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• Condensed matter physics in vacuo

• Higgs quo vadis? 

• Supersymmetry: aut vincere aut mori

• Natura abhorret vacuo inconstans

• QCD: hic sunt dracones

• What theorists want: scientia ipsa potentia est



Higgs discovery: condensed matter physics in vacuo
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The first time that the 
entire NYT Science 
section is devoted to a 
single story!
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Nambu and Goldstone (1960)

Nobel Lecture: Spontaneous symmetry breaking in particle physics:
A case of cross fertilization*

Yoichiro Nambu
University of Chicago, The Enrico Fermi Institute, Chicago, Illinois 60637, USA

!Published 15 July 2009; corrected 24 November 2010"

DOI: 10.1103/RevModPhys.81.1015

I will begin by a short story about my background. I
studied physics at the University of Tokyo. I was at-
tracted to particle physics because of the three famous
names, Nishina, Tomonaga, and Yukawa, who were the
founders of particle physics in Japan. But these people
were at different institutions than mine. On the other
hand, condensed matter physics was pretty good at To-
kyo. I got into particle physics only when I came back to
Tokyo after the war. In hindsight, though, I must say that
my early exposure to condensed matter physics has been
quite beneficial to me.

Particle physics is an outgrowth of nuclear physics
which began in the early 1930s with the discovery of the
neutron by Chadwick, the invention of the cyclotron by
Lawrence, and the “invention” of meson theory by
Yukawa !Nambu, 2007". The appearance of an ever-
increasing array of new particles in the subsequent de-
cades, and the advances in quantum field theory gradu-
ally led to our understanding of the basic laws of nature,
culminating in the present standard model.

When we faced those new particles, our first attempts
were to make sense out of them by finding some regu-
larities in their properties. They invoked the symmetry
principle to classify them. Symmetry in physics leads to a
conservation law. Some conservation laws are exact, like
energy and electric charge, but these attempts were
based on approximate similarities of masses and interac-
tions.

Nevertheless, seeing similarities is a natural and very
useful trait of the human mind. The near equality of
proton and neutron masses and their interactions led to
the concept of isospin SU!2" symmetry !Heisenberg,
1932". On the other hand, one could also go in the op-
posite direction, and elevate symmetry to a more elabo-
rate gauged symmetry. Then symmetry will determine
the dynamics as well, a most attractive possibility. Thus
the beautiful properties of electromagnetism was ex-
tended to the SU!2" non-Abelian gauge field !Yang and
Mills, 1954". But strong interactions are short range.
Giving a mass to a gauge field destroys gauge invariance.

Spontaneous symmetry breaking !SSB", which is the
main subject of my talk, is a phenomenon where a sym-

metry in the basic laws of physics appears to be broken.
In fact, it is a very familiar one in our daily life, although
the name SSB is not !the name is due to Baker and
Glashow, 1962". For example, consider a elastic straight
rod standing vertically. It has a rotational symmetry; it
looks the same from any horizontal direction. But if one
applies increasing pressure to squeeze it, it will bend in
some direction, and the symmetry is lost. The bending
can occur in principle in any direction since all directions
are equivalent. But you do not see it unless you repeat
the experiment many times. This is SSB.

The SSB in quantum mechanics occurs typically in a
uniform medium consisting of a large number of ele-
ments. It is a dynamical effect. Symmetry allows some
freedom of action to each of them but the interaction
among them forces them, figuratively speaking, to line
up like a crowd of people looking in the same direction.
Then it is not easy to change the direction wholesale
even if it is allowed by the symmetry and hence does not
take energy, because the action is not local operator. So
the symmetry appears to be lost. It is still possible to
recover the lost symmetry by a global operation, but it
would amount to a kind of phase transition. Some of the
examples are

Physical system Broken symmetry

Ferromagnets Rotational invariance !with respect
to spin"

Crystals Translational and rotational invariance
!modulo discrete values"

Superconductors Local gauge invariance !particle number"

SSB in a medium then has the following characteristic
properties:

!1" The ground state has a huge degeneracy. A sym-
metry operation takes one ground state to another.

!2" Only one of the ground states and a whole spec-
trum of excited states built on it are realized in a
given situation.

!3" SSB is, in general, lost at sufficiently high
temperatures.

In relativistic quantum field theory, this phenomenon
becomes also possible for the entire space-time, for the
“vacuum” is not void, but has many intrinsic degrees of

*The 2008 Nobel Prize for Physics was shared by Yoichiro
Nambu, Makoto Kobayashi, and Toshihide Maskawa. This pa-
per is the text of the address given in conjunction with the
award.

REVIEWS OF MODERN PHYSICS, VOLUME 81, JULY–SEPTEMBER 2009

0034-6861/2008/81!3"/1015!4" , Published by The American Physical Society1015
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• Apply condensed matter ideas to particle physics

• Now the quantum vacuum is “the medium”
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Anderson (1962)
gauge bosons “eat” Goldstone bosons and get mass, 

just like a photon inside a superconductor

It is likely, then, considering the superconducting analog, 
that the way is now open for a degenerate-vacuum theory 
of the Nambu type without any difficulties involving 
either zero-mass Yang-Mills gauge bosons or zero-mass 
Goldstone bosons. These two types of bosons seem 
capable of “canceling each other out” and leaving finite 
mass bosons only.
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Yoichiro Nambu
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up like a crowd of people looking in the same direction.
Then it is not easy to change the direction wholesale
even if it is allowed by the symmetry and hence does not
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REVIEWS OF MODERN PHYSICS, VOLUME 81, JULY–SEPTEMBER 2009

0034-6861/2008/81!3"/1015!4" , Published by The American Physical Society1015

spin waves

phonons

???

Goldstone modes
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Higgs et al (1964)
a fundamental self-sourcing scalar field

can cause spontaneous symmetry-breaking in the vacuum
and give gauge bosons mass

The purpose of the present note is to report that...the spin-one 
quanta of some of the gauge fields acquire mass...This phenomenon 
is just the relativistic analog of the plasmon phenomenon to which 
Anderson has drawn attention

the Higgs Mechanism
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Weinberg, Salam (1967)
the Electroweak Standard Model

• An SU(2)L x U(1)Y nonabelian gauge theory with 
chiral fermions

• Spontaneously broken by a complex doublet 
scalar field with self-interactions

• Three of the four real scalar components are 
eaten to give mass to the W+, W-, and Z, leaving 
one neutral Higgs boson and a massless photon

• The fermions also get mass from their Yukawa 
couplings to the scalar field

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013
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LHCP 2013 -  Barcelona 12-18 May 2013 Fabio Maltoni

THE HOTTEST NEWS IN TOP PHYSICS

• A new force has been discovered, the first 
ever seen* not related to a gauge 
symmetry.

• Its mediator looks a lot like the SM scalar

*fundamental, ie with elementary mediators.

2
Tuesday 14 May 2013

Beautiful Discovery
Boson, J != 1

Fermions = Matter ; Bosons = Forces

• Fundamental Boson: New interaction which is not gauge

• Composite Boson: New underlying dynamics

If New Physics exists at !NP
!M2

H !
g2

(4")2
!2
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log

!

!2
NP

M2
H

"

Which symmetry keeps MH away from !NP?

• Fermions: Chiral Symmetry

• Gauge Bosons: Gauge Symmetry

• Scalar Bosons: Supersymmetry, Scale/Conformal Symmetry . . . ?
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Higgs boson = a new force carrier                        

Talk by Tony Pich

Talk by Fabio Maltoni
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• Spin 0 boson

• Neutral CP even component of a complex SU(2) 
doublet with hypercharge +1

• Couples to W and Z bosons proportional to their 
masses

• Couples to quarks and leptons proportional to 
their masses

• Couples to massless photons and gluons through 
loops involving virtual charged/colored particles 
(top quarks, W bosons, ...) 

what makes a Higgs a Higgs?

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013
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• First job of the experiments is to rule out Higgs imposters

• Does the new particle look more like spin 0, or like spin 1 or spin 2?

• Does the new particle look more like a scalar or a pseudoscalar?

• Does it decay ~8 times more often to WW than ZZ, as predicted for a boson 
from an SU(2) doublet?

• Can tune a dilaton imposter or spin 2 imposter to survive, but looks like a Higgs

Higgs Imposters

• Full profiling of !Z, !F 
• !WZ in [0.68 - 1.55] 95%CL  

• !Z, !WZ = !W / !Z. 
• !F = 1 as in SM 
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Talk by Javi Serra



12

• Could be a mixture from more than one Higgs 
SU(2) doublet, singlets or triplets

• Could be a mixture of CP even and CP odd

• Could have enhanced/suppressed couplings to 
photons or gluons if there are exotic heavy 
charged or colored particles

• Could decay to exotic particles, e.g. dark matter

• May not couple to quarks and lepton 
proportional to their masses

• Could be composite, by itself does not unitarize 
VV scattering

is it a non-SM Higgs?

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

Talks by Tony Pich, Andreas Weiler, 
Rogerio Rosenfeld, Domeneq Espiriu



13

A simple start is to fit measured Higgs 
signal strengths to two parameters 
expressing possible non-SM behavior: 
one for couplings to vector bosons, 
another for couplings to fermions

the precision Higgs era has begun

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

Talk by Tony Pich
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Slightly more ambitious is a fit to 
general two-Higgs-doublet 
models w/o tree-level FCNCs
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Strong bound 
from EW fit

EWPO constrain Higgs couplings

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

Talks by Luca Silvestrini, 
Jorge De Blas, 
Margherita Ghezzi, 
Ignasi Rosell

!"#$%&'()%*+,-./01+ !2%34/5.67,414 !"

!"#$%&!'(#$)*$!"#$"+,,-

! ./012345$60$4784012/0$/9$8:4$-;$20$<:2=:>

" 8:4$/0?@$04<$?2A:8$18684$B4?/<$8:4$=C8/99$21$
8:4$"2AA1$B/1/0

" 8:454$21$6$=C18/326?$1@DD485@

" 8:454$21$0/$04<$1/C5=4$/9$9?6E/C5$E2/?682/0

! 8:4$D620$4994=8$20$#FG)$21$3C4$8/$6$H/112B?@$
D/329243$"2AA1$=/CH?20A$6$8/$E4=8/51$I,JK1L>

#$%&$'()(*)+,-./0*$0/)(*)+,-12+*/3)(*)+,-./0*$0/)(*)+,

!"#$%&'()%*+,-./01+ !2%34/5.67,414 !"

!"#$%&'(#%$)"#)*)'#+)Λ
! *),)-./0)1)/./0

! *)∈2/.345-./67839:

! !;<=;>?@A)B?CC>)
<;DAE>)@F=?G*EEF)
CAHAI*@A)*)J)-)

! K;I)*)J)-5)Λ L)-9)%AM)
! HAAD)*DD?@?;H*E)E?CN@)
>@*@A>)@;)K?O)PQ)K?@R

#$%&'()
*

+,%-$./-01)234-$5678*,9$

:,8*0;80(;<(,%

=;;(,%/$(+,%-$./-01)05,678*,9$>(
?$9<09$(;<(,%@>A034(;<(,%

!"#$%&'()%*+,-./01+ !2%34/5.67,414 !"

!"#$%&'(#%$)"#)*)'#+)Λ
! *),)-./0)1)/./0

! *)∈2/.345-./67839:

! !;<=;>?@A)B?CC>)
<;DAE>)@F=?G*EEF)
CAHAI*@A)*)J)-)

! K;I)*)J)-5)Λ L)-9)%AM)
! HAAD)*DD?@?;H*E)E?CN@)
>@*@A>)@;)K?O)PQ)K?@R

#$%&'()
*

+,%-$./-01)234-$5678*,9$

:,8*0;80(;<(,%

=;;(,%/$(+,%-$./-01)05,678*,9$>(
?$9<09$(;<(,%@>A034(;<(,%

Assumption:

Strongly 
constrains 
composite 
Higgs models

see Talk by Andreas Weiler
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How many more Higgs?

• Finding heavier/lighter Higgs 
bosons with non-standard 
couplings is a major long-term 
challenge for the LHC

• Supersymmetry and other BSM 
scenarios predict many additional 
kinds of Higgs bosons, differing in 
their masses, couplings and other 
properties

• These searches are just as 
important and promising as 
measuring the properties of the 
Higgs that we have in hand

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013
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Higgs connections

• Dark matter

• Quark and charged lepton flavor

• Neutrinos (talk by Pilar Hernandez)

• Baryogenesis (not this talk)

• Inflation, dark energy, ... (not this talk)

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

We have always claimed that understanding the Higgs and 
EWSB would then shed light on everything else. Now do it!

Examples:
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How does dark matter interact with baryonic matter?
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via gravity 
we know

via the Standard Model 
weak interactions?

via the Higgs boson?
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±
 expected! 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections σχ is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ρχ = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Leff parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1σ/2σ) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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• If there is BSM physics, couplings of the Higgs doublet to quarks 

and leptons may not be just the minimal Yukawas of the SM
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• Both flavor diagonal and flavor violating possible

• FV couplings involving taus or tops not yet strongly constrained

couplings after EWSB and are irrelevant for our analysis. In Eq. (4) there are in principle

also terms of the form (f̄
i
L,Ri /Df

j
L.R)H

†
H, which, however, can be shown to be equivalent to

(3) by using equations of motion.

After electroweak symmetry breaking (EWSB) and diagonalization of the mass matrices,

one obtains the Yukawa Lagrangian in Eq. (1), with

√
2m = VL

�
λ+

v
2

2Λ2
λ�
�
V

†
R v ,

√
2Y = VL

�
λ+ 3

v
2

2Λ2
λ�
�
V

†
R , (5)

where the unitary matrices VL, VR are those which diagonalize the mass matrix, and v =

246 GeV. In the mass basis we can write

Yij =
mi

v
δij +

v
2

√
2Λ2

λ̂ij , (6)

where λ̂ = VLλ�
VR. In the limit Λ → ∞ one obtains the SM, where the Yukawa matrix Y is

diagonal, Y v = m. For Λ of the order of the electroweak scale, on the other hand, the mass

matrix and the couplings of the Higgs to fermions can be very different as λ̂ is in principle

an arbitrary non-diagonal matrix.

Taking the off diagonal Yukawa couplings nonzero can come with a theoretical price.

Consider, for instance, a two flavor mass matrix involving τ and µ. If the off-diagonal entries

are very large the mass spectrum is generically not hierarchical. A hierarchical spectrum

would require a delicate cancellation among the various terms in Eq. (5). Tuning is avoided

if [35]

|YτµYµτ | �
mµmτ

v2
, (7)

with similar conditions for the other off diagonal elements. Even though we will keep this

condition in the back of our minds, we will not restrict the parameter space to fulfill it.

b. Models with several sources of EWSB: Let us now discuss the case where the Higgs

at 125 GeV is not the only scalar that breaks electroweak symmetry. The modification of

the above discussion is straightforward. The additional sources of EWSB are assumed to

be heavy and can thus still be integrated out. Their EWSB effects can be described by a

spurion χ that formally transforms under electroweak global symmetry and then obtains

a vacuum expectation value (vev), which breaks the electroweak symmetry. If χ has the

quantum numbers (2, 1/2) under SU(2)L × U(1)Y it can contribute to quark and lepton

5
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Higgs and Flavor
• So e.g. look for CLFV at LHC more generally

• But specifically also in Higgs decays
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Figure 6: Constraints on the flavor violating Yukawa couplings |Yeτ |, |Yτe| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµτ |, |Yτµ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h → τe, h → µe and h → τµ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g − 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(YαβYβα) [Im(YαβYβα)]. We also show limits

from a combination of g − 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g − 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji � mimj/v2 (see Sec. II).
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• If there is an extended Higgs sector, expect flavor effects

• Interplay between flavor and direct LHC searches for extra scalars

• Some promising channels, like                     , are getting quite constrained

• Anomalies in data, e.g.                    , may be hints of extended Higgs sector
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Implications of lepton flavor universality violations in B decays
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Present measurements of b → cτν and b → uτν transitions differ from the standard model pre-

dictions of lepton flavor universality by combined 4.6σ, if gaussian errors are assumed. We examine

new physics interpretations of this anomaly. An effective field theory analysis shows that mini-

mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,

right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss

explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-

ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are

presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B → D

(∗)τν
branching fractions normalized to the corresponding
B → D

(∗)�ν modes (with � = e, µ) [1]

R
∗
τ/� ≡ B(B→D∗τν)

B(B→D∗�ν) = 0.332± 0.030 , (1)

Rτ/� ≡ B(B→Dτν)
B(B→D�ν) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R

∗
τ/� and

Rτ/�, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4σ significance when combined) than the SM values
R

∗,SM
τ/� = 0.252(3) andRSM

τ/� = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b → c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b → u transitions. The measured lep-
tonic B → τν branching fraction B(B− → τ−ν̄) =
(16.8 ± 3.1) × 10−5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b → u�ν transition branching fraction
B(B̄0 → π+�−ν̄) = (14.6 ± 0.7) × 10−5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R
π
τ/� ≡

τ(B0)

τ(B−)

B(B− → τ−ν̄)

B(B̄0 → π+�−ν̄)
= 1.07± 0.20 . (3)

The SM prediction is R
π,SM
τ/� = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B → π form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6σ significance if gaussian
errors are assumed. (The tension between the measured

B → π�ν and B → τν decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R
π,exp
τ/� /R

π,SM
τ/� = 3.45 ± 0.93,

R
exp
τ/�/R

SM
τ/� = 1.49±0.26 andR

∗,exp
τ/� /R

∗,SM
τ/� = 1.32±0.12,

giving a combined excess of 4.6σ above the SM expec-
tations. These hints of LFU violations in semileptonic
b → c and b → u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing effective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP effects in R
(∗)
τ/� and Rπ

τ/� using EFT. The
SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale Λ above the electroweak symmetry breaking scale
v = (

√
2/4GF )1/2 � 174 GeV

L = LSM +
�

a

za

Λda−4
Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coeffi-
cients (below we will mostly use rescaled versions ca =
za(Λ/v)da−4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(∗)
τ/� and Rπ

τ/� then have the following form,

QL = (q̄3γµτ
a
q3)J

µ
3,a , (5)

Q
i
R = (ūR,iγµbR)(H

†τaH̃)J µ
3,a , (6)
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branching fractions normalized to the corresponding
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(∗)�ν modes (with � = e, µ) [1]
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τ/� ≡ B(B→D∗τν)

B(B→D∗�ν) = 0.332± 0.030 , (1)

Rτ/� ≡ B(B→Dτν)
B(B→D�ν) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R

∗
τ/� and

Rτ/�, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4σ significance when combined) than the SM values
R

