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Abstract 

The deployment of Zero Trust security models in hybrid cloud infrastructures represents a 
transformative approach to cybersecurity, shifting away from traditional perimeter-based defenses 
to a model of "never trust, always verify." By continuously authenticating and authorizing all users 
and devices regardless of their location, Zero Trust minimizes lateral movement of threats within 
distributed environments. This framework leverages robust identity verification, micro-
segmentation, and least privilege access to establish secure, granular control over access to resources. 
Continuous monitoring and dynamic verification mechanisms ensure that access privileges adapt in 
real time based on evolving risk profiles, enhancing resistance to sophisticated cyber threats. 
Implementation in hybrid clouds requires integration of cloud-native and on-premises controls, 
automated policy enforcement, and strong data protection measures, addressing the complexity and 
diversity of hybrid environments. Collectively, these strategies strengthen access control while 
significantly reducing the attack surface, thereby improving overall organizational security posture. 

Keywords. Zero Trust; Hybrid Cloud; Lateral Movement; Access Control; Continuous Verification; 
Identity and Access Management (IAM); Micro-segmentation; Cybersecurity; Cloud Security; 
Security Automation 
 

1. Introduction 

Hybrid cloud infrastructures combine private, on-premises resources with public cloud services 
to provide flexible, scalable computing environments. This growing trend offers organizations the 
best of both worlds control over critical data and workloads locally, alongside the agility and cost-
effectiveness of the cloud. However, this hybrid model introduces complex security challenges as 
data and applications move seamlessly between disparate environments. Effective protection 
requires innovative security models that transcend traditional perimeter-based defenses and adapt 
to the dynamic nature of hybrid setups. 

1.1.  Evolution of Hybrid Cloud Security Challenges 

Security challenges in hybrid clouds have evolved significantly as enterprises increasingly adopt 
diverse cloud platforms alongside legacy systems. The increased complexity of managing workloads 
across multiple environments results in vulnerabilities like misconfigurations, expanded attack 
surfaces, and inconsistent policy enforcement. Threat actors exploit these weaknesses to gain 
unauthorized access or move laterally across networks. Additionally, compliance demands intensify 
with data distributed across geographic and regulatory boundaries. Visibility gaps and fragmented 
security toolsets also hinder rapid threat detection and response, making hybrid cloud security a 
pressing concern for modern organizations. 
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1.2.  Limitations of Perimeter-Based Security Models 

Traditional perimeter-based security approaches are built on the assumption that threats 
primarily come from outside the network boundary, focusing on fortifying the perimeter with 
firewalls and gateways. While effective in isolated on-premises environments, this model proves 
inadequate in hybrid clouds where users, devices, and workloads operate across multiple networks 
and locations. The perimeter blurs, and once inside the network, attackers can move laterally with 
relative ease. This limitation exposes organizations to risks such as privilege escalation and insider 
threats, as perimeter defenses do not continuously verify trust or dynamically adjust access controls 
based on context or behavior. 

1.3. . Need for Zero Trust in Hybrid Cloud Environments 

Zero Trust security models address the shortcomings of perimeter-based strategies by enforcing 
the principle of "never trust, always verify." In a hybrid cloud context, Zero Trust requires strict 
identity verification for every access request, regardless of origin, combined with least privilege 
policies and micro-segmentation to limit lateral movement. Continuous monitoring and adaptive 
policy enforcement help detect anomalies and dynamically adjust privileges in real time. Deploying 
Zero Trust in hybrid clouds strengthens access control, reduces attack surfaces, and enhances 
resilience against increasingly sophisticated cyber threats. Its approach aligns well with the 
distributed, dynamic nature of hybrid environments and evolving compliance requirements, making 
it a critical strategy for securing modern infrastructure. 

2. Literature Review 

Table 1. Comparison of Zero Trust Security Methodologies in Hybrid Cloud Environments. 

Study/Article Methodology Key Features Advantages Limitations 

"Implementing a Zero 
Trust Architecture in 

Hybrid Cloud 
Environments" (2024) 

Case study and 
literature review 

Focus on micro-
segmentation, 

continuous monitoring, 
and policy enforcement 

in hybrid clouds 

Enhanced security 
posture, operational 

efficiencies 

Technical complexity, 
organizational 

resistance 

"Advanced cloud 
security framework 
based on Zero Trust 
and Adaptive Deep 

Learning" (2025) 

Integration of ZTA 
with adaptive deep 

learning (ADL) 

Real-time anomaly 
detection, predictive 

threat analysis, 
adaptive response 

Superior threat 
detection and adaptive 

control 

Requires advanced ML 
infrastructure, 

integration challenges 

"Roadmap to Zero 
Trust Implementation 

in Hybrid Clouds" 
(2025) 

Conceptual framework 
and best practices 

Continuous 
verification, least 

privilege access, risk 
assessment 

Addresses compliance 
complexity, consistent 

policy enforcement 

Implementation costs, 
learning curve for 

teams 

"Zero Trust 
Architecture: A 

Systematic Literature 
Review" (2024) 

Systematic review of 
ZTA research 

Emphasis on "never 
trust, always verify," 

microservice 
architecture integration 

Demonstrated security 
improvements in 

healthcare and other 
sectors 

Performance trade-offs 
in some use cases 

 

3. Foundational Concepts of Zero Trust Security 

Zero Trust security is a cybersecurity paradigm emphasizing that no entity, whether internal or 
external, should be trusted by default. Every access request must be continuously verified, and trust 
must be established through identity and contextual factors rather than network location. This model 
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replaces traditional perimeter-based defenses by applying rigorous verification at every layer of the 
infrastructure. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 November 2025 doi:10.20944/preprints202511.2323.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.2323.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 17 

 

3.1.  Principle of Least Privilege 

The Principle of Least Privilege restricts users and devices to the minimal levels of access 
necessary to perform their roles. This limits potential damage in case of a breach by reducing 
unnecessary permissions. Least privilege is fundamental to Zero Trust, ensuring that even 
authenticated users only interact with resources essential for their work. 

3.2.  Continuous Authentication and Verification 

Zero Trust employs continuous authentication, requiring users and devices to be verified not 
only at initial access but throughout their session. This ongoing verification uses multiple factors such 
as device health, user behavior, location, and risk profile to adjust access rights dynamically, 
guarding against insider threats and compromised credentials. 

3.3.  Micro-Segmentation and Identity-Centric Control 

Micro-segmentation divides networks into smaller zones, each with its own security policies, 
minimizing lateral movement opportunities for attackers. Identity-centric control ties access 
permissions tightly to verified identity and device posture, enabling granular access tailored to the 
current risk context. Combined, they enforce strict boundaries and reduce attack surfaces within 
hybrid cloud environments. 

3.4.  Zero Trust Network Access (ZTNA) vs Traditional VPN 

ZTNA and VPN differ significantly in access control and security models. VPN grants broad 
network access after a single authentication event, creating persistent trust. In contrast, ZTNA 
evaluates each access request dynamically using a function: 

𝐴௓்ே஺(𝑢, 𝑡) = 𝑓(Identity(𝑢),DeviceStatus(𝑢, 𝑡),RiskProfile(𝑢, 𝑡),ResourcePolicy) (1) 
 

where 𝐴௓்ே஺(𝑢, 𝑡)is access decision at time 𝑡for user 𝑢, based on identity, device health, current 
risk, and resource-specific policies. A VPN's access function is simplified: 

𝐴௏௉ே(𝑢) = {
1 if authenticated
0 otherwise         (2) 

 
VPN access is static after authentication without re-evaluation. ZTNA’s dynamic approach 

reduces attack surfaces by granting access only to required applications, incorporating continuous 
trust evaluation and better supporting hybrid cloud architectures. ZTNA also improves network 
performance by routing traffic directly to applications, unlike VPNs that often backhaul all traffic, 
incurring latency. 

