ht) =
1

2
, BR(B ! Wt) = 1 .

Figure 6: Branching ratios of the lightest top partner into W+b (upper left), Zt (upper right) and ht (lower)
as a function of its mass for ⇠ = 0.25. Points for which the singlet (doublet) is the lightest top partner are
shown in pink/medium gray (purple/dark gray).

20

pink=singlet

purple=doublet

grays=excluded by direct searches

See also: Contino, Da Rold & Pomarol (06); 
Berger, Hubisz & Perelstein; Redi & Tesi; Matsedonskyi, Panico & 
Wulzer; Marzocca, Serone & Shu, Pomarol & Riva (12).

Plots from update by: Gillioz, Grober, Grojean, Muhlleitnerb & Salvioni (12).

LHC: excluding mt0 . 500GeV
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f = 500GeVGeneral scan:
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Partner’s mass & fine tuning?

Taken from: Redi& Tesi (12) [analyzing the MCH5 of Contino, da Rold, Pomarol, (06)]

LHC: excluded by direct searches

LHC: H-mass

f = 500GeVGeneral scan:
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Resonances searches & emergence of top jets 

(i) Strong dynamics inspired models (composite Higgs, Randall-
Sundrum ...) => heavy Kaluza-Klein (KK) resonances,                        .mKK & 1 TeV
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Resonances searches & emergence of top jets 

(i) Strong dynamics inspired models (composite Higgs, Randall-
Sundrum ...) => heavy Kaluza-Klein (KK) resonances,                        .

The LHC: 1    pair      
the perfect place 
to probe FCNC 

top decays 

tt̄ s
−1

exp
−1

l

ν

t
W

Z

u, c

t

l

l

b

channel t → Zu(c) t → γu(c) t → gu(c)
(3 jets) (4 jets) (combined)

upper limit on BR (L = 10 fb−1) 3.4 × 10−4 6.6 × 10−5 1.7 × 10−3 2.5 × 10−3 1.4 × 10−3

upper limit on BR (L = 100 fb−1) 6.5 × 10−5 1.8 × 10−5 5.0 × 10−4 8.0 × 10−4 4.3 × 10−4

Table 7: The expected 95% confidence level limits on the FCNC top decays branching ratio in the absence
of signal hypothesis are shown. The results for a luminosity of L = 10 and 100 fb−1 are presented.

• top mass: The limits presented in the last subsection were evaluated using back-
ground and signal samples generated with mt = 175 GeV/c2. The effect of the
top mass uncertainty was evaluated using different Monte Carlo samples with mt =
170 GeV/c2 and mt = 180 GeV/c2. This systematic affects both the event kine-
matics (and consequently the discriminant variables shape) and the value of the tt̄
cross-section (used in the limits evaluation).

• σ(tt̄): The overall theoretical uncertainty on σ(tt̄) was estimated to be 12% [21].
This uncertainty was included by varing the tt̄SM cross-section used both in the tt̄SM

background normalization and in the BR limits evaluation.

• PDFs choice: The CTEQ 5L PDF set was used in the Monte Carlo generation. A
different PDF set (CTEQ 4M [15,16]) was used to estimate the effect of this choice
on the event kinematics.

• b-tag algorithm efficiency: As mentioned in section 2, the ATLFASTB package
was used to parametrize the b − tag efficiency. The NSET=2 flag (corresponding to
a b-tagging efficiency of 60%) was used. In order to study the impact of a different
choice, the NSET=1 (corresponding to a b-tagging efficiency of 50%) and NSET=3

(corresponding to a b-tagging efficiency of 70%) options were also used. This source
of uncertainty affects the signal efficiency, background estimation and discriminant
variable shapes.

• jet energy calibration: The impact of the knowledge of the absolute jet energy
scale was estimated by recalibrating the reconstructed jet energy. A miscalibration of
±1% for light jets and ±3% for b-jets was used. This uncertainty was found to have
a negligible effect on the signal efficiency, background estimation and discriminant
variable shapes.

• analysis stability: The stability of the sequential analysis was studied by changing
the preselection and final selection (typically a ±10% variation on the cut values was
considered).

• p.d.f. choice: The discriminant variables were computed using the probability
density function sets described in section 3. In order to estimate the effect of a
different p.d.f. set, the following changes were studied:

a) t → Zu(c) channel: the t̄ reconstruction was done by considering the jet closest
to the reconstructed Z in the invariant mass evaluation.

b) t → γu(c) channel: similarly to the t → Zu(c) channel, the t̄ mass reconstruction
was done using the jet closest to the leading γ. Moreover, the t mass was included
in the p.d.f. set and the multiplicity of jets with |η| < 2.5 was chosen as p.d.f.
(instead of the jet multiplicity).

8

(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

• Precision: look for anomalies in flavor 
couplings (10^3 improvement). 

• Search for coupling to a new sector (like 

in the      case): J/�

_

(ii) Fine tuning solution => New states decay quickly to top pairs.

mKK & 1 TeV
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SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

• Precision: look for anomalies in flavor 
couplings (10^3 improvement). 

• Search for coupling to a new sector (like 

in the      case): J/�

_

(ii) Fine tuning solution => New states decay quickly to top pairs.

mKK & 1 TeV

(iii) Since                    the outgoing tops are ultra-relativistic,  

their products collimate => top jets.

mt ⌧ mKK

Agashe, Belyaev, Krupovnickas, GP & Virzi (06);
Lillie, Randall & Wang (07).
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(corresponding to a b-tagging efficiency of 70%) options were also used. This source
of uncertainty affects the signal efficiency, background estimation and discriminant
variable shapes.

• jet energy calibration: The impact of the knowledge of the absolute jet energy
scale was estimated by recalibrating the reconstructed jet energy. A miscalibration of
±1% for light jets and ±3% for b-jets was used. This uncertainty was found to have
a negligible effect on the signal efficiency, background estimation and discriminant
variable shapes.

• analysis stability: The stability of the sequential analysis was studied by changing
the preselection and final selection (typically a ±10% variation on the cut values was
considered).

• p.d.f. choice: The discriminant variables were computed using the probability
density function sets described in section 3. In order to estimate the effect of a
different p.d.f. set, the following changes were studied:

a) t → Zu(c) channel: the t̄ reconstruction was done by considering the jet closest
to the reconstructed Z in the invariant mass evaluation.

b) t → γu(c) channel: similarly to the t → Zu(c) channel, the t̄ mass reconstruction
was done using the jet closest to the leading γ. Moreover, the t mass was included
in the p.d.f. set and the multiplicity of jets with |η| < 2.5 was chosen as p.d.f.
(instead of the jet multiplicity).
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(iii) Since                    the outgoing tops are ultra-relativistic,  

their products collimate => top jets.
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Lillie, Randall & Wang (07).
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Table 7: The expected 95% confidence level limits on the FCNC top decays branching ratio in the absence
of signal hypothesis are shown. The results for a luminosity of L = 10 and 100 fb−1 are presented.

• top mass: The limits presented in the last subsection were evaluated using back-
ground and signal samples generated with mt = 175 GeV/c2. The effect of the
top mass uncertainty was evaluated using different Monte Carlo samples with mt =
170 GeV/c2 and mt = 180 GeV/c2. This systematic affects both the event kine-
matics (and consequently the discriminant variables shape) and the value of the tt̄
cross-section (used in the limits evaluation).

• σ(tt̄): The overall theoretical uncertainty on σ(tt̄) was estimated to be 12% [21].
This uncertainty was included by varing the tt̄SM cross-section used both in the tt̄SM

background normalization and in the BR limits evaluation.

• PDFs choice: The CTEQ 5L PDF set was used in the Monte Carlo generation. A
different PDF set (CTEQ 4M [15,16]) was used to estimate the effect of this choice
on the event kinematics.

• b-tag algorithm efficiency: As mentioned in section 2, the ATLFASTB package
was used to parametrize the b − tag efficiency. The NSET=2 flag (corresponding to
a b-tagging efficiency of 60%) was used. In order to study the impact of a different
choice, the NSET=1 (corresponding to a b-tagging efficiency of 50%) and NSET=3

(corresponding to a b-tagging efficiency of 70%) options were also used. This source
of uncertainty affects the signal efficiency, background estimation and discriminant
variable shapes.

• jet energy calibration: The impact of the knowledge of the absolute jet energy
scale was estimated by recalibrating the reconstructed jet energy. A miscalibration of
±1% for light jets and ±3% for b-jets was used. This uncertainty was found to have
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Top sector observables

• Precision: look for anomalies in flavor 
couplings (10^3 improvement). 

• Search for coupling to a new sector (like 
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t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

 Need to distinguish between top & ordinary QCD jet 
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t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

 Need to understand the energy flow inside jet 
jet shapes or jet substructure 

Still learning ...
Important in other direction, e.g. EW phys..
[Butterworth, Davison, Rubin & Salam (08)]              .
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          Boosted jets’ angular distribution, angularity 

Almeida, et al. (10)
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Angularity for jets with mass ∈ (90, 120) GeV/c2, pT > 400 GeV/c, 0.1 < |η| < 0.7, cone R=0.7. 
Black crosses are the data, red dashed is QCD MC, τmin and τmax predictions are also shown. 
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Splitting function: energy distribution of 
massive jets
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jets with mass ∈ (90, 120) GeV/c2, pT > 400 GeV/c
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ATLAS & CMS

W Tagging Validation
‣ In the Z’ all-hadronic search, the W 

tagging algorithm is validated in 
data using a muon+jets selection
‣ Used to determine efficiencies 

and scale factors for signal 
region

‣ Data agrees quite well with the 
Monte Carlo expectation

‣ These W-tagged jets are combined 
with an additional jet to form top 
candidates (Type 2)
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FIG. 2. The size of the mass shift in anti-kt R = 0.6 jets with
300 < pT < 400 GeV in jets with pileup and UE (NPV > 1)
and with UE alone (NPV = 1). The curves are fits of the
form �M = p0M +

p1M
M . The di↵erence between the curves

gives the contribution to the jet mass from pileup only. The
1� uncertainties on the fits are shown in the error bands.

due to the addition of the energy deposits in the comple-
mentary cone to the jet. Corrections to the jet mass are
limited to the region M > 30 GeV, as the

p1M
M

parame-
terization uses a leading-order approximation and is only
valid for �M ⌧ M . This has a negligible e↵ect on the
final measurements in the range M > 20 GeV, as illus-
trated for R = 1.0 jets in Fig. 3; low mass, high p

T

jets
tend to have a small contribution from pileup.

The corresponding parameterizations for the shifts in
width �W and eccentricity �E are:

�W = p

0W + p

1WW,

�E = p

0E + p

1EE + p

2EE2

. (13)

The pileup corrections for width and eccentricity are ap-
plied to jets across the full mass range.

B. Pileup corrections for R = 1.0 jets

The complementary cone technique cannot be applied
directly to R = 1.0 jets due to the high probability of
overlap between the complementary cone and the jet;
scaling factors are therefore applied to the corrections
measured for R = 0.6 jets. The expected (observed) be-
haviors [47] for the scaling of the shifts in mass and width
are:

�M : p
iM ⇠ R

4 (R3.5), (14)

�W : p
0W ⇠ R

3 (R2.5), p

1W ⇠ R

2 (R1). (15)

Here, the scaling of the shift in width is di↵erent for the
two coe�cients in the parameterization; this is not the
case for the scaling of mass or eccentricity.
There is no phenomenological prediction for the scaling

of �E with pileup, therefore the nominal value of the
scaling of the shift in this variable is measured in data by
comparing anti-k

t

jets reconstructed with R = 0.4 with
those reconstructed with R = 0.6. The R-dependence is
then validated with a comparison between R = 1.0 jets
in N

PV

> 1 and N

PV

= 1 events. The measurements
find the scaling of the parameterization to be a function
of mass:

�E(M < 40 GeV) : p
iE ⇠ R

2

,

�E(M � 40 GeV) : p
iE ⇠ R

3

. (16)

The scaling behavior of the shifts in mass and width are
also measured in data (given in brackets in Eq. 14 and
Eq. 15), and the discrepancies between observation and
prediction are considered systematic uncertainties in this
procedure.
The performance of the pileup correction procedure

in the case of mass, width and eccentricity is shown in
Fig. 3. The observable most sensitive to pileup is the jet
mass; the mean R = 1.0 jet mass is shifted upwards by ⇠
7 GeV in events with N

PV

> 1, and there is a significant
change in the shape of the mass distribution. In the
case of jet width and eccentricity, the e↵ect of pileup is a
small (⇠ 5%) shift towards wider, less eccentric jets. This
supports the expected behavior: width is less sensitive to
pileup than mass, making it a promising alternative to
mass as a criterion for selecting jets of interest in boosted
particle searches in the high pileup conditions of later
LHC operations. For all observables the discrepancies
between the pileup-corrected distributions and those for
events withN

PV

= 1 are small, and agreement is obtained
within the systematic uncertainties on the corrections.

C. Corrections for detector e↵ects

After correcting the distributions for pileup, each dis-
tribution is corrected to particle level, using bin-by-bin
corrections for detector e↵ects. The bin migrations due
to detector e↵ects are determined and controlled by in-
creasing the bin sizes until all bins have a purity and e�-
ciency above 50% according to Monte Carlo predictions,
where purity and e�ciency are defined as:

p

i

=
Apart+det

i

Adet

i

, e

i

=
Apart+det

i

Apart

i

. (17)

Here Apart+det

i

is the number of detector-level jets (re-
constructed from locally calibrated clusters) in bin i that
have a particle-level jet (reconstructed from stable Monte
Carlo particles), matched within �R < 0.2 and falling in
the same bin. Apart

i

is the total number of particle-level
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t¯t resonance searches

All-Hadronic Results
‣ Shape analysis performed using 

several signal models
‣ Z’ narrow and wide resonances
‣ KK Gluon production

‣ Mass ranges up to ~2 TeV are 
excluded

‣ Recently submitted for publication in 
JHEP
‣ arXiv:1204.2488
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Bottom line: mX & 2TeV

(still long way to go ...)
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The up flavor connection
♦Without the top, SM flavor sector looses a lot from its glamour:

♦Without top, linkage between flavor & hierarchy problem weakens:

♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )

�
m2

W /m2

Pl

�
obs

⇠
�
m2

H + �m2

H

�
/m2

Pl

⇠
!W,Z, higgstop

HH

t

t-
m2

H +

⇠ ⇠ 10�32

“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors
D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a
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D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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Robust linkage \w 
direct collider 
probes is lost!
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The up flavor connection
♦Without the top, SM flavor sector looses a lot from its glamour:

♦Without top, linkage between flavor & hierarchy problem weakens:

♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors
D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2
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 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im
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(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs
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TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a
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D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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non-univ. cutoff to sustain < 1:100 fine tuning?
However:

30



The up flavor connection
♦Without the top, SM flavor sector looses a lot from its glamour:

♦Without top, linkage between flavor & hierarchy problem weakens:

♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors
D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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u,d              s c  b                                                          

y = 0 y = 4⇡

instabilitychemistry

⇤QCD/MW 1

Jaffe,  Jenkins & Kimchi (09)

desert

non-univ. cutoff to sustain < 1:100 fine tuning?

