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Abstract

As large language models (LLMs) are pretrained on ever-expanding web-scale data,
test set contamination has become a critical concern for accurately assessing the
capabilities of LLMs. While significant research has quantified the amount and the
impact of test set contamination on discriminative (i.e., scoring-based) benchmarks
like multiple-choice question-answering, comparatively little research has studied
the impact of test set contamination on generative (i.e., sampling-based) evaluations
such as coding or mathematical problem solving. As the field shifts more towards
generative evaluations, understanding what effect (if any) test set contamination
has on generative evaluations becomes all the more important. To causally quantify
the effect that test set contamination has on assessed capabilities, we pretrained
language models, sweeping the number of replicas of benchmark test data in
the pretraining corpora. We make four discoveries: (1) performance increases
with contamination and model size, consistent with discriminative evaluations, (2)
higher sampling temperature mitigates the effects of contamination, (3) longer
solutions require more contamination to reach the same level of performance,
and (4) generative performance is tightly coupled with test set memorization, but
modulated by sampling temperature. As the field shifts to generative benchmarks
to assess reasoning, our work reveals that factors like sampling temperature and
solution length introduce novel complexities to data contamination, demanding a
more sophisticated approach to model evaluation.

1 Introduction

Test set contamination — the inclusion of benchmarks in pretraining data — has emerged as a critical
threat to the trustworthy evaluation of language models (Sainz et al., 2023; Schaeffer, 2023; Xu et al.,
2024a; Deng et al., 2024a; Reuel et al., 2025). Evaluation aims to measure generalization on tasks
the model has never seen, yet web-scale pretraining makes such contamination increasingly likely
(Brown et al., 2020; Du et al., 2022; Wei et al., 2022; Chowdhery et al., 2022; Touvron et al., 2023).

Prior work has sought to quantify how training on benchmarks affects model evaluation scores
through statistical and causal approaches. Statistical approaches aim to quantify the influence of test
set contamination on evaluation performance by modifying the test set, for example, by reordering,
rephrasing, or replicating benchmark problems, e.g., (Oren et al., 2023; Ni et al., 2025; Shi et al.,
2024; Golchin & Surdeanu, 2023, 2024; Roberts et al., 2024; Wang et al., 2025; Zhang et al., 2024a).
Causal approaches intentionally contaminate pretraining corpora to quantify how a particular dose of
contamination translates into improved performance, e.g., (Magar & Schwartz, 2022; Jiang et al.,
2024; Oren et al., 2023; Yao et al., 2024; Wang et al., 2025; Kocyigit et al., 2025; Bordt et al., 2025).

While both are useful, increasing model capabilities and the advent of reasoning models (OpenAl
et al., 2024; DeepMind et al., 2025; Xu et al., 2025) have shifted the field from discriminative
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Figure 1: Causally Quantifying the Effect of Test Set Contamination on Generative Benchmarks.
We pretrained language models of increasing size, while sweeping the number of generative bench-
mark replicas included in the pretraining corpora. We specifically chose MATH (Hendrycks et al.,
2021b) as our generative benchmark of interest; Math Verify is the fraction of problems for which the
model generates solutions verified to be mathematically equivalent to the benchmark’s boxed answers.
Math Verify scores increase with the amount of contamination (i.e., the number of test set replicas) as
well as with model scale. Consistent with discriminative evaluations, larger models require fewer
replicas of the test set to reach ceiling performance. Left to Right: Higher sampling temperature
mitigates the effects of contamination. Shaded regions represent 95% confidence intervals.

benchmarks to generative benchmarks, and research on test set contamination has lagged behind.
Previous investigations on contamination focused on discriminative (i.e., scoring-based) benchmarks
like classification or multiple-choice question-answering (MCQA), but newer evaluations prioritize
generative (i.e., sampling-based) benchmarks like coding, mathematical problem solving or agentic
tasks. For example, prior papers that intentionally contaminated pretraining corpora focused over-
whelmingly on discriminative benchmarks: Magar & Schwartz (2022) used SST-2 (Socher et al.,
2013) (classification). Jiang et al. (2024) used SST-2 (classification), MMLU (Hendrycks et al.,
2021a) (MCQA), SQuAD (Rajpurkar et al., 2016) (MCQA), and CNN/Daily Mail (fill-in-the-middle)
(Nallapati et al., 2016). Oren et al. (2023) used 7 MCQA benchmarks and 1 mathematical problem
solving benchmark (GSMS8K) (Cobbe et al., 2021), Yao et al. (2024) used 3 MCQA benchmarks
while Bordt et al. (2025) used 7 MCQA benchmarks.

Whether test set contamination has the same effect on generative and discriminative evaluations is
unclear a priori. Discriminative evaluations require the model to place higher probability mass on the
correct choice than on a small number of alternative incorrect choices (Gao et al., 2024; Schaeffer
et al., 2025b), and candidate choices are often only a couple of tokens long. In comparison, generative
evaluations introduce more axes of choice into evaluation (i.e., how tokens are sampled and how the
model is prompted) and require the model to produce tens to thousands of tokens, e.g., (Jimenez et al.,
2024). While a sufficiently large model trained on a generative benchmark for an infinite number
of epochs would almost certainly memorize its content (Carlini et al., 2023), it is currently unclear
how much performance improves after a finite number of exposures; perhaps exponentially many
repetitions are necessary to memorize such long sequences.

In this work, we quantify the effect that causally contaminating pretraining corpora with generative
reasoning benchmarks has, focusing specifically on MATH (Hendrycks et al., 2021b). We find
that: (1) performance increases with contamination and model size, consistent with discriminative
evaluations, (2) higher sampling temperature might reduce the effects of contamination, (3) longer
solutions require more contamination to reach the same level of performance, and (4) generative
performance is tightly coupled with test set memorization, but is modulated by higher sampling
temperatures.

2 Experimental Setup

Benchmark For our generative benchmark of interest, we chose MATH (Hendrycks et al., 2021b);
its test set contains approximately 1.5M tokens.

Pretraining We pretrained Qwen 3 (Yang et al., 2025a) transformer-based (Vaswani et al., 2017)
causal language models from initialization. In this work, we consider two model sizes, 34M and
93M parameters, as our 344M and 1.44B parameter models are still pretraining at the time of this
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Figure 2: Model Performance Declines with Increasing Solution Token Length. Math Verify
scores depend primarily on model size and the number of benchmark replicas. However, scores clearly
decrease as a function of the number of tokens in the solution, and higher temperature amplifies this
effect (right). Shaded regions represent 95% confidence intervals.

submission. For each model size, we created multiple pretraining corpora by concatenating FineWeb-
Edu (Penedo et al., 2024) with a different number of replicas of the benchmark test set from 0
(uncontaminated) through 1, 3, 10, 32, 100, 316, 1000. For our benchmark of interest, we chose the
MATH (Hendrycks et al., 2021b) test set, containing approximately 1.5M tokens. Each model was
pretrained for 20 tokens per parameter, following compute-optimal scaling (Hoffmann et al., 2022).
Pretraining compute was calculated using the common approximation C' ~ 6 N D (Kaplan et al.,
2020; Porian et al., 2024), where NV is the number of parameters and D is the number of tokens.

Evaluating We evaluated our models using EleutherAI’s Language Model Evaluation Harness
(Gao et al., 2024), which reports the “math verify” score: the fraction of problems for which the
model generates solutions that are verified to be mathematically equivalent to the benchmark’s boxed
answers. Along the way, we discovered an error with how the Harness computes Math Verify scores
on MATH, and worked with its maintainers to fix the error; this suggests to us that any research
reporting MATH scores from the past 1+ years may have egregiously incorrect values. We used
basic (i.e., temperature-only) sampling (Schaeffer et al., 2025a) and report scores for three different
sampling temperatures: 0 (greedy), 0.316 and 1.00.

3 Results

In this section, we report how model performance (i.e., Math Verify score) changes as a function of
model size, number of test set replicas, and generative evaluation sampling temperature.

Finding #1: Performance Increases with Contamination and Model Size Consistent with
discriminative evaluations, we find that increasing the number of replicas of the benchmark in the
pretraining corpus increases Math Verify scores, as does increasing the model size (Fig 1). We
observe a non-linear relationship between the number of test set replicas and model performance: For
low levels of contamination (< 10 replicas), the impact on performance is minimal, with Math Verify
scores remaining close to the baseline (O replicas) performance; at around 100 replicas, a notable
inflection point occurs, where performance sharply increases across all temperatures; at the highest
level of contamination (316 replicas), the model achieves near-perfect performance, particularly at
lower temperatures. Although we currently have only two model sizes, the trend suggests that while
minor contamination may not significantly affect evaluation of tiny models, minor contamination of
larger models can lead to severe overestimation of model capabilities.
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Figure 3: Generative Performance is Tightly Coupled with Test Set Memorization, but is
Modulated by Sampling Temperature. As the number of test set replicas in the pretraining data
increases, the cross-entropy loss decreases, leading to a sharp increase in the Math Verify score. This
indicates that improved generative performance is tightly coupled with the model’s memorization
of the test set, as measured by cross-entropy. Notably, a higher sampling temperature increases the
curvature of this relationship (right), resulting in a less abrupt performance increase as cross-entropy
decreases. Shaded regions represent 95% confidence intervals.

Finding #2: Higher Sampling Temperature Might Mitigate the Effects of Contamination Math
Verify Scores do not change substantially between zero-temperature and low temperature sampling
(0.316) (Fig. 1, left and center). At higher temperature (1.0), Math Verify scores are reduced relative to
lower temperatures (0 and 0.316). Interestingly, higher temperature sampling reduces the gap between
highly contaminated models and uncontaminated models, suggesting that higher temperatures might
mitigate the effect of contamination. This relationship between temperature and extraction is not
always monotonic; other work has found that the optimal temperature for extracting memorized text
can vary and is co-dependent on other details like the sampling algorithm (Hayes et al., 2025).

Finding #3: Longer Solutions Require More Contamination To Reach the Same Performance
To understand how the length of the solution affects model performance, we bin problems based on
solution token length and compute the average Math Verify score per bin. While model performance
depends primarily on model size and number of test set replicas, scores decrease with the token
length of the solution (Fig 2). Higher temperature additionally amplifies this effect. We currently do
not have sufficient data to mathematically describe the relationships, but we intend to pursue this in
future work once our larger models finish pretraining. Prior work on memorization corroborates this
claim, as Jiang et al. (2025) and Lu et al. (2024) find that longer memorized sequences are the higher
repeated ones, although to the best of our knowledge, this has not been studied causally in prior work.

Finding #4: Generative Performance is Tightly Coupled with Test Set Memorization, but Is
Modulated by Sampling Temperature We find a strong negative correlation between a model’s
Math Verify score and its cross-entropy loss on the MATH test set (Fig. 3). As we increase the number
of benchmark replicas in the pretraining data, the model’s cross-entropy on the test set decreases,
which in turn is associated with a sharp, non-linear increase in its generative performance. This
tight coupling suggests that the performance gains are a direct consequence of memorization, with
cross-entropy on the test set serving as a quantitative proxy for this effect. This effect is moderated
by sampling temperature; higher temperatures increase the curvature of the relationship, resulting in
a less abrupt performance increase as the model better memorizes the test set (Fig. 3, right).

4 Discussion

Our findings deliver a crucial caution as the field increasingly turns to generative benchmarks to
evaluate advanced reasoning. We causally demonstrate that performance gains on these benchmarks
are not necessarily evidence of improved reasoning, but are tightly coupled with test set memorization.
This relationship, however, is not straightforward. Unlike in discriminative tasks, the effects of
contamination are modulated by new factors unique to generative evaluation: higher sampling
temperatures can mitigate or mask the impact of contamination, while longer solutions require more
contaminating repetitions to achieve the same inflated performance. These complexities introduce a
significant risk of severely overestimating model capabilities.