∗,SM
τ/� = 0.252(3) andRSM

τ/� = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b → c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b → u transitions. The measured lep-
tonic B → τν branching fraction B(B− → τ−ν̄) =
(16.8 ± 3.1) × 10−5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b → u�ν transition branching fraction
B(B̄0 → π+�−ν̄) = (14.6 ± 0.7) × 10−5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R
π
τ/� ≡

τ(B0)

τ(B−)

B(B− → τ−ν̄)

B(B̄0 → π+�−ν̄)
= 1.07± 0.20 . (3)

The SM prediction is R
π,SM
τ/� = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B → π form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6σ significance if gaussian
errors are assumed. (The tension between the measured

B → π�ν and B → τν decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three
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π,exp
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tations. These hints of LFU violations in semileptonic
b → c and b → u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing effective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP effects in R
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τ/� and Rπ

τ/� using EFT. The
SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale Λ above the electroweak symmetry breaking scale
v = (
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2/4GF )1/2 � 174 GeV
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a
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Λda−4
Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coeffi-
cients (below we will mostly use rescaled versions ca =
za(Λ/v)da−4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(∗)
τ/� and Rπ

τ/� then have the following form,

QL = (q̄3γµτ
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Present measurements of b → cτν and b → uτν transitions differ from the standard model pre-

dictions of lepton flavor universality by combined 4.6σ, if gaussian errors are assumed. We examine

new physics interpretations of this anomaly. An effective field theory analysis shows that mini-

mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,

right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss

explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-

ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are

presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B → D

(∗)τν
branching fractions normalized to the corresponding
B → D

(∗)�ν modes (with � = e, µ) [1]

R
∗
τ/� ≡ B(B→D∗τν)

B(B→D∗�ν) = 0.332± 0.030 , (1)

Rτ/� ≡ B(B→Dτν)
B(B→D�ν) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R

∗
τ/� and

Rτ/�, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4σ significance when combined) than the SM values
R

∗,SM
τ/� = 0.252(3) andRSM

τ/� = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b → c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b → u transitions. The measured lep-
tonic B → τν branching fraction B(B− → τ−ν̄) =
(16.8 ± 3.1) × 10−5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b → u�ν transition branching fraction
B(B̄0 → π+�−ν̄) = (14.6 ± 0.7) × 10−5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R
π
τ/� ≡

τ(B0)

τ(B−)

B(B− → τ−ν̄)

B(B̄0 → π+�−ν̄)
= 1.07± 0.20 . (3)

The SM prediction is R
π,SM
τ/� = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B → π form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6σ significance if gaussian
errors are assumed. (The tension between the measured

B → π�ν and B → τν decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R
π,exp
τ/� /R

π,SM
τ/� = 3.45 ± 0.93,

R
exp
τ/�/R

SM
τ/� = 1.49±0.26 andR

∗,exp
τ/� /R

∗,SM
τ/� = 1.32±0.12,

giving a combined excess of 4.6σ above the SM expec-
tations. These hints of LFU violations in semileptonic
b → c and b → u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing effective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP effects in R
(∗)
τ/� and Rπ

τ/� using EFT. The
SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale Λ above the electroweak symmetry breaking scale
v = (

√
2/4GF )1/2 � 174 GeV

L = LSM +
�

a

za

Λda−4
Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coeffi-
cients (below we will mostly use rescaled versions ca =
za(Λ/v)da−4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(∗)
τ/� and Rπ

τ/� then have the following form,

QL = (q̄3γµτ
a
q3)J

µ
3,a , (5)

Q
i
R = (ūR,iγµbR)(H

†τaH̃)J µ
3,a , (6)
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∗
τ/� and

Rτ/�, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4σ significance when combined) than the SM values
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τ/� = 0.252(3) andRSM

τ/� = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b → c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b → u transitions. The measured lep-
tonic B → τν branching fraction B(B− → τ−ν̄) =
(16.8 ± 3.1) × 10−5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b → u�ν transition branching fraction
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The SM prediction is R
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τ/� = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B → π form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6σ significance if gaussian
errors are assumed. (The tension between the measured

B → π�ν and B → τν decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three
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π,exp
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giving a combined excess of 4.6σ above the SM expec-
tations. These hints of LFU violations in semileptonic
b → c and b → u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing effective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP effects in R
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τ/� and Rπ

τ/� using EFT. The
SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale Λ above the electroweak symmetry breaking scale
v = (
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L = LSM +
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Λda−4
Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coeffi-
cients (below we will mostly use rescaled versions ca =
za(Λ/v)da−4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
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τ/� and Rπ

τ/� then have the following form,

QL = (q̄3γµτ
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1203.2654

SM predictions

J.F.K. & Mescia
 0802.3790

Nierste, Trine & Westhoff 
0801.4938

Tanaka & Watanabe
1005.4306!

~3.4!

Khodjamirian et al. 
1103.2655

∆Rπ
τ/� ≡

τ(B0)

τ(B−)

B(B− → τ−ν̄)

∆B(B̄0 → π+�−ν̄)
= 5.17± 1.01

where the partial branching fraction !B and the integral !! defined as in (2), are taken
over the same region q21 ! q2 ! q22 of the momentum transfer.

The above equation for the ratio Rs/l follows solely from the V " A structure of the

weak currents in SM and Vub cancels out in the ratio. The form factor f+
B! and decay

constant fB entering r.h.s. are obtained by one and the same QCD method: lattice
QCD or the combination of LCSR and QCD sum rule. In Tables 2 and 3 we collect the
inputs for this equation, obtained from di"erent measurements and QCD calculations.
The disagreement between the calculated and measured ratio Rs/l goes beyond the
theoretical and experimental errors, especially in the case of the lattice calculations
which have smaller uncertainties.

Exp. !B(10!4) [Ref.] B(B # "#" )(10!4) [Ref.] Rs/l

BABAR 0.32 ± 0.03 [2] 1.76 ± 0.49 [37, 38] 0.20+0.08
!0.05

0.33± 0.03 ± 0.03 [3]

Belle 0.398 ± 0.03 [4] 1.54+0.38
!0.37

+0.29
!0.31 [39] 0.28+0.13

!0.07

QCD !!(ps!1) [Ref.] fB(MeV) [Ref.] Rs/l

HPQCD 2.02 ± 0.55 [5] 190± 13 [35] 0.52 ± 0.16

FNAL/MILC 2.21+0.47
!0.42 [6] 212 ± 9 [36] 0.46 ± 0.10

Table 2: The ratio Rs/l for the region 16 GeV2 < q2 < 26.4 GeV2, measured and calcu-
lated from (22) using the lattice QCD results. The weighted average over the
two BABAR measurements is taken and all errors are added in quadrature.