�F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9
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of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even
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B system: only case with 
tension \w LLLL operators;

Dramatic improvement
expected in D system!

s : ) ⇤s . 2⇥ 104 TeV

c : ) ⇤c . 2⇥ 103 TeV

b : ) ⇤b . 4⇥ 102 TeV
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uFCNC data, a crucial test of NP structure 

Yasmin & Gilad Perez <jasgilperez@gmail.com>

Your Holiday Inn Express (R) Reservation Confirmation - SOMMA
LOMBARDO, ITALY: 67442015
Holiday Inn Express Reservations <HolidayInnExpress@reservations.ihg.com> Mon, Feb 15, 2010 at 2:35 PM
Reply-To: HolidayInnExpress@reservations.ihg.com
To: jasgilperez@gmail.com

Reservation Resources

Add to Calendar
Modify/Cancel Reservation
View All Reservations
Make Another Reservation
View Account

Other Travel Resources

Featured Offer

Thank you for choosing Holiday Inn Express. Here is your reservation information.

 Reservation Questions: 180 945 3716

Reservation Information

Your confirmation number is 67442015
Please use your confirmation number to reference your reservation.

Priority Club Rewards:
Your Priority Club Rewards number applies to this reservation.

Guest Name:
MR GILAD PEREZ

Additional Guests:

No additional guests.

Check-In: Sun 21 Mar 2010 at 02:00
PM
Check-Out: Mon 22 Mar 2010 at 12:00
PM

   Add to Calendar
View/Modify/Cancel Reservation

Hotel Information

MILAN-MALPENSA AIRPORT
Holiday Inn Express
VIA DE PINEDO ANG VIA OLDRINI
CASE NUOVE
SOMMA LOMBARDO, 21019
39-0331-18330

Helpful Links
Local Maps

Find Attractions
Make Another Reservation

Driving Directions:
NORTH FROM MOTORWAY A8 EXIT BUSTO ARSIZIO TAKE STATE ROAD SS336
EXIT CASE NUOVE-SOMMA LOMBARDO TAKE SP 52 TO CASE NUOVE VILLAGE

Room/Rate Information

Rate Type: Advance Purchase
Rate Description: Special Savings! Reservations require full prepayment for the

entire stay at time of booking. Fully non refundable. Prepayment
is charged to credit card between time of booking and day of
arrival and is non refundable. No refunds if cancelled or changed.

 The credit card MUST be presented upon check-in at the
hotel.

Deposit Required: A deposit for the entire stay is due at time of booking.
Pet Policy: Only guide dogs allowed.

♦Down & lepton flavor violation 

[Nir & Seiberg (93);
Crappy: Fitzpatrick, GP & Randall (08);  
Csaki, GP, Surujon, & Weiler  (09)].

maybe removed via alignment, 
anarchic NP is diagonal in down/
charged-lepton mass basis.

♦General: dominant NP constraints coming from extended strong 
sector, need not “talk” to down & charged lepton sector: 

�MK , ✏K

NP

�MD, AD
��MD, AD
�
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µ e
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µ
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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♦Down & lepton flavor violation 

[Nir & Seiberg (93);
Crappy: Fitzpatrick, GP & Randall (08);  
Csaki, GP, Surujon, & Weiler  (09)].

maybe removed via alignment, 
anarchic NP is diagonal in down/
charged-lepton mass basis.

♦General: dominant NP constraints coming from extended strong 
sector, need not “talk” to down & charged lepton sector: 

�MK , ✏K

NP

�MD, AD
��MD, AD
�

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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couplings following from limits on the electric dipole moments of the neutron and electron.57
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“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
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One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)

38

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
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therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:
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maybe removed via alignment, 
anarchic NP is diagonal in down/
charged-lepton mass basis.

♦General: dominant NP constraints coming from extended strong 
sector, need not “talk” to down & charged lepton sector: 
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
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0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
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the corresponding Yukawa coupling matrix:
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comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.
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strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
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(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D
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d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
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0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
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be rotated into each other at will. Supersymmetric contributions to FCNC processes will
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
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L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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♦Down & lepton flavor violation 

[Nir & Seiberg (93);
Crappy: Fitzpatrick, GP & Randall (08);  
Csaki, GP, Surujon, & Weiler  (09)].

maybe removed via alignment, 
anarchic NP is diagonal in down/
charged-lepton mass basis.

♦General: dominant NP constraints coming from extended strong 
sector, need not “talk” to down & charged lepton sector: 
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
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(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0
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is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:
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couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
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be rotated into each other at will. Supersymmetric contributions to FCNC processes will
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the corresponding Yukawa coupling matrix:
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other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
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are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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q ij (⇥q
ij)MM ⌃⇥q

ij⌥
d 12 0.03 0.002
d 13 0.2 0.07
d 23 0.6 0.2
u 12 0.1 0.008

Table 4: The phenomenological upper bounds on (⇥q
ij)MM and on ⌃⇥q

ij⌥, where q = u, d and
M = L, R. The constraints are given for m̃q = 1 TeV and x ⇤ m2

g̃/m̃
2
q = 1. We assume that

the phases could suppress the imaginary parts by a factor ⇧ 0.3. The bound on (⇥d
23)RR is about

3 times weaker than that on (⇥d
23)LL (given in table). The constraints on (⇥d

12,13)MM , (⇥u
12)MM

and (⇥d
23)MM are based on, respectively, Refs. [143], [17] and [144].

q ij (⇥q
ij)LR

d 12 2⇥ 10�4

d 13 0.08
d 23 0.01
d 11 4.7⇥ 10�6

u 11 9.3⇥ 10�6

u 12 0.02

Table 5: The phenomenological upper bounds on chirality-mixing (⇥q
ij)LR, where q = u, d. The

constraints are given for m̃q = 1 TeV and x ⇤ m2
g̃/m̃

2
q = 1. The constraints on ⇥d

12,13, ⇥u
12, ⇥d

23

and ⇥q
ii are based on, respectively, Refs. [143], [17], [144] and [147] (with the relation between

the neutron and quark EDMs as in [148]).

For large tan �, some constraints are modified from those in Table 4. For instance, the
e⇥ects of neutral Higgs exchange in Bs and Bd mixing give, for tan � = 30 and x = 1 (see [140,
145, 146] and refs. therein for details):

⌃⇥d
13⌥ < 0.01

�
MA0

200 GeV

⇥
, ⌃⇥d

23⌥ < 0.04

�
MA0

200 GeV

⇥
, (132)

where MA0 denotes the pseudoscalar Higgs mass, and the above bounds scale roughly as
(30/ tan �)2.

The experimental constraints on the (⇥q
ij)LR parameters in the quark-squark sector are

presented in Table 5. The bounds are the same for (⇥q
ij)LR and (⇥q

ij)RL, except for (⇥d
12)MN ,

where the bound for MN = LR is 10 times weaker. Very strong constraints apply for the
phase of (⇥q

11)LR from EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on
(⇥u,d,�

11 )LR are weakened by a factor ⇧ 6.
While, in general, the low energy flavor measurements constrain only the combinations of

the suppression factors from degeneracy and from alignment, such as Eq. (130), an interesting
exception occurs when combining the measurements of K0–K0 and D0–D0 mixing to test the
first two generation squark doublets (based on the analysis in Sec. 5.2.1). Here, for masses
below the TeV scale, some level of degeneracy is unavoidable [23]:

m eQ2
�m eQ1

m eQ2
+ m eQ1

⌅
⇤

0.034 maximal phases

0.27 vanishing phases
(133)

Similarly, using �F = 1 processes involving the third generation (Sec. 5.2.2), the following

42

Taking [29] m̃Q = 1
2(m̃Q1 + m̃Q2) and similarly for the SU(2)-singlet squarks, we find that

we thus have an upper bound on the splitting between the first two squark generations:

mQ̃2
�mQ̃1

mQ̃2
+ mQ̃1

⇥< 0.05� 0.14,

mũ2 �mũ1

mũ2 + mũ1
⇥< 0.02� 0.04. (6.12)

The first bound applies to the up squark doublets, while the second to the average of the

doublet mass splitting and the singlet mass splitting. The range in each of the bounds

corresponds to values of the phase between zero and maximal. We can thus make the

following conclusions concerning models of alignment:

1. The mass splitting between the first two squark doublet generations should be below

14%. For phases of order one, the bound is about 2� 3 times stronger.

2. In the simplest models of alignment, the mass splitting between the first two squark

generations should be smaller than about four percent.

3. The second (stronger) bound can be avoided in more complicated models of alignment,

where holomorphic zeros suppress the mixing in the singlet sector.

4. While RGE e⇥ects can provide some level of universality, even for anarchical boundary

conditions, the upper bound (6.12) requires not only a high scale of mediation [30] but

also that, at the scale of mediation, the gluino mass is considerably higher than the

squark masses.

In any model where the splitting between the first two squark doublet generations is larger

than O(y2
c ), |K

uL
21 �KdL

21 | = sin ⇥c = 0.23. Given the constraints from �mK and �K on |KdL
12 |,

one arrives at a constraint very similar to the first bound in Eq. (6.12). We conclude that

the constraints on the level of degeneracy between the squark doublets (stronger than five

to fourteen percent) applies to any supersymmetric model where the mass of the first two

squark doublet generations is below TeV. It is suggestive that the mechanism that mediates

supersymmetry breaking is flavor-universal, as in gauge mediation.

13
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FIG. 1: The bound on �

12
Q as a function of the angle ↵ (see text). The angle ↵ is plotted on a log scale in the basis �C = 0.23,

so that a value of 1 on the x axis corresponds to ↵ = �C (large angle), while a value of 5 gives ↵ = �

5
C (small angle — down

alignment). The vertical doted line shows the angle of optimal alignment (weakest bound). The red (blue) shaded region
corresponds to a gluino mass mg̃ of 1 (1.5) TeV, and inside each region the average squark mass m̄Q̃ is varied in the range
[0.8mg̃, 1.2mg̃]. The upper edge of each region (weakest bound) comes from the lowest m̄Q̃ . The two dashed lines correspond
to m̄Q̃ = mg̃ .

is shown in Fig. 1 as a function of the angle ↵, for various ranges of the relevant SUSY parameters (see the caption).
It can be seen that on the right-hand side of the plot, where the angle is very small (down alignment), the strongest
constraint comes from �mD , while on the left hand side, where the angle is large, ✏K is the dominant constraint.
The vertical dashed line marks the transition point, where the alignment is optimal, yet as evident from the plot,
making the angle smaller only mildly a↵ects the bound on �12Q . For the case where the gluino mass and the average
squark mass are both 1 TeV, the weakest bound is �12Q . 0.13. This occurs around log� ↵ ⇠ 2.5, so the universal CP

violating phase is of order �2.5
C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically

1

↵s(MS)
=

1

↵s(⇤)
+

b
3

2⇡
ln

⇤

MS
, (25)

mg̃(⇤)

mg̃(MS)
= 1 + ↵s(⇤)

b
3

2⇡
ln

⇤

MS
, (26)

m2

˜Q1,2
(MS)�m2

˜Q1,2
(⇤) =

8

3b
3

⇥
mg̃(⇤)

2 �mg̃(MS)
2

⇤
, (27)

where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

P
m2

˜Q
(µ) = m2

˜Q1
(µ) +m2

˜Q2
(µ) and �m2

˜Q
(µ) = m2

˜Q2
(µ)�m2

˜Q1
(µ). Then in our approximation,

only
P

m2 has a nontrivial RGE evolution, while �m2 is invariant. Writing

�12Q (µ) =
�m2

˜Q
(µ)

P
m2

˜Q
(µ)

h
1 +

r
1�

⇣
�m2

˜Q
(µ)/

P
m2

˜Q
(µ)

⌘
2

i , (28)
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violating phase is of order �2.5
C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically

1

↵s(MS)
=

1

↵s(⇤)
+

b
3

2⇡
ln

⇤

MS
, (25)

mg̃(⇤)

mg̃(MS)
= 1 + ↵s(⇤)

b
3

2⇡
ln

⇤

MS
, (26)

m2

˜Q1,2
(MS)�m2

˜Q1,2
(⇤) =

8

3b
3

⇥
mg̃(⇤)

2 �mg̃(MS)
2

⇤
, (27)

where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

P
m2

˜Q
(µ) = m2

˜Q1
(µ) +m2

˜Q2
(µ) and �m2

˜Q
(µ) = m2

˜Q2
(µ)�m2

˜Q1
(µ). Then in our approximation,

only
P

m2 has a nontrivial RGE evolution, while �m2 is invariant. Writing

�12Q (µ) =
�m2

˜Q
(µ)

P
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˜Q
(µ)

h
1 +

r
1�

⇣
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˜Q
(µ)/

P
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⌘
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C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically
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=
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+
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where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

P
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(µ) = m2

˜Q1
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• SM quark flavor symmetry

• two sources of breaking:

• Implication (2): bounds on degeneracy in SUSY alignment models

• SUSY effects in flavor ~ masses, splittings (degeneracy); mixing angles

• D & K mixing said to imply that alignment not viable w/o degeneracy

• based on assumption of ~ maximal CPV in K & D mixing

• not actually attainable in alignment due to CPV universality
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces
contributions to CP violation in �F = 1 processes which are approximately universal, in that
they are not a↵ected by flavor rotations between the up and the down mass bases. Therefore,
such flavor violation cannot be aligned, and is constrained by the strongest bound from either
the up or the down sectors. We use this result to show that the bound from ✏

0
/✏ prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.
Another consequence of this universality is that supersymmetric alignment models with a moderate
mediation scale are consistent with the data, and are harder to probe via CP violating observables.
With current constraints, therefore, squarks need not be degenerate. However, future improvements
in the measurement of CP violation in D �D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in �F = 2 processes [1], in
the case of �F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of �F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to �aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ⌘ (YuY
†
u )/tr , Ad ⌘ (YdY

†
d )/tr , (1)
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the case of �F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of �F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
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CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
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Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ⌘ (YuY
†
u )/tr , Ad ⌘ (YdY

†
d )/tr , (1)
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, is also important at small q2. The B ! K⇤`+`� mode is particularly promising, since the distribution
of the K⇤ ! K⇡ decay products allows to extract information about the polarization of the K⇤. When combined
with the angular distributions of the two charged leptons, it is possible to construct observables probing directly CP
violating contributions to the relevant short-distance Wilson coe�cients [23]. Such observables could potentially be
measured at LHCb and SuperB [24]. On the other hand, the direct CP asymmetries depend on strong phases, which
are small in the inclusive B ! Xs`+`� decay (outside the resonance region), and are poorly known in the exclusive
B ! K(⇤)`+`� case. Another probe of this physics could be the study of time-dependent CP asymmetries in these
modes. While these are challenging experimentally, the interpretation of the results would be theoretically cleaner.
The SM predicts that the time-dependent CP asymmetry vanishes, as it does in Bs ! ��, to an even better accuracy
than in Bs !  �, due to a 2�s � 2�s cancellation between the mixing and decay phases. The same cancellation
occurs in NP models in which the mixing amplitude is modified as MSM

12

⇥ R2 and the decay amplitude is modified
as ASM ⇥ R. While this is the case in most supersymmetric models, it is not generic, and is violated, for example,
by models containing a Z 0 which has a flavor changing coupling to quarks and non-universal couplings to quarks and
leptons. (With very large data sets at the upgraded LHCb, a time-dependent Bs ! µ+µ� analysis would also be
worth pursuing.)

