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Beginnings
•Though it took me longer to start 

working with her, I met Marcela before 
Carlos, when I was a graduate student 
visiting Argonne sometime around 1998.

• She came and gave a seminar about Higgs 
searches in the MSSM.

• I remember being impressed that 
everyone wanted to talk to her.  But she 
made time to chat with me, and we talked 
about Higgs physics in the MSSM.  It was 
hard to keep up.  (It still is…)

•A few weeks later, Carlos (who was 
working at CERN at the time) arrived for 
a mini-workshop about SUSY at Argonne.

• I later figured out that this event had 
more to do with planting the seeds that 
eventually brought him to Chicagoland. Marcela Carena 

Fermilab and Uchicago 
New Physics Interpretations at the LHC 

Argonne National Laboratory, April 6, 2017 

Higgs Bosons beyond the Standard Model 

Image Credit: Marcela Carena



Light Gluinos & Sbottoms
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Low-Energy Supersymmetry and the Tevatron Bottom-Quark Cross Section

E. L. Berger1, B. W. Harris1, D. E. Kaplan1,2, Z. Sullivan1, T. M. P. Tait1 and C. E. M. Wagner1,2
1 High Energy Physics Division, Argonne National Laboratory, Argonne, IL 60439

2 Enrico Fermi Institute, University of Chicago, Chicago, IL 60637
(November 30, 2000)

A long-standing discrepancy between the bottom-quark production cross section and predictions of
perturbative quantum chromodynamics is addressed. We show that pair production of light gluinos,
of mass 12 to 16 GeV, with two-body decays into bottom quarks and light bottom squarks, yields a
bottom-quark production rate in agreement with hadron collider data. We examine constraints on
this scenario from low-energy data and make predictions that may be tested at the next run of the
Fermilab Tevatron Collider.

PACS numbers: 12.60.Jv, 13.87.Ce, 14.65.Fy, 14.80.Ly

The measured cross section for bottom-quark produc-
tion at hadron collider energies exceeds the expecta-
tions of next-to-leading order calculations in perturba-
tive quantum chromodynamics (QCD) by about a factor
of 2 [1]. The next-to-leading order (NLO) corrections
are large, and it is not excluded that higher order effects
in production or fragmentation may resolve the discrep-
ancy. However, this long-standing discrepancy has so far
resisted satisfactory resolution within the standard model
(SM) of particle physics [2]. The disagreement is surpris-
ing because the relatively large mass of the bottom quark
sets a hard scattering scale at which perturbative QCD
computations of other processes are generally successful.
In this Letter we explore an explanation of the discrep-
ancy within the context of the minimal supersymmetric
standard model (MSSM) [3]. We postulate the existence
of a relatively light gluino g̃ (mass ! 12–16 GeV) that
decays into a bottom quark and a light bottom squark b̃
(mass ! 2–5.5 GeV). The g̃ and the b̃ are the spin-1/2
and spin-0 supersymmetric partners of the gluon (g) and
bottom quark (b). In our scenario the b̃ is either long-
lived or decays hadronically. We obtain good agreement
with hadron collider rates of bottom-quark production.
Several predictions are made that can be tested readily
with forthcoming data from run II of the Fermilab Teva-
tron collider.
Our assumptions are consistent with all experimental

constraints on the masses and couplings of supersymmet-
ric particles [4–12]. An analysis of four-jet data by the
ALEPH Collaboration disfavors a g̃ with mass mg̃ < 6.3
GeV [4] but does not cover the mass range considered in
this Letter. An analysis by the UA1 Collaboration [5]
of the mass range 4 < mg̃ < 53 GeV does not apply to
our scenario because they assume that the gluino decays
into two quarks plus large missing energy. However, a
new comparison to the UA1 data [2] does see an excess
in the b-quark cross section, as would be expected in our
model.

If the light b̃ is an appropriate admixture of left-handed
and right-handed bottom squarks, its tree-level coupling
to the neutral gauge boson Z can be small, leading to
good agreement with the Z-peak observables [6]. Bot-
tom squarks make a tiny contribution to the inclusive
cross section for e+e− → hadrons, in comparison to the

contributions from quark production, and b̃¯̃b resonances
are likely to be impossible to extract from backgrounds
[7,8]. One can study the angular distribution of hadronic
jets produced in e+e− annihilation in order to bound
the contribution of scalar-quark production. Spin-1/2
quarks and spin-0 squarks emerge with different distri-
butions, (1 ± cos2θ), respectively. We refit the angular
distribution measured by the CELLO Collaboration [9]
and find it is consistent with the production of a sin-
gle pair of charge-1/3 squarks along with five flavors of
quark-antiquark pairs. The exclusion by the CLEO Col-
laboration [10] of a b̃ with mass 3.5 to 4.5 GeV does not
apply since that analysis focuses on the decays b̃ → cl ν̃
and b̃ → cl [11]. Thus, measurements at e+e− colliders
do not significantly constrain b̃ masses in the region of
interest.
A long-lived b̃ is not excluded by conventional searches

at hadron and lepton colliders, but an analysis similar to
that of Ref. [12] should be done to verify that there are no
additional constraints on the allowed range of b̃ masses
and lifetimes. Alternately, the b̃ could decay hadronically
via a baryon-number- and R-parity-violating interaction
into soft light hadrons which will fall within the cone of
the b jet. The main constraint is that the b̃ does not
decay into hard leptons or leave a large missing energy.
The b̃ and g̃ masses we consider are also compatible with
theoretical constraints which require the absence of color
and charge breaking minima in the scalar potential [13].
Because the excess production rate is observed in all

bottom-quark decay channels, an explanation in terms of
“new physics” is guided towards hypothesized new par-
ticles that decay either like bottom quarks or directly

1

to bottom quarks. The former is difficult to implement
successfully in the MSSM, as explained in the discus-
sion of alternative scenarios at the end of the Letter.
We adopt the latter. In our scenario, light gluinos are
produced in pairs via standard QCD subprocesses, dom-
inantly g + g → g̃ + g̃ at Tevatron energies. The g̃ has
a strong color coupling to b’s and b̃’s and, as long as its
mass satisfies mg̃ > mb +mb̃, the g̃ decays promptly to

b + b̃. The magnitude of the b cross section, the shape
of the b’s transverse momentum pTb distribution, and
the CDF measurement [14] of B0 − B̄0 mixing are three
features of the data that help to establish the preferred
masses of the g̃ and b̃.
Including contributions from both q + q̄ → g̃ + g̃ and

g + g → g̃ + g̃ [15], we show in Fig. 1 the integrated pTb

distribution of the b quarks that results from g̃ → b + b̃,
for mg̃ =14 GeV and mb̃ = 3.5 GeV. The results are
compared with the cross section obtained from NLO per-
turbative QCD [16] and CTEQ4M parton distribution
functions (PDF’s) [17], with mb = 4.75 GeV, and a re-
normalization and factorization scale µ =

√

m2
b + p2Tb.

SUSY-QCD corrections to bb̄ production are not included
as they are not available and are generally expected to
be somewhat smaller than the standard QCD corrections.
A fully differential NLO calculation of g̃-pair production
and decay does not exist either. Therefore, we compute
the g̃-pair cross section from the leading order (LO) ma-

trix element with NLO PDF’s [17], µ =
√

m2
g̃ + p2T g̃, a

two-loop αs, and multiply by 1.9, the ratio of inclusive
NLO to LO cross sections [18].
A relatively light gluino is necessary in order to obtain

a bottom-quark cross section comparable in magnitude to
the pure QCD component. Values of mg̃ # 12–16 GeV
are chosen because the resulting g̃ decays produce pTb

spectra that are enhanced primarily in the neighborhood
of pmin

Tb # mg̃ where the data show the most prominent
enhancement above the QCD expectation. Larger values
of mg̃ yield too little cross section to be of interest, and
smaller values produce more cross section than seems tol-
erated by the ratio of like-sign to opposite-sign leptons
from b decay, as discussed below. The choice of mb̃ has
an impact on the kinematics of the b. After selections
on pmin

Tb , large values of mb̃ reduce the cross section and,
in addition, lead to shapes of the pTb distribution that
agree less well with the data. The values of mb̃ and mg̃

are correlated; similar results to those shown in Fig. 1
can be obtained with mg̃ # 12 GeV, but mb̃ # mb.
After the contributions of the NLO QCD and SUSY

components are added (solid curve in Fig. 1), the mag-
nitude of the bottom-quark cross section and the shape
of the integrated pmin

Tb distribution are described well. A
theoretical uncertainty of roughly ±30% may be assigned
to the final solid curve, associated with variation of the
b mass, the scale, and the parton distributions.
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FIG. 1. Bottom-quark cross section in pp̄ collisions at
√

S = 1.8 TeV for pTb > pmin

Tb with a gluino of mass mg̃ = 14
GeV and a bottom squark of mass mb̃ = 3.5 GeV. The dashed
curve is the central value of the NLO QCD prediction. The
dotted curve shows the pT spectrum of the b from the super-
symmetry (SUSY) processes. The solid curve is the sum of
the QCD and SUSY components. Data are from Ref. [1].

