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Abstract—The module-lattice-based digital signature standard,
formerly known as CRYSTALS-DILITHIUM, is a lattice-based
post-quantum cryptographic scheme. In August 2024, the Na-
tional Institute of Standards and Technology officially stan-
dardized ML-DSA under FIPS 204. ML-DSA generates one
valid signature and multiple rejected signatures during a single
signing process. Most side-channel attacks targeting ML-DSA
have focused solely on the valid signature, while largely neglecting
the hints contained in rejected signatures. Building on prior
SASCA frameworks originally proposed for ML-DSA, in this
paper we present an efficient and fully practical instantiation of a
private-key recovery attack on ML-DSA that jointly exploits side-
channel leakages from both valid and rejected signatures within
a unified factor graph. This concrete instantiation maximizes
the information extracted from a single signing attempt and
minimizes the number of required traces for full key recovery.

We conducted a proof-of-concept experiment with both refer-
ence and ASM-optimized implementations on a Cortex-M4 core
chip, where the results demonstrate that incorporating rejected
signatures reduces the required number of traces by at least
50.0% for full key recovery. Moreover, we show that using only
rejected signatures suffices to recover the key with fewer than
30 traces under our setup. Our findings highlight that protecting
rejected signatures is crucial, as their leakage provides valuable
side-channel information. We strongly recommend implement-
ing countermeasures for rejected signatures during the signing
process to mitigate potential threats.

Index Terms—ML-DSA, Side-Channel Attacks, rejected signa-
ture, Post-quantum cryptography.

I. INTRODUCTION

O address the potential threats posed by large-scale

quantum computers, NIST initiated the post-quantum
cryptography standardization project in 2016. In 2025, this
project entered its fourth round, and three digital signature
algorithms have been standardized, namely ML-DSA, FN-
DSA, and SLH-DSA. Among them, ML-DSA stands out for
its excellent overall performance. During the selection process
of the project, NIST focuses not only on the performance of
the algorithms but also on the minimum overhead required to
defend against Side-Channel Attacks (SCA). Therefore, side-
channel attacks and defenses on ML-DSA have been a focus
of research in recent years.
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SCA extracts secret information stored in cryptographic
devices by analyzing side information leaked during their
execution. Since Kocher et al. introduced SCA in [1], it
has been widely applied to various cryptographic devices.
Common types of side information include power traces,
Electromagnetic (EM) emissions, and timing variations.

SCAs are generally categorized into profiling attacks and
non-profiling attacks. Profiling attacks assume an attacker with
access to a modeling device identical to the victim device.
Therefore, an attacker can train a model on the modeling
device and then apply the model to the victim device. Through
this approach, attackers can achieve better performance in
their attacks. Typical profiling attacks include the multivariate
Gaussian model-based method [2], stochastic models, and
deep learning—based side-channel attacks. Non-profiling at-
tacks do not require attackers to have a modeling device in
advance. Instead, attackers typically assume a leakage model
of the victim device for the attack. As a result, non-profiling
attacks generally offer greater flexibility but tend to have lower
performance. Typical non-profiling attacks include correlation
power analysis and collision attacks.

A. Related Work

Many profiling and non-profiling attacks targeting ML-DSA
have been proposed as shown in Table[ll In the non-profiling
aspect, the first differential power analysis attack against ML-
DSA was proposed by Ravi et al. [3], who targeted the
multiplication process of the challenge ¢ and private key s
and provided simulation results. They also demonstrated that
in the ML-DSA algorithm, an attacker does not need to fully
recover the private key, but recovering only s; is sufficient to
forge signatures.

Subsequent researches [4]—[11] have made various improve-
ments based on Ravi et al.’s work. Among them, a notable
study by Chen et al. [11] conducted a detailed analysis of the
multiplication between ¢ and s;, as well as the subsequent
reduction process, and identified two positions susceptible to
the correlation power analysis. Qiao et al. [4] aimed to analyze
the Number Theoretic Transform (NTT) result of the private
key such as §; = NTT(s1), 83 = NTT(s2). They represented
the calculation process of §; = NTT(s;) as As; = &,
transforming the NTT domain recovery problem into a small
integer solution problem, which can be solved using the LLL
or BKZ algorithm.

Qiao et al. [[12f], [13]] recovered partial bit information of y,
constructed equations related to s;, and solved for s; using



TABLE I
SUMMARY OF EXISTING WORKS AND COMPARISON WITH THIS WORK

Work Attack Target Attack Type Experiment Type Signature Used Main Method”

130 cs1 Non-Profiled Simulation Valid DPA
[4]-[11] cs1 Non-Profiled Practical Valid CPA
1121, 113] Y Non-Profiled Practical Valid LSM
[16] wo Profiled Practical Valid LSM
1141, [15] Y, CS1 Profiled Practical Valid ILP
[19]-[21] S1, S2 Profiled Practical Valid DL
[17] z, C Profiled Practical Rejected ILP
[18] Y, 2z, CS1 Profiled Simulation Valid or Rejected * BP
This Work Y, ¢, CS1 Profiled Practical Valid and Rejected BP

“ DPA stands for differential power analysis. CPA stands for correlation power analysis. LSM stands for least
squares method. ILP stands for integer linear programming. DL stands for deep learning.

* [18] presents a generic framework that, in principle, can accommodate both valid and rejected signatures;
however, their experimental evaluation considers these sources only in isolation.

the least squares method. [[12] and [13]] are unique in that they
belong to non-profiling attacks but utilize profiling techniques
during the attack process.

In the profiling aspect, early attacks focused on directly
targeting operations related to s; and ss, such as the unpacking
process of s; and s, or transformations like NTT(s1) and
NTT(s2). However, in practical deployment scenarios, such
computations may only occur once or not at all, making these
attack methods difficult to apply in real-world settings.

Subsequent researches generally follow the same approach:
leveraging SCA to get hints about the private key, and using
different methods to solve for the private key. [14]-[17]]
obtain numerical hints about s; and solve it using the least
squares method or integer linear programming. In particular,
Bronchain et al. [[18] introduce a generic SASCA framework
for ML-DSA that can flexibly incorporate various kinds of
leakage and side-channel hints (on y, z, rejection events,
etc.) into a unified factor graph, and recover s; via belief
propagation.

B. Motivation

ML-DSA generates signatures through a rejection sampling
process, which means that the creation of a valid signature
is typically accompanied by several rejected ones. As shown
in Table the ratios of rejection counts for different secu-
rity levels of ML-DSA are presented, where the “Expected”
column gives the theoretical expectations specified in the
algorithm standard [22]. It can be observed that, across all
security levels, there is approximately a 75% probability that
a signing attempt will produce at least one rejected signature.
When the number of signing attempts is three or more, this
probability exceeds 98%. Relying solely on valid signatures
for key recovery results in a significant waste of information
contained in rejected signatures.

There are several works that study the side-channel leakage
of rejected signatures in ML-DSA. Bronchain et al. [18] pro-
pose a generic SASCA framework for ML-DSA and explicitly
remark that both accepted and rejected coefficients could,
in principle, be exploited within the same factor graph, but
they do not provide an implementation-level evaluation of
such combined use. Zhou et al. [17] exploit leakage from

the rejection sampling procedure and present a practical key-
recovery attack that relies solely on rejected signatures, but
their attack still requires about 105-107 signing attempts
across different parameter sets, indicating that the information
contained in rejected signatures is not yet efficiently exploited
in practice. Motivated by these limitations, this paper provides
an implementation-level evaluation of a BP-based attack that
jointly exploits valid and rejected signatures on a concrete ML-
DSA implementation, and analyzes the practical feasibility and
efficiency of such combined use.

TABLE II
STATISTICS ON THE NUMBER OF REJECTED SIGNATURES IN ML-DSA

Rejection Expected 0 1 2 3 4 5 >5
ML-DSA-44 3.25 0.23 0.18 0.14 0.11 0.08 0.06 0.20
ML-DSA-65  4.10 0.19 0.16 0.12 0.10 0.08 0.07 0.28
ML-DSA-87 3.85 0.25 0.19 0.14 0.11 0.08 0.06 0.17

C. Contribution

The contributions of this paper are as follows.

e Building on the generic SASCA framework for ML-
DSA [18]], this paper presents a practical and efficient
BP-based private-key recovery attack on ML-DSA that
makes use of the side-channel leakages generated during
a single signing attempt, including those from both valid
and rejected signatures. To achieve this, we instantiate an
ML-DSA-specific factor-graph construction that accom-
modates leakages on INTT(cs1), NTT(c), and rejection
events within a single BP instance, thereby maximizing
the utilization of all available hints generated during a
single signing attempt. Besides, we consider a more gen-
eral and realistic attack scenario that encompasses more
commonly targeted operations, lower signal-to-noise ratio
(SNR) in optimized implementations, and more relaxed
modeling requirements.

e We systematically investigate the leakages of INTT(csy)
and NTT(c) for both valid and rejected signatures, and
instantiate a concrete BP-based attack that exploits these
leakages to make practical use of rejected signatures. We



also investigate the impact of the accuracy of the chal-
lenge c associated with rejected signatures on the attack
performance, a factor that has been ignored in previous
studies [17], [18]]. Furthermore, while the possibility of
using soft information for ¢ has been mentioned at a high
level in prior work [[18]], we instantiate and tailor a soft-
information-based BP message-update rule for ¢ in the
concrete ML-DSA setting, and we experimentally demon-
strate that this significantly mitigates the degradation in
attack performance caused by insufficient accuracy of c.

e We perform an implementation-level evaluation of the
proposed attack on both the reference implementation
and an ASM-optimized implementation of ML-DSA on
a Cortex-M4 platform. The experimental results show
that using all signatures reduces the number of traces
required for key recovery by at least 50% compared to
using only valid signatures. When using only the rejected
signatures, fewer than 30 traces are sufficient to recover
the key, which is significantly fewer than in previous
study [[17]. Our experiments on varying the accuracy of
¢ show that even small fluctuations in the accuracy of ¢
can significantly affect the attack performance, especially
in highly optimized implementations. In addition, our
strategy of using the soft information of c enables us
to achieve the attack performance that would otherwise
require a much higher ¢ accuracy.

All code and datasets used in this paper are publicly
available at https://github.com/AIGIUS/BP-On-ML-DSA.

II. BACKGROUND

A. Notations

We adopt the notations from [23|] and introduce several
custom symbols specific to this work, as listed below. It should
be noted that the symbol a in the following context does not
refer to any specific variable; it is used solely to illustrate
different forms of variable representation.

Z: the ring of integers.

Zg : the ring of polynomials modulo g.

R, : the quotient ring of polynomials modulo X™ + 1, also
written as Zq[X]/(X™ + 1).

[i,7]: the set {m | i <m < j,m € Z}.

a: boldface is used to denote vectors or matrices.

a : non-boldface symbols denote a polynomial or an integer.

a; : the ¢-th element of a vector a.

a; : the i-th coefficient of a polynomial a.

af;.;) - the bits from position 7 to j of an integer a.

a: the NTT representation of polynomial a, @ = NTT(a).

* : the multiplication of two polynomials, typically refers to
convolution multiplication.

-: z,¢ denote the rejected signatures in ML-DSA, while z,c
represent valid signatures.

Sy ¢ the set of polynomials whose coefficients lie in the
range [—1,7)].

B, : the set of polynomials in which exactly 7 coefficients
are equal to £1, and all remaining coefficients are zero.

B. ML-DSA

ML-DSA is one of the three digital signature algorithms
standardized by NIST. ML-DSA supports three security levels,
namely ML-DSA-44, ML-DSA-65, and ML-DSA-87. Its se-
curity is primarily based on the lattice-based module learning
with errors problem and the module short integer solution
problem. ML-DSA consists of three parts: key generation,
signing, and verification. In this paper, we mainly explain
the key generation and signing parts. The verification part is
generally not targeted for SCA, so it is not covered. For the
sake of brevity, we present only the algorithm templates and
the necessary details, as shown in Algorithm [T]and Algorithm

Algorithm 1 ML-DSA key generation algorithm
1: A+ ngxl
2: (Sl,SQ) — Sfl X S!;
3t =As; + 8o
4: return (pk = (A,t),sk = (A,t,s1,82))

Algorithm 2 ML-DSA signing algorithm
:z=1
2: while z =1 do
) 1
3y« S5,

4 w=NTT (A NTT(y))

5. wy = HighBits(w, 275)

6: c¢€ B, =H(M|lw)

7. z=y+NTT Y(NTT(c) - §;)

8. if ||z]|oc > 71 — B or ||[LowBits(Ay — ¢s2,272)]||c0 >
v9 — (3 then

9: z=1

10:  end if

11: end while
12: return o = (z,¢)

C. Template Attacks

In this paper, we adopt the multivariate Gaussian
model-based method proposed in [2]]. For clarity and concise-
ness, the term the template attack hereafter refers specifically
to this method. The template attack consists of two phases: the
modeling phase and the attack phase. In the modeling phase,
the modeling device runs n times, recording the input p;, the
corresponding output o;, and the associated power trace t;,
where i € [0,n — 1]. Using the key, inputs, and corresponding
output, the intermediate values v; that the attacker aims to
attack can be computed. The power traces are then categorized
based on v;.

Assuming v; can be divided into d different categories. Let
the power trace belonging to the j-th category be denoted as
t;,, where ¢ € [0,d; — 1], d; represents the number of traces
in the j-th category. The mean vector m; and the covariance


https://github.com/AIGIUS/BP-On-ML-DSA

matrix C; for the j-th category can be calculated using the
following formulas:

=
m; = 4, ; ti,
1 df
Ci=g Tty —my).
J L:0

In the attacking phase, the attacker collects n power traces
t; when running the victim device, where i € [0,n —1].
The probability that t belongs to the j-th template can be
calculated using the followmg formula:

Pt (m, ©)) = SP3(E —my)C b —my)T)
i, (s (my, Cj)) = (2m)rdet(C;)

bl

where r is the dimension of t; and t;.

D. Number Theoretic Transform

Owing to its high computational efficiency, the NTT is
widely used in lattice-based cryptography and related cryp-
tographic applications [24]].

Given a polynomial a € R, its NTT transformation is
defined as @ = NTT(a), as shown in Equation [l where w
is the primitive n-th root of unity modulo q.

n—1
a; = Zwijai mod q €))

The inverse NTT (INTT) is similarly defined as a =
INTT(a), as shown in Equation |2 where n~! is called the
scaling factor.

n—1
a; =n""! Z w_ij&j mod q 2)
j=0

In practice, the Cooley-Tukey (CT) algorithm is commonly
used for efficient computation of the NTT. The fundamental
computational unit in the CT algorithm is the CT butterfly
unit. As shown in Figure |1} a CT butterfly unit performs the
computation of C = A+ B x w¥ and D = A — B x w".
By configuring multiple such units in a structured manner, a
complete NTT computation can be efficiently executed.

A C

B“’k

D

Fig. 1. The Cooley-Tukey butterfly unit. The complete NTT process is
composed by stacking multiple such units together.

E. Belief Propagation

BP is a probabilistic inference algorithm widely used in
graphical models, particularly in factor graphs, to compute
marginal distributions of variables. A factor graph consists of
factor nodes and variable nodes. Variable nodes represent the
variables, while factor nodes represent the constraints imposed
on these variables. BP operates by iteratively passing messages
between variable nodes and factor nodes in a factor graph.
These messages represent probability distributions, allowing
the algorithm to update its belief about each variable until
convergence is achieved.

The message sent from a factor node a to a variable node
1 is computed as the product of all incoming messages from
a’s neighboring nodes (excluding ¢), multiplied by the factor
function of a, and then marginalized over ¢. This is formally
expressed in the following formula:

H mj—ﬂl(xj)a

jeN(a)\{i}

where N (a) denotes the set of neighboring nodes of a.

The message sent from a variable node ¢ to a factor node a
is computed as the product of all incoming messages from i’s
neighboring nodes (excluding a). This process is illustrated in
the following formula:

Z fa(@i, TN (a)\{i})

TN (a)\{i}

ma—)z ‘rl

Mmi—a xz - H Mp—i xz
beN (i)\{a}

BP was introduced into SCA in [25]. In this context, the
results of SCA are typically referred to as hints. These hints
are used to initialize the factor nodes in the factor graph, after
which the BP algorithm is executed to solve for the private
key.

III. GENERAL ATTACK FRAMEWORK

The core idea of this paper is to maximize the utilization
of all side-channel leakages within a single signing attempt to
recover the private key as efficiently as possible. For each
ML-DSA signing attempt, we can capture a corresponding
side-channel trace. Each trace contains leakages from one
valid signature and multiple rejected signatures, as illustrated
in Figure [2] Assuming that four signatures are sufficient to
recover the private key, an attacker using only valid signatures
would require four traces for key recovery. However, by
leveraging both valid and rejected signatures, the attacker has
the opportunity to recover the private key using fewer traces,
as illustrated in Figure [2]

A. Overview of the Attack Strategy

This section outlines the overall attack framework proposed
in this paper. The framework consists of four main processes,
as illustrated in Figure [3] Typically, profiled SCA consists
of two phases, which are the modeling phase and the attack
phase. For the sake of clarity, we only present the attack phase,
omitting the modeling phase. We describe the four stages as
follows:



This Work
Fewer traces for full key recovery

Trace 2

Trace 1I
I

Trace 3

Trace 4

“ Valid Signature
“ Rejected Signature

Fig. 2. Main idea of the attack. By simultaneously leveraging both valid and
rejected signatures (which occur with high probability), our method offers the
potential to recover the private key using fewer traces.

Side-Channel
Leakage Acquisition

------
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Side-Channel ‘
Attacks [ Leakage Model ]

Belief
Propagation

L 2N S s |

Private Key

Retrieval Maximum Likelihood Estimation

Fig. 3. General attack framework. For the sake of simplicity, we omit the
modeling phase.

e Side-Channel Leakage Acquisition: The attacker col-
lects side-channel information from the victim’s device.
In this work, we collect EM traces near the voltage
regulator pin of the victim device to achieve a higher
signal-to-noise ratio.

e Side-Channel Attacks: The attacker identifies the posi-
tions of rejected signatures and valid signatures within
the traces and classifies them using the leakage model
obtained from the modeling device. The classification
process yields hints of the target variables. Specifically,
these variables are as follows:

— Valid Signatures: y, cs;
— Rejected Signatures: ¢, ¢s1

o Belief Propagation: The attacker constructs a factor
graph, initializing it with hints obtained from the leakage

Main Loop

Initialization

Fig. 4. The factor graph used in this paper. ¢ denotes rejected signature
and c denotes valid signature. Different colors represent different signature
instances. P(¢), P(¢s1), and P(y) represent hints obtained through SCA.

model. The BP algorithm is then executed iteratively until
the messages in the factor graph converge.

e Private Key Retrieval: Once the BP algorithm con-
verges, the attacker can recover the private key from
variable nodes. A common method for this is maximum
likelihood estimation.

The following subsections will discuss specific details and
issues related to the general attack framework.

B. Choices in Side-Channel Attacks

Common techniques for constructing leakage models in-
clude the template attack, stochastic model, and deep learning.
In this work, we employ the template attack. While deep
learning may potentially yield more accurate leakage models,
the template attack is chosen for its advantages, includ-
ing parameter-free implementation and consistently reliable
performance. This makes it well-suited for proof-of-concept
validation.

This work targets ¢s; instead of Z, for existing research
has shown that the hint from z is too limited [17], [18].
Incorporating z might introduce additional noise, degrading
performance. In addition, SCA on Z is not the primary focus
of this paper. Nevertheless, we demonstrate that Z can be easily
integrated into the proposed attack framework in Section[[II-C|
The details of the SCA on y, cs; (or ¢s1), and ¢ will be
described in Section [Vl

C. Factor Graph Construction

As shown in Figure [ the factor graph used in this paper
is illustrated. Since ¢ and z (as part of the valid signature)
are known to the attacker, they could be integrated into the
factor node z = y + cs1. However, we still represent P(c) and
P(z) as independent factor nodes in the factor graph, where
only one value has a probability of 1, and all others have a
probability of 0. This enhances the generality of the proposed
factor graph. If an attacker can obtain a sufficiently accurate
hint about the rejected z, it can be incorporated into our factor
graph simply by replacing z with Z.
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Fig. 5. Message passing path in the factor graph. Only the edges directly
connected to the private key participate in bidirectional message propagation,
while all other edges perform upward propagation only.
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The factor graph includes two types of constraints in factor
nodes: polynomial multiplication (¢ * s;, ¢ * s1) and poly-
nomial addition (z = y + ¢s1). Constraints ¢ * s; and € * 1
follow the Equation [3] where ¢ = 0 when j <4, ( =1 when
j > 1,4 € [0,255]. Constraint z = y+cs; follows the Equation
where 7 € [0, 255].

255
(cs1)i = Z(*l)ccu—j) mod 256 X (51); 3)
j=0
zi =y + (cs1)i 4

Compared to the factor graph in existing work [18]], the
factor graph proposed in this paper represents c (as well as
¢) and z as probability distributions, enabling the utilization
of both valid and rejected signatures. Additionally, the factor
graph in this paper explicitly represents the constraint z =
y—+cs1, allowing s; to be directly recovered from SCA results.
In contrast, existing work needs to derive the distribution of
cs1 from y before incorporating it into the factor graph. Our
work is more automated, reducing manual processing steps.

D. Efficient BP computation

In the factor graph used in this paper, the BP computational
overhead mainly comes from three sources: the iterative mes-
sage passing process, the message size, and the computation
process of the constraints. The following content will discuss
these three parts separately.

In a standard BP algorithm, each iteration requires bidirec-
tional message passing along every edge in the factor graph.
However, in the factor graph proposed in this paper, this
process can be pruned to reduce computational complexity.
This paper adopts the message passing path as shown in Figure

As shown in Figure [5] the initialization part only consists
of values obtained from SCA results or known values. Con-
sequently, messages in this part remain unchanged throughout
the BP process, propagating only upward and requiring com-
putation only once during the first iteration of BP.

In the main loop part, only the edges directly connected
to s; require bidirectional message passing, while all other

edges propagate messages upward only. At a higher level,
the factor graph of the main loop forms a tree-like structure,
thus, the edges directly connected to s; do not require parallel
bidirectional updates. Instead, the message passing follows a
top-down and bottom-up iterative process [26].

Here, we describe the update process of messages 1, and
how the soft information of ¢, namely P(c), is incorporated
into the factor graph. From Equation [3] we can directly get

P((Csl)z) = P( Z (71)Cc(i—j) mod 256 X (Sl)j)'

j€[0,255]

For clarity, we omit the subscript i and the term (—1)¢, and
derive

P(cs1) =P( Y (s1); x ¢;)

7€[0,255]

=P((s1)r x cx) *P( > (s1); % ¢;),

7€[0,255]\{k}

where * denotes the discrete convolution, (s1); denotes the
k-th coefficient of s;, and c¢; denotes the coefficient that
multiplies (s1), which is not necessarily the k-th coefficient
of c¢. Next, we can derive

P((s1)r % cx) = Ples1) «P( D —(s1); X ¢;).

J€[0,255]\{k}
The intuition behind this formulation is to estimate, from the
perspective of all other coefficients of s, the distribution of
the product (s1)r X ck.
For clarity, we define

P(— (s1); x ¢j),

k= *
7€[0,255\ {k}

then we have
P((Sl)k X Ck) = P(csl) *Rk,

where P((s1); x ¢;) can be explicitly derived from P((s1);)
and P(c;) by a direct application of the law of total probability
since s; and c¢ both take values in small finite sets.

We first use P((s1);) from message 2 and P(c;) to compute
R, and then combine Ry with P(cs;) to obtain P((s1)x X cg)-
Finally, we use P((s1)r X ¢x) together with P(cy) to update
P(s1) in message 1. One can expand P((s1)x X i), substitute
the possible values of s; and ¢, and solve the resulting system
of equations. Since the value domains of both s; and c are
finite and symmetric, the system is solvable. However, such
a procedure is computationally expensive. Therefore, in this
work, we adopt a more intuitive approach:

P((s1)k) = P(cr = —1) x P(=(s1)k X k)
—|—P(Ck = 1) X P((Sl)k X Ck)7

that is, taking the weighted average of P((s1)x X cx) using
P(ci) when ¢ = —1 or +1. When ¢ = 0, we assume it has
no influence on the distribution of (s7)x. Experimental results
demonstrate that this approach can also effectively recover the
secret key.

For the update of message 2, it follows directly from the
standard definition of message updating for variable nodes in
the Section [[I-E] and is therefore not elaborated here.



It is worth noting that although the messages of the P(c)
node are currently propagated in a single direction, allowing
bidirectional message propagation at this node could poten-
tially enable the simultaneous recovery of both s; and ¢. This
represents a promising direction for future research, inspired
by the reviewer’s valuable suggestion.

Considering message size, the main loop contains three
types of messages: s1, ¢ (or ¢), and cs; (or ¢sp). Since
these variables have small value ranges, their impact on
BP computational complexity is minimal. In contrast, in the
initialization phase, y has a much larger value range of 2!7 (or
219 for ML-DSA-65 and ML-DSA-87). This results in a larger
message size, which not only increases memory overhead but
also prolongs constraint computations in factor nodes.

To control the message size of y, we analyze the z = y +
cs; process and limit the bits used for y, thereby reducing
computational complexity. The details of this optimization are
provided in Section [[V-Al

Regarding the computational cost of the constraints, Equa-
tion [3] and Equation |4| involve two fundamental distribution
operations: the sum of two distributions P(A + B) and the
product of two distributions P(A x B). Since P(A + B) =
P(A) «P(B) when A and B are independent, the computation
can be accelerated using the NTT. Additionally, since the
bits used for y have been optimized, Equation [4] can also be
further refined. The details are provided in Section For
P(Ax B), since the coefficients of ¢ are restricted to {-1,0, 1},
it equals P(B), P(—B), or 0, which can be obtained by simply
flipping the distribution of B.

IV. SIDE-CHANNEL ATTACKS ON ML-DSA

This section will describe how to perform SCA on the
target variables y, cs; (or ¢s;), and ¢, respectively. For vy,
we primarily limit the number of bits recovered through SCA
to reduce the message size in the initialization part of the
factor graph, thereby lowering the computational overhead of
BP. For ¢ and cs; (or ¢s; ), we describe their leakage and
the corresponding SCA, ensuring the effective utilization of
rejected signatures.

A. Side-Channel Attack on y

In this section, we present how to perform SCA on y.
We directly recover the numerical value of y by attacking
its generation process, which corresponds to line 3 of Algo-
rithm [2} Since each coefficient of y is bounded by ~; (27
for ML-DSA-44 and 2'° for ML-DSA-65 and ML-DSA-87),
modeling all bits of y’s coefficients not only complicates the
modeling process but also significantly increases the overhead
of message passing in BP and the computation cost of the
constraints. Therefore, minimizing the number of bits of y to
be modeled is a primary consideration. Although some studies
have discussed this issue [12]|-[15], the question of “what is
the minimum number of bits of y that must be modeled to
accurately recover the distribution of cs;” has not yet been
fully answered. To address this issue, we propose and prove
the following proposition in this section.

cs=20 cs<0
32 T 0 32 T 0
y ‘ YV[31:1] ‘ V[e-1:0] ‘ y ‘ V(311 ‘ Y[r-1:0] ‘
+ + + + + +
cs ‘ 0 ‘ CS[z—1:0] ‘ cs ‘ -1 ‘ CS[7-1:0] ‘
I I 1 I Il I 1 I
z ‘ Z[31:7) ‘ Z[z—1:0] ‘ z ‘ Z[31:7) ‘ Z[z-1:0] ‘

Z310] = Y310] Zp1] =Vt 1 2310 = V1 — 1 2310 = Yis1a)

Fig. 6. Relationship between z(3;.,] and y[31.,] determined by the sign of
cs1 and the presence of a carry in y[r_1.0] + (¢81)[r—1.0]. Dashed lines
represent cases with a carry, and solid lines represent cases without.

Proposition 1. Given |csi| < 27, at least T + 2 bits of y
are required to accurately reconstruct the distribution of csi,
where z = y + cs1, and z,y,c, s1 refer to the coefficients of
the corresponding polynomial.

Proof. On a typical 32-bit processor, z, y, and cs; are stored
and computed in the form of 32-bit two’s complement integers.
We can express y, 2z, and cs; as the sum of their higher 32 — 7
bits and lower 7 bits, as shown in Equation E}

Z[31:7] x 27 + Rlr—1:0] = Y[31:7] x 27 + Yir—1:0]

. &)
+(es1)31:7) X 27 + (€51)[r—1:0]

As illustrated in Figure [6] based on the sign of ¢s; and the
presence or absence of a carry in the computation of y[; _1.9]+
(€s1)[r—1:0)» four relationships between z31.-) and yj3;.,) can
be derived.

In conjunction with Equation |5} (cs1)(31:0) can be derived
from 2, _1.0] and y[,_1.0) in all four cases.

1) With carry, cs > 0:
(es1)(31:0) = 2[r—1:0] — Ylr—1:0] +27
2) Without carry, cs > 0:
(081)[31:0] = Z[r—1:0] — Y[r—1:0]
3) With carry, cs < 0:
(051)[31:0] = Z[r—1:0] = Y[r—1:0]
4) Without carry, cs < 0:
(081)[31:0] = Z[r—1:0] — Y[r—1:0] — 27
Summarizing the four possible cases, it can be observed
that (cs1)(31:0) depends only on z(_1.0] — Y[r—1:0] and the
relationship between z(31.,] and y[31.]. Since the relationship
between 2z[31.;] and y31.,] only has three distinct cases,
recovering the lower 2 bits of y(31.) is sufficient to capture
this relationship. Therefore, recovering the lower 7 + 2 bits

of each y is sufficient to reconstruct the distribution of csy
accurately. O
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Fig. 7. Simplified NTT(¢) process. We assume that € is a polynomial with
only 8 coefficients.

B. Side-Channel Attack on csy

In this section, we present how to perform SCA on cs;
(as well as ¢s1). We focus on the final step of INTT(é8y),
which corresponds to the multiplication by n~! in Equation
[2] Since this operation involves a multiplication combined with
Montgomery reduction, it naturally exhibits a high signal-to-
noise ratio in SCA. We directly model the lower 7 bits of the
coefficients of csy, for ||csi||so is less than 26 with nearly
100% probability according to a previous study [|14].

C. Side-Channel Attack on ¢

In this section, we present how to perform SCA to recover
the rejected signature €. We recover ¢ by analyzing the process
of NTT(¢). SCA on the NTT process has been extensively
discussed in several studies [17]], [27], [[28]]. Similar to [17],
in this work, we apply a layer-by-layer recovery method that
neither relies on BP nor requires a full analysis of the NTT
process.

Rather than analyzing the entire NTT process, we focus on
attacking the first few layers of NTT. First, we analyze the
first layer of the NTT. A simplified illustration of the NTT(c)
process is shown in Figure [7] Since 0 € {—1,0,1}, there
are only 9 possible input combinations for each butterfly unit
in the first layer. Therefore, 9 templates are required for the
attack. Considering each butterfly unit in the figure, the values
of {€?]i € [4,7} significantly influence the Hamming weight
(HW) of the butterfly unit’s output. Specifically, when ¢
takes values in {—1,0, 1}, the Hamming weight of the output
corresponds to HW(¢)_, —w?), HW(&)_,), or HW(&)_, +w?)
separately. Through similar analysis, it can be observed that
the values of {¢)|i € [0,3]} have a smaller impact on the
Hamming weight of the butterfly unit’s output. Consequently,
the recovery accuracy for {c’|i € [4,7]} is high, while
{&%]i € [0, 3]} may contain errors.

To correct these errors, the attacker can proceed to attack
the second layer. Leveraging the fact that {¢}|i € [4,7]}
has already been recovered, this constrains ¢, to only three
possible values. Similar to the first layer, in each butterfly unit,

the second input value is easier to recover, while the first input
value is more error-prone. By iteratively attacking subsequent
layers, the attacker can progressively refine and correct errors
from previous layers, ultimately improving the overall attack
accuracy.