4. Hybrid Cloud Architecture and Attack Surface 

Hybrid cloud architecture integrates on-premises infrastructure with public cloud services, 
expanding the number of potential attack vectors. The attack surface 𝑺in a hybrid cloud can be 
modeled as the union of on-premises attack surface 𝑺𝒐𝒏-𝒑𝒓𝒆𝒎 and cloud attack surface 𝑺𝒄𝒍𝒐𝒖𝒅 , 
including the additional integration surface 𝑺𝒊𝒏𝒕: 

𝑆௧௢௧௔௟ = 𝑆௢௡-௣௥௘௠ ∪ 𝑆௖௟௢௨ௗ ∪ 𝑆௜௡௧         (3) 
 

This combined surface increases exposure to threats, requiring continuous and comprehensive 
monitoring to protect diverse components such as APIs, interfaces, and workloads dynamically. 
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4.1.  Cloud-On-Prem Integration Challenges 

Integration challenges arise due to differing security controls and configurations across 
environments. The security posture 𝑃of the integrated system can be viewed as the intersection of 
the security postures of each environment minus the integration gaps 𝐺: 

𝑃௛௬௕௥௜ = (𝑃௢௡-௣௥௘௠ ∩ 𝑃௖௟௢௨ௗ ) − 𝐺        (4) 
 

Minimizing 𝐺by enforcing unified policies and comprehensive visibility across boundaries is 
crucial to prevent exploitation of inconsistencies. 

4.2.  Shared Responsibility Model and Security Boundaries 

The shared responsibility model divides security duties between the cloud provider 𝐶௣and the 
customer 𝐶௨. The overall security responsibility 𝑅can be defined as: 

𝑅 = 𝑅஼೛
+ 𝑅஼ೠ

          (5) 
where 𝑅஼೛

includes securing infrastructure, and 𝑅஼ೠ
covers configuring access controls, data 

protection, and application security. Clear boundary definitions ensure no aspect of 𝑅is neglected. 

4.3.  Common Threat Vectors Leading to Lateral Movement 

Lateral movement typically begins at an initial compromised node 𝑁௜and propagates across 
connected nodes 𝑁௝ exploiting vulnerabilities 𝑉௝ . The probability 𝑃௟௠ of lateral movement can be 
expressed as the product of compromise and exploit probabilities: 

𝑃௟௠ = 𝑃(𝑁௜ compromised) × ∏௞
௝ୀଵ 𝑃(𝑉௝ exploited)     (6) 

Minimizing 𝑃௟௠ involves reducing vulnerabilities, applying micro-segmentation, and enforcing 
stringent access controls to interrupt attack paths. 

5. Framework for Deploying Zero Trust in Hybrid Cloud 

Deploying Zero Trust in hybrid cloud environments requires an integrated, layered security 
framework designed to continuously verify trust and minimize implicit access. This framework 
orchestrates identity assurance, micro-segmentation, policy enforcement, and real-time monitoring 
to form an adaptive defense system. The core objective is to ensure that every access request is 
authenticated, authorized, and encrypted regardless of the user's location or device. 

5.1.  Identity and Access Management Integration 

A robust Identity and Access Management (IAM) system is fundamental to the Zero Trust 
framework. IAM integrates user identities and device profiles across on-premises and cloud 
resources, enabling unified authentication and authorization. Access permissions 𝐴(𝑢, 𝑟, 𝑡)for user 
𝑢to resource 𝑟at time 𝑡are evaluated dynamically against policies 𝑃based on identity attributes and 
context: 

𝐴(𝑢, 𝑟, 𝑡) = 𝑓(IdentityAttributes(𝑢),Role(𝑢),Context(𝑡), 𝑃)    (7) 
Here, 𝑓represents the policy decision function which enforces least privilege by granting minimal 
necessary access. 

5.2.  Policy Enforcement Points and Control Plane Design 

Policy Enforcement Points (PEPs) are distributed across cloud and on-premises components, 
enforcing access decisions in real time. The Control Plane orchestrates policy distribution, telemetry 
collection, and analytics processing. The overall enforcement effectiveness 𝐸can be modeled as: 

𝐸 = ∑௡
௜ୀଵ 𝑊௜ × 𝐶௜          (8) 

where 𝑊௜is the weight or criticality of enforcement point 𝑖, and 𝐶௜is its compliance or operational 
status. Higher 𝐸values indicate stronger policy enforcement and security posture. 
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Figure 1. Zero Trust Security in Hybrid Cloud Infrastructure. 

5.3.  Role of Multi-Factor and Risk-Based Authentication 

Multi-Factor Authentication (MFA) combined with Risk-Based Authentication (RBA) 
strengthens verification by requiring multiple independent proofs of identity and adapting 
authentication requirements to assessed risk level 𝑅(𝑢, 𝑡) . The authentication threshold 𝑇varies 
dynamically: 

GrantAccess = {
True if ∑௠

௝ୀଵ 𝐹௝ ≥ 𝑇(𝑅(𝑢, 𝑡))

False otherwise
      (9) 

where 𝐹௝are independent authentication factors (e.g., password, biometric, token), and 𝑇is a function 
increasing with risk, requiring stronger verification under elevated threat scenarios. 

5.4.  Encryption, Tokenization & Secure API Gateways 

Data protection mechanisms like encryption and tokenization ensure confidentiality and 
integrity throughout data transit and storage. Encryption transforms plaintext 𝑀 into ciphertext 
𝐶using a key 𝐾: 

𝐶 = 𝐸௄(𝑀)                     (10) 
 

where 𝐸௄ is the encryption function. Tokenization replaces sensitive data elements with tokens 
𝑇, reducing exposure risk. Secure API gateways mediate all API traffic, enforcing authentication, 
traffic encryption, quota limits, and anomaly detection, serving as crucial control points securing 
cloud-native interactions. 

6. Continuous Verification Mechanisms 

Continuous verification is the backbone of Zero Trust, requiring that every access request, 
transaction, and action be authenticated and authorized in real time regardless of prior trust status. 
This approach ensures that trust is never implicitly granted and must be constantly revalidated based 
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on context such as user identity, device posture, location, and behavior. The verification function 𝑉at 
time 𝑡can be modeled as: 

𝑉(𝑢, 𝑑, 𝑟, 𝑡) = 𝑓(Identity(𝑢),DevicePosture(𝑑, 𝑡),Resource(𝑟),Context(𝑡))            (11) 
where 𝑢is the user, 𝑑the device, and 𝑟the resource. Access is granted only if 𝑉(𝑢, 𝑑, 𝑟, 𝑡)meets the 
policy threshold. 

6.1.  Behavioral Analytics and Access Scoring 

Behavioral analytics enhances continuous verification by evaluating patterns of user and device 
behaviors to detect anomalies indicating potential threats. An access score 𝑆(𝑢, 𝑡)is computed to 
represent trustworthiness dynamically: 

𝑆(𝑢, 𝑡) = ∑௡
௜ୀଵ 𝑤௜ × 𝑏௜(𝑢, 𝑡)                  (12) 

where 𝑏௜are behavior features (e.g., login times, location changes), and 𝑤௜are weights reflecting their 
importance. Scores below a threshold trigger stricter access controls or re-authentication. 

6.2.  Device Posture Validation and Endpoint Security 

Device posture checks validate endpoint security compliance such as OS version, patch levels, 
firewall status, and malware protection before granting access. The device compliance score 
𝐷(𝑑, 𝑡)combines multiple posture indicators: 

𝐷(𝑑, 𝑡) = ∏௠
௝ୀଵ 𝑐௝(𝑑, 𝑡)                  (13) 

with 𝑐௝binary indicators (1 compliant, 0 non-compliant). Only devices with 𝐷(𝑑, 𝑡) = 1are granted 
access, minimizing risk from compromised endpoints. 

6.3.  Session-Based Privilege Management 

Privileges are granted per session and can dynamically change based on risk assessment or 
anomalous behaviors. The effective privilege 𝑃௦for session 𝑠is: 

𝑃௦(𝑡) = 𝑃௕௔௦௘ × 𝑅(𝑡)                    (14) 
 

where 𝑃௕௔௦௘ is the baseline privilege and 𝑅(𝑡) ∈ [0,1]is a risk factor that decreases privileges 
under suspicion, ensuring least privilege enforcement continually during the session. 

6.4.  Real-Time Monitoring & Telemetry 

Real-time telemetry collects data from network traffic, devices, user activities, and security 
controls. The security state 𝑀(𝑡)evolves as: 

𝑀(𝑡 + 1) = 𝑀(𝑡) + Δ𝑇(𝑡)                 (15) 
where Δ𝑇(𝑡) is new telemetry data influencing risk scores and triggering automated responses. 
Effective telemetry facilitates rapid anomaly detection and adaptive policy updates, closing security 
gaps proactively. 

