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no new particles*

(*but some interesting excesses, see below)
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BSM motivations

Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
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1. naturalness and the Higgs 
2. hidden particles 
3. BSM strategies



naturalness and the HiggsNatural SUSY Under Siege

Josh Ruderman
UC Berkeley / LBNL
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naturalness
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Natural SUSY
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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
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10% tuning:

mt̃,b̃L
. 800 GeV

mH̃ . 300 GeV

mg̃ . 1.1 TeV

� / m̃2

• Barbieri, Giudice, 1988 
• Dimopoulos, Giudice, 9507282 
• Cohen, Kaplan, Nelson, 9607394 
• Papucci, JTR, Weiler,  1110.6926

http://arxiv.org/abs/hep-ph/9507282
http://arxiv.org/abs/hep-ph/9507282
http://arxiv.org/abs/1110.6926
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(c)

Figure 12. Exclusion limits in the (mg̃,mb̃1
) plane for the (a) gluino–sbottom model, and in the

(mg̃,mt̃1) plane for the gluino–stop (b) I and (c) II models. The dashed blue and solid bold red lines
show the 95% CL expected and observed limits respectively, including all uncertainties except the
theoretical signal cross-section uncertainty. The shaded (yellow) bands around the expected limits
show the impact of the experimental and background theoretical uncertainties while the dotted red
lines show the impact on the observed limit of the variation of the nominal signal cross-section by
1� of its theoretical uncertainty. Also shown for reference are the results from the ATLAS sbottom
and stop searches [92–94] derived using the nominal cross section.

The expected and observed exclusion limits for the Gbb model are shown in figure 13
(a). As for the gluino–sbottom model, four b-jets and Emiss

T

are expected in the final state
and only the 0-lepton channel is used for the interpretation. Gluino masses below 1250 GeV
are excluded for m

�̃

0
1
< 400 GeV while neutralino masses below 600 GeV are excluded for

m
g̃

= 1000 GeV. Lower sensitivity is achieved at very low mass splitting between the gluino
and the neutralino because of the presence of soft b-jets and the low Emiss

T

expected in signal
events.

The combination of the 0-lepton and 1-lepton channels is used to obtain the exclusion
contours for the Gtt model, displayed in figure 13 (b). Gluino masses below 1340 GeV
are excluded for m

�̃

0
1
< 400 GeV while neutralino masses below 620 GeV are excluded for

– 28 –

stop/gluino limits
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Majorana:

10% tuning:

Dirac:

mD g̃ã
1

2
mM g̃g̃

mg̃ . 5 TeVmg̃ . 1 TeV

• Fox, Nelson, Weiner, 0206096 
• Kribs, Martin 1203.4821  
• Nelson, Roy, 1501.03251 
• Alves, Galloway, McCullough, Weiner, 1502.03819, 1502.05055

Dirac Gluinos

http://arxiv.org/abs/hep-ph/0206096
http://arxiv.org/abs/1203.4821
http://arxiv.org/abs/1203.4821
http://arxiv.org/abs/1502.03819
http://arxiv.org/abs/1502.05055


unlucky?
max angular size:

0.558� 0.545�

tuning: ⇠ 2%

mt̃ ⇠ 1.7 TeV

Bush v Gore Florida: mt̃ ⇠ 27 TeV
(537/5.8⇥ 106)



top partner variations

scalar fermion

triplet SUSY composite 
Higgs

neutral folded SUSY twin Higgs

• twin: Chacko, Goh, Harnik, 0506256 
• folded: Burdman, Chacko, Goh, Harnik, 0609152

spin
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r

http://arxiv.org/abs/hep-ph/0506256
http://arxiv.org/abs/hep-ph/0609152


FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su�ciently fast to give LHC-observable e↵ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12–14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are confined into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic “confining Hidden Valley” phenomenology [15–21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the ⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy, the lightest 0++ twin glueball has the right quantum numbers to mix with

6

Hidden Valley Signals from Twin Higgs 

• Strassler, Zurek, hep-ph/0604261 
• Craig, Katz, Strassler, Sundrum, 1501.05310

http://arxiv.org/abs/hep-ph/0604261v2
http://arxiv.org/abs/1501.05310
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anthropic Higgs mass?

• Agrawal, Barr, Donoghue, Seckel, 9707380
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historical Higgs

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

•  Graham, Kaplan, Rajendran, 1504.07551 

V � (�M2 + g�)|H|2

relaxion

http://arxiv.org/abs/1504.07551
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•   Fan, Reece, JTR, 1105.5135, 1201.4875 
•   Fan, Krall, Pinner, Reece, JTR, to appear.

Stealth SUSY

mS̃ ⇡ mSt̃

t
g

gS̃
S

Ñ1

mÑ1
⇡ 0

no limits!

t̃t̃⇤ ! tt̄+ 4j

http://arxiv.org/abs/1105.5135
http://arxiv.org/abs/1201.4875


BSM strategy

jET/b
l±ht



signal v. background
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signal v. background

we can also search for new physics by 
precisely studying the background
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searching for stops with top cross/spin

• Han, Katz, Krohn, Reece, 1205.5808 
• Czakon, Mitov, Papucci, JTR, Weiler, 1407.1043 
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Figure 16: Expected and observed 95% CL limits on the signal strength µ (defined as the ratio of the obtained stop
cross section to the theoretical prediction) for the production of t̃1 pairs as a function of mt̃1 . The stop is assumed to
decay as t̃1 ! t�̃0

1 or through its three-body decay depending on its mass. The neutralino is assumed to have a mass
of 1 GeV. The black dotted line shows the expected limit with ±1� uncertainty band shaded in yellow, taking into
account all uncertainties except the theoretical cross-section uncertainties on the signal. The red solid line shows
the observed limit, with dotted lines indicating the changes as the nominal signal cross section is scaled up and
down by its theoretical uncertainty. The short blue and purple dashed lines indicate how the observed limits with
the signal cross section reduced by one standard deviation of its theoretical uncertainty for mt̃1 < mt when the top
quark mass is assumed instead to be 173.5 ± 1.0 and 175.0 ± 1.0 GeV.

B.2.1. Final states with two leptons at intermediate values of mT2(WW)

The measurement of the production cross section of nonresonant WW pairs in the two-lepton channel
at the LHC [116–118] has given rise to theoretical speculations [119–121] which interpret the possible
excess as due to the production of a light stop. The mass hierarchy favoured by these speculations includes
a t̃1 with mass around 200 GeV, a �̃±1 degenerate with it, and m�̃±1 � m�̃0

1
of a few tens of GeV: possible

hadronic decay products of the t̃1 ! b�̃±1 transition would have low pT and would allow the events
to survive the tight jet-veto selections applied in the SM cross-section measurement. Dedicated signal
regions, defined by requiring two di↵erent-flavour opposite-sign leptons in the final states, are designed
to have maximum sensitivity to such scenarios. The approach is also sensitive to scenarios where the stop
decays predominantly through the three-body t̃1 ! bW�̃0

1 or four-body t̃1 ! b`⌫�̃0
1 decay.

MC simulated events are used to model the signal and to describe all backgrounds that produce two
prompt leptons from W, Z or h decay. For processes whose predicted yield in the signal regions is small,
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Source of uncertainty �fSM
Detector modeling

Lepton reconstruction ±0.01
Jet energy scale ±0.02

Jet reconstruction ±0.01
Emiss

T < 0.01
Fake leptons < 0.01
b-tagging < 0.01

Signal and background modeling
Renormalization/factorization scale ±0.05

MC generator ±0.03
Parton shower and fragmentation ±0.06

ISR/FSR ±0.06
Underlying event ±0.04

Color reconnection ±0.01
PDF uncertainty ±0.05

Background ±0.01
MC statistics ±0.04

Total systematic uncertainty ±0.13
Data statistics ±0.05

TABLE II. Summary of systematic uncertainties on fSM in the
combined dilepton final state.

impact on the results.
The sizes of the systematic uncertainties in terms of

�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is 1.20
± 0.05 (stat) ± 0.13 (syst). This agrees with previous re-
sults from ATLAS using data at a center-of-mass energy of
7 TeV [41, 42], and compares to the best previous mea-
surement using �� of fSM = 1.19 ± 0.09 (stat) ±
0.18 (syst) [42]. It also agrees with the SM prediction
to within two standard deviations.

This agrees with previous results from ATLAS using
data at a center-of-mass energy of 7 TeV [41, 42] and
agrees with the SM prediction to within two standard devi-
ations. An indirect extraction of Ahelicity can be achieved
by assuming that the tt̄ sample is composed of top quark
pairs as predicted by the SM, but with varying spin corre-
lation. In that case, a change in the fraction fSM leads to a
linear change of Ahelicity (see also Ref. [42]), and a value
of the spin correlation strength in the helicity basis Ahelicity

at a center-of-mass energy of 8 TeV is obtained by apply-
ing the measured value of fSM as a multiplicative factor to
the SM prediction of ASM

helicity = 0.318± 0.005 [36]. This
yields a measured value of Ahelicity = 0.38± 0.04.

The measurement of the variable �� is also used to
search for top squark pair production with t̃1 ! t�̃0

1 de-

cays. The present analysis is sensitive both to changes in
the yield and to changes in the shape of the �� distribu-
tion caused by a potential admixture of t̃1¯̃t1 with the SM
tt̄ sample. An example is shown in Fig. 1, where the ef-
fect of t̃1¯̃t1 production in addition to SM tt̄ production and
backgrounds is compared to data. No evidence for t̃1

¯̃t1
production was found.

Limits are set on the top squark pair-production cross
section by fitting each bin of the �� distribution to the dif-
ference between the data and the SM prediction, varying
the top squark signal strength µ. In contrast to the mea-
surement of fSM where the tt̄ cross section is varied in the
fit, here the tt̄ cross section is fixed to its SM value [71].
In addition, a systematic uncertainty of 7% is introduced,
composed of factorization and renormalization scale varia-
tion, top quark mass uncertainty, PDF uncertainty and un-
certainty in the measurement of the beam energy. All other
sources of systematic uncertainty are identical to ones in
the measurement of fSM. All shape-dependent modeling
uncertainties on the SUSY signal are found to be negligi-
ble. The limits are determined using a profile likelihood
ratio in the asymptotic limit [105], using nuisance parame-
ters to account for the theoretical and experimental uncer-
tainties.
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Ñ1

does stop bias ?mexp

t

( )

http://arxiv.org/abs/1205.5808
http://arxiv.org/abs/1407.1043


Table 7: Observed (Obs) and predicted (Exp) numbers of events in the signal regions of the WW analysis, together
with the 95% CL upper limits on the observed and expected number of signal events (S 95

obs and S 95
exp, respectively),

and on the visible cross section (h✏�i95
obs).

Signal channel Obs Exp S 95
obs S 95

exp h✏�i95
obs[fb]

SR1 40 47 ± 14 22.6 25.2+9.4
�4.3 1.12

SR2 71 80 ± 13 25.3 27.8+11.5
�4.1 1.24

SR3 215 203 ± 27 48.4 46.6+4.9
�6.9 2.38

SR4 88 81 ± 11 35.1 28.8+11.0
�5.4 1.73

SR5 4 3.4 ± 0.9 6.2 5.7+2.1
�1.4 0.30

SR6 160 154 ± 19 45.6 43.8+19.3
�14.4 2.25

SR7 21 23 ± 4 12.4 13.4+4.8
�3.4 0.61
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Figure 19: Exclusion limits at 95% CL in the scenario where both pair-produced stop decay exclusively via (a)
t̃1 ! b�̃±1 followed by �̃±1 ! W�̃0

1, with �m(t̃1, �̃
±
1 ) = 10 GeV, and (b) three-body or four-body decay (depending

on the neutralino and stop mass). The black dashed line indicates the expected limit, and the yellow band indicates
the ±1� uncertainties, which include all uncertainties except the theoretical uncertainties in the signal. The red
solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to ±1� variations of the
signal theoretical uncertainties. For (b), the observed limits achieved by the t1L and t2L analyses are also shown,
and the straight dashed lines correspond to �m

⇣

t̃1, �̃
0
1

⌘

= mW + mb and �m
⇣

t̃1, �̃
0
1

⌘

= mt.

t1L analyses.

B.2.2. Final states containing two top quarks and a Higgs boson (t2t1h)

If the lightest stop has a mass such that �m
⇣

t̃1, �̃
0
1

⌘

⇠ mt, the sensitivity of the searches for the production
of a t̃1 pair is greatly reduced. One of the approaches followed is to search for direct pair production
of t̃2 instead. This is the strategy used, for example, by the t2t1Z analysis, whose signal regions were
optimised to detect the decay of a pair-produced t̃2 followed by the decay t̃2 ! Zt̃1.
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expect the unexpected

Flavor models for

¯B ! D(⇤)⌧ ⌫̄
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The ratio of the measured B̄ ! D(⇤)`⌫̄ decay rates for ` = ⌧ vs. e, µ deviate from the Standard
Model (SM) by about 4�. We show that the data are in tension with the SM, independent of
form factor calculations, and we update the SM prediction for B(B ! Xc⌧ ⌫̄)/B(B ! Xc`⌫̄). We
classify the operators that can accommodate the measured central values, as well as their UV
completions. We identify models with leptoquark mediators that are minimally flavor violating in
the quark sector, and are minimally flavor violating or ⌧ -aligned in the lepton sector. We explore
experimental signatures of these scenarios, which are observable in the future at ATLAS/CMS,
LHCb, or Belle II.