V. EXPERIMENT RESULTS
A. Experimental Setup

The experimental setup is shown in Figure [I0] We de-
ployed both the reference and ASM-optimized implementa-
tions of ML-DSA-44 on an STM32F4DISCOVERY develop-
ment board. EM traces were collected using a Langer LF-U 2.5
probe, amplified by a Langer PA 303 amplifier, and captured
by a PicoScope 3203D oscilloscope at a sampling rate of
500 MS/s. The target microcontroller was clocked at 168 MHz.
In the case where no rejected signatures occur, a complete
trace covering one signing attempt contains approximately
18 million samples for the reference implementation and
approximately 13 million samples for the ASM-optimized
implementation (both compiled with —03). The traces were
then transferred to a laptop equipped with an Intel Core i9-
14900HX processor and 64 GB RAM for further analysis. We
conducted a proof-of-concept experiment on both implemen-
tations under the O3 optimization level.

B. Definition of a Successful Key Recovery

Before conducting the experiments, we first need to define
what constitutes a successful attack. The ultimate objec-
tive of attacking ML-DSA is to forge valid signatures. As
demonstrated in prior studies, signature forgery requires the
recovery of only a portion of the secret key, specifically s;
[3l. Consequently, in the context of our work, a successful
key recovery is defined as the accurate recovery of the value
of s; which is composed of multiple components. Since
these components are processed sequentially in the signing
algorithm and exhibit no significant differences in their recov-
ery behavior, the number of traces required to recover each
component can be considered approximately the same. Hence,
in our experiments, we define a successful key recovery as
the complete recovery of the first component of sy, which
is equivalent to the full recovery of s; and thus represents a
successful key recovery event.

C. Side-Channel Attacks Results

Figure [§] shows the EM traces of the reference implementa-
tion of ML-DSA on STM32F407 with optimization O3. Figure
[8(a) presents the complete trace of a single signing process,
which includes two rejected signatures and one valid signature.
Figure [8{b) shows a zoomed-in view of the single signature
generation process from Figure [§(a). For ease of description,
we do not distinguish between ¢ and ¢, nor between cs; and
¢s1 here. We have marked the main operations during a single
signature generation in the Figure [§[b), corresponding to lines
3 to 7 of Algorithm [2] In this trace, the generation of y, the
NTT(c) process, and the INTT(cs;) process are the primary
targets. As clearly shown in Figure [§b), both the y generation
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process and the INTT(cs;) process contain four major loops,
since both y and cs; are elements of R, and the operations on
them are performed separately on each polynomial component.

Figure [O[a) provides a further zoomed-in view of the trace
corresponding to one polynomial component y. With further
zooming, we can observe the trace corresponding to a single
iteration of the y generation. Figure [9(b) presents a zoomed-in
view of the NTT(c) process, where the 8 layers of the NTT

Fig. 10. The experimental setup used in this work. The EM probe is positioned
near the VCAP pin of the target chip.
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Fig. 11. Side-channel attack accuracy across different coefficients of y.

can be identified. In the figure, the distinct downward peaks
correspond to butterfly units with different twiddle factors. The
peaks become denser in the later layers, as these layers involve
a greater number of twiddle factors, as illustrated in Figure
We apply SCA on the first layer of NTT(c). Figure Pfc)
shows a zoomed-in view of the INTT(cs;) process, which is



1 0, 1.0 =1
0.8 i O.8¥%k%ﬂji
3‘ (]
£0.6 0.6
: F »
<04 o] 0.4 ;)1
F
0.2 =1 0.2 =1
0 64 128 192 256 0 64 128 192 256

Index of Coefficients

(b) ASM-optimized implementation

Index of Coefficients

(a) Reference implementation

Fig. 12. Side-channel attack accuracy across different coefficients of NTT(c).

0.9 0.9
0.7 A\tﬂ?’“ 0.7
_ {
Q A A
205 S, 0.5
3 s
<034 03
5 Rreem ,
0.1 0.1 AN TR
0 64 128 192 25 0 64 128 192 256

Index of Coefficients

(b) ASM-optimized implementation

Index of Coefficients

(a) Reference implementation

Fig. 13.
INTT(cs1).

Side-channel attack accuracy across different coefficients of

roughly the reverse of the process shown in Figure O[b). The
main difference is that, following the first layer, there is an
additional multiplication by the scaling factor, corresponding
to the multiplication by n~! in Equation [2| This multiplication
step is also the target of SCA.

We collected traces from 10000 signing attempts, using
9000 traces as the training set and 1000 traces as the test
set. We use template attack combined with linear discriminant
analysis as the SCA method. The results for y, ¢, and cs; are
shown in Figures [TT} [I2} and [I3] respectively. In these figures,
the horizontal axis represents the polynomial coefficient index,
and the vertical axis represents the accuracy. We perform the
template attack separately on the different coefficients of the
polynomials, as the attack accuracy varies across coefficients,
as shown in Figures [T1} [I2] and[T3] Using the training set, we
identify the coefficients with higher accuracy, and in the test
phase, we prioritize the use of these high-accuracy coefficients
to improve the overall effectiveness of the attack.

It is worth noting that in Figures[12]and[T3] the classification
accuracy exhibits a clear dependency on the coefficient index.
This phenomenon mainly arises from the inherent structural
characteristics of the NTT and INTT. As analyzed in Section
during each layer of the NTT, the coefficients that are
multiplied by rotation factors have significantly higher SNR
than those that are not. Consequently, the coefficients involved
in such multiplications tend to achieve higher classification
accuracy. Figure [T2b) clearly illustrates this relationship: the
coefficients indexed from 129 to 256 exhibit higher classifi-
cation accuracy than those from 1 to 128, which results from
whether the coefficients are multiplied by rotation factors in
the first layer of the NTT. Similarly, in Figure [I2(b), the
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Fig. 14. Private key recovery success rate and number of recovered key
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Fig. 15. Private key recovery success rate and number of recovered key
coefficients using BP under different numbers of attack traces with ASM-
optimized implementation.

coefficients from 65 to 128 show higher accuracy than those
from 1 to 64, which corresponds to the multiplication pattern
in the second layer of the N'T'T. This pattern continues through
the subsequent layers, leading to the stepwise accuracy distri-
bution observed in Figure Since the INTT has a nearly
mirrored structure to the NT'T, a similar correlation between
coefficient index and accuracy can be observed in Figure[T3]a).
The distinct behavior shown in Figure [I3{(b) differs from the
other cases, which we attribute to the characteristics of the
ASM-optimized implementation. As this aspect is beyond the
main focus of this work, it is not discussed further here.