To analyze the connection between t ! cZ and FCNC b ! s decays, we need to consider the NP operators
before the Z is integrated out [25]. For example, the operator (b̄s)V�A (H†DH) contributes to Eq. (20), since after
electroweak symmetry breaking H†DµH ! gv2Zµ. Thus the relevant Wilson coe�cient, CH

bs , is constrained from
B ! Xs`+`�, similar to Eq. (22), as

��Im(CH
bs)
�� < 8.7⇥ 10�3 (⇤

NP

/TeV)2. Top decays into final states with a jet and
a pair of charged leptons o↵er a probe of the related (Xu

L)tc and (Xu
L)tu contributions [26]. The expected sensitivity

of this mode with 100 fb�1 at the 14 TeV LHC is |CH
tc(u)| . 0.2 (⇤

NP

/TeV)2 [25, 27], where the relevant operator is

defined as (t̄c(u))V�A (H†DH). According to Eq. (7), we can conclude that barring cancellations, any experimental
signal of CP violation in this channel would have to be due to SU(3)U breaking NP.

V. IMPLICATIONS FOR SUSY MODELS

In SUSY models the left-handed squark mass-squared matrix, m̃2

Q , is the only source of SU(3)Q breaking, and
is approximately SU(2)L invariant (see, e.g., [28] and references therein). In the following we discuss a universal
constraint on m̃2

Q from �F = 1 CP violation. In addition, we consider an example of �F = 2 constraints in relation
to alignment models, where our argument about universality of the CP phase also plays a role. In all cases the bounds
can be directly applied on the corresponding mass insertion parameters.

First we analyze the constraint from ✏0/✏. In the super-CKM basis, the neutral gaugino couplings are flavor
diagonal, while the mass matrices of the squarks are not diagonal in general. New contributions to CP violation
in �F = 1 processes involving left handed quarks are induced by the imaginary o↵-diagonal elements of m̃2

Q , and

can be parameterized in terms of the ratios �ijLL ⌘
�
m̃2

Q

�ij
/ m̄2

˜Q
, where i, j = 1, 2 are flavor indices and m̄

˜Q ⌘
(m

˜Q1
+m

˜Q2
)/2 is the average squark mass (this choice is consistent to linear order with the convention of [29]). The

experimental constraint on new contributions to ✏0/✏ is translated to the following bound on the left-handed mass
insertion parameter [29] Im �12LL  0.5 for m̄

˜Q = mg̃ = 500 GeV . This can be straightforwardly rephrased as a robust
constraint on the level of degeneracy

�12Q ⌘
m

˜Q2
�m

˜Q1

m
˜Q2

+m
˜Q1

 0.25

 
500GeV

m̄
˜Q

!
. (24)

This bound is weaker than the one obtained by combining the bounds from ✏K andD�D mixing [1]. Yet, interestingly,
it could have constrained degeneracy without the need for any additional measurements involving D mesons, more
than 20 years ago already, when the experimental uncertainty of ✏0/✏ approached the 10�3 level [30].

Constraints on alignment models that balance the bounds from mixing and CP violation in the K and D systems
have been analyzed in [1]. Here we comment on their results for supersymmetric models based on our CP universality
argument. According to the parameterization employed in [1], sin↵ (sin 2�) is proportional to the real (imaginary)
part of the o↵-diagonal element of the NP flavor violating source in the down mass basis. CP universality implies that
in the up mass basis, sin 2� still corresponds to the imaginary part, while the real part is rotated by twice the Cabibbo
angle. Equation (31) in [1] gives the bounds on squark mass degeneracy for the cases of vanishing (sin 2� = 0) and
maximal (sin 2� ⇠ 1) phase. We argue that the latter case is irrelevant, since it violates the assumption of alignment.
In contrast, while realistic models of alignment generically do not control the fundamental CP violating phases, they
force both sin↵ and sin 2� to be small, and should therefore be taken to be comparable [31]. This leads to a much
weaker bound than the more stringent one in [1]. In particular, the bound on �12Q from ✏K and �mK for sin↵ ⇠ sin 2�
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• This can be generated by*: 
– Anarchy at the SUSY breaking mediation scale 

– SUSY renormalization group flow to the TeV scale 
– Can lead to modest level of degeneracy 
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Abstract
We consider the case where the quark mass hierarchy is determined by flavor dynamics

at a high scale. In such a case, under reasonable assumptions, RGE e↵ects yield a binomial
distributions under which there is a preference to obtain either light or heavy fermions.
Assuming a chemistry similar to that of our universe, and imposing the presence of a light
Higgs field the metastability bound implies that a probable spectrum will include either
six light quarks or five light ones and a single heavy one with Yukawa coupling close to
the instability bound, consistent with the observed top mass.

1 Introduction

The recent LHC and Tevaron data [9, 10, 11, 12, 13, 14] hint for the existence of the Higgs boson
with a mass of about 125 GeV. Such a light Higgs is in agreement with the indirect constraints
derived from precision electroweak data [], assuming no significant new physics contributions.

It is well known that if the Higgs is su�ciently lighter than the top quark, electroweak
minimum of the Higgs potential might be destabilized, assuming no new physics beyond the
SM is in e↵ect below the Planck scale []. More precisely, when combining the latest hints about
the Higgs mass with the current data about the top mass and strong coupling, it seems that
the SM vacuum is metastable [5]. In other words, it is not the true minimum of the Higgs
potential, yet its lifetime is longer than the age of the universe.

The interesting fact that the top quark mass is close to the anthropic bound stemming
from electroweak vacuum stability motivates us to find a mechanism that would account both
for the existence of light quarks and that of a heavy quark. This can be realized in the context
of a multiverse picture, where anthropic bounds constrain the parameter space.

According to the common wisdom, the multiverse may emerge from the combination of...
(eternal inflation, string landscape).

While light fermion masses are usually generated by flavor models, a heavy quark naturally
emerges as a result of the IR quasi fixed point of the SM renormalization group equations
(RGE) []. The latter generates an order 1 Yukawa coupling at the weak scale for a wide range
of initial Yukawa values at some high UV scale. The combination of these two mechanisms
allows us to construct observed pattern of quark masses.

2 Flavor Dynamics

Various mechanisms that address the flavor puzzle have been studied in the literature [1, 2, 3],
yet all of them can be summarized in a simple formula for the e↵ective Yukawa couplings:
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Can this be consistent with LHC data??

The relentless march of experiment
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In fact, all 4 flavor “sea” squarks can be light!
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So far crazily reasonable, is there alternative paradigm?

P ara ganarse la vida, el héroe típico de Hollywood 
se dedica a escapar de la muerte. Una y otra vez, 
infi nidad de enemigos le disparan desde todas direc-

ciones, pero fallan por milímetros. Los coches explotan 
siempre una fracción de segundo demasiado tarde y él 
consigue encontrar refugio antes de que la explosión le 
alcance. Sus amigos consiguen siempre rescatarle justo 
antes de que le degüelle algún villano. Si cualquiera de 
esas acciones hubiese ocurrido de manera ligeramente 
distinta, habríamos tenido que despedirnos de nuestro 
héroe con un “hasta la vista, baby”. Aun cuando no ha-
yamos visto la película antes, hay algo que nos dice que 
el protagonista llegará sano y salvo hasta el fi nal.

En cierto modo, la historia de nuestro universo se 
parece a una película de acción de Hollywood. Se ha 
aducido que un pequeño cambio en alguna de las leyes 
de la física hubiera desbaratado el proceso normal de 
evolución del universo y nuestra existencia no habría sido 
posible. Por ejemplo, si la interacción nuclear fuerte (la 
responsable de mantener unidos los núcleos atómicos) hu-
biera sido ligeramente más fuerte o más débil, las estrellas 
sólo habrían generado una pequeña parte del carbono y 
demás elementos que parecen necesarios para la forma-
ción de planetas, por no hablar de la aparición de vida.

