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How to find constraints on quantum gravity?

1) Idea guided by theoretical consistency starting with certain assumptions

» Successful example: String Theory

- Swampland Program: attempts to relax assumptions on UV

2) Laboratory to test / rule out the idea

do/dM (fb/GeV)

» Theoretical laboratory (mathematics....)

o

- Universe (cosmological observations) or actual experiment
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difficult: 4d Planck scale high.... TE

[Anchordoqui, ...,

List, Stieberger, ..., Taylor] ‘08 10.2:

1

1.25 1.5 1.75

2.25 2.5 2.75 . 3
M(TeV)



o
Run 1 S Run 2

LU}
a
<
o

) > %aVa -~ . A < ]
0 MY :
v b
WIS Pp—— Ta -»
-
L - TI.r - = - -
- - wviv . N - LN - Amrm |
- ~
- . . M~
of To'n - i - - - va ; l' “l ‘ l( ‘-' v .tu - - \‘ ﬁ“ Fnoa ‘lf\ "~
> ~ S AT |’ .7, o, : " P‘:‘A NN ' e & i‘ ke y v hd L/E...-'b..u
' - Wi TV Vi »
< " am - b -
1 Emin q d.."' rE

v/ :. \“q ™ '(,:-Y ".\:
L. - VU Y nas ‘ ’\IRS_"‘,-M.’] _%'?
. ntinen SARS-CoV-2 COVID-1§ OARO-LOV-L COVID-19 .
D Ige i A /'ngep Ao E.-..-lb EW
— ats D witigen " D J 47638513 466652786
4 2 : .. — T FLUB COVID-18 T: FLUB COVID-18
C — o - - o Ts FLUA RSV T: FLUA RSV
- C - B - N " - m
188 . = - oy -1 (¢f™ (KB [c)- co = c cH C
. | T T T T. T T.
o X4
> S
S S §] © S

1) We are playing the long game: patience!

2) A negative result can also be a good result.



This talk

Idea 1: | Idea 2:

Distance Conjecture [Ooguri, Vafa’05] Perturbative heterotic string

Emergent String Conjecture [Lee,Lerche, TW’19]

Laboratory 1: Geometry of stable degenerations Laboratory 2: Universe or axion experiments
Evidence that ESC realised in Type |IB string Finding an axion-like particle with a coupling-to-
theory on CY 3-folds at infinite distance in the mass ratio far above the QCD line would rule out
complex structure perturbative heterotic string theory.

[Friedrich, Monnee,TW,Wiesner’25] [Monnee, TW,Wiesner’25] [Agrawal,Nee,Reig’22, ’24] [Reig,TW’25]



& Part 1:

. A~ MUtD

Testing ESC at infinite complex
structure 1n
Type IIB CY &-folds

[Dvali,Liist’09]
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The setup

Consider Type IIB string theory on CY 3-fold V.

Infinite distance limit in complex structure moduli at fixed Kahler moduli:

—> highly anisotropic space with large and small 3-cycles




Semi-stable degenerations

semi-stable

CY3 ———— normally crossing components [Mumford 1972]
degeneration

Vo

V—>VO=V1UV2UUV

Example:
u, = 0
P = xl12 x212 x36 xf x52 — U 1x1x2x3x4x5 — Uy 1x16x26 =0 — VO — Vl U V2

Vi={x=0}, V,={x=0}

14



The II, III, IV of infinite distance

semi-stable

CY3 ——— normally crossing components
degeneration

v.nV.n..nV, =V,

ln lliZ"‘in

Primary type of . : : . . .

degeneration: Highest complex codimension d of intersection loci: [Mumford 1972]
type II: V; # 0: double surfaces but V; = d=1
type 11k ‘/l] # O: double surfaces, ‘/l] ?é 0: trlple curves, but ‘/l]kl = () d=72
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Primary type of
degeneration:

type II:

type Il

type V-

Vanishing
3-cycles:

Vanishing 4-cycles

Codimension d of highest-dim intersection locus:

V; # 0: double surfaces but V;; =0 d=1
V; # 0: double surfaces, V; # 0 : triple curves, but V;, = d=72
Vij # 0, Vijk # 0, szkl # 0 (point) d = 3
L d
fibration "1 - B3—d » real (3-d) cycle on

(3-d) complex dim.
Intersection locus



Vanishing 4-cycles

Vanishin . . d real (3-d) cycle on
3-cycl eS? fibration 1“1 — BB— PR (3-d) ilgts:zecticn

I" = vanishing S*

Toy example:
Degeneration of 72
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Vanishing 4-cycles in type 11, 111, IV

Vanishin . . d real (3-d) cycle on
3-cycl es? fibration 1" 1 5By 5« 3-d) i{;f&iec“"”

Geometric limiting mixed

[Friedrich, Monnee,TW,Wiesner’25]

Hodge structure [Monnee, TW,Wiesner’25]

[Deligne ’71/°74]

[Morrison’84] type | (finite distance)

type I Sl e S C;

type llI T2 o 1TAB) _, ¢A.B)
1
type IV =7
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Vanishing 4-cycles in type 11, 111, IV

Infinite distance limit in complex structure log w/ S
moduli space of Type IIB on CY 3-fold V = =/a T 13\—> 100
axions saxions

Algebraic limiting mixed

[Grimm,Palti,Valenzuela’18] [Grimm,Li,Palti’18] ...