Related Work Due to space limitations, we defer related work to Appendix A.
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Eli Collins, Niharika Ahuja, Sneha Kudugunta, Anna Bortsova, Minh Giang, Wanzheng Zhu,
Ed Chi, Scott Lundberg, Alexey Stern, Subha Puttagunta, Jing Xiong, Xiao Wu, Yash Pande,
Amit Jhindal, Daniel Murphy, Jon Clark, Marc Brockschmidt, Maxine Deines, Kevin R. McKee,
Dan Bahir, Jiajun Shen, Minh Truong, Daniel McDuff, Andrea Gesmundo, Edouard Rosseel,
Bowen Liang, Ken Caluwaerts, Jessica Hamrick, Joseph Kready, Mary Cassin, Rishikesh Ingale,
Li Lao, Scott Pollom, Yifan Ding, Wei He, Lizzetth Bellot, Joana Iljazi, Ramya Sree Boppana,
Shan Han, Tara Thompson, Amr Khalifa, Anna Bulanova, Blagoj Mitrevski, Bo Pang, Emma
Cooney, Tian Shi, Rey Coaguila, Tamar Yakar, Marc’aurelio Ranzato, Nikola Momchev, Chris
Rawles, Zachary Charles, Young Maeng, Yuan Zhang, Rishabh Bansal, Xiaokai Zhao, Brian
Albert, Yuan Yuan, Sudheendra Vijayanarasimhan, Roy Hirsch, Vinay Ramasesh, Kiran Vodrahalli,
Xingyu Wang, Arushi Gupta, DJ Strouse, Jianmo Ni, Roma Patel, Gabe Taubman, Zhouyuan
Huo, Dero Gharibian, Marianne Monteiro, Hoi Lam, Shobha Vasudevan, Aditi Chaudhary, Isabela
Albuquerque, Kilol Gupta, Sebastian Riedel, Chaitra Hegde, Avraham Ruderman, Andras Gyorgy,
Marcus Wainwright, Ashwin Chaugule, Burcu Karagol Ayan, Tomer Levinboim, Sam Shleifer,
Yogesh Kalley, Vahab Mirrokni, Abhishek Rao, Prabakar Radhakrishnan, Jay Hartford, Jialin
Wu, Zhenhai Zhu, Francesco Bertolini, Hao Xiong, Nicolas Serrano, Hamish Tomlinson, Myle
Ott, Yifan Chang, Mark Graham, Jian Li, Marco Liang, Xiangzhu Long, Sebastian Borgeaud,
Yanif Ahmad, Alex Grills, Diana Mincu, Martin Izzard, Yuan Liu, Jinyu Xie, Louis O’Bryan,
Sameera Ponda, Simon Tong, Michelle Liu, Dan Malkin, Khalid Salama, Yuankai Chen, Rohan
Anil, Anand Rao, Rigel Swavely, Misha Bilenko, Nina Anderson, Tat Tan, Jing Xie, Xing Wu,
Lijun Yu, Oriol Vinyals, Andrey Ryabtsev, Rumen Dangovski, Kate Baumli, Daniel Keysers,
Christian Wright, Zoe Ashwood, Betty Chan, Artem Shtefan, Yaohui Guo, Ankur Bapna, Radu
Soricut, Steven Pecht, Sabela Ramos, Rui Wang, Jiahao Cai, Trieu Trinh, Paul Barham, Linda
Friso, Eli Stickgold, Xiangzhuo Ding, Siamak Shakeri, Diego Ardila, Eleftheria Briakou, Phil
Culliton, Adam Raveret, Jingyu Cui, David Saxton, Subhrajit Roy, Javad Azizi, Pengcheng Yin,
Lucia Loher, Andrew Bunner, Min Choi, Faruk Ahmed, Eric Li, Yin Li, