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It is difficult to make rigorous statements about the potential in string theory 
without going to a particular model. 

Why is this so much harder than in EFT where we work with the 
radiative potential for any theory which is just a function of the mass 
spectrum (Coleman-Weinberg)? 

  In EFT we subtract all the UV mystery with counter terms and use 
renormalization, but string theory is UV-complete and UV/IR mixed. If we 
are really doing string theory we are not allowed to ignore anything.

  In string theory there are both physical (level matched / on-shell) and non-
physical states contributing. It is not obvious what “mass spectrum” means.



Is it possible to deal with the potential in string theory in the 
same model-agnostic way that we understand radiative 
potentials in field theory, but in a UV-complete way?



Vacuum energy in field theory 

Vacuum energy in string theory 

But what is misaligned SUSY?

Decompactification limits

Comments on the distance conjecture

Emergence of the effective theory
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Vacuum energy in field 
theory 



Let’s start our story by examining the one-loop CW effective 
potential in field theory (and similar amplitudes where we don’t 
care about the external momenta): 

where masses can be functions of the Higgs      and we are forced to put in a cut-off and

giving …
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   Note from this can infer a catastrophic Higgs mass-squared from the double derivative:

This is the origin of the unfortunate naturalness problem associated with the Higgs 
mass.  It is associated with the quadratic UV divergence in the EFT.
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Closed strings: Everything governed by 
Modular Invariance … 

<latexit sha1_base64="cMfXT36mhquL4fFF7cHIEmpfe9c=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUPEU9OIxPvKAJITZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mMpDLrut5NbWV1b38hvFra2d3b3ivsHDRMlmvE6i2SkWz41XArF6yhQ8lasOQ19yZv+6GbqN5+4NiJSjziOeTekAyUCwSha6f7hqlcsuWV3BrJMvIyUIEOtV/zq9COWhFwhk9SYtufG2E2pRsEknxQ6ieExZSM64G1LFQ256aazSyfkxCp9EkTalkIyU39PpDQ0Zhz6tjOkODSL3lT8z2snGFx2U6HiBLli80VBIglGZPo26QvNGcqxJZRpYW8lbEg1ZWjDKdgQvMWXl0njrOydlyt3lVL1OosjD0dwDKfgwQVU4RZqUAcGATzDK7w5I+fFeXc+5q05J5s5hD9wPn8ALkGNJA==</latexit>

S :

<latexit sha1_base64="7z12ORY5OjDLc83qlkZw/H7eZ2E=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUPEU9OIxSl6QLGF20psMmZ1dZmaFEPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju5nfekKleSzrZpygH9GB5CFn1FjpsX7TK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7plJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb+8SpoXZe+yXHmolKq3WRx5OIFTOAcPrqAK91CDBjAI4Rle4c0ZOS/Ou/OxaM052cwx/IHz+QMvxo0l</latexit>

T :

F

IR

UV

⌧

<latexit sha1_base64="OF9KAPhJSMAzhjuzjssvPPc27mE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LgnisaD+kXUo2zbahSXZJskJZ+iu8eFDEqz/Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfD3z209UaRbJBzOJqS/wULKQEWys9Hif9gjm6GbaL1fcqpsBLRMvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMI5xOS71E0xiTMR7SrqUSC6r9NDt4ik6sMkBhpGxJgzL190SKhdYTEdhOgc1IL3oz8T+vm5jw0k+ZjBNDJZkvChOOTIRm36MBU5QYPrEEE8XsrYiMsMLE2IxKNgRv8eVl0jqreufV2l2tUr/K4yjCERzDKXhwAXW4hQY0gYCAZ3iFN0c5L8678zFvLTj5zCH8gfP5A1DHkBo=</latexit>

SF
<latexit sha1_base64="MfQ7VAU+BLt7lvkuw/hAFEhQXIA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegIB4j5oXJEmYnnWTI7OwyMyuEJX/hxYMiXv0bb/6Nk2QPmljQUFR1090VxIJr47rfTm5ldW19I79Z2Nre2d0r7h80dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6mfrNJ1SaR7JmxjH6IR1I3ueMGis9PtTSDqOC3E66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns4sn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9Kz/lMk4MSjZf1E8EMRGZvk96XCEzYmwJZYrbWwkbUkWZsSEVbAje4svLpHFW9i7K5/fnpcp1FkcejuAYTsGDS6jAHVShDgwkPMMrvDnaeXHenY95a87JZg7hD5zPH/f+kHg=</latexit>

STF
<latexit sha1_base64="Fu3TqcQzDAofy2MAuSNgsKnbY1Y=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEN5ZEirosCuKyYl/QxjKZTtqhk0mYmQg15EvcuFDErZ/izr9x+lho64ELh3Pu5d57/JgzpR3n28qtrK6tb+Q3C1vbO7tFe2+/qaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/dD3xW49UKhaJuh7H1AvxQLCAEayN1LOL9/WH9NTN0i7BHN1kPbvklJ0p0DJx56QEc9R69le3H5EkpEITjpXquE6svRRLzQinWaGbKBpjMsID2jFU4JAqL50enqFjo/RREElTQqOp+nsixaFS49A3nSHWQ7XoTcT/vE6ig0svZSJONBVktihIONIRmqSA+kxSovnYEEwkM7ciMsQSE22yKpgQ3MWXl0nzrOyelyt3lVL1ah5HHg7hCE7AhQuowi3UoAEEEniGV3iznqwX6936mLXmrPnMAfyB9fkD0fiSjw==</latexit>

ST�1F

<latexit sha1_base64="Pi7MNs8xDi+4JL0/aXDaKnHBjsU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6Lgnis0C9sl5JNs21oNlmSrFCW/gsvHhTx6r/x5r8x2+5BWx8MPN6bYWZeEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkmt5nfeaJKMymaZhpTP8IjwUJGsLHSYzPtE8zR3aw0KFfcqjsHWiVeTiqQozEof/WHkiQRFYZwrHXPc2Pjp1gZRjidlfqJpjEmEzyiPUsFjqj20/nFM3RmlSEKpbIlDJqrvydSHGk9jQLbGWEz1steJv7n9RITXvspE3FiqCCLRWHCkZEoex8NmaLE8KklmChmb0VkjBUmxoaUheAtv7xK2hdV77Jae6hV6jd5HEU4gVM4Bw+uoA730IAWEBDwDK/w5mjnxXl3PhatBSefOYY/cD5/AImtkC8=</latexit>