Hodge structure _
[v.d. Heisteeg’22] [Monnee’24]

6
H3(V,C) = @ Gr,

£=0 type | (finite distance)
vol(I') ~ s~ type |l Sl T4 5 C;
vol(I') ~ 572 type Il 1% < [AB) _, 4B
vol(I') ~ s type IV r=r1°

[Cattani,Kaplan,Schmid’86] 12



Physics interpretation

e s log i/ L
Infinite distance limit in complex structure & — =a/ +is — i
moduli space of Type IIB on CY 3-fold V 21 / N
axions saxions
vol(I') ~ o1 type II Sl o % > Cg Emergent string limits
vol(I') ~ g2 type |l T2 S F(A’B) —> SI(A’B) Decompactification 4d — 6d
-3 — 73
vol(I') ~ s type IV I'=T Decompactification 4d — 5d
Algebraic mixed . Geometric mixed :> Physics

Hodge structure Hodge structure
13



Type IV as decompactification 4d — 5d

1 leading vanishing 3-cycle 1 of topology T° — 1 tower of BPS states from wrapped D3-branes

Reason:

From this we can In fact show:

0) — _
QBPs,sd o

BPS index: Q(nl") = Q)

behaving like 1 KK tower

n>0

D (= 1)¥r(2jg
JR

1)n

O. . —_= =
(]L’]R)

0) _
2nH

Q) == x(V)

- 1,,0)
2nv

[Monnee, TW,Wiesner’25]

n) =h'(V)y+1, nl)=h>'(V)-1

Known by mirror symmetry for large complex structure points,
pbut true more generally for all type IV degenerations and without using mirror symmetry!



Type III as decompactification 4d — 6d

FA’B

of topology T° = 2 towers of BPS states from wrapped D3-branes
behaving as 2 KK towers

2 leading vanishing 3-cycles

In fact: BPS index: Q') = QT'"Y) = - p«(V), n>0 i=A,B
111 IV [Monnee, TW,Wiesner’25]
By noting that
enhancement N
type lll to IV q(2)
IS always possible 40
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Type 1I as emergent string limit

By identifying tensionless SUGRA BPS string (EFT string)
as a heterotic or critical string

Key: V,, is K3 or T* g | \A
X/lﬁ "

D3 branes on ' :  Dual winding states of that string

Detalls: [Friedrich,Monnee,Wiesner,TW’25]
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Interpretation of enhancement chains

1) EFT string limits: s5 ~ s ~ 1 > o0
cf.
Il — lll: ©6d decomp. [Lanza,Marchesano, Martucci,Valezuela’20/21]

_ [Catellano,lIbanez,Herraez’22]
II—1V. &d decomp. [Castellano,Ruiz,Valenzuela’23]

" Il — IV: 5d decomp.

__of enhanced singularity |

52 (a)  (b) (c)

2) Non-EFT string limits: 51 ~ 1, s~ 1% a <1,... 0

[Monnee, TW,Wiesner’25]

(Gravitational frame determined by type of fist |
singularity with subsequent limits taken therein |

IV I1I
Il = Il emergent string, decompactified to 6d Il = IV: anisotropic 6d decompactification
Il = IV: emergent string, decompactified to 5d Il = lll = IV: emergent string, decompactified to anisotropic 6d

17



Part 2:

Testing perturbative heterotic string theory with
ALP coupling-to-mass ratios

[Agrawal,Nee,Reig’22, ‘24] [Reig,TW’25]



Axions in the heterotic string

) model independent axion: a = J' B i) model independent axions: b, = J B,
X &

i) non-perturbative axions: b = J Bz from NS5-branes along curve |,
I

Couplings [ (axion) ' A F' from Green-Schwarz terms :
R13
Sag = J B, A Xg Xg = — (tr, F* + tr,F > R*
3 1
76877 Jisxx 2 [(tr, F2)* + (11, F %) — tr, F2tr, F 2| + Rt + Z(tr9<22)2

-

new, 2 1 n(r a2 &)
=  5-brane dependent counter-terms Ses =g ZN:L BY A F* — 1, 77)

19



Axion couplings in the heterotic string

Result: a=| B m=|B  eamey |
JX, : . °1,
L= F2 4 P2, br=a+) n; b+ Y m;Ve; + 2 b
8T | 8w ? J
0, = a+ Z n(z)b + Z m(z) Z N b, .
E8(1) Eéz)

1,2 1 2
T = i N |t F
™ /X 1672 g 2

»'

1 1 _ _ _ _
— itI‘Rz + 5 ET:NT’Y’P) tI‘le + tI'QFQ — tI‘R2 — Z N,,« [FT]

20



ALP coupling-to-mass ratios

0 0
L = —1tI'1F2 | = tI'QF2

ST ST

- FSUQB) X SUR2) X U(l)y C Eél): Every axion coupling directly to U(1),,, also couples to QCD!