Buscando vida en el
MULTIVERSO
Otros universos con diferentes leyes físicas podrían también ser habitables

ALEJANDRO JENKINS Y GILAD PEREZ
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CONCEPTOS BASICOS
� A partir del vacío pri-

mordial que dio origen
a nuestro universo po-
drían haber surgido otros 
muchos universos, cada 
uno con sus propias leyes 
físicas.

� Suponiendo que existan, 
muchos de ellos podrían 
albergar estructuras com-
plejas e incluso vida.

� Estos resultados sugieren 
que quizá nuestro univer-
so no esté tan “fi namente 
ajustado” para permitir 
la aparición de vida como 
se había pensado hasta 
ahora.

2 INVESTIGACION Y CIENCIA, marzo, 2010

Potential implications for a 125GeV Higgs on flavor physics
Giudice, GP & Soreq (12).

sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

Jupiter's volcanic moon

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

Earth & our moon
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125 GeV Higgs -> top is ~saturating metastability

A raise of < 3% in top Yukawa => weakless universe!
A new coincidence, top (H) flavor puzzle?

in a single measurement; a statistical accuracy of ∆αs = 0.0004 is for instance quoted in
Ref. [49]. This can be done either in e+e− → qq̄ events on the Z-resonance (the so-called
GigaZ option) or at high energies [43] or in a combined fit with the top quark mass and
total width in a scan around the tt̄ threshold [48].

Assuming for instance that accuracies of about ∆mt ≈ 200 MeV and ∆αs ≈ 0.0004 can
be achieved at the ILC, a (quadratically) combined uncertainty of less than ∆MH ≈ 0.5
GeV on the Higgs mass bound eq. (1) could be reached. This would be of the same order
as the experimental uncertainty, ∆MH

<∼ 100 MeV, that is expected on the Higgs mass.
At this stage we will be then mostly limited by the theoretical uncertainty in the

determination of the stability bound eq. (1) which is about ±1 GeV. The major part of
this uncertainty originates from the the QCD threshold corrections to the coupling λ which
are known at the two-loop accuracy [6, 7]. It is conceivable that, by the time the ILC will
be operating, the theoretical uncertainty will decrease provided more refined calculations
of these threshold corrections beyond NNLO are performed.

The situation is illustrated in Fig. 1 where the areas for absolute stability, metastability8

and instability of the electroweak vacuum are displayed in the [MH , m
pole
t ] plane at the 95%

confidence level. The boundaries are taken from Ref. [6] but we do not include additional
lines to account for the theoretical uncertainty of ∆MH = ±1 GeV (which could be reduced
in the future) and ignore for simplicity the additional error from the αs coupling.
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Figure 1: The 2σ ellipses in the [MH ,m
pole
t ] plane that one obtains from the current top quark

and Higgs mass measurements at the Tevatron and LHC and which can be expected in future
measurements at the LHC and at the ILC, when confronted with the areas in which the SM
vacuum is absolutely stable, metastable and unstable up to the Planck scale.

As can be seen, the 2σ blue–dashed ellipse for the present situation with the current
Higgs and top quark masses of MH = 126 ± 2 GeV and mpole

t = 173.3 ± 2.8 GeV, and in

8This situation occurs when the true minimum of the scalar potential is deeper than the standard
electroweak minimum but the latter has a lifetime that is larger than the age of the universe [5]. The
boundary for this region is also taken from Ref. [6].

9

Alekhin, Djouadi & Moch (12)

yt . 1.03 + 1.8 · 10�3 (mH � 125.5GeV)
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Getting a two-peaks distributions, ultra speculative 
solution to flavor puzzle (question more important than answer ...)

♦ Interpretation for quark spectrum, in view of new Higgs mass:

♦ RGE + “strong dynamics” inspired models can generate binary dist’.

Figure 3: PDF of a single Yukawa coupling. The solid blue (dashed black) line corresponds to
the distribution of Eq. (4) (Eq. (7)) with n = m = 2 and Q

max

= 100 (a = 3.1, y
0

= 6.8⇥ 10�3

and ✏ = 0.012). Left Panel: the original distributions as applied at the Planck scale. Right
panel: the distributions after one-loop RGE running down to the weak scale.

for the Higgs has already been examined in the context of a vacuum stability analysis [5] (see
also []). This state-of-the-art calculation found the following stability and metastability bounds

mh > 129.4GeV + 1.4GeV

✓
mt � 173.1GeV

0.7GeV

◆
� 0.5GeV

✓
↵s(mZ)� 0.1184

0.0007

◆
± 1GeV , (9)

mh > 111GeV + 2.8GeV

✓
mt � 173.2GeV

0.9GeV

◆
� 0.9GeV

✓
↵s(mZ)� 0.1184

0.0007

◆
± 3GeV , (10)

respectively. Assuming no new physics up to the Planck scale, the conclusion is that the present
measurements implies that our electroweak vacuum is metastable. It is quite remarkable to note
that for a fixed 125GeV Higgs mass the top Yukawa is less than 3% from making our electroweak
vacuum unstable! Below we use the requirement of metastability of the Higgs potential as an
anthropic upper bound on the quark masses.

4 Multi-Flavor Analysis and The Quark Spectrum

We now combine the ingredients above and study the resulting quark mass structure within a
multiverse framework. The analysis is based on the following assumptions

• There is no new physics beyond the SM up to the Planck scale. (As a sensitivity check,
we also analyzed lower UV scales.)

• The Yukawa distributions of Eqs. (4) and (7) are therefore applied at the Planck scale,
so that the flavor dynamics that generates it takes place at a higher scale. Alternatively,
we examine the case where the Yukawa distribution is used at the weak scale, such that
the RGE play no role.

• The existence of the lightest two (and only two) quarks is ensured by anthropic arguments
(see e.g. [7]), and therefore the rest of the quarks are taken to be above the strange mass.

• Only the Yukawa sector of the SM is being scanned over the multiverse, while the gauge
and Higgs sectors (e.g. the Higgs mass) are held fixed. The implications of scanning over
the Higgs VEV are discussed below, on section 5.

The Yukawa couplings of the four heaviest quarks are generated (uncorrelated) at the Planck
scale, and then evolved down to weak scale (represented by the Z mass) using the one-loop RGE.

6

y / ✏Q , pQ(Q) / Qn , p✏(✏) / ✏m ,

y / ✏� , p�(�) / ea�
2
,

u,d              s c  b                                                             t

y = 0 y = 4⇡

instabilitychemistry

⇤QCD/MW 1

Jaffe,  Jenkins & Kimchi (09)

desert

Giudice, GP & Soreq (12).
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Summary

♦ Battle for naturalness: t-partner & resonance searches.    

♦ Light (non-”sups”) squarks maybe buried (regardless of alignment).    

♦ Is criticality of top Yukawa-Higgs mass coincidence?

♦ Entered precision top phys. phase, 
LHC data => fantastic & consistent with SM.   

♦ Combine effort resolving forward backward anomaly.  

♦ Minimalism: up flavor & CPV might hold the key.  

40



tb

cs
u

d

Thank you

Gilad Perez
CERN & Weizmann Inst.

Top Physics Pheno’ Perspective

41



Backups

42



 EFT constraints from charge asym’ 
& enhancement of differential mass distribution
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Figure 3: Prediction for the NP contribution (not including the SM) to the di↵erential charge
asymmetry as a function of Mtt̄ for the 8 TeV LHC run. The red, orange and yellow shaded
regions correspond to 1�, 2� and 3� of the fit, respectively.
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Figure 4: Prediction for the di↵erential tt̄ cross section as a function of Mtt̄ for the 8 TeV LHC
run, parameterized according to the definition of Eq. (6). The red, orange and yellow shaded
regions correspond to 1�, 2� and 3� of the fit, respectively.