7. Minimizing Lateral Movement through Micro-Segmentation 

Micro-segmentation divides a large network into smaller, isolated segments to restrict lateral 
movement of threats. By applying strict access controls within each segment, it confines attackers to 
a limited zone, reducing the risk of widespread compromise. The infection or compromise 
propagation rate 𝐼(𝑡)in a network with micro-segmentation is governed by the differential equation: 

ௗூ(௧)

ௗ௧
= 𝛽𝐼(𝑡)(𝑁 − 𝐼(𝑡))                  (16) 

where 𝛽is the infection rate and 𝑁is the total number of devices. Micro-segmentation reduces 𝛽by 
limiting communication paths, slowing infection spread and containment time. 

7.1.  Segmentation Strategies for Hybrid Environments 
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Effective segmentation in hybrid clouds considers workload types, trust levels, and data 
sensitivity. Segments may be defined by application tiers or user roles, enforcing policies dynamically 
across cloud and on-premises environments. Automated clustering algorithms (e.g., OPTICS) help 
generate segments based on traffic patterns, enhancing policy accuracy and scalability. 

7.2.  Zero Trust Workload Isolation Models 

Workload isolation ensures that each workload or microservice only communicates with 
explicitly authorized entities, preventing unauthorized lateral access. Isolation policies enforced at 
the network or host layer follow least privilege principles, drastically minimizing attack surfaces. 

7.3.  Role of Software-Defined Perimeters (SDP) 

SDPs create encrypted, identity-based perimeters dynamically around resources, granting 
access only to authenticated and authorized users or devices. This model complements micro-
segmentation by cloaking resources from unauthorized discovery, reducing attack exposure. 

7.4.  Case Evaluation: Preventing East-West Attacks 

East-West (lateral) attacks exploit internal traffic paths to move stealthily within networks. 
Micro-segmentation combined with continuous verification and SDP minimizes such threats. By 
restricting communication strictly to needed channels, the probability of successful lateral movement 
𝑃௟௠diminishes exponentially as: 

𝑃௟௠ = ∏௞
௜ୀଵ 𝑃௖(𝑖)                  (17) 

where 𝑃௖(𝑖)is the probability of compromise at segment 𝑖 , and 𝑘 is the number of segments an 
attacker must traverse. Effective segmentation maximizes 𝑘 and minimizes 𝑃௖(𝑖) , significantly 
lowering attack success rates. 

8. Implementation of Zero Trust in Hybrid Cloud Environments 

Implementing Zero Trust in hybrid cloud environments involves a phased approach starting 
with a detailed assessment of existing security posture and business priorities. The roadmap typically 
begins with identity and access management (IAM) deployment, followed by network segmentation, 
device management, and culminates with continuous monitoring and analytics. This phased 
approach builds a secure foundation that incrementally expands coverage without disrupting 
operational continuity. 

8.1.  Assessment and Maturity Model 

A maturity model evaluates readiness across key dimensions such as identity governance, 
network segmentation, and monitoring capability. Maturity level 𝑀can be quantified as: 

𝑀 =
∑೙

೔సభ ௌ೔×ௐ೔

∑೙
೔సభ ௐ೔

                    (18) 

where 𝑆௜ is the score for security control 𝑖 and 𝑊௜ its weight or criticality. Regular assessments 
identify gaps and prioritize areas for improvement, enabling a targeted Zero Trust rollout. 

8.2.  Policy-Driven Deployment Approach 

Deploying Zero Trust controls follows a policy-driven methodology, where access decisions are 
governed by granular, context-aware policies. Access 𝐴(𝑢, 𝑟, 𝑡)is dynamically evaluated as: 

𝐴(𝑢, 𝑟, 𝑡) = 𝑃(Identity(𝑢),Role(𝑢),DeviceStatus(𝑡),Environment,RiskFactors)                  
(19) 
 

Policies can be codified in a central policy engine that distributes and enforces rules consistently 
across hybrid infrastructure. 
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8.3.  Technology Stack and Tools for Zero Trust 

The technology stack comprises IAM platforms, multi-factor authentication (MFA), micro-
segmentation solutions, secure API gateways, encryption services, and Security Information and 
Event Management (SIEM) for telemetry aggregation. Integration with cloud native controls (e.g., 
cloud provider Identity-Aware Proxies) and endpoint management tools is crucial for comprehensive 
coverage. 