D. BP Results

As shown in Figures [T4] and [T3] the results of the BP
algorithm under different number of traces and optimization
levels are presented. The horizontal axis represents the number
of traces required for the attack, while the vertical axis repre-
sents either the success rate or the number of recovered key
coefficients. For each trace count, we repeated the experiment
10 times and reported the average results.

The results indicate that with reference implementation,
using all signatures (both valid and rejected), we require a
minimum of 2 and a maximum of 4 traces for full key
recovery. In contrast, using only valid signatures, it takes
a minimum of 2 and a maximum of 8 traces for full key
recovery. The use of all signatures decreases the number of
traces by approximately 50.0% for achieving a 100% key
recovery success rate, compared to using only valid signatures.
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With ASM-optimized implementation, using all signatures,
the attack requires a minimum of 8 and a maximum of 14
traces for full key recovery. When using only valid signatures,
the attack requires a minimum of 11 and a maximum of 20+
traces. In this case, leveraging all signatures decreases the
number of traces by approximately 30.0% over using only
valid signatures.

As shown in Figures and the variation in the
number of recovered key coefficients during the BP iteration
is depicted for different trace counts and implementation type,
where the color represents the average number of recovered
key coefficients.

It can be observed that the BP algorithm converges from
the 2-th to 5-th iterations. If the key coefficients can be
fully recovered, this typically occurs within a maximum of
5 iterations. However, BP does not always converge in a
favorable direction. When fewer signing attempts are used
in the attack, the number of recovered key coefficients may
initially increase but then decrease and converge to a very low
value, as illustrated in the case where only a single trace is
used.

As shown in Table the time and memory overhead of
the BP algorithm vary with the number of signatures used.

TABLE III
TIME AND MEMORY OVERHEAD OF THE BP ALGORITHM

Number of Signatures 10 100 1000 5000 10000
Time Per Iteration (s) 1.5 14.6 148 743 1495
Memory (MB) 231 339 1440 6323 12426

On average, each signature requires approximately 1.5 seconds
per BP iteration. Additionally, each additional signature incurs
an extra memory overhead of approximately 1.2 MB. These
data were collected under a single-core setup. With multi-core
optimization, the time required per iteration can be further
reduced. Considering that each signing attempt typically pro-
duces around four signatures, to fully recover the coefficients
of s;, the average BP iteration time required is approximately
288 seconds. The corresponding memory overhead is 240 MB.
Discussion. To better interpret the above BP results, we
briefly analyze the expected number and effective influence
of rejected signatures in our setting. According to the ML-
DSA standard and our measurements in Table [II} the expected
number of rejected signatures per signing attempt at the
targeted parameter sets is about 3.25. In an idealized scenario
where the challenge c is recovered with 100% accuracy, a
rejected signature would provide essentially the same amount
of information as a valid one under our leakage model. One
would then expect that jointly exploiting valid and rejected
signatures could reduce the required number of traces by
roughly 75%, since each signing attempt would on average
yield 1 + 3.25 useful signatures instead of only one.

In practice, however, the accuracy of the recovered c is
strictly below 100%, and our experiments in Section
show that the attack performance is extremely sensitive to
this accuracy. Incorporating rejected signatures associated with
low-accuracy estimates of ¢ tends to mislead the BP inference:
even a small number of such “bad” rejected signatures can
drive the messages towards an incorrect mode, from which
the subsequent addition of correctly modeled hints is often
insufficient to recover. For this reason, in our BP experiments
we do not blindly use all rejected signatures. Instead, we apply
a simple filtering rule and discard rejected traces for which the
reconstructed ¢ has a number of +1 coefficients that deviates
significantly from the target weight 7. As a result, only a subset
of the available rejected signatures can be safely exploited, and
the empirical reduction in trace complexity is smaller than
the theoretical 75%: in our experiments, using all (filtered)
signatures reduces the required number of traces by about 50%
for the reference implementation and about 30% for the ASM-
optimized implementation. These observations highlight that
the accuracy of c is a key bottleneck for effectively leveraging
rejected signatures, which motivates the dedicated analysis of
c-recovery accuracy in the next subsection.

E. Impact of ¢ Recovery Accuracy on Key Recovery

For a clearer illustration of how the accuracy of c affects
the attack performance, we have added an additional set
of simulation experiments. In the experiments, c¢’s accuracy
was artificially controlled, and only its hard information was
used in the BP phase, while all other data came from real
measurements. The results, shown in Figures @] and @], cor-
respond to the reference and ASM-optimized implementations,
respectively. As can be seen, when the average accuracy
of ¢ drops to 0.95, the key can still be recovered in the
reference implementation, albeit with a significantly higher
number of traces required—thanks to its higher SNR on cs;.



In contrast, for the ASM-optimized implementation, recovery
fails completely once the accuracy falls below 0.97, due to
its lower SNR. Overall, these findings demonstrate that the
accuracy of ¢ has a substantial impact on the success of key
recovery, particularly when the SNR of cs; is low. Achieving
a sufficiently high recovery accuracy for c is therefore crucial
for a successful attack.

As a reference, in our real experiments, the average accuracy
of ¢ was 97.5% for the reference implementation and 95.3%
for the ASM-optimized implementation. By comparing the
“All Signatures” results in Figures [I6] and [T7] with those in
Figures [I8] and [T9] it can be observed that by using the
soft information of ¢ for key recovery, our method achieved
performance equivalent to that obtained with pure hard in-
formation at 99% accuracy in the reference implementation,
and between 98% and 99% accuracy in the ASM-optimized
implementation. By comparing the “Valid Signatures” results
in Figures [I6] and [T7] with those in Figures [I8] and [I9} it can
be observed that when the accuracy of c is not sufficiently
high (< 97% for the reference implementation and < 98% for
the ASM-optimized implementation), incorporating additional
information from rejected signatures actually degrades the
overall attack performance, resulting in worse outcomes than
using only valid signatures.
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number of recovered key coefficients when both valid and rejected signatures
are used (reference implementation).
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To better understand the relative information content of
different leakages related to rejected signatures, we also pro-
vide experimental results for the case where only rejected

signatures are used. Specifically, we add a simulation experi-
ment that evaluates the key-recovery efficiency under varying
accuracies of ¢ when only rejected signatures are available.
In this experiment, the accuracy of c is generated through
simulation, and only the hard information of ¢ is employed,
while all other data and attack parameters are identical to those
in the real experiments. As shown in Figures [20] and 21} the
attack success rate drops rapidly for both implementations as
the accuracy of c¢ decreases. Our method requires fewer than
30 traces to recover the key when the accuracy of ¢ reaches
98% in the reference implementation or 99% in the ASM-
optimized implementation. For comparison, in scenarios where
only the rejection behavior or coarse information related to the
response z is exploited, the evaluations in [[17], [[18] report that
about 10° rejected signatures (approximately 10° traces) are
needed for full key recovery even when ¢ is known with 100%
accuracy. This suggests that, when one restricts the analysis
to z-based rejection information, the per-signature information
content is much lower than in our setting with leakages on
INTT(cs1).
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Fig. 20. Impact of c accuracy on key recovery success rate and average

number of recovered key coefficients when only rejected signatures are used
(reference implementation).
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(ASM-optimized implementation).

F. Comparison With Existing Works

As shown in Table [[V] a comparison is provided between
this work and existing studies. Although some previous works
[[14]], [19]-[21]] have reported single-trace key-recovery results,
our work remains meaningful, as those studies are subject to
various limitations. First, the attack scenarios in [19]-[21]] are



TABLE IV
COMPARISON WITH EXISTING WORKS

Methods Applicable Experimental Implementation Optimization Main Utilizing Error Number of
Scenarios Type Type Level Method! Rejected Signatures Tolerance Traces Required”
18] General Simulation - - TA, BP No High 4
18] General Simulation - - TA, BP Yes (z-based) High 10°
[17] General Practical Reference - DL, ILP Inefficient Medium 106
[14] General Practical Reference - DL, ILP No Medium 1(2)
[15] General Practical Reference 03 DL, ILP No Medium 10°
[16] General Practical Reference 03 TA, LSM No Medium 106
[19] Constrained Practical ASM-optimized 03 DL No Low 1(100)
[20] Constrained ~ Practical Reference 03 DL No Low 1(1)
[21]] Constrained ~ Practical Reference 03 DL No Low 1(1)
This Work  General  Practical ~, corerence & 03 TA, BP Efficient High 2(4) &
ASM-optimized ’ 8(14)

T TA stands for the template attack.

* The value outside the parentheses represents the minimum required traces, while the value inside the parentheses indicates the number of traces
required for a 100% success rate. For larger results, we only present their approximate order of magnitude.

restricted: they rely on direct attacks against operations such
as key unpacking or NTT computations. Such operations may
not be available or repeated in typical deployment settings (for
example, keys are unpacked or transformed only at device
startup), which reduces the practical applicability of these
attacks. Second, the successes reported in [14], [20], [21]
depend on high SNR values obtained from the reference
implementation; these studies do not examine the more re-
alistic, lower-SNR behavior that appears in ASM-optimized
implementations. Although [19] reports single-trace recovery
even for an ASM-optimized implementation, the number of
traces required to guarantee 100% recovery in [[19] is much
larger than in our work (100 versus 14). Third, 14, [19]-[21]]
all rely on deep-learning based classifiers, which substantially
increases the modeling cost in the modeling phase.

By contrast, our work targets a more general and practically
relevant scenario: we focus on operations that are executed for
every signing attempt, reduce reliance on very high SNR, and
relax the attacker’s modeling requirements. In particular, when
single-trace recovery becomes infeasible under such general
conditions, our method exploits information from both valid
and rejected signatures to substantially reduce the number of
traces required for successful key recovery.

Regarding the use of rejected signatures, Zhou et al. [[17]
focus on leakage related to the rejected response z and its
corresponding challenge c. Their attack exploits the values of
rejected z together with ¢ within an ILP-based framework, and
relies solely on rejected signatures. Under this leakage model,
about 10 rejected signatures (roughly 10° traces) are required
to recover the secret key, which suggests that the information
extracted from each rejected signature is still relatively limited
in practice.

Bronchain et al. [18]] propose a generic SASCA framework
for ML-DSA and explicitly remark that both accepted and
rejected coefficients could, in principle, be exploited within
the same factor graph. However, their work does not provide
an implementation-level evaluation of such combined use on
a concrete embedded implementation, nor does it analyze the
practical efficiency and feasibility of exploiting richer leakages
such as those on INTT(cs;) and NTT(c), or the impact of

the accuracy of ¢ when rejected signatures are involved.

In this work, we instantiate a BP-based attack that exploits
leakages on INTT(cs1) and NTT(c) to make practical use
of both valid and rejected signatures on a Cortex-M4 im-
plementation of ML-DSA. We provide implementation-level
evaluations for different scenarios, including using all signa-
tures and using only rejected signatures, and show that fewer
than 30 traces are sufficient to recover the key in the rejected-
only case. We further study how the accuracy of c affects the
attack performance and evaluate a BP message-update rule
that incorporates soft information of ¢, demonstrating that it
can effectively mitigate the performance degradation caused
by imperfect ¢ recovery. These results complement existing
works by giving a concrete feasibility and efficiency analysis
of exploiting rejected signatures under realistic leakage and
noise conditions.

VI. CONCLUSION AND FUTURE WORK

This paper presents a practical and efficient BP-based attack
on ML-DSA that makes use of the side-channel leakages
generated during a single signing attempt. Building on the
generic SASCA framework for ML-DSA, we instantiate an
ML-DSA-specific factor-graph construction that incorporates
leakages on INTT(csq), NTT(c), and both valid and rejected
signatures within a unified BP instance. We further provide
practical guidance on applying BP to ML-DSA, addressing
key implementation considerations such as leakage modeling,
message-update strategies, and the treatment of imperfectly
recovered challenges. Our implementation-level evaluation on
a Cortex-M4 platform shows that rejected signatures can
be exploited far more effectively when richer leakages such
as INTT(cs;) are available, and that combining valid and
rejected signatures can substantially reduce the number of
traces required for full key recovery. We additionally analyze
the impact of the accuracy of ¢ on the attack performance
and demonstrate that incorporating soft information of ¢ can
significantly mitigate the degradation caused by imperfect
recovery of c.

For protected implementations, to the best of our knowl-
edge, the state-of-the-art masking countermeasures for ML-



DSA do not cover the generation/handling of the challenge c,
meaning that the challenge c remains recoverable. This ensures
that the core idea of this work—Ieveraging rejected signatures
for enhanced key recovery—remains practical and applicable
even in the presence of countermeasures. However, under
countermeasures, performing SCA on y and cs; becomes
significantly more challenging, which may reduce the overall
feasibility of the proposed method. In future work, we plan
to further investigate how to effectively exploit rejected sig-
natures for private key recovery in protected implementations
of ML-DSA.
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