Decreasing further the theoretical and experimental errors in (22), especially in the
B # "#" width, becomes therefore a very important task. Possible e"ects beyond the SM
in B # "#" are already being discussed in the literature, and, in particular, B # D"#"
is proposed as a channel which has common new physics contributions with the leptonic
B decay (see e.g., [40] and references therein).

Here we would like to attract attention to another semileptonic channel: B # $"#" ,
although it is experimentally very demanding. Earlier this channel was discussed e.g.,
in [32, 41]. Note that this channel has the same combination of quark and lepton
flavours as B # "#" . In the SM, the B # $"#" decay di"ers only kinematically
from the semileptonic modes with the muon or electron. A convenient, Vub-independent
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RΤ �l RΤ �l� ∆RΤ�lΠ
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0.4
0.6
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1.2
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O
�Oexp
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0910.2928

also 
Becirevic et al., 1206.4977

MILC & Fermilab, 1206.4992

BaBar, 1205.5442,
1303.0571

HFAG
Belle, 1208.4678

O(30%) new effects?

LHCP 2013, May 14 2013, BarcelonaJ. Zupan     Heavy Flavor - Theory

Bs!µµ in the mssm with 
large tan"

• dominant contrib. 
from Higgs penguins

• Higgsino loop interfer.
with the SM

• destructively for !At>0

• constructively for !At<0

27

Altmannshofer, Carena, Shah, Yu, 1211.1976

from H,A!!!

adapted from talk by W. Altmannshofer, Snowmass Intensity Frontier Workshop, Argonne, Apr 26 2013 

LHCP 2013, May 14 2013, BarcelonaJ. Zupan     Heavy Flavor - Theory

Bs!µµ and modified Z 
couplings

• these are very precise measurements

• if one fixes flavor model, can compare FV and FC inter.

• e.g., modified Z cplng. for MFV or partial composit. (PC)

28

Guadagnoli, Isidori, 1302.3909

Z-peak obs.

Bs!!! now

Bs!!! 2018SM

Z-peak obs.
Bs!!! now

SM

Bs → µ+µ−

B→ D∗τν



Supersymmetry:
aut vincere aut mori
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are you getting nervous yet?

where are the superpartners?                        

• We knew already that there was a 
problem with SUSY, from no Higgs 
at LEP and no superpartners at 
LEP or Tevatron

• The only question is whether it is a 
“small” problem or a “big” problem
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Search for Supersymmetry at ATLAS - LISHEP 2013 Carsten Hensel, Georg-August-Universität Göttingen

THE SUSY THEORY PHASE SPACE

!"

SUSY

N=1

MSSM NMSSM

pMSSM

(T. Rizzo, SLAC Summer Institute, 2012)

CMSSM

SUSY is not just one theory.
It’s rather a concept with a 
multitude of possible 
manifestations!

LHC searches at 7 and 8 TeV have so far excluded about    
1/3 of the parameter space of the pMSSM; the full parameter 
space of relevant SUSY models is not even defined

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

M. Cahill-Rowley, J. Hewett, A. Ismail, T. Rizzo, arXiv:1211.1981
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Talk by Fabrizio Salvatore 

• Need multiple overlapping analyses even to cover the whole parameter 
space of Over-Simplified Models; this implies a long campaign to 
discover or exclude SUSY at the TeV scale

• SUSY may have nontrivial flavor features that change the signatures

Talks by Enrico Bertuzzo, Monika Blanke, Francesco Riva  
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DICHOTOMY
Higgs at 125 GeV

Beyond MSSM, 
natural

Stop search;
Higgs sector 
(rates, decays)

Models?
(NMSSM, D-terms, 
compositeness....)

MSSM, tuned 
with heavy 
scalars

Gluino 
search

Top-down 
theory

robust
experimental
connection

Talk by Matt Reece

what does a 125 GeV Higgs imply for SUSY?                        

Note: if Higgs mass had been 20% lighter, easy for SUSY;                       
if had been 20% or more heavier, (almost) kill SUSY just from this                       
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NATURAL SUSY, 1984
From Lawrence Hall’s talk at SavasFestSUSY Spectrum, 1984

Text

Over 3 decades of susy:  seismic shifts!

W boson near 
the top of the 
spectrum....

1984 was a 
utopian year 
for SUSY.

Times have 
changed!

Talk by Matt Reece

The Naturalness Dogma: caveat emptor                        
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• If superpartners are discovered at LHC,  
we will figure out what kind of SUSY 
model we actually have, and shed light on 
the tuning issues

• Ditto if we find Higgs compositeness etc

• But it is interesting already to question 
whether the mighty cathedral of BSM built 
up over 30 years may rest on shaky 
foundations...

The Naturalness Dogma:                    

quem deus vult perdere, dementat prius                        
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The Naturalness Dogma: how could it be wrong?                        

• The SM plus some renormalizable 
Terascale additions e.g. to explain dark 
matter etc is all that there is

• Renormalizable theories don’t have 
naturalness problems, because (at the 
end of the day) they don’t have cutoffs

• Usual counterargument is that at least 
there is a physical cutoff at MPlanck, but this 
is conjecture

possibility #1: SM is all that there is                        
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The Naturalness Dogma: how could it be wrong?                        

• Lots of new BSM physics, but no large 
hierarchy and all tuning issues are “small”

• But: why no strong indirect hints?

possibility #2: 10 TeV is the ultimate 
energy scale                        
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The Naturalness Dogma: how could it be wrong?                        

• Because of eternal inflation at the Planck 
scale (or something) there are 10500 
variations on our universe

• The electroweak scale is hierarchically 
small for anthropic reasons, or for reasons 
that have to do with the (unknowable) 
distribution of universes

• Applied “minimally”, leads to semi-split 
SUSY

• If applied arbitrarily, you can explain 
anything...

possibility #3: it’s the Multiverse, Stupid                        
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The Naturalness Dogma: how could it be wrong?                        

• Naturalness argument depends on relating 
the Higgs mass-squared to a relevant 
operator (dimension < 4)

• If somehow new strong interactions are 
creeping in, perhaps this is not true

• Idea is not controversial, but no working 
models

possibility #4: anomalous dimensions                        

M. Strassler hep-th/0309122,  R. Sundrum arXiv:0909.5430
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The Naturalness Dogma: how could it be wrong?                        

• SM has a UV completion with no 
intermediate mass scales

• The UV completion respects the softly-
broken scale invariance of the SM

• Use dimensional regularization and be 
happy; all BSM physics is at the TeV scale 
or in the magical UV theory

• But: what kind of UV theory does this?

possibility #5: Bardeen naturalness                        

W. Bardeen Fermilab-Conf-95-391-T
K. Meissner and H. Nicolai, hep-th/0612165
etc.



Natura abhorret vacuo inconstans
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SM Higgs vacuum instability

35

•For large field values we can just scale 
out      and write the RG improved 
effective potential in terms of a        

•Then                  at large field values 
implies that the Standard Model 
vacuum is unstable

•This possibility has been studied since 
the 1970s, but now we can finally put 
in the correct numbers

V(φ) = V0(φ) + V1(φ) � λeff φ4

φ4

λeff

λeff < 0

D. Politzer, S. Wolfram, Phys. Lett. 82B, 1979

J. Casas, J. Espinosa, M. Quiros, hep-ph/9409458
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why do we live on the ragged edge of doom?

36

• if you believe in supersymmetry, then this is just a coincidence

• but dismissing striking features of the data as coincidence has 
historically not been a winning strategy...

A. Strumia, Moriond EW 2013
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generating the electroweak scale from 
the dark matter?

• Add a simple dark matter sector that gets its own O(100) GeV mass 
scale from somewhere 

• Can we generate the EW scale radiatively from the DM scale?

• Try to impose the UV boundary conditions                                 , i.e. 
vanishing of the SM Higgs potential at the high scale 

m0 = 0, λ0 = 0
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generating the electroweak scale from 
the dark matter

• Example: 

• This is not ruled out by XENON and has more-or-less the correct relic 
abundance

• Do we get radiative electroweak symmetry breaking?

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

ms(v) = 320 GeV, λsh(Mt) = 0.2, λs(Mt) = 0.3

W. Altmannshofer, M. Carena, JL
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• So at a UV starting point of about 1013 GeV we have 

• No Higgs potential is input, but we get correct radiative EWSB 
from an input dark matter scale of about 360 GeV

V0(H,S) = m
2
0|H|2 +

1

2
λ|H|4 + λsh|H|2|S|2 + m

2
s |S|2 +

1

2
λs|S|4

ms(v) = 320 GeV, λsh(Mt) = 0.2, λs(Mt) = 0.3

W. Altmannshofer, M. Carena, JL

m0 = 0, λ0 = 0, βλ = 0
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QCD: hic sunt dracones                        
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• pQCD for the masses

• parton distributions grow up

• QCD hydrodynamics

• QCD and string theory

• The revenge of quarkonia

• What is the X(3872)?

Just when you thought QCD was becoming 
tame, LHC data reminds us that QCD is full 
of surprises and challenges
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pQCD for the masses                        Talks by Matteo Cacciari
Robert Harlander,
Fabio Maltoni,
Christian Schwanenberger,
Luca Barze,
Marco Bonvini,
Alice Maria Donati,
Paul Fiedler,
Leif Lonnblad,
Tom Melia,
Stefano Pozzorini,
Adrian Irles Quiles,
Matthias Steinhauser

Matteo Cacciari - LPTHE LHCP 2013 - Barcelona - May 2013

The NLO revolution

18

Slide by S. Pozzorini

pp -> W + 5j        [Bern, Dixon, Fabres Cordero, Hoeche, Ita, Kosower, Maitre, Ozeren ’13]

The NLO revolution 
continues, will be of 
increasing 
importance for LHC
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pQCD for the masses                        Talks by Matteo Cacciari
Robert Harlander,
Fabio Maltoni,
Christian Schwanenberger,
Luca Barze,
Marco Bonvini,
Alice Maria Donati,
Paul Fiedler,
Leif Lonnblad,
Tom Melia,
Stefano Pozzorini,
Adrian Irles Quiles,
Matthias Steinhauser

Increasing power of 
public automated 
tools for SM and BSM

Matteo Cacciari - LPTHE LHCP 2013 - Barcelona - May 2013

NLO tools

23

NLO (automated) matched exclusive events

1-loop reduction methods

on-shelltensor 
reduction

generalised 
unitarity OPP

CutTools SamuraiCollier

OpenLoops BlackHat MadLoop GoSamHelac-1LoopNgluon Rocket

+Helac:
Helac-NLO

+MadGraph

+Powheg:
PowHel

+MC@NLO:
aMC@NLO

+Sherpa +Sherpa

+MCFM

Recola

This slide is still work in progress.
 Apologies for missing references, missing 

items, possibly wrong links.

Pythia, Herwig
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parton distributions grow up                        
Talks by Matteo Cacciari,
Juan Rojo

Matteo Cacciari - LPTHE LHCP 2013 - Barcelona - May 2013

Impact of PDFs uncertainties

4

5% 10% 15%

J. Campbell, ICHEP’12

‣ PDF uncertainties at least comparable to missing higher orders ones

‣ Note that a non-negligible fraction of the PDF+αS uncertainty comes from αS

NNLO QCD tt 245.8 pb 7%
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parton distributions grow up                        
Talks by Matteo Cacciari,
Juan Rojo

3

PDFs with LHC data
  A major improvement in PDF sets is use of LHC data to constrain quark and gluon PDFs

 NNPDF2.3 is  only publicly available PDF set that includes constrains from LHC jet and W,Z data

 Near future goal: PDFs sets based only on collider data

x
-410 -310 -210 -110

 )u
R

( x

0.9

0.95

1

1.05

1.1

1.15

1.2

2 GeV4 =  102Ratio to NNPDF2.1, Q

NNPDF2.1 NLO

NNPDF2.3 NLO

2 GeV4 =  102Ratio to NNPDF2.1, Q

with  LHC W,Z data

Ratio of anti-up quark

no LHC data

Juan Rojo                                                                                                             LHCP2013, Barcelona, 22/04/2013

x
-210 -110

R
( x

g 
)

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

2 GeV4 =  102Ratio to NNPDF2.1, Q

NNPDF2.1 NLO

NNPDF2.3 NLO

2 GeV4 =  102Ratio to NNPDF2.1, Q

Ratio of gluons

no LHC data

with  ATLAS jet data

NNPDF Collaboration, arxiv:1207.1303

LHC data included in NNPDF2.3

6

Top quarks as gluon luminometers
 The recent NNLO top quark cross section make top data the only LHC observable that is both directly 

sensitive to the gluon PDF and can be included consistently in a NNLO global analysis

 The precise 7 and 8 TeV LHC data can be used to discriminate between PDF sets and to reduce the 
PDF uncertainties on the poorly known large-x gluon Czakon, Mangano, Mitov, Rojo, arxiv:1303.7215

arxiv:1202.1762

 The improved large-x gluon leads to more accurate theory predictions for BSM searches

Juan Rojo                                                                                                             LHCP2013, Barcelona, 22/04/2013

High mass Graviton Tail of the invariant 
tt mass distribution
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QCD hydrodynamics                       
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/5'6"&78'5,9)":'9$)):;:$5;'&<'6:#6'"5"+#:";=''''''''
'>,&+?;'&5('#),$5;'@"9$A"'B+""=''''''''''''''''''''
''

C&<<:9"'D*E'F+"(:9<;'&''F6&;"'<+&5;:<:$5'<$'DGH''
'''''' '6:#6'<"AF"+&<,+";'
'''''' '"5"+#8'("5;:<8''+"&96"('

.&

'I:#6JA$A"5<,A'F&+<$5;'B+$A'"&+)8';<&#";':5'9$)):;:$5;='<+&7"+;"'6$<'DGH=''''''''''
'''')$;:5#'"5"+#8'&;'<6"8':5<"+&9<'K:<6'9$5;<:<,"5<;L'
'''' '+&(:&<:7"'F+$9";;";'.#),$5;4'
'''' '9$)):;:$5&)'F+$9";;";''

B$+A'&'6:#6'("5;:<8'9$)$,+'("9$5B:5"(';<&<"'$B';<+$5#)8':5<"+&9<:5#'A&<<"+M''

• Heavy ion collisions at LHC produce 
an excited nonequilibrium strongly-
interacting extended state

• It isotropizes extremely rapidly, time 
scale ~ 1 fermi/c

• Shows flow characteristics of 
relativistic hydrodynamics

• Quenches jets and melts quarkonia

• This is the Quark Gluon Plasma!

The Golden Age of Heavy Ion physics is now                      

Talks by Urs Wiedemann,
Javier Albacete,
Jorge Casalderrey-Solana,
Cyrille Marquet
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from strings to QGP to black holes                      

• At LHC, we see QGP-like features in p-Pb collisions, 
and even in high multiplicity p-p collisions (“the ridge”)!

• An experimental opportunity and a theoretical challenge

• Can we understand the transition from scattering 
described in terms of gluons and QCD strings, to 
relativistic hydrodynamics?

• Can we understand QCD hydrodynamics on the 
smallest scales? Explain the ridges?

• AdS/CFT duality allows to use perturbed black holes as 
toy models for strongly-coupled out-of-equilibrium 
plasmas: how much can we learn from this about QCD?

4

D. Microscopic models

The usual (min-bias) pp and pA collisions
are described by a number of models which use
pomeron and reggeon exchange. Those terms
originated from certain parameterization of the
elastic and diffractive scattering amplitudes at
high energy kinematics

√
s �

√
−t. The micro-

scopic derivation in weak coupling is done via
a (rapidity ordered) BFKL gluon ladders [12].

At strong coupling it is dominated by some
form of a string (surface) exchange. In the
AdS/CFT holographic context the discussion
of elastic and inelastic amplitudes generated
by such surface exchanges were originally ad-
dressed using bosonic variational surfaces [13,
14]. It has also been realized that the holo-
graphic pomeron can be associated with a spin-
2 graviton exchange [15], in pure AdS with su-
persymmetry and conformal symmetry, which
has triggered a rather extensive literature. In
particular, a black-disk model [16].

Following on the semi-classical surface ex-
changes in [13, 14], a quantum bosonic string
(surface) exchange model was suggested re-
cently in Witten� s confining background [17].
We will use its variant as discussed in [1, 2] in
AdS5 with a confining wall where the impor-
tant number of transverse directions is physi-
cally identified. We will refer to this as the SZ
model. Let us preview its physics in some gen-
eral terms and detail it later.

One important idea is that the string which
dominates semiclassically the scattering ampli-
tude has some excitations, in the one-loop ap-
proximation. The quantum action helps to
explain why the pomeron is supercritical and
provides a specific assignment for its intercept
αP(t = 0) − 1. These excitations of the string
modes can be described by a one parameter, an
intrinsic (Unruh) temperature T . This temper-
ature is set by the kinematics of the minimal
bias collisions, but it can also fluctuate describ-
ing less usual events. When this temperature
is small as compared to the so called Hagedorn
temperature T � TH , the string fluctuations
are small and can be treated as a set of oscilla-
tors, as we schematically show in Fig.1a. This
is the case for the traditional applications men-
tioned above, to the minimum-bias pp collisions
at high energies up to LHC.

FIG. 1: String exchange between two sources
(crosses) separated by the impact parameter b: the
cold string case β < βH (a); the near-critical string
case β → βH (b).

With increasing collision energy the effective
temperature grows and for some super-high col-
lision energies (not reached at colliders) it may
approach the Hagedorn temperature T → TH .
At current energies (LHC) it can also happen,
as fluctuations. We will argue that in this new
regime the string will develop large excitations
in the form of a “string ball” depicted in Fig.1b.

This near-Hagedorn regime is well known
in finite-temperature QCD as the Polyakov-
Susskind phenomenon and the coresponding
entropy behavior is schematically shown in
Fig.2. The entropy and energy asymptote in-
finity at T → TH due to the proliferation of
string states. The free energy and pressure re-
main finite. The rapid rise will be referred to
as the “near-critical” or Hagedorn regime, also
known as an interval with a “soft” equation of
state

T ≈ TH , p � � (5)

For a general review discussing effective strings
and their role in the gluodynamics phase tran-
sition at finite and large Nc see e.g. [18].