8.4.  Best Practices and Governance 

Establishing governance frameworks ensures adherence to Zero Trust principles, ongoing risk 
management, and compliance. Key best practices include: 

 Continuous staff training and awareness 
 Automated policy enforcement and audit trails 
 Incident response integration with Zero Trust telemetry 
 Periodic policy reviews aligned with evolving threats 

Mathematically, governance effectiveness 𝐺 can be tracked via compliance metrics 𝐶௝ and 
incident response times 𝑇௝: 

𝐺 =
∑೘

ೕసభ ஼ೕ

௠
×

ଵ

∑೘
ೕసభ ்ೕ/௠

                  (20) 

 
where improving 𝐺 indicates stronger governance through higher compliance and faster 

response. 

9. Use Cases & Industry Applications 

9.1.  Financial Services and Compliance-Driven Clouds 

In the financial sector, Zero Trust frameworks are crucial for protecting sensitive customer data 
and meeting strict regulatory requirements such as PCI DSS and GDPR. These organizations 
implement continuous monitoring, identity-centric access controls, and micro-segmentation to 
secure financial transactions and customer information. By enforcing dynamic policies based on user 
context and device posture, Zero Trust minimizes the risk of insider threats and data breaches, 
ensuring compliance and trust in cloud and hybrid deployments. 

9.2.  Healthcare Data Protection Under Zero Trust 

Healthcare organizations use Zero Trust to secure patient data against ransomware and 
unauthorized access, aligning with HIPAA and other privacy regulations. Implementation includes 
multi-factor authentication, encryption of data at rest and in transit, and comprehensive audit trails. 
Zero Trust continuously validates user access based on risk analytics and device security posture, 
protecting electronic health records (EHRs) and supporting secure telemedicine initiatives. 

9.3.  Secure DevOps and CI/CD Pipelines 

Zero Trust models are essential in securing DevOps environments and continuous 
integration/continuous deployment (CI/CD) pipelines by enforcing strict access control to code 
repositories, build servers, and deployment tools. Role-based access control combined with 
automated policy enforcement prevents unauthorized code changes and insider threats. Integration 
of Zero Trust principles into CI/CD workflows enables secure software delivery, reducing 
vulnerabilities in rapidly evolving hybrid cloud infrastructures. 
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9.4.  Government Digital Infrastructure 

Government agencies leverage Zero Trust to protect critical infrastructure and sensitive national 
data against advanced persistent threats. This includes strict identity verification, micro-
segmentation of networks, and real-time telemetry for anomaly detection. Zero Trust supports digital 
transformation initiatives while maintaining compliance with federal security standards, promoting 
secure remote work, and safeguarding citizen data across hybrid environments. 

In all these sectors, the Zero Trust security posture 𝑍can be represented by the combination of 
adaptive access 𝐴, continuous verification 𝑉, and threat analytics 𝑇: 

𝑍 = 𝑓(𝐴, 𝑉, 𝑇)                    (21) 

where 𝑓 describes the holistic interaction of these components providing dynamic risk-based 
security. Implementation leads to reduced attack surfaces, mitigated lateral movement, and 
enhanced compliance across complex hybrid cloud ecosystems. 

10.  Performance Evaluation and Security Metrics 

10.1. Quantifying Access Control Effectiveness 

Access control effectiveness 𝐸௔௖ in a Zero Trust hybrid cloud can be quantified by comparing 
authorized access instances 𝐴௔௨௧௛against unauthorized attempts 𝐴௨௡௔௨ . A common effectiveness 
metric is: 

𝐸௔௖ =
஺ೌೠ೟೓

஺ೌೠ೟೓ା஺ೠ೙ೌ
                    (22) 

Table 2. Access Control Effectiveness Metrics for Performance Evaluation. 

Metric Description Typical Value / Range Purpose 

Authorization Failure Rate % of access requests denied due 
to lack of permission 

1% - 5% 
Measures strictness and 

enforcement of least privilege 
principle 

Access Review Frequency How often access rights are 
reviewed/updated 

Quarterly to Annually 
Ensures access remains 

appropriate and reduces stale 
rights 

Authentication Success Rate % of successful authentications 
(MFA, Password, SSO) 