5 Dijet Constraints

Dijets searches are sensitive to NP dynamics with sizable couplings to light flavors or gluons.
Since agreement with the expected SM rate has been observed thus far [27, 30], the available
LHC dijet data provides constraints on NP models explaining the top Att̄

FB . In the context of
heavy NP, the most naive interpretation of the operator basis defined in Section 2 does not
generate a dijet signal from a single operator, as the top quark in general escapes the cuts used
in the relevant measurement.

If the underlying theory is SU(2)L-invariant, then in a chiral basis couplings between
first generation quarks and left-handed b quarks are automatically present. We conservatively
assume that the data does not di↵erentiate between the various (non top) quark flavors, such
that b jets are bounded by the data. Our procedure is as follows. Any point in the fit parameter
space can be projected onto the chiral basis, where left handed tops and b’s are interchangeable.
The angular distribution of the resulting uū(dd̄)! bb̄ contribution to dijet production can then

6
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Figure 2: Comparison of the EFT fit to the di↵erential (left) and inclusive (right) charge
asymmetry to the LHC data. The red, orange and yellow shaded regions correspond to 1�,
2� and 3� of the fit, respectively, and the green points and error bars describe the CMS
measurement [10]. The inclusive charge asymmetry measured by ATLAS [11] is shown in blue.

their reconstruction therefore requires dedicated jet substructure techniques. Currently, there
is no partonic level result for the shape of the tt̄ spectrum in the boosted regime. However, CMS
has recently published an upper bound on the enhancement in the tt̄ cross section integrated
over Mtt̄ > 1 TeV based on the all hadronic channel [25]:

S ⌘
R

Mtt̄>1 TeV
d�SM+NP

dMtt̄
dMtt̄

R
Mtt̄>1 TeV

d�SM
dMtt̄

dMtt̄

< 2.6 , (6)

at 95% confidence level. This bound can be used to constrain the EFT parameter space, as
depicted in Fig. 1. It is evident that the bulk of the parameter space that accounts for the
Tevatron data is left intact. Future improvement of this measurement might further constrain
the EFT parameters.

Next we consider the measured charge asymmetry in Eq. (2), including the di↵erential data
as a function of Mtt̄ . Fig. 2 presents the charge asymmetry stemming from the fit, compared to
the CMS [10] and ATLAS [11] data. Currently, there is no strong tension between the Tevatron
measurement of the top forward-backward asymmetry and the LHC charge asymmetry data
within the EFT framework. It will be interesting to see how future updates of the data a↵ect
the EFT paradigm.

In accordance with the above results, we have verified that including the charge asymme-
try and tt̄ enhancement data in the fit a↵ects the result only mildly, leaving the conclusions
unchanged.

The EFT parameter space that fits the data can also be used to give predictions for future
LHC measurements at 8 TeV. We focus on two observables: the di↵erential charge asymmetry
and the di↵erential tt̄ cross section. In Fig. 3 we show the NP contribution to the former, while
Fig. 4 presents the latter, as described by the S parameter defined in Eq. (6). We learn that
the heavy NP explanation for the top forward-backward asymmetry predicts an enhancement
of the tt̄ di↵erential cross section at high Mtt̄ . For example, for Mtt̄ > 1.5 TeV, the minimal
enhancement of the S parameter is a factor of 2.

5

Delaunay, Gedalia, Hochberg & Soreq (12).   
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 What is the fine tuning problem (personal view)?
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 What is the fine tuning problem (personal view)?

Coincidence of 1:102 - moon subtends an angle 
                                    of ~ 0.52° while sun of ~ 0.53°.
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 What is the fine tuning problem (personal view)?

Imagine that they were equal to 1:1032 ! sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
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הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

Coincidence of 1:102 - moon subtends an angle 
                                    of ~ 0.52° while sun of ~ 0.53°.
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 What is the fine tuning problem (personal view)?

Imagine that they were equal to 1:1032 ! sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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It would raise two questions:

(i) What set their precise distance?  <=> Tuning problem.

why is �✓/✓
max

⇠ 10�32 ⌧ 1 ? why is
�
m2

H,W /m2

Pl

�
obs

⇠ 10�32 ⌧ 1 ?
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Figure 2: Best fit regions in the ci-mi plane, assuming mh = 125 GeV for the scalar top partner

(top-left), fermionic top partner (top-right) and vector W -partner (bottom-left). Shown are

68% (darker green) and 95% CL (lighter green) regions. The bottom-right image shows the

constraints for mh = 125GeV, for top partner models, i.e. �c� = 2/9�cg. The three bands show

the 1� allowed regions for RV H
bb , Rincl.

�� , and Rincl.
V V channels. The three curves show the theoretical

predictions as a function of �cg for each channel. Only 3 channels are shown, but all channels are

included. The green shaded region shows the 95% CL experimental preferred region.
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Indirect searches via Higgs precision tests (HPTs)

Beginning of HPTs era, sensitive to partners mass & couplings:
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Figure 1: Left: assuming mh = 125.5GeV, we show the measured Higgs boson rates at ATLAS,

CMS, CDF, D0 and their average (horizontal gray band at ±1�). Here 0 (red line) corresponds

to no Higgs boson, 1 (green line) to the SM Higgs boson. Right: The Higgs boson rate favored

at 1� (dark blue) and 2� (light blue) in a global SM fit as function of the Higgs boson mass.

2 Reconstructing the Higgs boson properties

In the left panel of figure 1 we summarize all data points [6, 7, 15, 14, 16, 17, 18, 19, 20, 21]

together with their 1� error-bars. The grey band shows the ±1� range for the weighted average

of all rates:
Measured Higgs rate

SM prediction
= 1.02± 0.15 (1)

It lies along the SM prediction of 1 (green horizontal line) and is 6.9� away from 0 (red horizontal

line).

2.1 Higgs boson mass

In the right panel of Fig. 1 we show our approximated combination of all Higgs boson data,

finding that the global best fit for the Higgs mass is

mh =

8
><

>:

125.2± 0.65 GeV CMS

126.2± 0.67 GeV ATLAS

125.5± 0.54 GeV combined

. (2)

The Higgs mass values preferred by the two experiments are compatible, and the uncertainty

is so small that in the subsequent fits we can fix mh to its best-fit value.

The analysis proceeds along the lines of our previous work [8] (for similar older fits see [9]),

with the following modifications: 1) whenever possible we use the central values and the un-

certainties on Higgs rates as reported by the experiments, rather than inferring them from

published observed and expected bounds; 2) We take into account uncertainties on the produc-

tion cross sections: ±14% for �(gg ! h) and for �(pp ! htt̄), ±3% for vector boson fusion,
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is so small that in the subsequent fits we can fix mh to its best-fit value.

The analysis proceeds along the lines of our previous work [8] (for similar older fits see [9]),
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Figure 1: The allowed parameter space of the e↵ective theory given in Eq. (2.1), derived from the

LHC and Tevatron constraints for mh = 125 GeV. We display the 1� allowed regions for the rates

in Eqs. (2.17)-(2.19): R�� (purple), RZZ (blue), RWW (light grey), R��jj (beige), and Rbb̄ (orange).

The “Combined” region (green) shows the 95% CL preferred region arising from all channels. The

crossing of the dashed lines is the SM point. The
N

corresponds to the best fit point. The top-

left plot characterizes models in which loops containing beyond the SM fields contribute to the

e↵ective 5-dimensional hGa
µ⌫G

a
µ⌫ and hAµ⌫Aµ⌫ operators, while leaving the lower-dimension Higgs

couplings in Eq. (2.1) unchanged relative to the SM prediction. The top right plot characterizes

composite Higgs models. The bottom plots characterize top partner models where only scalars and

fermions with the same charge and color as the top quark contribute to the e↵ective 5-dimensional

operators, which implies the relation �c� = (2/9)�cg.
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However, it’s pretty hard to raise di-photon rate via t-partners  in 
“real” natural theories ...