TF
<latexit sha1_base64="kNNY/2cdkQ1qosIG4lp5d1L5Jd0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKqR6Lgnis0C9oYtlsN+3SzSbsboQS+je8eFDEq3/Gm//GTZuDtj4YeLw3w8w8P+ZMadv+tgobm1vbO8Xd0t7+weFR+fikq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/epv5vScqFYtEW89i6oV4LFjACNZGctuPtdQlmKO7eWlYrthVewG0TpycVCBHa1j+ckcRSUIqNOFYqYFjx9pLsdSMcDovuYmiMSZTPKYDQwUOqfLSxc1zdGGUEQoiaUpotFB/T6Q4VGoW+qYzxHqiVr1M/M8bJDq49lIm4kRTQZaLgoQjHaEsADRikhLNZ4ZgIpm5FZEJlphoE1MWgrP68jrp1qpOo1p/qFeaN3kcRTiDc7gEB66gCffQgg4QiOEZXuHNSqwX6936WLYWrHzmFP7A+vwBtACQ0w==</latexit>

T 2F
<latexit sha1_base64="My7M0skFvSmUrkqxSv/Puh6pjqw=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyWRoh6Lgnis0C9oY9lsN+3SzSbsboQa+ku8eFDEqz/Fm//GTZuDtj4YeLw3w8w8P+ZMacf5tlZW19Y3Ngtbxe2d3b2SvX/QUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/vsn89iOVikWioScx9UI8FCxgBGsj9e1S4yE9c6dpj2CObqfFvl12Ks4MaJm4OSlDjnrf/uoNIpKEVGjCsVJd14m1l2KpGeF0WuwlisaYjPGQdg0VOKTKS2eHT9GJUQYoiKQpodFM/T2R4lCpSeibzhDrkVr0MvE/r5vo4MpLmYgTTQWZLwoSjnSEshTQgElKNJ8Ygolk5lZERlhiok1WWQju4svLpHVecS8q1ftquXadx1GAIziGU3DhEmpwB3VoAoEEnuEV3qwn68V6tz7mrStWPnMIf2B9/gBjvJJG</latexit>

T�1F
<latexit sha1_base64="r1CIIBtFYYZPu6mMq+i+HEXFxcU=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEN5akFHVZFMRlhb6gjWUynbRDJw9mJkIN+RI3LhRx66e482+ctFlo64ELh3Pu5d573IgzqSzr2yisrW9sbhW3Szu7e/tl8+CwI8NYENomIQ9Fz8WSchbQtmKK014kKPZdTrvu9Cbzu49USBYGLTWLqOPjccA8RrDS0tAstx6S81qaDAjm6DYtDc2KVbXmQKvEzkkFcjSH5tdgFJLYp4EiHEvZt61IOQkWihFO09IgljTCZIrHtK9pgH0qnWR+eIpOtTJCXih0BQrN1d8TCfalnPmu7vSxmshlLxP/8/qx8q6chAVRrGhAFou8mCMVoiwFNGKCEsVnmmAimL4VkQkWmCidVRaCvfzyKunUqvZFtX5frzSu8ziKcAwncAY2XEID7qAJbSAQwzO8wpvxZLwY78bHorVg5DNH8AfG5w9lSpJH</latexit>

T�2F

P
o
S
(
c
a
r
g
e
s
e
)
0
0
1

String Phenomenology Steven Abel

r

r2

1
0

The torus is defined by two complex parameters

z= z+ τ1n+ τ2m (6.4)

where n,m are integers. Lines with strokes are identified. But we can still use the Weyl invariance

to get rid of one of the parameters. i.e. z→ λ z is still a symmetry of the 2D theory and we can

reduce it to

z= z+2πn+2πmτ (6.5)

so that any point is defined by the coordinates σ1,σ2 ∈ (0,2π] where z = σ1+ τσ2. The param-

eter τ defining the torus is called the Teichmüller parameter: it should not be confused with the

world-sheet coordinate τ . There is an additional invariance under large reparameterizations. Any

reparameterization that describes the same torus has to be moded out to avoid over-counting.

τ → τ+1 redefines torus :

τ

0 1

τ+1

τ →−1/τ swops σ1 and σ2 and just reorients torus

These two transformation generate the modular group, PSL(2,Z)

τ →
aτ+b

cτ+d
a,b,c,d ∈ Z ; ad−bc= 1 (6.6)

For a particular value of τ we get a corresponding Z1(τ). The total one loop partition function

then requires us to integrate over all independent values of this parameter

Z1 =
∫

C

d2τ

Im(τ)2
Z1(τ) (6.7)

where C is the fundamental region (i.e. the region of τ left after moding out the modular transfor-

mations). The measure of the integration renders the integration modular invariant, and so in order

to make sense our integrand should itself be modular invariant.

Exercise: using the transformations above show that dτdτ/Im(τ)2 is modular invariant.
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We simply have to integrate over all inequivalent tori, i.e. over the complex x, with the 
string partition function Z(x) in place of the particle partition function Z(t)

A bit of notation:

5

model inD dimensions with partition function Z(⌧), the correspondingD-dimensional one-loop vacuum energy density
may be evaluated as

⇤(D)
⌘ �

1
2 M

D

Z

F

d2⌧

⌧22
Z(⌧) (2.8)

where D is the number of uncompactified spacetime dimensions, where M is the reduced string scale defined above,
and where

F ⌘ {⌧ : |Re ⌧ |  1
2 , Im ⌧ > 0, |⌧ | � 1} (2.9)

is the fundamental domain of the modular group. In general, it is convenient to regard the fundamental domain F as
being composed of two separate regions, an “upper” region with ⌧2 � 1 and a “lower” region with ⌧2 < 1. The upper
region extends across the full width �1/2  ⌧1  +1/2; in this region, the ⌧1-integration then guarantees that only
the states with m = n survive as contributors to ⇤. However, even the unphysical states with m � n 2 ZZ 6= 0 will
make contributions to ⇤ through integration over the lower region within F . Thus, all states — both physical and
unphysical — are relevant in calculations of ⇤.

In the following we shall usually disregard the prefactor 1
2M

D in Eq. (2.8) and regard ⇤ as a pure number, but
we note that a proper definition does indeed require it. We shall, however, retain the minus sign in Eq. (2.9) in all
discussions below. Furthermore, we observe that if a D-dimensional string with partition function Z(D) is compactified
on a d-dimensional volume Vd, resulting in a (D� d)-dimensional string with partition function Z(D�d), then ⇤(D�d)

will typically diverge as Vd ! 1. In such cases, we can alternatively define ⇤̃(D�d)
⌘ ⇤(D�d)/Vd; note that ⇤̃(D�d)

continues to describe the (D�d)-dimensional theory but now has the mass dimensions appropriate for aD-dimensional
[rather than (D � 1)-dimensional] vacuum energy density. Substituting the result in Eq. (2.3), we then find that

⇤(D) = lim
Vd!1

⇤̃(D�d) . (2.10)

The same relations also hold in the Vd ! 0 limit, provided we replace Vd with the appropriate T-dual volume Ṽd.
It will be important for later purposes to have some sense of the relative sizes of the contributions to the cosmological

constant (2.8) that come from individual (m,n) string states. In general, a given state with (ER, EL) = (m,n)
contributes a term qmqn to the partition function, thus making a contribution proportional to

I(D)
m,n ⌘

Z

F

d2⌧

⌧22
⌧1�D/2
2 qmqn (2.11)

to the cosmological constant. Note that modular invariance requires that m�n 2 ZZ. Note that for unphysical states
(i.e., states with m 6= n), the modular integral in Eq. (2.11) vanishes in the rectangular upper (⌧2 � 1) portion of the
fundamental domain F but nevertheless receives contributions from the curved lower (⌧2 < 1) portion.

It is a common supposition that massless physical states (i.e., states with m = n = 0) make the dominant
contributions to vacuum amplitudes. Indeed, it is easy to verify that Inn ⇠ e�4⇡n for large n, confirming the
trend that the contributions from heavy physical states are exponentially suppressed relative to those from lighter
states. [As we shall discuss, the numbers of states at each mass level actually grow as a function of the mass, like
exp(c

p
n). Ultimately this is not su�cient to overcome the mass-suppression factor exp(�4⇡n), which is why the

sum over contributions from increasingly massive states is ultimately convergent.] One can also demonstrate that
the contributions from states with m 6= n are generally suppressed relative to those with m = n, even for fixed total
energy/mass m+ n.

However, for relatively light states, we find:

m n I(10)m,n I(4)m,n

0 �1 �14.258 �12.192

1 �1 0.014 0.010

1/2 �1/2 �0.038 �0.032

0 0 0.257 0.549

2 �1 �2.569⇥ 10�5
�1.803⇥ 10�5

3/2 �1/2 4.682⇥ 10�5 3.456⇥ 10�5

1 0 �1.029⇥ 10�4
�8.463⇥ 10�5

1/2 1/2 3.021⇥ 10�4 3.304⇥ 10�4

(2.12)

= �1

2
MD

Z

F

d2⌧

⌧
D
2 +1
2

X

m,n

amnq
mqn

q = e2⇡i⌧

Thus in principle Z(x) holds all the information: it is non-zero in a non-SUSY model 
but this is hard to evaluate — looks like we’ll need to know the specific model ???
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However it is ultimately and very generally related to worldsheet modular-invariance. In particular we do not need to
determine the precise shift in the metric induced by a Higgsing in order to evaluate the effect on the mass-squared.
Moreover this also implies that effect persists regardless of the IR physics. Typically a string construction will invoke
both perturbative and non-perturbative mechanisms in order to achieve various outcomes at low-energy, such as the
stabilisation of compact dimensions, or the Standard Model content. There is other known non-perturbative physics
that occurs at low energies, such as QCD confinement. While these processes may change the vacuum energy, and
even the most appropriate effective field theory description, they cannot change the modular anomaly, which is always
cancelled by gravitational degrees of freedom. Thus Eq.(2.30) always holds, even today, provided all contributions to
the cosmological constant (even nonperturbative ones) are generated within a framework where the UV completion
looks like (2.2).

This has interesting implications if the cosmological constant is dominated by its one-loop contributions. For
example as we shall see the leading contributions to the remaining terms are discrete (being dominated by charges
and group-theoretical Casimir traces). To avoid large instabilities one might suppose that the leading contribution
must be zero or positive for all scalars in a stable (or possibly long-lived metastable) vacuum. Therefore, if modular
invariance is responsible for maintaining UV finiteness, the present day cosmological constant is a lower bound on the
mass-squared of any such Higgs scalars in the theory. (Of course axions behave differently because they are protected
by shift-symmetries and do not give mass to any states).

III. TALK STUFF

The RS result can be expressed as follows. We are interested in a integrals of modular invariant functions Z(⌧)
over the fundamental domain of the modular group:

⇤(1) = �
M

4

2

Z

F
dµZ(⌧) . (3.1)

The function F need not be holomorphic (as of course our functions will not be), but it should decay sufficiently
rapidly as ⌧ ! i1. The “physical” level-matched terms in F correspond to the constant piece in its ⌧1-Fourier
expansion. This can be evaluated with a ⌧1 integral:

dphys(⌧2) =

Z 1
2

� 1
2

d⌧1 Z(⌧) . (3.2)

To write I in terms of these level-matched terms, we first construct the Rankin-Selberg transform,

R
?(F, s) =

Z 1

0

d⌧2
⌧2�s
2

⇡�s�(s) ⇣(2s) dphys(⌧2) , (3.3)

Then the RS result in Appendix A says that the integral I is related to the residue of R? at s = 1 as

I = 2Ress=1(R
?(F, s)) . (3.4)

Applying this to ⇤(1), we put F (⌧) = �
M4

2 Z(⌧) which gives

g(⌧2) = �
M

4

2
⌧1�D/2
2 STr e�⇡⌧2↵

0M2

. (3.5)

Inserting this into (4.4) we find

R
?(F, s) = �

M
4

2⇡2
�(s)�(s� 2) ⇣(2s) STr (⇡2↵0M2)2�s , (3.6)

and then extracting twice the residue at s = 1, as in (4.6), gives I in the desired form of a sum over physical states,
namely eq.(4.1).