95% - 99.9% Reflects reliability of 
authentication mechanisms 

Access Revocation Success 
% of access revocations applied 

effectively and timely ≥ 95% 
Metrics on how quickly 

unauthorized access is removed 

Separation of Duties (SoD) % compliance with SoD policies 90% - 100% 
Prevents conflicts of interest 
and unauthorized privilege 

escalation 

Mean Time to Detect (MTTD) Average time taken to detect 
unauthorized access 

Hours to Days Indicates responsiveness to 
detect policy violations 

False Positive Rate (FPR) 
% of legitimate access flagged 

as unauthorized < 5% 
Measures precision of access 
control monitoring systems 

False Negative Rate (FNR) % of unauthorized access that 
goes undetected 

< 1% Critical for identifying 
undetected security risks 

Values closer to 1 indicate more effective access control, meaning fewer unauthorized access 
attempts succeed while legitimate users maintain access. 

10.2. Measuring Reduction in Lateral Movement 

              Reduction in lateral movement 𝑅௟௠ can be measured by comparing the rate of 
lateral movements before ( 𝐿௕௘௙௢௥௘ ) and after implementation ( 𝐿௔௙௧௘௥ ) of Zero Trust micro-
segmentation and policies: 

𝑹𝒍𝒎 =
𝑳𝒃𝒆𝒇𝒐𝒓𝒆ି𝑳𝒂𝒇𝒕𝒆𝒓

𝑳𝒃𝒆𝒇𝒐𝒓𝒆
                   (23) 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 November 2025 doi:10.20944/preprints202511.2323.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.2323.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 17 

 

Table 3. Metrics for Quantifying Reduction in Lateral Movement in Network Security. 

Metric Description Typical Range / Target Purpose 

Time to Detect (TTD) 
Average time to detect 

lateral movement attempts 
Minutes to hours 

Measures speed of threat 
detection 

Number of Lateral 
Movement Attempts 

Count of detected lateral 
movement incidents Lower is better 

Tracks frequency of 
adversary lateral movement 

Percentage Reduction in 
Lateral Movement 

Percent decrease in lateral 
movement attempts after 

controls 
50%-90% reduction 

Evaluates effectiveness of 
security improvements 

Microsegmentation 
Coverage 

% of network segmented to 
prevent lateral access 80%-100% 

Measures granularity of 
network segmentation 

Mean Time to Contain 
(MTC) 

Average time to 
contain/block lateral 

movement 
Minutes to hours Shows responsiveness in 

limiting attacker spread 

Privilege Escalation 
Attempts 

Number of detected 
privilege escalations 
enabling movement 

Lower is better 
Indicator sensitive to lateral 

movement vectors 

Endpoint Detection Rate 
% of lateral movement 
attempts detected on 

endpoints 
≥ 90% Reflects strength of endpoint 

monitoring 

False Positive Rate % of false alerts classified as 
lateral movement 

< 5% Balances detection accuracy 
and alert noise 

This ratio shows the proportionate decline in internal threat propagation, reflecting improved 
segmentation and isolation. 

10.3. Incident Response and Forensic KPIs 

Key performance indicators (KPIs) for incident response include Mean Time to Detect (MTTD) 
and Mean Time to Respond (MTTR) to security events. Lower MTTD and MTTR imply more efficient 
detection and containment: 

MTTD =
∑ಿ

೔సభ ௧detect,೔
ே

,MTTR =
∑ಿ

೔సభ ௧respond,೔

ே
               (24) 

where 𝑁is the number of incidents, 𝑡detect,௜is detection time for incident 𝑖, and 𝑡respond,௜is response 
time. 

Table 4. Key Performance Indicators (KPIs) for Incident Response and Forensic Effectiveness. 

KPI Name Description Typical Value / Target Purpose 
Mean Time to Detect 

(MTTD) 
Average time from incident 

occurrence to detection 
Minutes to hours 

Measures how quickly 
incidents are identified 

Mean Time to Acknowledge 
(MTTA) 

Average time to 
acknowledge an incident 

alert 
Minutes 

Indicates responsiveness of 
the incident response team 

Mean Time to Contain 
(MTTC) 

Average time to halt incident 
spread or impact 

Minutes to hours 
Measures effectiveness in 

limiting damage 
Mean Time to Resolve 

(MTTR) 
Time from detection to full 

incident resolution 
Hours to days Indicates overall efficiency in 

incident handling 

Incident Volume Number of incidents within 
a period 

Varies by organization Measures workload and 
trends 

First Response Time 
Time from incident creation 

to initial response Minutes 
Reflects responsiveness at 

incident start 

Reopen Rate 
% of incidents reopened 

after being marked resolved 
< 5% 

Indicates quality of initial 
resolution 
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Incident Severity 
Distribution 

Breakdown of incidents by 
severity (Critical, High, etc.) 