The SUSY process produces bottom quarks in a four-
body final state and thus their momentum correlations
are different from those of QCD. Angular correlations
between muons that arise from decays of b’s have been
measured [14,19]. Examining the angular correlations
between b’s in the SUSY case we find they are nearly
indistinguishable from those of QCD once experimental
cuts are applied.
Since the g̃ is a Majorana particle, its decay yields

both quarks and antiquarks. Gluino pair production and
subsequent decay to b’s will generate bb and b̄b̄ pairs, as
well as the bb̄ final states that appear in QCD production.
We perform an exact matrix-element calculation of

the four-body cross section for like-sign and opposite-
sign bottom quarks from g̃ pair-production and decay.
When a gluino is highly relativistic, its helicity is nearly
the same as its chirality. Therefore, selection of g̃’s
whose transverse momentum is greater than their mass
will reduce the number of like-sign b’s. In the limit
of either massless g̃’s or very high pT cuts, the like-
sign to opposite-sign ratio reduces to y/(1 − y) where
y = 1

2
sin2 2θb̃ and sin θb̃ is the left-handed component of

the lightest bottom-squark mass eigenstate. There is a
strong suppression of like-sign b’s if the mixing angle is
small. For the case under consideration, the mixing of the
bottom squark is determined by the condition that the b̃
coupling to the Z boson is small [6], namely, sin θb̃ # 0.38.
In the intermediate pT region, however, the like-sign sup-

2

•Carlos arrived at Argonne in 
the fall of 1999, the same time 
I came back as a newly minted 
postdoc.

•Upon arrival, Carlos gave a 
great talk about baryogenesis 
in the MSSM and told us that if 
were correct, LEP-2 would 
discover the Higgs in the next 
year or so.

• It was a good time at Argonne.  
Ed Berger had become 
interested in QCD, and there 
was a big and dynamic group 
of postdocs:  Brian Harris, 
David E Kaplan, Zack Sullivan, 
and Gordon Chalmers.

We pooled our various expertise and worked on 
an audacious (fun!) explanation for a long-standing 

excess of bottom quarks produced at colliders, 
using light gluinos and bottom squarks, which 

decayed into jets via RPV.

This paper was formative for 
me, because it was my first 

experience following a mystery 
in observation, and engineering 
one’s way out of constraints.

It also pounded home the 
message that observation is 
king, and phenomenologists 

should see anything allowed by 
it as fair game.

Brian Harris referred to the 
whole enterprise as  
‘conspiracy theory’.



Beautiful Mirrors
•Bill Bardeen suggested we try to use our 

light bottoms to explain the forward-
backward asymmetry of the b quark.

•That didn’t work, but apparently stuck in our 
minds.  Debajyoti Chaudhuri visited Argonne 
for a few months, and we started exploring 
theories with heavy Higgses.

• Large mH went well with AFBb : Chanowitz 
had recently made his point that the tension 
in the EW fit to the SM favored large mH.

•We ended up redoing the whole fit so we 
could add new physics.  It was a lot of fun.

• I was also surprised, because I thought of 
Carlos as someone who only loved 
supersymmetry.

• I never really loved supersymmetry.
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Beautiful Mirrors and Precision
Electroweak Data

D. Choudhurya,b, T.M.P. Taita and C.E.M. Wagnera,c

aHEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA
bHarish-Chandra Research Institute, Chhatnag Road, Jhusi, Allahabad 211 019, India
cEnrico Fermi Institute, Univ. of Chicago, 5640 Ellis Ave., Chicago, IL 60637, USA

October 24, 2018

Abstract

The Standard Model (SM) with a light Higgs boson provides a very good de-
scription of the precision electroweak observable data coming from the LEP, SLD
and Tevatron experiments. Most of the observables, with the notable exception
of the forward-backward asymmetry of the bottom quark, point towards a Higgs
mass far below its current experimental bound. The disagreement, within the SM,
between the values for the weak mixing angle as obtained from the measurement of
the leptonic and hadronic asymmetries at lepton colliders, may be taken to indicate
new physics contributions to the precision electroweak observables. In this article
we investigate the possibility that the inclusion of additional bottom-like quarks
could help resolve this discrepancy. Two inequivalent assignments for these new
quarks are analysed. The resultant fits to the electroweak data show a significant
improvement when compared to that obtained in the SM. While in one of the ex-
amples analyzed, the exotic quarks are predicted to be light, with masses below 300
GeV, and the Higgs tends to be heavy, in the second one the Higgs is predicted
to be light, with a mass below 250 GeV, while the quarks tend to be heavy, with
masses of about 800 GeV. The collider signatures associated with the new exotic
quarks, as well as the question of unification of couplings within these models and
a possible cosmological implication of the new physical degrees of freedom at the
weak scale are also discussed.

where we indicate on the right the approximate values of the left- and right- handed
couplings necessary to fit the bottom-quark production data at the Z-peak1. Clearly, no
experiment performed at the Z-peak can reduce the degeneracy any further.
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Figure 1: The forward-backward asymmetry for the b-quark as a function of
√
s for the

four solutions of eq.(6). The signs in the parentheses refer to those for (ḡbL, ḡ
b
R) in the

same order as in eq.(6) with (+,+) being SM-like. The experimental data correspond to
the measurements reported in Refs. [10–20].

Off the Z-peak though, the photon-mediated diagram becomes important thereby
affecting the forward-backward asymmetry of the bottom-quark. Such data, thus, could
discriminate amongst the four solutions described above. The asymmetry is easy to
calculate and in Fig. 1, we plot the same as a function of the center of mass energy of
the e+e− system for each of the solutions2 in eq.(6). It is quite apparent that the two
solutions with ḡbL ≈ −gbL(SM) can be summarily discarded. Interestingly enough, the
data does not readily discriminate between the two remaining solutions. This, though, is
not unexpected as |gbR| $ |gbL| within the SM. A similar analysis can be performed for Rb

as well, but the off-peak measurements of this variable are not accurate enough to permit
a similar level of discrimination.

1A similar analysis, although restricted to modifying the magnitude but not the sign of the couplings,
was performed in Ref. [9]

2Had we instead held the magnitudes of the couplings to their SM values, the resulting curves would
have been barely distinguishable from those in Fig. 1.
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Figure 3: Region in the mH–mχ parameter space (in the model with standard mirror quark
doublets) that is consistent with the best fit point (marked) at the 68% C.L. and 99.5%
C.L. respectively.

5 Top-less Mirror Quark Doublets

Let us now analyze the case in which the mirror quarks belong to a doublet in which there
is no quark with the same charge as the top quark, viz.,

ΨT
L,R = (ω,χ) ≡ (3, 2,−5/6). (22)

This model has some advantages with respect to the model analyzed above. First of all,
since the weak partner of the ω has charge −4/3, there is no mixing involving the top
quark. Second, the model allows for a modification of the right-handed bottom couplings
with moderate mixing angles. In the basis (b′,ω′), the mass matrix reads

Mb =
(

Y1 0
YR M1

)

, Yi ≡ yi〈φ〉 , (23)

where the zero entry is now enforced by gauge invariance. The right and left-handed
mixing angles have similar expressions to the ones found in the above model. However,
the mixing of the right-handed bottom leads to a positive shift of gbR,

δgbR %
1

2
s2R (24)

11

“Standard Mirrors”

Right-handed b couplings 
were really badly 
constrained…

This paper should have 
appeared on the arXiv 
on Carlos’s birthday, 

9/11 2001.  

I was (trying to) fly back 
to the US from Italy.



Supersymmetry

You’re Fired!

Those days I was fired twice a week, on the average. 
(Though to be accurate, never in the presence of Cecilia or Daniel…)



Heavy Higgs @ ILC
•Eventually we got back 

to heavy Higgses.

• Sadly, neither they nor 
the ILC were destined 
to arrive since.  Still. It 
was fun!

•But more importantly, 
there were lots and lots 
of parties.
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Figure 2: Cross sections for ZW+W− production as a function of (a)
√
S for a variety

of Higgs masses at a linear collider, assuming RL polarization of the e− (e+). The dotted
lines corresponding to each curve show the kinematic limit for on-shell Higgs production, and
the dashed line indicates the cross section when the Higgs mass is very large, and is thus
indicative of the background; (b) as a function of the Higgs mass for different

√
S. The solid

and dashed line denote the full three body process simulation and the two body production
plus Higgs decay approximation, respectively.

over-estimates the cross section. Higgs production, however, extends well beyond what is
expected from the naive on-shell approximation, and therefore, for sufficient luminosity, the
Higgs reach may be actually underestimated compared to the real reach once width effects
are taken into account.

A very similar story holds for the other dominant Higgs production process, viz. WW
fusion. In Fig. 3 we present the cross sections for the three major final states emanating from
a heavy Higgs thus produced. Although the cross sections may seem to be significant vis a vis
the projected luminosities at a linear collider, the continuum background is very large too.
So while discovering a relatively light Higgs may would be easy, the same is certainly not true
for mH

>∼ 550 GeV. It is instructive to look at the relative deviations in the cross sections
caused by the presence of the scalar. For the νeν̄eW+W− and the νeν̄eZZ final states, a
very large fraction of the cross section arises from non-resonant diagrams. Consequently,
this deviation is more pronounced for an initial state starting with the ‘wrong’ polarization
(e+L , e

−
R). Whether this advantage overcomes the drawback of much smaller statistics is of

course a matter of a quantitative analysis.
As the preceding discussion demonstrates, the question as to how heavy a Higgs is still

amenable to be discovered at a high energy linear collider cannot be answered trivially. Even
a semi-realistic assessment of the experimental efficiency needs detailed simulations of the
events. While such a study is beyond the scope of this work, it is interesting nevertheless
to examine the event kinematics. We focus on the kinematics of the W -fusion process (with
RL polarization), as it represents, for fixed collider energy, the largest production mode for
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Probing Heavy Higgs Boson Models with a

TeV Linear Collider

Debajyoti Choudhurya, T.M.P. Taitb and C.E.M. Wagnerb,c

aHarish-Chandra Research Institute, Chhatnag Road, Jhusi, Allahabad 211 019, India
bHEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA

cEnrico Fermi Institute, Univ. of Chicago, 5640 Ellis Ave., Chicago, IL 60637, USA

August 8, 2021

Abstract

The last years have seen a great development in our understanding of particle
physics at the weak scale. Precision electroweak observables have played a key role in
this process and their values are consistent, within the Standard Model interpretation,
with a light Higgs boson with mass lower than about 200 GeV. If new physics were
responsible for the mechanism of electroweak symmetry breaking, there would, quite
generally, be modifications to this prediction induced by the non-standard contributions
to the precision electroweak observables. In this article, we analyze the experimental
signatures of a heavy Higgs boson at linear colliders. We show that a linear collider,
with center of mass energy

√
s <

∼ 1 TeV, would be very useful to probe the basic
ingredients of well motivated heavy Higgs boson models: a relatively heavy SM-like
Higgs, together with either extra scalar or fermionic degrees of freedom, or with the
mixing of the third generation quarks with non-standard heavy quark modes.



Higgs into Jets
•Several of the more senior 

postdocs graduated from 
Argonne to bigger and better 
things.  New people arrived, and 
the fun continued.

•Carlos realized that the light 
sbottoms would likely dominate 
Higgs decays.  At the time that 
seemed awful (but today would 
have been dealt with using jet 
substructure techniques).

• SPIRE started truncating at one 
middle initial in its automatically 
generated latex references.  
That was sad for the CEMW’s 
and TMPT’s of the world.

•Also: there were more parties!
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Higgs Boson Decay into Hadronic Jets

Edmond L. Berger,1, ∗ Cheng-Wei Chiang,1, 2, † Jing Jiang,1, ‡

Tim M. P. Tait,1, § and Carlos E. M. Wagner1, 2, ¶

1High Energy Physics Division, Argonne National Laboratory, Argonne, IL 60439

2Enrico Fermi Institute and Department of Physics,

University of Chicago, Chicago, IL 60637

(Dated: November 12, 2018)

Abstract

The remarkable agreement of electroweak data with standard model (SM) predictions motivates

the study of extensions of the SM in which the Higgs boson is light and couples in a standard

way to the weak gauge bosons. Postulated new light particles should have small couplings to the

gauge bosons. Within this context it is natural to assume that the branching fractions of the light

SM-like Higgs boson mimic those in the standard model. This assumption may be unwarranted,

however, if there are non-standard light particles coupled weakly to the gauge bosons but strongly

to the Higgs field. In particular, the Higgs boson may effectively decay into hadronic jets, possibly

without important bottom or charm flavor content. As an example, we present a simple extension

of the SM, in which the predominant decay of the Higgs boson occurs into a pair of light bottom

squarks that, in turn, manifest themselves as hadronic jets. Discovery of the Higgs boson remains

possible at an electron-positron linear collider, but prospects at hadron colliders are diminished

substantially.

∗e-mail: berger@anl.gov
†e-mail: chengwei@hep.uchicago.edu
‡e-mail: jiangj@hep.anl.gov
§e-mail: tait@anl.gov
¶e-mail: cwagner@hep.anl.gov
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FIG. 2: The ratio of partial decay widths Γ(h → b̃b̃∗)/Γ(h → bb) is plotted against the bottom

squark mass mb̃. From bottom to top, the curves correspond to choices of µ tan β/mh = 10, 20, 30

and 40, respectively.

TSUSY = −
mb µ

m2
h

sin 2θb tan β g(ηb̃) , (15)

and

f(x) = 1 +
1− x

x
ArcTanh2

√
x√

x− 1
, (16)

g(x) = 1 +
1

x
ArcTanh2

√
x√

x− 1
. (17)

In Eqs. (14) and (15), ηi = m2
h/4m

2
i . Note that ηt < 1 and ηb̃ > 1, making TSM real but

TSUSY complex. Equation (15) shows that the sign of the SUSY contribution depends on

the sign of the product of µ and sin 2θb. As explained after Eq. (4), the sign is positive.

The ratio of the total rate into the gg final state, including the SUSY contribution, and

the pure SM rate is

R =
|TSM + TSUSY |2

|TSM |2
. (18)

In Fig. 3, we show the dependence ofR onmb̃ and tanβ. In this calculation, for completeness

9



The Wagner Golden Rules

•It was around this time that I first heard Carlos state 
his “Golden Rules for Doing Research”:

• If you think about something, work it out.

• If you work it out, write a draft.

• If you write a draft, put it on the arXiv.

• If you put it on the arXiv, publish it.

•BE CAREFUL WHAT YOU THINK ABOUT!



Opaque Branes & Orbifolds
•In 2002, with my move to 

Fermilab for my second postdoc 
imminent, we started working 
with Marcela.

•DGP was hot both as a theory of 
gravity in extra dimensions as 
well as a theoretical curiosity. 

•We decided to play around with 
the variant involving gauge fields.

• It was a lot of fun, and a cool 
new tool that one could use    
for extra-dimensional model-
building.

•Carlos: “If extra dimensions are 
real, I’ll become a Tibetan monk.”
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Branes and Orbifolds are Opaque

Marcela Carenaa, Tim M.P. Taitb and C.E.M. Wagnerb,c

aFermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, USA
bHEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA

cEnrico Fermi Institute, Univ. of Chicago, 5640 Ellis Ave., Chicago, IL 60637, USA

November 21, 2018

Abstract

We examine localized kinetic terms for gauge fields which can propagate into com-
pact extra dimensions. We find that such terms are generated by radiative corrections
in both theories with matter fields confined to branes and in theories imposing orbifold
boundary conditions on bulk matter. In both cases, the radiative corrections are loga-
rithmically divergent, indicating that from an effective field theory point of view they
cannot be predicted in terms of other parameters, and should be treated as indepen-
dent leading order parameters of the theory. Specializing to the five dimensional case,
we show that these terms may result in gross distortions of the Kaluza-Klein gauge
field masses, wave functions, and couplings to brane and bulk matter. The resulting
phenomenological implications are discussed.
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Figure 4: The n = 1, 2, 3, 4 (bottom to top) KK mode masses in units of 1/R and KK mode
couplings relative to the zero mode coupling as a function of rc/R for two branes with equal
terms.

in terms of the new wave functions. The couplings among gauge modes are,

gnml =
1√

ZnZmZl
×
∫

dx5

(

1

g25
+
δ(x5)

g2a
+
δ(x5 − πR)

g2b

)

fn(x5) fm(x5) fl(x5) (35)

gnmlk =
1√

ZnZmZlZk
×
∫

dx5

(

1

g25
+
δ(x5)

g2a
+
δ(x5 − πR)

g2b

)

fn(x5) fm(x5) fl(x5) fk(x5)(36)

In particular, the zero mode coupling is,

1

g20
=

2πR

g25
+

1

g2a
+

1

g2b
. (37)

Before considering specific two-brane configurations, we note that many of these formulae
are easy to generalize. In particular, the Zn generalize into an obvious sum of 1/g25 plus
f 2
n(xi)/g2i for each opaque brane at xi with coefficient 1/g2i . The coupling to brane matter
fields always takes the same form, and the bulk couplings generalize to an integral over the
same product of the fn times 1/g25 plus δ(x5 − xi)/g2i . What remains is to determine the
eigenmass equation and associated wave functions for a given set of branes, a straight-forward
(but in the case of many branes, tedious) exercise.

3.2.1 Symmetric Branes

For our first example, consider equal brane kinetic terms, ra = rb ≡ rc. This is the case
induced by radiative corrections to 5d theories with orbifold boundary conditions and no
brane fields. Note that this set-up preserves a Z2 symmetry under which even number KK

12

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40 50 60 70 80 90 100

n=4

n=3

n=2

n=1

Two branes, r1 = r2

r1 / R

M
as

s (
 1

 / 
R

 )
10

-3

10
-2

10
-1

1

10 20 30 40 50 60 70 80 90 100

n=4

n=3

n=2

n=1

Two branes, r1 = r2

r1 / R

α
n  

/  
α

0

Figure 4: The n = 1, 2, 3, 4 (bottom to top) KK mode masses in units of 1/R and KK mode
couplings relative to the zero mode coupling as a function of rc/R for two branes with equal
terms.

in terms of the new wave functions. The couplings among gauge modes are,

gnml =
1√

ZnZmZl
×
∫

dx5

(

1

g25
+
δ(x5)

g2a
+
δ(x5 − πR)

g2b

)

fn(x5) fm(x5) fl(x5) (35)

gnmlk =
1√

ZnZmZlZk
×
∫

dx5

(

1

g25
+
δ(x5)

g2a
+
δ(x5 − πR)

g2b

)

fn(x5) fm(x5) fl(x5) fk(x5)(36)

In particular, the zero mode coupling is,

1

g20
=

2πR

g25
+

1

g2a
+

1

g2b
. (37)

Before considering specific two-brane configurations, we note that many of these formulae
are easy to generalize. In particular, the Zn generalize into an obvious sum of 1/g25 plus
f 2
n(xi)/g2i for each opaque brane at xi with coefficient 1/g2i . The coupling to brane matter
fields always takes the same form, and the bulk couplings generalize to an integral over the
same product of the fn times 1/g25 plus δ(x5 − xi)/g2i . What remains is to determine the
eigenmass equation and associated wave functions for a given set of branes, a straight-forward
(but in the case of many branes, tedious) exercise.

3.2.1 Symmetric Branes

For our first example, consider equal brane kinetic terms, ra = rb ≡ rc. This is the case
induced by radiative corrections to 5d theories with orbifold boundary conditions and no
brane fields. Note that this set-up preserves a Z2 symmetry under which even number KK
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Warped Opaque
•Eduardo Ponton and I arrived at Fermilab 

at the same time, along with Ayres Freitas, 
Uli Haisch.  Zack and Andre De Gouvea 
had moved the year before.  Giulia 
Zanderighi and Olga Mena the year after.

• Interest in warped extra dimensions was 
surging, and since their construction was 
based on an orbifold, it was natural to 
consider opacity for them too.

•That also lead us to explore a localized 
Higgs VEV, which is some ways was even 
more cool.

ar
X

iv
:h

ep
-p

h/
02

12
30

7v
2 

 5
 M

ar
 2

00
3

ANL-HEP-PR-02-115
EFI-02-43

FERMILAB-PUB-02/342-T

Opaque Branes in Warped Backgrounds

Marcela Carenaa, Eduardo Pontóna,
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Abstract

We examine localized kinetic terms for gauge fields which can propagate into compact,
warped extra dimensions. We show that these terms can have a relevant impact on the
values of the Kaluza-Klein (KK) gauge field masses, wave functions, and couplings to
brane and bulk matter. The resulting phenomenological implications are discussed. In
particular, we show that the presence of opaque branes, with non-vanishing brane-localized
gauge kinetic terms, allow much lower values of the lightest KK mode than in the case of
transparent branes. Moreover, we show that if the large discrepancies among the different
determinations of the weak mixing angle would be solved in favor of the value obtained
from the lepton asymmetries, bulk electroweak gauge fields in warped-extra dimensions
may lead to an improvement of the agreement of the fit to the electroweak precision data
for a Higgs mass of the order of the weak scale and a mass of the first KK gauge boson
excitation of a few TeV, most likely within reach of the LHC.
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Figure 4: The n = 0, 1, 2, 3 (bottom to top) KK mode masses in units of ke−kL and couplings
to IR brane fields (relative to g5

√
k) for the case in which a Higgs develops a VEV on the IR

brane, and the local kinetic terms are rIRk = 1 (red dashed curves) or rIRk = 10 (black solid
curves), as a function of the VEV, g5v/k. The dotted lines in the coupling figure indicate the
value of the local brane coupling (relative to g5

√
k) corresponding to the appropriate value of

rIR.

We see that, as required by locality, when p " k e−kL, the IR propagator depends only on rIR,

not on rUV which is localized far away. Thus, the high energy properties are the same as when

rUV = 0, as discussed in the previous subsection: for sufficiently large momenta, IR observers

see a single four dimensional state of mass gIR ṽ and coupling gIR.

The low energy limit is more complicated and depends on the relative size of the various

localized parameters. First, inspecting the coefficient of the p2 term in Eq. (62), we see that

when p # k e−kL there is a qualitative difference depending on the size of γ as defined in

Eq. (46). When γ " 1, as is the case when either brane localized kinetic term vanishes, the

propagator is just

Gp(L, L) ∼ − g20
p2 + g20 ṽ2

, (63)

where g20 was defined in Eq. (38). The physics is qualitatively similar to the case where rUV = 0.

The low energy physics is considerably richer when both localized kinetic terms are present
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Figure 4: The n = 0, 1, 2, 3 (bottom to top) KK mode masses in units of ke−kL and couplings
to IR brane fields (relative to g5

√
k) for the case in which a Higgs develops a VEV on the IR

brane, and the local kinetic terms are rIRk = 1 (red dashed curves) or rIRk = 10 (black solid
curves), as a function of the VEV, g5v/k. The dotted lines in the coupling figure indicate the
value of the local brane coupling (relative to g5

√
k) corresponding to the appropriate value of

rIR.

We see that, as required by locality, when p " k e−kL, the IR propagator depends only on rIR,

not on rUV which is localized far away. Thus, the high energy properties are the same as when

rUV = 0, as discussed in the previous subsection: for sufficiently large momenta, IR observers

see a single four dimensional state of mass gIR ṽ and coupling gIR.

The low energy limit is more complicated and depends on the relative size of the various

localized parameters. First, inspecting the coefficient of the p2 term in Eq. (62), we see that

when p # k e−kL there is a qualitative difference depending on the size of γ as defined in

Eq. (46). When γ " 1, as is the case when either brane localized kinetic term vanishes, the

propagator is just

Gp(L, L) ∼ − g20
p2 + g20 ṽ2

, (63)

where g20 was defined in Eq. (38). The physics is qualitatively similar to the case where rUV = 0.

The low energy physics is considerably richer when both localized kinetic terms are present
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RS Unification
•We realized that the running 

couplings in RS, which were a 
big deal because of RS Grand 
Unification, could be 
understood as opacity terms 
on the UV brane.

•Antonio Delgado joined our 
collaboration, spent a good 
time visiting Fermilab while 
we had fun feverishly working 
out the EW constraints.
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Abstract

Warped extra dimensions allow a novel way of solving the hierarchy problem, with all
fundamental mass parameters of the theory naturally of the order of the Planck scale.
The observable value of the Higgs vacuum expectation value is red-shifted, due to the
localization of the Higgs field in the extra dimension. It has been recently observed that,
when the gauge fields propagate in the bulk, unification of the gauge couplings may be
achieved. Moreover, the propagation of fermions in the bulk allows for a simple solution
to potentially dangerous proton decay problems. However, bulk gauge fields and fermions
pose a phenomenological challenge, since they tend to induce large corrections to the
precision electroweak observables. In this article, we study in detail the effect of gauge
and fermion fields propagating in the bulk in the presence of gauge brane kinetic terms
compatible with gauge coupling unification, and we present ways of obtaining a consistent
description of experimental data, while allowing values of the first Kaluza Klein mode
masses of the order of a few TeV.
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Figure 4: As Fig. 3, but with non-zero (unified) kinetic terms on the IR brane of krIR = 1, 2.

of the gauge boson KK masses of about 5 TeV in a way consistent with precision electroweak

data. Observe that even for large values of the Higgs mass, of about 1 TeV, a good fit to the

precision electroweak data can be obtained, due to the simultaneous cancellation of the T and

S contributions coming from the Higgs and extra dimensional effects discussed at the end of

the last section.

Given the above conclusions, it seems possible that the LHC can study the prospect of RS

unification. The electroweak data requires the masses of the first KK gauge bosons to be around

11 TeV (a few TeV if the krIR are allowed to be as large as 2 and the Higgs mass ∼> 300 GeV).

Given that this over-all scale is large compared to ṽ, one thus expects quasi-degenerate SU(3),

SU(2), U(1), and XY gauge bosons. Even at 8 TeV, it may be possible to see signs of the KK

gluons indirectly, e.g. as q̄qq̄q operators one might search for as a sign of quark compositeness.

For masses in the range of a few TeV, there is the hope that the GUT sector could be produced

and studied, providing clear experimental evidence of an RS unified theory.
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Figure 3: Allowed bands of the RS unified model in the parameter space of the Higgs mass and
the first KK mode mass. The central green band represents 1σ agreement with the electroweak
fit to S and T (with U = 0), whereas the surrounding blue and red bands indicate 2σ and 3σ
agreement, respectively.

Our framework has U ! 0, and thus we choose to compare the RS model with the LEP

electroweak working group fit to S and T which imposes U = 0 in the fit [23]. In Figures 3,4

we present the results for the upper bound on the first weak gauge boson KK mass MKK as

a function of the Higgs mass for cf = 0.3 (for all fermions except the top right, as explained

above), and for (small) different values of rIR. As anticipated, the fit to the data is significantly

improved by large values of the Higgs mass mh ∼> 300 GeV5. However, the bound on the first

weak gauge boson KK mode mass is still about 11 TeV and therefore difficult to detect at

the LHC. However, even the addition of small kinetic terms in the infrared brane may have

dramatic effects in the spectrum. Indeed, in the case of kr′IR = kr2IR = 2 (kr′IR = kr2IR = 1)

a bound of about 4 TeV (5 TeV) may be obtained for values of the Higgs mass larger than

400 GeV. Even in the case of a light Higgs boson, mh < 200 GeV, one can accomodate values
5Note that while such large Higgs masses are generally incompatible with unification because the Higgs

self-interaction typically reaches a Landau pole before the GUT scale, in the RS scenario fields localized on the
IR brane see an effective cut-off of order Λ̃ = Λ e−kL, relaxing this constraint.
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Why is everyone always looking at that wall?



Z-primes
•As the Tevatron Run II started, I 

worked with Marcela on the 
signals that one could reasonably 
expect from a Z-prime boson.

• It was a lot of fun, and had a 
lasting impact on both the 
collider phenomenology of Z’s 
and the theoretical construction 
of anomaly-free models.
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Abstract

We study the discovery potential of the Tevatron for a Z ′ gauge boson. We
introduce a parametrization of the Z ′ signal which provides a convenient bridge
between collider searches and specific Z ′ models. The cross section for pp → Z ′X →
!+!−X depends primarily on the Z ′ mass and the Z ′ decay branching fraction into
leptons times the average square coupling to up and down quarks. If the quark and
lepton masses are generated as in the standard model, then the Z ′ bosons accessible
at the Tevatron must couple to fermions proportionally to a linear combination of
baryon and lepton numbers in order to avoid the limits on Z − Z ′ mixing. More
generally, we present several families of U(1) extensions of the standard model that
include as special cases many of the Z ′ models discussed in the literature. Typically,
the CDF and D0 experiments are expected to probe Z ′-fermion couplings down
to 0.1 for Z ′ masses in the 500–800 GeV range, which in various models would
substantially improve the limits set by the LEP experiments.

The wall had a large framed stereogram (3d picture) of a 
shark in an underwater scene.  It lead to a lot of time spent 

staring, but it was worth it when someone finally ‘saw’ it!
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Figure 7: Projected bounds for the B − xL (left upper panel) and 10 + x5̄ (right upper
panel) models and projected excluded regions in the cd−cu plane (lower panel). In the two
upper panels, the vertical marks show the current LEP bounds for the Z ′ mass obtained as
described in Section 2.3. In the B−xL case, for x = 3 this last bound is MZ′ ≥ 1800 GeV;
for the 10 + x5̄, the bound for x = 0 is MZ′ ≥ 119 GeV, beyond the scope of the figure.
The projected bounds at luminosities L = 2 fb−1 , 10 fb−1 are obtained from Fig. 2 by
scaling with a factor 1/

√
L. The lower panel also shows the regions in the cd − cu plane

corresponding to the B − xL and q + xu models, as in Figure 2, showing the projected
increase in reach with 2 fb−1. The dots labeled a, b and c correspond to the B −L model
with gz = 0.1, gz = 0.3 and gz = 0.5, respectively.

section times branching ratio, as a function of MZ′ , together with the predictions for

different values of x in the B − xL (left) and in the 10 + x5̄ (right) models. We also show
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Warped Fermions
•Putting fermions in the bulk completed 

the layer of complication and lead to 
complicated new challenges in figuring out 
what they did to the low energy physics.

• It was around this time that we moved to 
downtown Chicago.  That sadly meant a 
little less time with our friends in 
Naperville, but the views were nice!
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Tim M.P. Taita,e, and C.E.M. Wagnere,f

aFermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, USA
bDepartment of Physics and Astronomy, Johns Hopkins University,

3400 North Charles St., Baltimore, MD 21218, USA
cTH-Division, CERN, 1211 Geneva, Switzerland
dDepartment of Physics, Columbia University,

538 W. 120th St, New York, NY 10027, USA
eHEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA

fEnrico Fermi Institute, Univ. of Chicago, 5640 Ellis Ave., Chicago, IL 60637, USA

Abstract

We analyze the behavior of Standard Model matter propagating in a slice of AdS5 in
the presence of infrared-brane kinetic terms. Brane kinetic terms are naturally generated
through radiative corrections and can also be present at tree level. The effect of the brane
kinetic terms is to expell the heavy KK modes from the infrared-brane, and hence to
reduce their coupling to the localized Higgs field. In a previous work we showed that
sizable gauge kinetic terms can allow KK mode masses as low as a few TeV, compatible
with present precision measurements. We study here the effect of fermion brane kinetic
terms and show that they ameliorate the behavior of the theory for third generation
fermions localized away from the infrared brane, reduce the contribution of the third
generation quarks to the oblique correction parameters and mantain a good fit to the
precision electroweak data for values of the KK masses of the order of the weak scale.
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Figure 4: 95% and 68% allowed regions in the S-T plane, for krIR = 5, r3UV = rBUV = 0, and
different values of the Higgs boson mass. Also shown in the Figure is the KK mode contributions
to the S and T parameters for different values of α and k̃, starting (at the lower end of each
fixed α line) with k̃ = 10 TeV and decreasing in steps of 1 TeV for each dot.
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Figure 2: Representative lowest order contributions to the T parameter from fermionic KK
loop diagrams. The crosses represent insertions of the Higgs VEV. The corresponding W+-W−

graphs are neglected in the limit mt ! mb.

been explored elsewere4 [16, 20]. As a first approximation, we consider the EW fit when all

fermions have cf = 1/2 (except for tR) and similar brane localized kinetic terms so that the

main effect of the new physics is well approximated by the oblique parameters [21] S, T , and

U . In the more realistic scenario discussed above, one should consider the additional bounds

coming from the flavor nonuniversality, but such effects should be small for cf ∼> 1/2, and the

complete analysis is beyond the scope of this work.

4.1 KK Fermion Contributions

We start by considering the low-energy consequences from integrating out the fermion KK

modes. These are loop-level effects, that can nevertheless be important when the KK fermions

couple significantly to the Higgs. The most important effect is a contribution to the ρ parameter

from KK top loops. Treating the Higgs VEV perturbatively, the lowest order contributions arise

from diagrams such as those shown in Fig. 2. In the absence of fermion brane kinetic terms,

the localized Higgs couplings, which induce mixing among the KK modes, are independent

of the KK level. As a result the sum over the KK towers lead to logarithmic and quadratic

divergences for the two diagrams in the figure, respectively.