Since in the prompt collision the pomerons
override the reggeons at large

√
s, the colli-

sion is dominated by gluons instead of quarks.
Therefore the pertinent Hagedorn regime is
that of gluodynamics rather than QCD. We re-
call that the critical temperature in gluodynam-
ics is TYM

c
≈ 270 MeV, which is significantly

higher than the critical temperature in QCD
which is TQCD

c
≈ 165 MeV. The former is im-

portant at the formation stage while the lat-
ter is important at freeze-out. In the effective
string language, the transition in gluodynamics
involves closed strings while that in QCD in-
volves open strings. If we recall that the ratio of

E. Shuryak and I. Zahed arXiv:1301.4470
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the quarkonia polarization crisis                        
“We have been comparing our beautiful data to 
too many bad theories” -- Carlos Lourenco

Comparison with NLO NRQCD: Υ(nS)

Quarkonium polarization in pp collisions with CMS Carlos Lourenço (CERN) 11 / 15

 [GeV]
T
p

10 15 20 25 30 35 40 45 50

-1

-0.5

0

0.5

1

, total uncert. 68.3% CL-1CMS, L = 4.9 fb

NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

 = 7 TeVspp  
HX frame
|y| < 0.6

(1S)!

"#

 [GeV]
T
p

10 15 20 25 30 35 40 45 50

-1

-0.5

0

0.5

1

, total uncert. 68.3% CL-1CMS, L = 4.9 fb

NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

 = 7 TeVspp  
HX frame
|y| < 0.6

(2S)!

"#

 [GeV]
T
p

10 15 20 25 30 35 40 45 50

-1

-0.5

0

0.5

1

, total uncert. 68.3% CL-1CMS, L = 4.9 fb

NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

 = 7 TeVspp  
HX frame
|y| < 0.6

(3S)!

"#

Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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• Υ(1S) : large χb feed-down contribution,

but the χb octet MEs are unconstrained

(lack of data on χb yields and polarizations)

• Υ(3S) : practically always produced directly and

depends only on (constrained) Υ(nS) octet MEs

→ the data-theory comparison is more stringent

• In fact, the Υ(3S) case is where the data and

theory disagree the most. . .

• NLO NRQCD calculations by J.-X. Wang et al.,

arXiv:1305.0748 [hep-ph]

Talk by Carlos Lourenco

Comparison with NLO NRQCD: ψ(2S)

Quarkonium polarization in pp collisions with CMS Carlos Lourenço (CERN) 13 / 15
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• The CMS results disagree with existing NLO NRQCD theoretical calculations

• Calculations by Mathias Butenschoen and Bernd Kniehl; arXiv:1212.2037 [hep-ph]
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Talk by Hermine Wohri

Quarkonium studies: a one-slide motivation !"
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the quarkonia polarization crisis                        
“We have been comparing our beautiful data to 
too many bad theories” -- Carlos Lourenco

• NRQCD is QCD, in an unambiguous expansion in powers of both    
and the heavy quark velocity

• However the factorization introduces a number of long distance 
matrix elements that have to be fit to data (like pdfs)...

• And it is assumed that these LDMEs are universal...

• And for charmonium and bottomonium, v is not especially small...

αs

v ∼

�
ΛQCD

MQ
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8 Mathias Butenschoen, Bernd A. Kniehl

in photoproduction at HERA and hadroproduction at the Tevatron and the LHC.
In the case of hadroproduction at the Tevatron, the prediction of strongly trans-
verse J/! polarization in the helicity frame stands in severe contrast to the precise
CDF II measurement,46 which found the J/! mesons to be unpolarized. Using
the CO LDME sets recently extracted from hadroproduction data by two other
groups52,53 does not help us to reach a satisfactory description of all the avail-
able precision data. Thus, we conclude that the universality of the J/! production
LDMEs is challenged. Possible remedies include the following:

(i) The eagerly awaited J/! polarization measurements at the LHC might not
confirm the CDF II results.

(ii) Although unlikely, measurements at a future ep collider, such as the LHeC,49

might reveal that the pT distribution of J/! photoproduction exhibits a drasti-
cally weaker slope beyond pT = 10 GeV, the reach of HERA, so that the LDME
sets of Refs. 52, 53 might yield better agreement with the data there.

(iii) The assumption that the v expansion is convergent might not be valid for
charmonium, leaving the possibility that the LDME universality is intact.
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“In a way, NRQCD factorization ... is the only game in town, which makes 
its experimental verification such a matter of paramount importance...”

the quarkonia polarization crisis                        

My conclusion: there is a big problem here
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what is the X(3872)?                        

• It is a 1++ state, obviously connected to the D0-D0* 
threshold

• If bound, it’s “size” is between 7 and 11 fermi, 
more than twice the size of the deuteron...

• May not even be bound, may be a virtual “state”

• Either way, quite peculiar

• Can someone find the Zb(10610) at LHC now?

Status of X(3872) mass

World average and D0 ¯D0∗-threshold are indistinguishable.
Mass is a critical parameter for the D0 ¯D0∗-bound state hypotesis.
Very low binding energy: Ebind = 0.16 ± 0.26 MeV/c2

A. A. Alves Jr (INFN sezione di Roma) Exotics states at LHC May 15, 2013 11 / 31

Talk by A. Augusto Alves Jr.
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What theorists want:
scientia ipsa potentia est                       

Random Theorist: “I want CMS to compare your data to this new class of 
models that I invented yesterday.”

CMS Experimentalist (aka Maurizio Pierini): “Yes, and I want a pony.”
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• Some LHC analyses provide extra 
information to allow theorists to recast the 
limits for their own models with decent 
accuracy

• CMS SS-dilepton SUSY was a pioneer in this



Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

• This even works for a sophisticated 2D shape analysis like the Razor

• CMS provides the background model, theorists are expected to generate their 
own signal MC
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Squark flavor violation models
See talk by Monika Blanke

• This kind of service means a lot of extra work for the ATLAS/CMS analyzers

• But it is a valuable service and is being used by the theory community



Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

Talk by Steve Worm

• Good to constrain specific models, but model-independent 
limits are even better!
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Talk by Steve Worm

• Good to provide as much specific and detailed 
information as possible
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“We have only scratched the surface” - Greg Landsberg

coming soon: displaced jets, displaced tops,...

Talk by Sigve Haug

• And theorists love special cases...
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Outlook                     

• The Higgs discovery is only the 
beginning of a story that will bridge 
all the frontiers of particle physics

• The LHC program will be equal parts 
precision measurements and 
searches for new particles and 
phenomena

• This program is enabled by an ever-
more sophisticated understanding of 
SM physics, and tools that 
implement this understanding

• Many mysteries already in the data!
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