Let us guess that we can write this in terms of only physical (level-matched) states 
whose nett spectral density can be always be found by doing the       integral:

d2⌧

⌧22

g(⌧2) = �M4

2

Z 1
2

� 1
2

d⌧1Z(⌧)

= �M4

2
⌧�1
2 Stre�⇡⌧2↵

0M2

Can this be made to look more like CW? 

The integral we need to do in 4D is:
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⇤

The tricky part is that if we want the answer to be given by this object, it implies an 
integral over the critical strip not the fundamental domain: we need to unfold F to S 
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(4)
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The whole integral including the projection to physical states now looks like: 

<latexit sha1_base64="wWpIGmr0OZmUB/5ls0U44TIn2Fc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOaXYI5uu+VK37VnwEtkyAnFchR75W/un1FUkGlJRwb0wn8xIYZ1pYRTielbmpogskID2jHUYkFNWE2u3aCTpzSR7HSrqRFM/X3RIaFMWMRuU6B7dAselPxP6+T2vgqzJhMUkslmS+KU46sQtPXUZ9pSiwfO4KJZu5WRIZYY2JdQCUXQrD48jJpnlWDi+r53Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/9+uOvg==</latexit>

S
<latexit sha1_base64="J/EZXzIgkB48iXS2GrboUPFsMRg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegIB4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1uwRzdNsrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGF9Xz+/NK7TqPowhHcAynEMAl1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AOQ3jrE=</latexit>F

where R* is the Rankin-Selberg transform: 

Rankin-Selberg: unfold integral to the “critical strip” by convoluting it with an Eisenstein
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However it is ultimately and very generally related to worldsheet modular-invariance. In particular we do not need to
determine the precise shift in the metric induced by a Higgsing in order to evaluate the effect on the mass-squared.
Moreover this also implies that effect persists regardless of the IR physics. Typically a string construction will invoke
both perturbative and non-perturbative mechanisms in order to achieve various outcomes at low-energy, such as the
stabilisation of compact dimensions, or the Standard Model content. There is other known non-perturbative physics
that occurs at low energies, such as QCD confinement. While these processes may change the vacuum energy, and
even the most appropriate effective field theory description, they cannot change the modular anomaly, which is always
cancelled by gravitational degrees of freedom. Thus Eq.(2.30) always holds, even today, provided all contributions to
the cosmological constant (even nonperturbative ones) are generated within a framework where the UV completion
looks like (2.2).

This has interesting implications if the cosmological constant is dominated by its one-loop contributions. For
example as we shall see the leading contributions to the remaining terms are discrete (being dominated by charges
and group-theoretical Casimir traces). To avoid large instabilities one might suppose that the leading contribution
must be zero or positive for all scalars in a stable (or possibly long-lived metastable) vacuum. Therefore, if modular
invariance is responsible for maintaining UV finiteness, the present day cosmological constant is a lower bound on the
mass-squared of any such Higgs scalars in the theory. (Of course axions behave differently because they are protected
by shift-symmetries and do not give mass to any states).
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The function F need not be holomorphic (as of course our functions will not be), but it should decay sufficiently
rapidly as ⌧ ! i1. The “physical” level-matched terms in F correspond to the constant piece in its ⌧1-Fourier
expansion. This can be evaluated with a ⌧1 integral:
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To write I in terms of these level-matched terms, we first construct the Rankin-Selberg transform,
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?(F, s) =
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⇡�s�(s) ⇣(2s) dphys(⌧2) , (3.3)

Then the RS result in Appendix A says that the integral I is related to the residue of R? at s = 1 as

I = 2Ress=1(R
?(F, s)) . (3.4)

Applying this to ⇤(1), we put F (⌧) = �
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2 Z(⌧) which gives

g(⌧2) = �
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Inserting this into (4.4) we find
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?(F, s) = �
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2⇡2
�(s)�(s� 2) ⇣(2s) STr (⇡2↵0M2)2�s , (3.6)

and then extracting twice the residue at s = 1, as in (4.6), gives I in the desired form of a sum over physical states,
namely eq.(4.1).
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Inserting this into (4.4) we find

R
?(F, s) = �

M
4

2⇡2
�(s)�(s� 2) ⇣(2s) STr (⇡2↵0M2)2�s , (4.8)

and then extracting twice the residue at s = 1, as in (4.6), gives I in the desired form of a sum over physical states,
namely eq.(4.1).

We should stress that this basic application of the RS method works for functions F that decay rapidly at the
⌧ ! i1 cusp. It is only for these cases that (4.6) can be considered to be an identity. Some extra consideration and
qualification will have to be given to cases such as the heterotic string that have an unphysical tachyon, which means
F grows exponentially at the cusp. Note that even if the string theory, like the type II theories, has no unphysical
tachyon, the function F may have moderate (i.e. power-law) growth in which case a renormalisation prescription
will be required in order to excise IR divergences. We will deal with these specific convergence issues in the next
subsection.