I. INTRODUCTION

Measurements of the B̄ ! D⌧ ⌫̄ and B̄ ! D

⇤
⌧ ⌫̄ decay

rates are now available from BaBar [1, 2] and Belle [3]
with their full datasets. The B̄ ! D

⇤
⌧ ⌫̄ decay mode

was also observed recently by LHCb [4]. These measure-
ments are consistent with each other and with earlier
results [5, 6], and together show a significant deviation
from Standard Model (SM) predictions for the combina-
tion of the ratios

R(X) =
B(B̄ ! X⌧ ⌫̄)

B(B̄ ! Xl⌫̄)
, (1)

where l = e, µ. The measurements are consistent with
e/µ universality [7, 8]. The R(D(⇤)) data, their aver-
ages [9], and the SM expectations [10–12] are summarized
in Table I. (If the likelihood of the measurements is Gaus-
sian, then the deviation from the SM is more than 4�.)
Kinematic distributions, namely the dilepton invariant
mass q

2, are also available from BaBar and Belle [2, 3],
and must be accommodated by any model that modifies
the rates. In the future, Belle II is expected to reduce
the measured uncertainties of R(D(⇤)) by factors of ⇠ 5
or more [13], thereby driving experimental and theory
precision to comparable levels.

In the type-II two-Higgs-doublet model (2HDM), the
B̄ ! D

(⇤)
⌧ ⌫̄ rate (as well as B� ! ⌧ ⌫̄) receives contribu-

tions linear and quadratic inmb m⌧ tan2 �/m2
H± [14–16],

R(D) R(D⇤) Corr.

BaBar 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018 �0.45

Belle 0.375+0.064
�0.063 ± 0.026 0.293+0.039

�0.037 ± 0.015 �0.32

LHCb 0.336 ± 0.027 ± 0.030

Exp. average 0.388 ± 0.047 0.321 ± 0.021 �0.29

SM expectation 0.300 ± 0.010 0.252 ± 0.005

Belle II, 50 ab�1 ±0.010 ±0.005

TABLE I. Measurements of R(D(⇤)) [1, 3, 4], their aver-
ages [9], the SM predictions [10–12], and future sensitiv-
ity [13]. The first (second) experimental errors are systematic
(statistical).

which can be substantial if tan� is large. However, the
R(D(⇤)) data are inconsistent with this scenario [1].

Discovering new physics (NP) in transitions between
the third and second generation fermion fields has long
been considered plausible, since the flavor constraints are
weaker on four-fermion operators mediating such transi-
tions. (Prior studies of B ! Xs⌫⌫̄ [17] and B(s) !
⌧

+
⌧

�(X) [18, 19] decays were motivated by this con-
sideration.) However, B̄ ! D

(⇤)
⌧ ⌫̄ is mediated by the

tree-level b ! c transition. It is suppressed in the SM
neither by CKM angles (compared to other B decays)
nor by loop factors, with only a modest phase space sup-
pression due to the ⌧ mass. This goes against the usual
lore that the first manifestations of new physics at low
energies are most likely to occur in processes suppressed
in the SM.

The goal of this paper is to explore flavor structures
for NP capable of accommodating the central values of
the R(D(⇤)) data summarized in Table I. To do so, a
sizable NP contribution to semileptonic b ! c decays
must be present, and the NP mass scale must be near
the weak scale. This requires nontrivial consistency with
other constraints, such as direct searches at the LHC and
precision electroweak data from LEP. When NP cou-
plings to other generations are present, constraints from
flavor physics, such as meson mixing and rare decays,
also play a role. For example, any flavor model predicts
some relation between the b̄c ⌫̄⌧ and b̄u ⌫̄⌧ operators, so
models explaining R(D(⇤)) must accommodate the ob-
served B

� ! ⌧ ⌫̄ branching ratio, which agrees with the
SM [20, 21]. We show below that despite strong con-
straints some scenarios remain viable and predict signals
in upcoming experiments.

We begin by presenting new inclusive calculations that
demonstrate that the measured central values of R(D(⇤))
are in tension with the SM, independent of form factor
computations. Then, in Sec. II, we perform a general
operator analysis to identify which four-fermion opera-
tors simultaneously fit R(D) and R(D⇤). In Sec. III we
discuss possible mediators that can generate the viable
operators. We identify working models with leptoquark
mediators that are minimally flavor violating in the quark
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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take away
• natural models remain viable and will be tested at 13 TeV

• alternative paradigms may 
allow for a sparse weak scale

• SM measurements are a promising (and relatively 
unexplored) way to probe hidden particles

• expect the unexpected at 13 TeV!!!