In the presence of brane kinetic terms, both diagrams become finite due to the decoupling

of the heavier KK modes. From Eqs. (15) and (17) we see that, for cf #= 1/2, for example, the
4In this case, the presence of fermion brane kinetic terms plays an important role in suppressing the contri-

bution to T from KK top loops, so that it can be safely neglected, as was argued in [20].

12

Interestingly enough, I did a lot of work with 
supersymmetric theories during this period, but never 

with Carlos or Marcela!



Topflavor Instantons

•In 2005, I moved back to Argonne as a staff 
member.

•David Morrisey spent a lot of time at Argonne as a 
student, and we started working on the instanton 
sector of a theory with SU(2) x SU(2) weak 
interactions, which I had worked on periodically 
throughout my career…

coupling g1, the semi-classical approximation used to derive the effective instanton operator
is expected to break down.

5 Proton Decay from SU(2)1 Instantons

The observed stability of the proton often leads to very strong constraints on theories beyond
the Standard Model which contain baryon number violating interactions. This is true for
the SU(2)1×SU(2)2 extension considered here since the operator of Eq. (49) violates B and
L by one unit, and can induce the decay of the proton into a meson and a light lepton. As
we shall see below, the experimental limit on the proton lifetime implies a lower bound on
the SU(2)1-breaking scale u, and an upper bound on the gauge coupling g1.

For SU(2)1 instanton induced decays to occur, however, the third generation quarks
must be connected with the first generation quarks that make up the proton. Such a link
is provided by the flavor-changing couplings of the quarks with the W gauge bosons. The
Feynman diagrams for the process p → K+ν̄τ generated in this way are shown in Fig. 3.
Both of these are suppressed by two loop factors. A second possibility, that avoids this loop
suppression, is that the light quark mass eigenstates in the proton contain a small admixture
of the third generation gauge eigenstates that couple directly to SU(2)1. This generates a
contribution to the proton decay amplitude that is not suppressed by any loop factors, but
does involve elements of the up and down quark mixing matrices. Since these elements are
unknown (only their product is measured through the CKM matrix), we will ignore this
possibility and focus solely on the contributions involving W boson loops. Barring unusual
cancellations, this will set a lower bound on the instanton-induced proton decay rate.
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ν
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Figure 3: Feynman diagrams for anti-instanton mediated proton decay.

The operator responsible for p → K+ν̄τ decay is the εabc(taL ·bbL)(bcL ·τL) term in Eq. (49).
By connecting the legs of this operator to first and second generation quarks through W
bosons, as shown in Fig. 3, we obtain a pair of operators that directly mediate proton decay.
Both of these diagrams involve a pair of loop integrations, and in each case the two loops
are independent as a result of the locality of the effective operator.

16

where Vf , Lf , and If are given above.
In computing the numerical value of the proton decay rate, we set the renormalizaton

scale in Eq. (62) equal to the symmetry breaking scale, µ = V. This corresponds to a
matching at this scale. In principle, one should also include the running of the effective
operator induced by QCD. However, we ignore this effect, as it is expected to be of order
unity.

g
1

τ p
(yr)

 1e+10

 1e+20

 1e+30

 1e+40

 1e+50

 1e+60

 1e+70

 1.0  1.5  2.0  2.5  3.0  3.5

Figure 4: Proton lifetime due to SU(2)1 instantons for u = 2 TeV (solid red), u = 3 TeV
(dotted green), and u = 5 TeV (dashed blue). Also shown in this figure (flat dotted line) is
the 90% c.l. experimental lower bound on the proton lifetime [30].

The instanton mediated proton lifetime as a function of the SU(2)1 coupling is shown in
Fig. 4. Also shown in this figure is the current experimental 90% c.l. limit on proton decay
via p → K+ν̄ [30]:

τp > 2.3× 1033 yr. (66)

From the figure, we see that g1 ! 1.5 is required to satisfy the proton decay constraint.
This upper limit on the gauge coupling g1 puts an interesting bound on models that make
use of the SU(2)1×SU(2)2 gauge structure, such as topflavor and non-commuting extended
technicolor. It also limits the amount by which the Higgs mass may be raised through
D-terms in supersymmetric theories.

The results above were obtained for values of u of the order of a few TeV. The bounds
on g1 may be relaxed by increasing the value of u. However, since the proton decay rate is
proportional to u−4, while it depends exponentially on the value of g−2

1 , a large increase on
u would be necessary to significantly modify the bounds on g1. Alternatively, one can find
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Proton Lifetime and Baryon Number Violating

Signatures at the LHC in Gauge Extended Models

D.E. Morrisseya,b, T.M.P. Taita and C.E.M. Wagnera,b

aHEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA
bEnrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA

July 23, 2018

Abstract

There exist a number of models in the literature in which the weak interactions
are derived from a chiral gauge theory based on a larger group than SU(2)L × U(1)Y .
Such theories can be constructed so as to be anomaly-free and consistent with precision
electroweak measurements, and may be interpreted as a deconstruction of an extra
dimension. They also provide interesting insights into the issues of flavor and dynamical
electroweak symmetry breaking, and can help to raise the mass of the Higgs boson in
supersymmetric theories. In this work we show that these theories can also give rise to
baryon and lepton number violating processes, such as nucleon decay and spectacular
multijet events at colliders, via the instanton transitions associated with the extended
gauge group. For a particular model based on SU(2)1×SU(2)2, we find that the B+L
violating scattering cross sections are too small to be observed at the LHC, but that
the lower limit on the lifetime of the proton implies an upper bound on the gauge
couplings.



Baryogenesis
•More excellent students followed David, 

and it was great to interact and work with 
Nausheen, Arjun, Jing, and Patrick as well.

• Jing synthesized the work we had done 
with David into a model of electroweak-
style baryogenesis based on a top-flavor 
phase transition.
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from an Earlier Phase Transition
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Abstract

We explore the possibility that the observed baryon asymmetry of the universe

is the result of an earlier phase transition in which an extended gauge sector breaks

down into the SU(3)C × SU(2)L × U(1)Y of the Standard Model. Our proto-

typical example is the Topflavor model, in which there is a separate SU(2)1 for

the third generation from the SU(2)2 felt by the first two generations. We show

that the breakdown of SU(2)1 × SU(2)2 → SU(2)L results in lepton number being

asymmetrically distributed through-out the three families, and provided the SM

electroweak phase transition is not strongly first order, results in a non-zero baryon

number, which for parameter choices that can be explored at the LHC, may explain

the observed baryon asymmetry.

∗jshu@theory.uchicago.edu
†tait@anl.gov
‡cwagner@hep.anl.gov
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Figure 4: Particle number densities normalized to entropy as a function of spatial position

z for a bubble whose wall is at z ∼ 0 and parameters as described in the text. From top

to bottom, the curves represent the following densities: h, Q3, bR, L3, and tR.
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I’m not sure when (or why) our parties 
started including yoga sessions…



I’m not sure when our parties started 
including yoga sessions…

…But clearly they were exhausting…



So What’s this about a 
Lepton Asymmetry?!

Work with: 
Anne-Katherine Burns and Mauro Valli

arXiv: 2206.00693
PRL 130, 13 31001 (2023)

&
arXiv:2306.xxxxx

(Sorry, there’s actually a serious physics talk for the next few slides…)



BBN

BBN is remarkably successful, 
connecting particle & nuclear physics 

to cosmology, and making a convincing 
case that we understand the Universe 
pretty well back to temperatures of 
O(MeV) — and it places important 

constraints on new physics.

Marcelle Soares-Santos | Dark Energy & Cosmic Acceleration
Snowmass Community Summer Meeting | Cosmic Frontier Panel |  July 21, 2022

Introduction

2

Particle physics aims to understand the fundamental 
constituents of matter and energy, revealing profound 
connections underlying everything we see, from the 
smallest to the largest structures in the Universe. 

The cosmic frontier realizes this vision.

Dark energy and cosmic acceleration is a 
discovery-driven, high-visibility, rigorous and bold 
component of our program, which has matured and 
grown over the last two decades by both leveraging 
and driving new developments across the entire 
community.

1 eV

1 MeV

1 TeV

1 GeV

1015 
TeV

1 meV



arXiv: 2005.12290

4He circa 2021

% level 

measurement

YP = 0.245 ± 0.003
PDG 2021:

Older

2021: 51 metal-poor galaxies 
+ 3 EMPGs  



A NEW HELIUM-4 MEASUREMENT
Extremely metal-poor galaxies (EMPGs) provide pristine environments for 

primordial 4He measurements.