Falkowski (07); Low & Vichi (10); Azatov & Galloway (11); Gillioz, et al.;
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Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables

Re Im Re Im

(s̄L�µdL)2 9.8� 102 1.6� 104 9.0� 10�7 3.4� 10�9 �mK ; ⇥K

(s̄R dL)(s̄LdR) 1.8� 104 3.2� 105 6.9� 10�9 2.6� 10�11 �mK ; ⇥K

(c̄L�µuL)2 1.2� 103 2.9� 103 5.6� 10�7 1.0� 10�7 �mD; |q/p|, ⇧D

(c̄R uL)(c̄LuR) 6.2� 103 1.5� 104 5.7� 10�8 1.1� 10�8 �mD; |q/p|, ⇧D

(b̄L�µdL)2 5.1� 102 9.3� 102 3.3� 10�6 1.0� 10�6 �mBd ; S�KS

(b̄R dL)(b̄LdR) 1.9� 103 3.6� 103 5.6� 10�7 1.7� 10�7 �mBd ; S�KS

(b̄L�µsL)2 1.1� 102 7.6� 10�5 �mBs

(b̄R sL)(b̄LsR) 3.7� 102 1.3� 10�5 �mBs

(t̄L�µuL)2

TABLE I: Bounds on representative dimension-six �F = 2 operators. Bounds on ⇥ are quoted assuming an

e⇤ective coupling 1/⇥2, or, alternatively, the bounds on the respective cij ’s assuming ⇥ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9
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I. BOUNDS ON EFFECTIVE OPERATORS

Operator cij = 1 [TeV] LMFV [TeV] GMFV [TeV] Observables

Re Im Re Im

(s̄LγµdL)2 9.8 × 102 1.6 × 104 4.0 × 10−1 5.6 4.0 × 10−1 5.6 ∆mK ; εK

(s̄RdL)2 7.7 × 103 1.3 × 105 1.3 × 10−3 3.0 × 10−2 3.6 × 10−2 6.9 × 10−1 ∆mK ; εK

(s̄R dL)(s̄LdR) 1.7 × 104 3.0 × 105 < GeV 8.8 × 10−2 1.3 × 10−2 2.5 × 10−1 ∆mK ; εK

(c̄LγµuL)2 1.2 × 103 2.8 × 103 < GeV < GeV 2.4 × 10−1 < GeV ∆mD; |q/p|, φD

(c̄R uL)2 3.2 × 103 7.4 × 103 − − − − ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2 × 103 1.5 × 104 − − − − ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1 × 102 9.3 × 102 4.8 4.6 × 10−1 4.8 8.7 ∆mBd
; SψKS

(b̄R dL)2 1.0 × 103 1.8 × 103 3.6 × 10−1 6.7 × 10−1 7.9 15 ∆mBd
; SψKS

(b̄R dL)(b̄LdR) 1.9 × 103 3.5 × 103 1.3 × 10−2 < GeV 3.5 × 10−1 6.7 × 10−1 ∆mBd
; SψKS

(b̄LγµsL)2 1.1 × 102 4.6 5 ∆mBs

(b̄R sL)2 2.1 × 102 5.2 × 10−3 1.3 × 10−1 ∆mBs

(b̄R sL)(b̄LsR) 4.0 × 102 6.9 × 10−2 1.7 ∆mBs

L̄iσµνeRjHFµν

1.7 × 104 Br (µ → eγ)

3.3 × 102 Br (τ → µγ)

2.6 × 102 Br (τ → eγ)

(µ̄γµPLe) (ūγµPLu) 1.9 × 102 σ(µ−Ti→e−Ti)
σ(µ−Ti→capture)

TABLE I: Bounds on the scale Λ of representative dimension-six ∆F = 2 operators in the quark and lepton

sectors. Bounds on Λ are quoted assuming an effective coupling cij/Λ2, where the coefficients are either

generic or structured via linear MFV (LMFV) or GMFV. Observables related to CPV are separated from

the CP conserving ones with semicolons. In the Bs system we only quote a bound on the modulo of the NP

amplitude derived from ∆mBs
. For the definition of the CPV observables in the D system see Ref. [1]. The

bounds in the lepton sector are on the modulo of the NP amplitude.

The effects of new physics at a high energy scale (Λ $ mW ) on the various meson mixing

systems can be studied in an effective operator language. A complete set of four quark operators

1

same sign t’s
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Operator Bounds on ⇥ in TeV (cij = 1) Bounds on cij (⇥ = 1 TeV) Observables
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a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].
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where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)
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of the operator (3.6) with the down mass basis.
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ignoring the third generation is often a good approximation to the physics at hand. Indeed, even
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(b̄R dL)2 1.0 × 103 1.8 × 103 3.6 × 10−1 6.7 × 10−1 7.9 15 ∆mBd
; SψKS

(b̄R dL)(b̄LdR) 1.9 × 103 3.5 × 103 1.3 × 10−2 < GeV 3.5 × 10−1 6.7 × 10−1 ∆mBd
; SψKS
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1.7 × 104 Br (µ → eγ)
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TABLE I: Bounds on the scale Λ of representative dimension-six ∆F = 2 operators in the quark and lepton

sectors. Bounds on Λ are quoted assuming an effective coupling cij/Λ2, where the coefficients are either

generic or structured via linear MFV (LMFV) or GMFV. Observables related to CPV are separated from

the CP conserving ones with semicolons. In the Bs system we only quote a bound on the modulo of the NP

amplitude derived from ∆mBs
. For the definition of the CPV observables in the D system see Ref. [1]. The

bounds in the lepton sector are on the modulo of the NP amplitude.

The effects of new physics at a high energy scale (Λ $ mW ) on the various meson mixing

systems can be studied in an effective operator language. A complete set of four quark operators
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a bound on the modulo of the NP amplitude derived from �mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1
⇥2

NP

(QLi(XQ)ij�µQLj)(QLi(XQ)ij�
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d = ⌅d, Y u = V †⌅u, XQ = V †
d ⌅QVd, (3.7)

where ⌅Q is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics e⇤ects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle ⇤c), while Vd depends on a

9

Flavor anecdotes

Daniel Grossman, Yonit Hochberg, Gilad Perez and Yotam Soreq

I. BOUNDS ON EFFECTIVE OPERATORS

Operator cij = 1 [TeV] LMFV [TeV] GMFV [TeV] Observables

Re Im Re Im

(s̄LγµdL)2 9.8 × 102 1.6 × 104 4.0 × 10−1 5.6 4.0 × 10−1 5.6 ∆mK ; εK

(s̄RdL)2 7.7 × 103 1.3 × 105 1.3 × 10−3 3.0 × 10−2 3.6 × 10−2 6.9 × 10−1 ∆mK ; εK

(s̄R dL)(s̄LdR) 1.7 × 104 3.0 × 105 < GeV 8.8 × 10−2 1.3 × 10−2 2.5 × 10−1 ∆mK ; εK

(c̄LγµuL)2 1.2 × 103 2.8 × 103 < GeV < GeV 2.4 × 10−1 < GeV ∆mD; |q/p|, φD

(c̄R uL)2 3.2 × 103 7.4 × 103 − − − − ∆mD; |q/p|, φD
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• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
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000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
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חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ⇠ 10�19 m ) �✓ ⇠ 10�32 )
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sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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Fascinating Top Warped Physics @  LHC
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)

38

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)

38

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)

38

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)

38

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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