Before we do so, it is worth remarking that the integral I can be viewed from a different perspective, which gives
interesting information about the behaviour of the physical spectrum, g(⌧2), in the limit as ⌧2 ! 0, as discussed in
[35, 36, 93], and which also makes contact with the previous work in [10, 14]. From the definition of R

?, we can
always write ⌧�1g(⌧2) formally as the inverse Mellin transform of R?/⇣?:

⌧�1
2 g(⌧2) =

1

2⇡i

Z c+i1

c�i1

R
?(F, s)

⇣?(2s)
⌧�s
2 ds , (4.9)

where c is a real constant that has to be in the fundamental strip of the original Mellin transform, D
2 > c > 1 (where

the upper bound applies for non-cusp forms). From the discussion in in Appendix A, it is clear that R?(F, s) inherits
a particular pole structure in the complex s-plane: it is meromorphic with simple poles at s = 0, 1. Deforming the s
contour we find a contribution from the poles at s = 0, 1, ⇢/2, where ⇣?(⇢) = 0. Inspecting the individual terms and
extracting the residues we find that as ⌧2 ! 0 [12],

g(⌧2) =
3

⇡
I +

X

⇣?(⇢)=0

C⇢⌧
1�⇢/2
2 , (4.10)

for some coefficients C⇢, where we used 2⇣?(2) = ⇡
3 . (Remarkably the subleading behaviour of g(⌧2) is comprised of

powers of ⌧ corresponding to the non-trivial zeros of the zeta function [36], which according to the Riemann hypothesis
lie along ⇢ = 1

2 + iy.) This recovers [10, 14], which argued that

I = lim
⌧2!0

⇡

3
g(⌧2) . (4.11)

In conclusion, for rapidly decaying functions eq.(4.1) is an identity, in which the prescription in (4.6) correctly
regulates the trace. In practice this means that in order to evaluate for example (4.7) one can simply expand to extract
the constant term of g(⌧2), and throw away the (apparently) ⌧2 ! 0 divergent piece, which in reality is precisely zero.
The fact that this leading term in the supertrace vanishes was referred to as “asymptotic supersymmetry” in [36]
(somewhat misleadingly perhaps, as this extraordinary cancellation is certainly not level-by-level).

A. Dealing with Infra-Red divergences

As mentioned the basic Rankin-Selberg technique above is applicable when the function F decays rapidly at large
⌧2 (i.e. the Infra-Red). This may not be the case for two reasons. First there can be unphysical tachyons as in
heterotic strings. Second, even if this is not the case, depending on what is being calculated, unless F happens to be
a cusp-form (i.e. it has vanishing constant coefficient) it has moderate power-law behaviour at infinity which can be
growing.

We wish to understand both of these issues, although as we already saw the details of the former issue are not
required in order to derive the gravitational contribution to the Higgs mass-squared in terms of the cosmological
constant. Moreover the latter issue is simpler to deal with, so we take it first. Consider for example the convergence
properties of the cosmological constant: according to (2.1) the behaviour of the partition function at infinity is governed
by the nett Bose-Fermi non-degeneracy of the massless modes, Z(⌧) ⇠ 1

⌧2
(N (0)

b � N (0)
f ), where we set D = 4. Thus

generically the partition function does not decay exponentially fast, but has a power-law decay at infinity determined

• Rankin, Selberg (1939,40)
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• In string theory: McClain, Roth, 

O’Brien, Tan; Angelantonj, 
Florakis, Pioline, Rabinovici



This way of doing the integral can give us amazing insights … 

Inverse 
Mellin 
transform

• Zagier (1981)	
• Kutasov, Seiberg, 1991

• Rankin, Selberg

But in this case g(⌧2) = �M4
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⌧�1
2 Stre�⇡⌧2↵

0M2

where “states” means physical level-matched states only: this looks superficially like it 
should diverge in the             limit!
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So the incredible fact that this infinite sum is finite can be put down to the fact that the 
spectral density functions behave as follows as               :

Then we see Str(1) = 0 even when no SUSY!
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If we define the following natural definition of a regulated stringy supertrace over the 
infinite towers of physical states: 

• Dienes, Misaligned SUSY, 1994



So what is left? Roughly speaking we expand the exponential and take the next term:  

8

However it is ultimately and very generally related to worldsheet modular-invariance. In particular we do not need to
determine the precise shift in the metric induced by a Higgsing in order to evaluate the effect on the mass-squared.
Moreover this also implies that effect persists regardless of the IR physics. Typically a string construction will invoke
both perturbative and non-perturbative mechanisms in order to achieve various outcomes at low-energy, such as the
stabilisation of compact dimensions, or the Standard Model content. There is other known non-perturbative physics
that occurs at low energies, such as QCD confinement. While these processes may change the vacuum energy, and
even the most appropriate effective field theory description, they cannot change the modular anomaly, which is always
cancelled by gravitational degrees of freedom. Thus Eq.(2.30) always holds, even today, provided all contributions to
the cosmological constant (even nonperturbative ones) are generated within a framework where the UV completion
looks like (2.2).

This has interesting implications if the cosmological constant is dominated by its one-loop contributions. For
example as we shall see the leading contributions to the remaining terms are discrete (being dominated by charges
and group-theoretical Casimir traces). To avoid large instabilities one might suppose that the leading contribution
must be zero or positive for all scalars in a stable (or possibly long-lived metastable) vacuum. Therefore, if modular
invariance is responsible for maintaining UV finiteness, the present day cosmological constant is a lower bound on the
mass-squared of any such Higgs scalars in the theory. (Of course axions behave differently because they are protected
by shift-symmetries and do not give mass to any states).

III. SUPERTRACE RELATIONS FOR THE C.C. AND HIGGS POTENTIAL

Now let us extend the result above to develop a complete expression for the rest of the scalar mass-squared terms.
We begin with a well-known but remarkable supertrace formula for closed strings, namely that in a theory with
modular invariance in 4 large space time dimensions, the one-loop cosmological constant in (2.4) can be written as
supertrace over the entire tower of physical string states of mass M :

⇤(1) =
1

24
M

2STrM2 . (3.1)

The supertrace on the right-hand side of this expression is over all the “physical” states in the entire theory. Eq.(3.1)
is exactly equivalent to (2.4) for any modular invariant theory that is unitary and has no tachyons. As we shall see,
it can also be a parametrically good approximation in theories such as the heterotic theory that contain unphysical
tachyons.

Let us first discuss the meaning of (3.1), and how it comes about. At first sight, given its obvious similarity to the
usual quadratic divergence one finds in the Coleman-Weinberg potential of field theory, one might find it unsurprising.
However it is this very similarity that makes (3.1) remarkable, because the nature of the supertrace is very different
from the one that appears in the effective field theory: what is surprising is that eq.(3.1) sums over the “physical” states
of the entire infinite spectrum of the UV complete theory. A second reason to find eq.(3.1) surprising is that it involves
a trace over the physical states only, so it is not obvious that it corresponds to (2.4), or in fact that it corresponds
to a modular invariant integral at all. Indeed in the textbook calculation of the one-loop cosmological constant,
the integration over the canonical fundamental domain F gets contributions from both physical and unphysical (i.e.
non-level matched) states (due to the curved boundary of F). Nevertheless (3.1) says that the end result can be
expressed in terms of just the physical spectrum.

There are various ways to derive (3.1). It was originally deduced in [14] from [10]. However for a number of
reasons it is useful to include a derivation of it in this paper. This is partly because the original work only obliquely
treated issues to do with the regularisation and convergence of the supertrace. The discussion of modular integrals
has been improved in this context in recent years, especially in refs.[11]. It will also be useful for the mass-squareds,
which unlike the cosmological constant are subject to renormalisation. This will follow almost immediately. For the
derivation we will need the result of Rankin-Selberg (RS) (see [12, 34–36, 93] for a comprehensive discussion). The
details of the derivation are included in Appendix A, and we will now apply this result directly to ⇤(1) to prove (3.1).

The RS result can be expressed as follows. We are interested in a integrals of modular invariant functions F (⌧)
over the fundamental domain of the modular group:

I =

Z

F
dµF (⌧) . (3.2)

The function F need not be holomorphic (as of course our functions will not be), but it should decay sufficiently
rapidly as ⌧ ! i1. The “physical” level-matched terms in F correspond to the constant piece in its ⌧1-Fourier

• Dienes, Misaligned SUSY, 1994
• Dienes, Moshe, Myers 1995

Looks like the CW potential (if we for the moment ignore the logarithmic part) with 
misaligned SUSY explaining the lack of quartic term!
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But what is misaligned SUSY?



Looks like the quadratic piece in the CW potential but this definitely is not a normal 
field theory object — this supertrace is over the infinite string tower of physical 
states!! e.g. in non-supersymmetric models …
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FIG. 3: Degeneracies of physical states for the interpolating model in Eq. (3.17) with a = 1 (upper left), a = 0.3 (upper
right), a = 0.25 (lower left), a = 0.125 (lower right). Within each plot, data points are connected in order of increasing
worldsheet energy n. In all cases we see that surpluses of bosonic states alternate with surpluses of fermionic states as
we proceed upwards in n; this behavior is the signal of an underlying “misaligned supersymmetry” which exists within all
modular-invariant non-supersymmetric tachyon-free string theories and which is ultimately responsible for the finiteness of
closed strings — even in the absence of spacetime supersymmetry. For R =

√
α′ (or a = 1), we see that this oscillation between

bosonic and fermionic surpluses occurs within the exponentially growing envelope function |ann| ∼ ec
√

n associated with a
Hagedorn transition. However, as the compactification radius increases (or equivalently as a → 0), we see that a hierarchy
begins to emerge between the oscillator states and their KK excitations; the oscillator states continue to experience densities
of states which are exponentially growing as functions of n, but their corresponding KK excitations are densely packed within
each interval (n, n + 1) and, as expected, exhibit constant state degeneracies.

A. Leading terms

First, since we are assuming that SUSY is restored in the R → ∞ limit, we know that Z(2) = −Z(1) at the level
of their q-expansions. Since our main interest here is in the numerical behavior of Λ, we are only concerned with the
q-expansions that these functions have, and consequently we shall take Z(2) = −Z(1) without further comment. As a
result, our general partition in Eq. (3.6) takes the form

Zstring(R) = Z(1) [E0(R) − E1/2(R)] + Z(3) O0(R) + Z(4) O1/2(R) . (4.1)

Next, we observe that for large R (or small a), all states within the O0 and O1/2 sectors are extremely heavy as
a result of non-vanishing winding modes n ̸= 0. In general, the contributions from heavy states to the cosmological
constant are exponentially suppressed. As a result, contributions from such sectors will not generally yield the leading
behavior for Λ, and we will need not consider such sectors further. This then leaves the contributions from the E0,1/2

sectors:

Zstring(R) = Z(1) [E0(R) − E1/2(R)] + ... (4.2)

As a result, we see that the leading behavior generally depends on the q-expansion of Z(1) alone, and does not depend
on Z(3) or Z(4).

Let us assume that massless states make the dominant contributions to Λ in theories that are devoid of physical
tachyons. This is the implicit assumption made by Itoyama and Taylor, and also by Antoniadis, when they derive
their results for Λ, as is clear from the fact that their leading results depend on the numbers of massless bosons and
fermions. Therefore, we shall restrict our attention to the leading contributions to Λ which come from the massless

• This spectrum has finite                 !!              
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⇤
• Note: modular invariance is so 

constraining that it has rendered the 
contribution from everything in terms of 
just level-matched physical states.

• Absolutely no SUSY pairing at all!
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However it is ultimately and very generally related to worldsheet modular-invariance. In particular we do not need to
determine the precise shift in the metric induced by a Higgsing in order to evaluate the effect on the mass-squared.
Moreover this also implies that effect persists regardless of the IR physics. Typically a string construction will invoke
both perturbative and non-perturbative mechanisms in order to achieve various outcomes at low-energy, such as the
stabilisation of compact dimensions, or the Standard Model content. There is other known non-perturbative physics
that occurs at low energies, such as QCD confinement. While these processes may change the vacuum energy, and
even the most appropriate effective field theory description, they cannot change the modular anomaly, which is always
cancelled by gravitational degrees of freedom. Thus Eq.(2.30) always holds, even today, provided all contributions to
the cosmological constant (even nonperturbative ones) are generated within a framework where the UV completion
looks like (2.2).

This has interesting implications if the cosmological constant is dominated by its one-loop contributions. For
example as we shall see the leading contributions to the remaining terms are discrete (being dominated by charges
and group-theoretical Casimir traces). To avoid large instabilities one might suppose that the leading contribution
must be zero or positive for all scalars in a stable (or possibly long-lived metastable) vacuum. Therefore, if modular
invariance is responsible for maintaining UV finiteness, the present day cosmological constant is a lower bound on the
mass-squared of any such Higgs scalars in the theory. (Of course axions behave differently because they are protected
by shift-symmetries and do not give mass to any states).

III. SUPERTRACE RELATIONS FOR THE C.C. AND HIGGS POTENTIAL

Now let us extend the result above to develop a complete expression for the rest of the scalar mass-squared terms.
We begin with a well-known but remarkable supertrace formula for closed strings, namely that in a theory with
modular invariance in 4 large space time dimensions, the one-loop cosmological constant in (2.4) can be written as
supertrace over the entire tower of physical string states of mass M :

⇤(1) =
1

24
M

2STrM2 . (3.1)

The supertrace on the right-hand side of this expression is over all the “physical” states in the entire theory. Eq.(3.1)
is exactly equivalent to (2.4) for any modular invariant theory that is unitary and has no tachyons. As we shall see,
it can also be a parametrically good approximation in theories such as the heterotic theory that contain unphysical
tachyons.

Let us first discuss the meaning of (3.1), and how it comes about. At first sight, given its obvious similarity to the
usual quadratic divergence one finds in the Coleman-Weinberg potential of field theory, one might find it unsurprising.
However it is this very similarity that makes (3.1) remarkable, because the nature of the supertrace is very different
from the one that appears in the effective field theory: what is surprising is that eq.(3.1) sums over the “physical” states
of the entire infinite spectrum of the UV complete theory. A second reason to find eq.(3.1) surprising is that it involves
a trace over the physical states only, so it is not obvious that it corresponds to (2.4), or in fact that it corresponds
to a modular invariant integral at all. Indeed in the textbook calculation of the one-loop cosmological constant,
the integration over the canonical fundamental domain F gets contributions from both physical and unphysical (i.e.
non-level matched) states (due to the curved boundary of F). Nevertheless (3.1) says that the end result can be
expressed in terms of just the physical spectrum.

There are various ways to derive (3.1). It was originally deduced in [14] from [10]. However for a number of
reasons it is useful to include a derivation of it in this paper. This is partly because the original work only obliquely
treated issues to do with the regularisation and convergence of the supertrace. The discussion of modular integrals
has been improved in this context in recent years, especially in refs.[11]. It will also be useful for the mass-squareds,
which unlike the cosmological constant are subject to renormalisation. This will follow almost immediately. For the
derivation we will need the result of Rankin-Selberg (RS) (see [12, 34–36, 93] for a comprehensive discussion). The
details of the derivation are included in Appendix A, and we will now apply this result directly to ⇤(1) to prove (3.1).

The RS result can be expressed as follows. We are interested in a integrals of modular invariant functions F (⌧)
over the fundamental domain of the modular group:

I =

Z

F
dµF (⌧) . (3.2)

The function F need not be holomorphic (as of course our functions will not be), but it should decay sufficiently
rapidly as ⌧ ! i1. The “physical” level-matched terms in F correspond to the constant piece in its ⌧1-Fourier
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Misaligned SUSY: How on earth can a such a non-paired spectrum growing with a 
Hagedorn like behaviour      ever cancel? …

so that the regulated supertrace requires the             limit of    

You might (wrongly) think there is secretly just some kind of split SUSY like this …

but this would not produce a strong enough cancellation to offset the Hagedorn behaviour 
and yield a finite limit … instead …



Toy example with                       and                    which generally gives 

… string theory solves this conundrum in a remarkably simple way: states in the 
spectrum get moved around dramatically to adjust the spectral density such that:  

Thus 



The supertrace relation Str(1)=0 is just one example of this magic cancellation that runs 
across the entire string spectrum, supressing divergences and/or ensuring the finiteness 
of string amplitudes relative to naive QFT expectations. 

It turns out the Str(1)=0 relation is just the tip of the iceberg!  
One already known example that will be relevant for us where there are more 
cancellations is in higher dimensional theories. Indeed in D dimensions we have 
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This requires a whole load of vanishing supertraces! (Note that D=2 is the only case 
where no exact cancellation of supertraces is required): 

• Dienes, 1994
• Dienes, Moshe, Myers



Decompactification limits



When     dimensions become large some the         factors contribute to a modular 
invariant combination         yielding what we call the T-volume with the remaining 
contributions going exponentially fast to zero: 

What does this tell us about what happens when a theory decompactifies?
 To be able to reach a higher dimensional theory the partition function looks as follows …

The i  indicates a sum over different sectors … each with a P.F. contribution    
multiplying a radius dependent factor         which turns into a volume at large radius.            
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• SAA, Dienes, Nutricati to appear



Thus we have the following for ANY modular invariant theory …

Hence the supertrace constraints of all the theories at the endpoints of a 
decompactification must also be satisfied!

Meanwhile as we saw the 4D vacuum energy is governed by the next supertrace in 
the series …
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So the picture looks like this …
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Some of these endpoint theories related by T-duality transformations - in general 
some endpoints are supersymmetric while others are not 

So the picture looks like this …



Comments on the distance 
conjecture

• SAA, Dienes, Nutricati - imminent!!



According to the de-Sitter distance conjecture:

• Luest, Palti, Vafa	
• Grana, Herraez	
• Ooguri, Vafa	
• Ibanez, Martin-Lozano, 
Valenzuela	

• Gonzalo, Herraez, Ibanez	
• Rudelius …

where              represents the inverse distance scale.  
Various arguments for this: lower bound is the “Casimir energy” behaviour and the 
“Dark dimension” scenario. Upper bound is the Higuchi bound • Montero, Vafa, Valenzuela	

• Anchordoqui, Antoniadis, Lust	
• Anchordoqui, Antoniadis, 
Cribiori, Lust, Scalisi 	

• Burgess, Quevedo 	
• Anchordoqui, Antoniadis, 
D.Lust, S.Lust 	

• Higuchi	
• Lust, Palti	
• Noumi, Takeuchi, Zhou 	
• Scalisi	
• Luben, Lust 	
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“Dark dimension” scenario. Upper bound is the Higuchi bound 
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However our supertrace formula for the C.C can be turned into …

!!!

Various arguments for this: lower bound is the “Casimir energy” behaviour and the 
“Dark dimension” scenario. Upper bound is the Higuchi bound 

where              represents the inverse distance scale.  



Note that we never appealed to any model or background to get this formula. Thus the 
distance conjecture in any modular invariant theory is more appropriately expressed as 
supertrace behaviour:

Indeed converting the string scale to the Planck scale,                             , gives 



But we know that generically                                                             , so that using …  

gives us 

Interestingly saturates at the Higuchi bound:

Note that the SO(16)xSO(16) string has a positive C.C. so (if we ignore the stability 
issue) compactifications of it seem to violate the distance conjecture 
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Two other options:

Note this does not require SUSY - could just be accidentally vanishing supertrace:             
then what generically dominates at large distance is the “Casimir energy” contribution 

where                     is the nett exactly-massless non-degeneracy, which is the dark 
dimension assumption …
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Non-SUSY models that satisfy this latter condition can be constructed using the Scherk-
Schwarz mechanism and have been of some interest …

Option B:
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• SAA, Dienes, Mavroudi 2015	
• Kounnas, Partouche



Summary:
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• SAA, Dienes, Nutricat

Only one of these obviously satisfies the conjecture. Interesting that Option C violates 
the Higuchi bound so may be excluded for physical reasons. Option B doesn’t look 
much like the distance conjecture. Two-loops to the rescue? Debatable.

Option B:

Option A:
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Emergence of the effective 
theory



So … whatever happened to the logarithm of Coleman-Weinberg? • SAA, Dienes, 2021

What we found for the vacuum energy looks like just the quadratically sensitive part of 
the CW potential with vanishing quartic term.

This is correct because from a field theory perspective it is the deep-IR effective action. 
Coleman-Weinberg in their analysis could not calculate this: they need renormalisation 
conditions which requires an energy scale. (Note the UV-IR mixing going on here: it is 
the UV finiteness of string theory that allowed us to write down the deep IR object).



F

IR

UV

⌧
Fundamental domain F

Integrand suppressed in a modular invariant way here 

If we want to see how an EFT emerges from string theory we must insert an energy 
scale as well which is defined with a modular invariant “Wilsonian” cut-off instead:
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Required properties of Wilsonian regulator, G :

• a) Is itself a modular function
• b) Should look like this ….  

G

⌧2
⌧⇤2 = 1/(↵0µ2)

G = 1

• c) Remember, our goal is to write everything as a supertrace 
which ultimately means an integral over the critical strip … all 
the cusps are quenched equally. In other words: all the cusps 
are equivalent IR cusps, implying…

⌧⇤2 ⌘ 1/⌧⇤2 =) G(µ, ⌧, ⌧) = G(M2
s /µ, ⌧, ⌧)

b
b

b b

bI(µ) =
Z

F
dµG(µ, ⌧, ⌧)F (⌧, ⌧)bd2⌧

⌧22

b



The result is a smooth modular invariant stringy Coleman-Weinberg potential

Complicated infinite sum of Bessel functions, which by magic gives  … 

Fully UV complete one-loop effective potential for any modular invariant theory
Below the mass of a state it no longer contributes to running
Parameter c depends on the choice of regulator ~ the RG scheme 
At some intermediate energy scale the result is a sum over all states as if they had all 
logarithmically run up from their mass. 
It is by construction symmetric around the string scale:
Note that                                  so the supertrace of the EFT drops out of the string one! 
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We can perform the same procedure for all the couplings. e.g. the gauge couplings…
e.g. in a model with 2 toroidal dimensions the threshold is the famous result of Dixon, 
Kaplunovsky and Louis. But note we get the entire energy dependence in Bessels.

where

SAA, Dienes, Nutricati



Analyse using asymptotics of infinite sums of Bessels:

where

Note only log running but from a generically large value



• We have developed a general supertrace formulism for understanding how we see an 
EFT emerge from any modular invariant theory.

• Completely model agnostic understanding of this process

• Gives us a different outlook on the distance conjecture

• A great deal hinges on the C.C. in the decompactification limits

• A modular invariant regulator provides a natural Wilsonian cut-off and definition of 
RG scale. Allows us to understand how an EFT Coleman-Weinberg potential emerges.

• The same techniques can be applied to all the couplings. 

• Yields the symmetry                              for the theory. 

Conclusions

<latexit sha1_base64="3h9bZxHoChJaOZekeUV7bItZz4g=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5qUoi6LbtwIFewDmhgm00k7dGYSZiZKCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994TJowq7Tjf1sLi0vLKamGtuL6xubVt7+w2VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goHl2O/dU+korG41cOE+Bz1BI0oRtpIgb3v8dSTtNfXSMr4AV4H6q5yYsTALjllZwI4T9yclECOemB/ed0Yp5wIjRlSquM6ifYzJDXFjIyKXqpIgvAA9UjHUIE4UX42+WAEj4zShVEsTQkNJ+rviQxxpYY8NJ0c6b6a9cbif14n1dG5n1GRpJoIPF0UpQzqGI7jgF0qCdZsaAjCkppbIe4jibA2oRVNCO7sy/OkWSm7p+XqTbVUu8jjKIADcAiOgQvOQA1cgTpoAAwewTN4BW/Wk/VivVsf09YFK5/ZA39gff4AP/eWww==</latexit>

µ ! M2
s /µ