2021: 51 metal-poor galaxies + 3 EMPGs  

2022: deep NIR spectroscopy from Subaru 
       Telescope adds 10 new EMPGs!

Matsumoto et al
arXiv:2203.09617v3

Astrophys.J. 941 2, 167 (2022)

A New 4He Measurement

Older



A NEW HELIUM-4 MEASUREMENTA New 4He Measurement

Matsumoto et al
arXiv:2203.09617v3

Astrophys.J. 941 2, 167 (2022)



Precision BBN

arXiv:1806.11095

PDG 2021:

YP = 0.245 ± 0.003

Subaru 2022:

·Yi ∼ nB (⟨σv⟩kl→ijYkYl − ⟨σv⟩ij→klYiYj)

•The answers to these questions require us to go 
beyond the qualitative picture of BBN to more 
precise modeling of the web of nuclear reactions, 
with a framework that allows us to more 
robustly explore uncertainties…

•A significant shift in the primordial abundance of 
4He is both interesting and alarming.

•The new result is about 2.5σ from the old one, 
which resulted in a very consistent picture with 
theoretical predictions from BBN in the SM.

•How significant are the differences in BBN?  
What role do theory uncertainties play?

•What role do other measurements such as 
deuterium play?  Are there tensions within BBN?

• Is this a hint for BSM physics?  Are there 
surprises about cosmology to be gleaned from 
understanding BBN at the % level?



WHY  A NEW  

BBN CODE ?

PRyMordial

arXiv:1106.1363,

arXiv:1806.11095
arXiv:1806.11095,

arXiv: 2011.11320

arXiv:0705.0290, arXiv:1712.04378, arXiv:2103.05027

•To answer these questions, we have 
developed a new tool (PRyMordial) to 
investigate BBN both within the SM and 
beyond.

•PRyMordial is written in python, and runs 
very quickly using DiffEq.jl from the Sci 
Machine Learning kit implemented in Julia.

• PRyMordial fully models neutrino 
decoupling and computes Neff., allowing 
for precise constraints on dark sectors.

•PRyMordial allows for precision treatment 
of electroweak rates, including mass 
effects and O(α) corrections.

•PRyMordial implements network of  
O(10/50) nuclear reactions in a modular 
format, making it easy to compare 
different treatments of  T-dependence.

Escudero, arXiv:1812.05605
& arXiv: 2001.04466

Based on PRIMAT’s Mathematica
implementation, but in python!

NACRE & PRIMAT 
approaches

Burns, TMPT, Valli, 
arXiv: 2305.XXXXX 



•To answer these questions, we have 
developed a new tool (PRyMordial) to 
investigate BBN both within the SM and 
beyond.

•PRyMordial is written in python, and runs 
very quickly using DiffEq.jl from the Sci 
Machine Learning kit implemented in Julia.

• PRyMordial fully models neutrino 
decoupling and computes Neff., allowing 
for precise constraints on dark sectors.

•PRyMordial allows for precision treatment 
of electroweak rates, including mass 
effects and O(α) corrections.

•PRyMordial implements network of  
O(10/50) nuclear reactions in a modular 
format, making it easy to compare 
different treatments of  T-dependence.

PRyMordial

arXiv:1106.1363,

arXiv:1806.11095
arXiv:1806.11095,

arXiv: 2011.11320

arXiv:0705.0290, arXiv:1712.04378, arXiv:2103.05027

PRyMordial
Burns, TMPT, Valli, 

arXiv: 2306.XXXXX 

Escudero, arXiv:1812.05605
& arXiv: 2001.04466

Based on PRIMAT’s Mathematica
implementation, but in python!

NACRE & PRIMAT 
approaches



PRyMordial
Percent Di↵erence

H 9.964*10�4

Yp 3.032*10�3

D/H*105 3.064*10�2

3He/H*105 1.926*10�2

T/H*108 2.663*10�1

(3He+T)/H*105 1.712*10�2

7Li/H*1011 4.379
7Be/H*1010 9.692*10�1

(7Li+7Be)/H*1010 1.146

Table 1: Percent di↵erence between abundance values calculated using 63 nuclear reactions and

values calculated using 12 nuclear reactions.
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Figure 1: Minimal set of nuclear reactions

Further detail on the theromonuclear reaction rates used in this approach along with their estimates

of systematic errors can be found in the following references: [13, 65–67].

Our second approach for the thermonuclear reaction rates is to interpolate rates from the updated

NACRE compilation [68], comprising charged-particle-induced reactions. We use updated rates for

two of the reactions in this set of reaction rates: 7Be(n, p)7Li from Fields, et al. [69] and D(p, �)3H

from the LUNA collaboration [70].

Table 3 shows the full set of nuclear reactions used in our calculation and the sources from which

the reaction rates were obtained.

The evolution in time of the calculated abundances has the following form [79, 86],

– 15 –

Burns, TMPT, Valli, 
arXiv: 2305.XXXXX 

PRyMordial

•To answer these questions, we have 
developed a new tool (PRyMordial) to 
investigate BBN both within the SM and 
beyond.

•PRyMordial is written in python, and runs 
very quickly using DiffEq.jl from the Sci 
Machine Learning kit implemented in Julia.

• PRyMordial fully models neutrino 
decoupling and computes Neff., allowing 
for precise constraints on dark sectors.

•PRyMordial allows for precision treatment 
of electroweak rates, including mass 
effects and O(α) corrections.

•PRyMordial implements network of  
O(10/50) nuclear reactions in a modular 
format, making it easy to compare 
different treatments of  T-dependence.



NACRE compilation
polynomial fits 

— data oriented —

PRIMAT compilation
nuclear modeling 

— theory oriented —

PRyMordial implements two different 
approaches, out-of-the box:

Nuclear Rates



Aggressive Approach to Nuclear Uncertainties

Conservative Approach to Nuclear Uncertainties
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PRyMordial: SM BBN



Electrophillic-thermalized X particle

Neutrinophillic-thermalized X particle
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A NEW HELIUM-4 MEASUREMENTHints for a Lepton Asymmetry?

•The primordial abundance of 4He is sensitive to 
an asymmetry in the lepton sector.

•Charge neutrality forbids a large asymmetry in 
the charged leptons, but still allows an 
asymmetry between neutrinos and anti-
neutrinos.

•A chemical potential for neutrinos would impact 
the total energy density, and contribute to ΔNeff, 
but this is negligible for the CMB as long as:

•But in the BBN era, it also impacts the neutron-
to-proton ratio, and thus production of 4He!

•Helium-4 is a very sensitive leptometer…

e− + e+ ↔ 2 γ , 3 γ

μγ = 0 , μe− = − μe+ ≡ μe

ne− − ne+ = np

ηe ∝ μe/Tγ ≲ ηB ∼ 10−10

|ξν | ≲ 𝒪(0.1) n + νe ↔ p + e−

μn + μν ≃ μp

(nn/np) |eq. ≃ exp(−Q/T − ξν)



NUISANCE PARAMETERS:     neutron lifetime [PDG 2021] (Gaussian prior),
                                            nuclear x-sec uncertainties (log-normal prior)

 [ Subaru 2022 ] ,  [ PDG 2021 ] X = 4He D
Planck 2018 TTTEEE + low-𝓁 + BAO + lensing

Bayes Theorem : Posterior ~ Likelihood x Prior

−2 ≤ ΔNeff ≤ 2 −0.2 ≤ ξν ≤ 0.21 ≤ ηB × 1010 ≤ 10
MAIN  PARAMETERS

Joint analysis of BBN and CMB data (including correlations!)

Burns, TMPT, Valli, 
2206.00693 (& PRL)

PRyMordial: Lepton Asymmetry
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Results: Helium-4
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Results: Deuterium



A non-zero lepton asymmetry is detected at the ~2σ level.
The central value of the fit is ~ 0.04, independent of the 

implementation of the nuclear reaction network.
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Burns, TMPT, Valli, 
2206.00693 (& PRL)

BBN 2022: New Physics Inference



�IC = ICSM � ICNP
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Kass and Raftery `95

Akaike Information Criterion (IC):

to perform model comparison.

“Positive” evidence for models 

with non-zero lepton asymmetry.

IC ≡ 2 × (# d . o . f.) − 2 log(L̂BBN)

BBN 2022: Summary
Burns, TMPT, Valli, 

2206.00693 (& PRL)



ηL ≃ ∑
i=e,μ,τ

nνi
− nν̄i

nγ
≃

π2

12ζ(3) ∑
i=e,μ,τ (

Tνi

Tγ )
3

ξνi

LOWER BOUND:   ξνe
= ξν , ξνμ,τ

= 0

The muon & tau sectors mix efficiently 
@ ~ 10 MeV [astro-ph/0203442]

The final lepton asymmetry
depends on the initial asymmetries 

and details of the PMNS matrix.

What does the inferred    imply?  ξν ≃ 0.04

( ,  )η0
L ∈ 10−2 1/4

UPPER BOUND:   ξνe
= ξν , ξνμ,τ

= 0.5
(ΔNeff ∼ 0.1)

Our inference a priori involves only the electron-flavor neutrino.

arXiv:2110.11889

ξe,μ,τ = ( 0 , 0 , 0.5 )Initial conditions:

Outlook

Example



✴ EW symmetry unbroken, sphalerons equilibrate B+L  —>  𝒪(ηL) ∼ 𝒪(ηB)
POSSIBLE WAY OUT:  Models where the total L asymmetry << individual ones

✴   Asymmetry generated once sphalerons are inactive (but before BBN)

— Variations of Affleck-Dine mechanism

arXiv:2208.03237: large lepton-flavored asymmetry       large baryon asymmetry !

see, e.g., 2203.09713

— Out-of-equilibrium processes w/ RH neutrinos
see, e.g., 2206.14722

T ≫ 100 GeV

T ≲ 100 GeV

E.g.,  hep-ph/9908396 :

chiral plasma instability

BUT …

Outlook
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Baryogenesis

from an Earlier Phase Transition

Jing Shua,b∗, Tim M.P. Taitb†, and Carlos E.M. Wagnera,b‡

a Kavli Institute for Cosmological Physics, Enrico Fermi Institute and Department of Physics,

University of Chicago, 5640 S. Ellis Avenue, Chicago, IL 60637, USA

b HEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA

August 7, 2018

Abstract

We explore the possibility that the observed baryon asymmetry of the universe

is the result of an earlier phase transition in which an extended gauge sector breaks

down into the SU(3)C × SU(2)L × U(1)Y of the Standard Model. Our proto-

typical example is the Topflavor model, in which there is a separate SU(2)1 for

the third generation from the SU(2)2 felt by the first two generations. We show

that the breakdown of SU(2)1 × SU(2)2 → SU(2)L results in lepton number being

asymmetrically distributed through-out the three families, and provided the SM

electroweak phase transition is not strongly first order, results in a non-zero baryon

number, which for parameter choices that can be explored at the LHC, may explain

the observed baryon asymmetry.

∗jshu@theory.uchicago.edu
†tait@anl.gov
‡cwagner@hep.anl.gov

1

Also reminds me of:  hep-ph/0610375 :

(See Kohei Kamada’s talk in Thursday parallels!)



✴  Two ongoing “anomalies”: Helium-4 (obs?) & Deuterium (theory?) 

✴  BBN gives us a unique view of BSM physics from the Early Universe

✴  Bucket list for the future:
—  Measuring Helium-4 beyond % level

—  Next-gen CMB observations

ηL ≃ ην ≫ ηB

( see projections in 2208.03201 )

—  More data on DD fusion x-sections

( Already in use! See, e.g., 2210.12031 )

Outlook

Burns, TMPT, Valli, 
2206.00693 (& PRL)

PRyMordial Burns, TMPT, Valli, 
arXiv: 2306.XXXXX 

Coming soon to an arXiv near you!



Impact
• As is true for many in this room, Marcela and 

Carlos have had a profound impact on my 
career.

• I’m lucky that I have had many important and 
effective mentors at every stage of my 
development as a physicist.

• Marcela and Carlos stand out as the mentors 
who were perhaps more like the physicist 
that I aspired to be than any of the others.

• At a time in my career when I could have 
fallen through the cracks, they both took care 
to make sure that it didn’t happen.
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Carena-Wagner Golden Rules

•Synthesizing my observations, I would like to suggest that Carlos 
and Marcela’s lived behavior suggests a new set of ‘Golden rules’:

•The world is filled with interesting phenomena.  Physics is how we 
engage with them.

•More impoprtantly, Physics is fun, and you should always have fun doing it.

•The friends that you assemble along the way are a network that will 
enrich your life and your work.

•Your investment in them is also an investment in yourself.

•And BE CAREFUL WHAT YOU THINK ABOUT!
(Especially if it is SUSY…)



Thank You!

Visit to UC Irvine, about one week before the pandemic started…



Bonus



The BBN Era

For T  10 MeV, the SM contains relativistic species ( ):  ≳ γ, e±, ν

H2 ≃
1

3M2
Pl

π2

30 (2 + 2 × 2 ×
7
8

+ 2 ×
7
8

Nν) T4
γ

From the 2nd law of thermodynamics and energy-momentum conservation: 

d(sa3)/dt = 0 , s = (ρ + P)/Tγ

Tγ(t) , Tγ(a)

One can derive the temperature of the photons as a function of 
time/scale factor:

At the qualitative level, BBN is fairly easy to understand. 



As the Universe expands and cools, eventually the weak interactions 
freeze out:

H ∼ Γweak ∼ n⟨σv⟩ ∼ T3 × G2
F T2 ⇒ T(weak)

f.o. ∼ MeV

Based on entropy conservation,  for   Tγ ≤ me :

Tν = ( 4
11 )

1/3

Tγ ⇔ Neff ≡
8
7 ( 11

4 )
4/3

(
ρtot. − ργ

ργ ) = 3.044

Tγ(t) , Tγ(a) , Tν(Tγ)

SM prediction
e.g.,  arXiv: 2210.10307

The BBN Era

Thus, one can derive the temperature of the photons as a function of 
time/scale factor and relate it to the temperature of the neutrinos:



 is relevant for the -equilibrium,   :Tν(Tγ) β n ↔ p

n + νe ↔ p + e−

n + e+ ↔ p + ν̄e (nn/np) |T≃MeV ≃ 1/6
Q ≡ mn − mp ≃ 1.3 MeV

Nucleosynthesis is naively at MeV … BUT: Tnucl. ∼ BD ≃ 2.2

Γ(n + p → D + γ) ∼ nB⟨σv⟩Dγ

Γ(n + p ← D + γ) ∼ nγ exp(−BD/Tγ)⟨σv⟩Dγ

It really starts at  such that:   Tnucl ηB ≃ exp(−BD/Tnucl.)

The BBN Era

(nn/np) |T≳MeV ≃ exp(−Q/T )Q



The deuterium “bottleneck” implies  MeV.  After that : Tnucl ≃ 0.1

Essentially all of the neutrons are 
bound into helium-4…

(nn/np) |T ≃ 0.1 MeV ≃ 1/7

p n

YP ≡
m4He

mB
≃

4(nn/2)
nn + np

≃ 0.25

Baryon mass fraction in helium-4

 residual amount of deuterium and helium-3 relative to .

Lithium-7 “survives” in a much smaller relative abundance, .

𝒪(10−5) p

𝒪(10−10)

The BBN Era

n

p
n

n

p
p

n

p
p
n



BBN Observations
To match theory, we need quality measurements of the primordial 

abundances of the light elements:   D, 3He, 4He, 7Li

★  Helium-4 observed in extragalactic HII regions

★  Deuterium observed in Quasar absorption systems

★  Helium-3 observed in the Solar neighborhood

★  Lithium-7 in the atmosphere of dwarf halo stars

Emission spectra of gas clouds (detailed line modeling required) 

Solar winds, meteorites, ISM … stellar nucleosynthesis uncertainties!

Physics of convection, depletion indicators … needs support from data 

Damped Lyman-  spectra from intervening gas along l.o.s.α



BBN Observations
To learn something, we need quality measurements of the 

primordial abundances of the light elements:   D, 3He, 4He, 7Li

★  Helium-4 observed in extragalactic HII regions

★  Deuterium observed in Quasar absorption systems

★  Helium-3 observed in the Solar neighborhood

★  Lithium-7 in the atmosphere of dwarf halo stars

Emission spectra of gas clouds (detailed line modeling required) 

Solar winds, meteorites, ISM … stellar nucleosynthesis uncertainties!

Physics of convection, depletion indicators … needs support from data 

Damped Lyman-  spectra from intervening gas along l.o.s.α

✅

✅

❌

?
Fields, Olive arXiv:2204.03167 



astro-ph/9803071
arXiv: 1710.11129

Deuterium

(D/H) × 105 = 2.547 ± 0.025
PDG 2021:

% level 

measurement

Older



runPRyM_XX_example.py

PRyM_main.py

PRyM_thermo.py

PRyM_nTOp.py

PRyM_nuclear_net.py

PRyM_eval_nTOp.py

PRyM_init.py
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wikiHow: PRyMordial