N/A 
Helps prioritize resources 

and improve planning 

Forensic Investigation Time 
Average time taken for 

forensic analysis 
Hours to days 

Measures depth and 
efficiency of incident 

investigation 
Root Cause Identification 

Rate 
% of incidents with 

identified root cause 
> 90% Indicates thoroughness of 

analysis and understanding 

Post-Incident Review Rate 
% of incidents with 

documented post-incident 
reviews 

> 90% 
Represents commitment to 

learning and process 
improvement 

Cost per Incident 
Average financial impact of 

incidents Varies 
Quantifies economic impact 

and helps prioritize 
investments 

Forensic KPIs track accuracy and completeness of log data used in investigations, impacting the 
ability to analyze root causes and prevent recurrence. 

11. Challenges & Limitations 

11.1.  Interoperability Between Cloud Providers 

Hybrid cloud architectures often span multiple cloud providers with varied security protocols, 
APIs, and tooling. Achieving seamless interoperability requires standardization of identity 
federation, policy enforcement, and data exchange formats. Differences in technology stacks and 
security controls pose integration hurdles and increase complexity in maintaining a unified Zero 
Trust posture. 

11.2.  Legacy System Constraints 

Legacy systems lacking native support for modern authentication and authorization make full 
Zero Trust adoption difficult. These systems may require compensating controls such as network 
segmentation or privileged access management, increasing architectural complexity. Application 
modernization or replacement is often necessary but can be expensive and time-consuming. 

11.3.  Overhead in Monitoring and Policy Enforcement 

Continuous verification, telemetry collection, and policy enforcement generate computational 
and network overhead. This can impact system performance, requiring optimization strategies such 
as event prioritization and edge processing. Balancing comprehensive security with operational 
efficiency presents a persistent challenge. 

11.4.  Cost, Skills, and Operational Complexity 

Implementing Zero Trust in hybrid environments demands substantial investment in 
technology, specialized expertise, and ongoing management resources. Organizations face cost 
implications for advanced tools, training, and potential operational disruptions during phased 
rollouts. Operational complexity increases as policies must span heterogeneous environments with 
stringent compliance requirements, necessitating robust governance frameworks and skilled 
personnel. 

These challenges underscore that while Zero Trust significantly enhances hybrid cloud security, 
practical limitations must be carefully managed through strategic planning, incremental 
implementation, and leveraging automation to optimize resource utilization and interoperability.  
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12. Conclusion and Future Enhancements 

Zero Trust security models represent a fundamental shift from traditional perimeter-based 
security toward a continuous, adaptive, and identity-centric approach especially suited to hybrid 
cloud environments. By rigorously enforcing the principles of "never trust, always verify," least 
privilege access, micro-segmentation, and continuous monitoring, Zero Trust significantly reduces 
attack surfaces, constrains lateral movement, and enhances overall security posture. This approach 
addresses complex challenges posed by cloud-native architectures, distributed workforces, and 
evolving threat landscapes. 

Future enhancements in Zero Trust architectures will likely leverage advancements in artificial 
intelligence and machine learning to improve behavioral analytics, automate threat detection, and 
refine adaptive access decisions dynamically. Integration of advanced cryptographic techniques and 
post-quantum security will further future-proof hybrid cloud security. Increasing standardization 
and interoperability frameworks among cloud providers will ease integration challenges and foster 
broader adoption. 

Moreover, advances in automation and orchestration will reduce operational overhead, making 
Zero Trust not only more effective but also more manageable and cost-efficient for organizations of 
all sizes. Continued emphasis on securing software supply chains and DevSecOps integration will 
also form a key pillar of evolving Zero Trust strategies. 

In essence, Zero Trust security is not a fixed destination but a continuously evolving framework 
that adapts to technological and threat evolution, driving resilient, agile, and secure hybrid cloud 
deployments. Adopting this model offers organizations a scalable, proactive defense posture capable 
of meeting today’s security demands and anticipating future risks. 
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