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Outline

PART 1: THE PROBLEM
 Dark photons with non-minimal couplings
* Runaway production [Capanelli et al. 2024]

PART 2: UV COMPLETION

* Unitarity constraints

e Scalar coupling (&) & Tensor coupling (¢,)
* Universal bound: |&| << m?,/H?

PART 3: RESOLUTION
* Numerical analysis with Claude Al
* Runaway = EFT breakdown artifact



THE PROBLEM

Dark Photon with Non-Minimal Couplings
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e &, &: Non-minimal couplings (required by EFT)

. . 2 _ 2 1 2
* Time-dependent effective masses 7 =ma — &l =50l = 3GH,
mj =m}i — &R — §oR+ GH.

—> Important for particle production during inflation



THE PROBLEM

The Runaway Problem

[T T - High-momentum modes: explosive growth

— £1=UI (5_)=()

- Tens of orders of magnitude increase
- Ghost, gradient, superluminal instabilities observed
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Capanelli et al., Runaway Gravitational

Production of Dark Photons, PRL 133 (2024) Conclusion: "NO Obvious SOIUtion"

Is this a fundamental problem?




THE PROBLEM

Our Approach

* Observation:
- Couplings &, &, come from effective theory
—> Must examine UV completion

* Strategy:

- Build UV-complete models

- Derive constraints on couplings

- Examine production within the allowed parameter space

 Does runaway persist in fundamental theory?



UV COMPLETION

Unitarity Constraint

* Process: AA - GG (dark photon = gravitons)

E4
2 2

* High-energy amplitude: |A| « |&1,2f

. o m A M
* Perturbative unitarity breaks down at: Pmax < B j‘l/fl

e Critical observation:p_ max—->0 as m_ A—->0
= & — 0 (required by gauge invariance!)
= ¢; cannot be fundamental constants



UV COMPLETION

UV Completion 1: Scalar Coupling

o Setup: Lsc=D,®D'® - %gm@? — V(®)
* Higgs mechanism:

(®)=v/V2 > m_A=gv

Physical scalar mass: m_s

m

* Integrate out heavy scalar(m_s>»> p)= £L¢ = ——é’ — RA Al &
* Validity conditions:
- Momentum: p K m_s

- Curvature: |€R|/2 K m?_s

1
e Duringinflation (R =-12H?): |&| < =




UV COMPLETION

UV Completion 2: Tensor Coupling

. A p— s = .
* 5D Kaluza-Klein model: 5= /@ viii+ [ @il cusotes)
- Extra dimension compactified (radius r)
- massive KK graviton modes

. . . Sloc = € -(15.1'%mﬂ(f,,_,,)d(;n;,)
- Localized gravity term with parameter € [ #=5aviing

2 2

* Integrate out KK modes =  £e =i Rud'd” , & =25
M3, /2 =r1/ik*+¢/K?

Juv = M + Kl + ...

. . m n 2Tnry
e Validity: p < m; (below KK scale) puax < —2 hlovas) = S le) s (25772

N V ‘62 | my, = 2wn/r
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* Same constraint: |& .| < 72




UV COMPLETION

Universal Pattern

* Form-factor behavior in ANY UV completion:
where M = mass of integrated-out state

High-energy behavior: &(p) > m?_A/p? (NOT constant!)

Universal Constraint: for ¢ constant from p =0to p ~ H: - Require M > H

& < m3y/H?

This is STRONGER than unitarity bound!



RESOLUTION

Numerical Verification

* Reproduce the known results + EFT validity boundary

* Modern computational tools:
- Al-assisted development
- High-performance computing

* Leveraging state-of-the-art technology



RESOLUTION

Al-Assisted Programming

* Large Language Models (LLMs):
- Conversational Al trained on code and text
- (e.g., ChatGPT, Claude, Gemini)

e Key capability: Natural language <> Code translation

* We used Claude Al by Anthropic



RESOLUTION

& Allprojects

NMC vector boson

analyze mode equations

Allzladzm‘![ pre>2r\hlmn structure
.N.!e.m ory Checkpoint Calculation Strategy
ﬁ.ylthon Memory Error Debugging

Dlark thn?.n Praduction Conditions
Ir:f.\anun Modsl Equation Termination
Dlalrk thoril’rvs\.r:s Code Review

Rle.p n‘ad u‘cl ng R-bsel.l.r:h Paper Figure 4
ula.rk Pn?tnn Purhcl!e Simulation

Dark Phaton Spectrum Code Generation

Gravitational Particle Production Instability

Sonnet4

Conversational Programming

NMC vector boson | Scalar Fleld Spectral Conversion

Instructions
PASTED

o The code I'm pasting now draws the spectrum of a non-minimally coupled ‘scalar
boson. I'm trying to convert this to a vector boson.

Converting this code from a scalar fleld toa vector fleld (dark photon) for gravitational
particle production is a fairly complex task. I'l explain the major changes based on the
paper you provided.

Key Differences

1. Field Components

* Scalar:single field ¢

* Vector: 4 (ApALALA,) sverse i i modes

2. Effective Masses

A vector field has two different effective masses:

n mes2 - xileR

3.Mode Evolution

The longitudinal mode frequencies of a vector field are very complex:

o O] MC v Opus41

¥ translated into English

* Starting point:

"The code I'm pasting now draws the
spectrum of a non-minimally coupled 'scalar’
boson. I'm trying to convert this to a vector
boson."

— Equation modifications
— Implementation guidance
- Working solver

Physics problem - Code through dialogue




RESOLUTION

Iterative Refinement

* Process: Problem - Al suggestion - Test - Refine - Problem ..(x100s)

Scalar e [1  NMCvector boson / Inflation Model Equation Termination

NMC vector boson | Dark Photon Production Conditions

@ Does the existing code help?
Il check the code again, but before that, do you see equations 3.17, 318, and 3.19 in @) o, youidiot. Then there will be nades that don't calculate.

Yes, the existing code Is quite helpfull You can reuse parts like: paper2405.19390 In your project knowledge?

Oh, right! I thought that was stupid.
Reusable parts Yes, you can see the formulas for that paper in the project knowledge. od
today:
1. Basic structure and framework Equation (3.17) - w*_L (longitudinal frequency
« 4 nodes x 64 processes = 256 processes

\omegas2_L = kA2 \frac{m an2mA2_x + \frac{3kA2ar4mA2_t HA2H(K
ah2mA2_t)A2} + \frac{kA2aA2RH6( A2mA2_t)} + \frac{HakA2mA2_tHmA2_t}\frac{(-kA2 +
conm = MPI.COMM_WORLD 2a/2mA2_t)H(kA2 + aA2mA2_t)A2} + \frac{kA2(mA2'_t)A2H4(mA2_t) A2} frac{( If you set mpiprocs=32:

rank = comn,Get_renk() 4ar2mA2_tH(kA2+a/2mA2_t)A2} - \fracfkA2mA2"_tH2mA2_t(kA2 +ar2mA2_t)}

+ kvalue 256 +each process is responsible for 1

+ 4 nodes x 32 processes = 128 processes

Equation (3.18) - m*_t (first derivative): « kvalue 256 = 2 per process, but only 32 cores are used on each node

solve_ivp(g, [s e, stop_tinel, gl

2HH'- \XI_IR' - \frac{1}{2}ixi_2R' + The remaining 32 cores are idle!
Equation (3.19) - m™"_t (second derivative): Correct solutions:

ewData = conn.gather(result

mA2"_t=-6\xi_2H'A2- 6lxi_2HH"- \xi_IR" - \frac{1}{2}\xi_2R" | 1. Reduce the number of k values
2.

Are you trying to verify these formulas when implementing them in code?

k_values = np.logspace(-3, 1, 128)

(pht @ Yeah. 'l just show you the code, so follow along carefully. def coupled_evolution(eta,y,
k, m, xi1, xi2): " 7-varlable evolution: [¢, @', a, X_re, x_im, x'_re, X'_im] ¢", ", ¢"" are

VG (oht., phip) e g g e 2.Code memory optimization

# Unpack state vector
3. Initial condition setting logic phi=y[0]
phip = y[1]
a=yl2]
ddV(phiB) /aendes2 + (xi-1 <RNNC (phi8, p

0]

2 A:‘\”w”: ol Let's review the code step by step. We'll compare it with equations (3.7), (3.18), and (3.19) | 3.Reduce the phi0 value
' in the paper.

1. and = phio = 2

4. Calculating the beta function * H_c = a * H_physical Relationship accuracy
I think reducing the number of k values to 128 would be the cleanest solution!
', H.c''' calculation correct

al(chd, chip, a, ke, phi) 2. Klein-Gord . and Deri

9o caleulation correct @) 1o you idiot, the value of k can't be less than the number of processes.

Major areas requiring revision 3.Physical Hubble Derivatives [ | Oh, right!1 was so confused.
1. Add effective mass function 4

The rurrent code nises a sinele xi naramerer bt the vecror field reonires rwoe vit ¥i>:

Current situation:
Reply. + 256 MPI processes

Opus4.1 * 16k values( np.logspace(-3, 1, 16) )




RESOLUTION

Caveats

* Important notes:

/\ Al has randomness and makes mistakes
A Physics understanding required

/\ Tool to accelerate, not replace thinking

e Critical thinking + Al = Efficient workflow



RESOLUTION

High-Performance Computing

* the use of supercomputers and computer clusters
to solve advanced problems (wikipedia)

* Independent equations for each k
— All solved simultaneously

* High-resolution spectrum efficiently

* ruche cluster (Paris-Saclay), Nurion (KISTI), ...




RESOLUTION

Numerical Results

 Reproduced Capanelli et al. (£,=0.004, ¢,=-0.006): Runaway confirmed

— &1=0, & =0 (minimal)
1] —— £:=0.004, & =-0.006
— £,=2x107% &=-2x10"5

* Our addition - EFT validity boundary: m 5_ e =]
p> ma/+/|€2| =~ 0.1H, o

—> Runaway occurs OUTSIDE valid regime!




RESOLUTION

Physical Interpretation

 What's really happening?

e Effective theory approach: * UV-complete theory:

- Assume ¢&; = constant - &(k) o< 1/k? (form-factor)

- Extrapolate to high k - Already decreasing at high k
- Find runaway production - Runaway suppressed

—> The runaway is an ARTIFACT
— Not real physics, but EFT breakdown signal



Conclusions

e Key insight: Non-minimal couplings must come from UV completion
— Form-factor behavior §;(k) « 1/k?

e Universal constraint: |&| << m?_A/H?

e Runaway appears only where EFT breaks down

e Dark photon production with non-minimal couplings is theoretically consistent