- Any other axion coupling to U(1),,, can do so only through kinetic or mass mixing with QCD axion

e.g. for light axions mass mixing suppressed by mg/maz,QCD

[Agrawal, Nee, Reig '22]

Key [Agrawal, Nee, Reig '24]

conseguence:

holds for any general GUT!

21
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ALPs and heterotic GUTs

TR T T YT T T 1
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/7

[Agrawal, Nee, Reig '22 + ’24]

" Finding an ALP above biack fine |
. would rule out any GUT, including

heterotic string with SM inside one Eg

Haloscope Projections

2l 1018 10-15 10-12 10 10® 103 10° 10° 10°® 10° 10'2

mg [eV]



Non-standard embeddings

Loophole: Non-standard embedding of SM into both Eél) and Eéz)

: Blumenhagen,Moster,TW’06
Most interesting case: Hypercharge embedded into both ES(Z) EBlumenhagen,Honecker,Tw’]os]

Can be achieved by embedding gauge backgrounds with non-trivial first Chern class (U(1) flux)

' Examples with

Eél) X E§2) — (G, X H U(1),,) X (G, X H u(l),,) |
o . . lexactly 3 generations of |

1 : 2 ‘_
f : ISM matter
Y Y ‘and no chiral exotics
SU(B) X SU(Z) X U(I)O U(l)l X (rest) on Slmply connected
U(l)y = aU(1)y+ bU(1), Stiickelberg massless combination

23



Gauge coupling unification

(2)
Non-standard 1 - S5/3 n kl LA [ ]
hvoercharae embeddin - Y Blumenhagen,Moster,TW’06
P J d Qy  Qgur  @GUT
5 [ koofo )
K 1.1
(2). ' ' (2) g.for2ud): k@ == (2222 LI
k1 . level of embedding of U(1)y into E8 e.g-for2 U(1): &7 == Pl
Ay 1-loop threshold corrections c,(L) = £v € HA(X)
! kfz) from intermediate
R I : S T . U Y. U T
equired 0= T AY + A ° mass states

AGUT

24



Axions in the heterotic string

New: Two ALPs coupling to electro-magnetism due to U(1) fluxes

87

L

_ k‘(l) 2 o
ks aztrGG + (S)l )(2) -k | Ctom Fem Fem
k1Y + Ky

65 (k:(IQ))Q o F 0 ("QO,OEO)Qk(l)a .
87]' k§1)+k§2) cin-— €in— ol 877 770,0 1 em+ em+ em -

[Reig, TW’25]

Origin of @: O =a+Y nbi+y mile;+ > N,
7 b T

! )2 1 2 > _ 2) 2) X
SGS D 76873 /B/\tl’z(FF) 7687‘(‘3/B/\tr1(FF)tr2(FF) 92—a+zi:nz- bi+zj:mj Cj—zr:Nrbr.

J

_Does this evade the previous bounds? | ¢=Xu[srdw= S
J

25



Axions in the heterotic string

Key observation:

0,, @ receive a potential from small Eéz) instantons due to Euclidean NS5-branes

Ignoring effect of gauge threshold corrections for now:

16z [ Myy \ o .
V(6,, ) = - = Mausy M)y € G cos(6,) + (0, < @) [Reig, TW"25]
dGUT Ny

< "

Chiral suppression factor

from Ny iIntermediate superfields:

Increases mass due to
running of gauge coupling!

at tree-level: Xp@ = AGUT

precise value key for suppression!
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> 1073 olliders
) Light-Shining through walls
o
— 10~
S
STe
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[Reig, TW’25]

conservative bounds
ignoring thresholds



Compatibility with gauge couplings

(2) (2)
1 5/3 K ki . .
— = + +Ay Ly 0 = + Ay + (A from intermediate states)
quires
Ay  dgur  AGuT AGUT

previous tree-level plot

All three effects decrease gay/ m , for heterotic ALPs! s (very!) conservative

1) Engineering kl(z) < |1 : decreases coupling to photons by (kl(z))2

2) Intermediate matter: Increases dgyr = INCreases Masses

1
e.gd. Aqut = E%) —> QCD bound obeyed!

3) Invoking threshold corrections:

« more complicated analysis, but unless perturbative control is lost, gay/ m, decreases

28
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1073 olliders
Light-Shining through walls

10~

10—18

10—21

10 1012

mg [eV]

[Reig, TW’25]

for thresholds
75% of tree-level
(borderline perturbative)

Example:
cosmic birefringence
axion

m, = 107%V
84y = 1071°GeV ™!

would rule out
perturbative
heterotic string!



Summary

Part 1) Testing ESC via stable degenerations:

vol(I') ~ s~ type || Sl e 5 Cg Emergent string limits

vol(I") ~ o2 type |l T2 S I (4.B) _, SI(A’B) Decompactification 4d — 6d
-3 T3

vol(I') ~ s type IV I'=T Decompactification 4d — 5d

Part 2) Testing the perturbative heterotic string via ALP coupling-to-mass ratios:

Finding an ALP far above QCD line would rule out perturbative heterotic string
- and comparable GUT(-like) models

30



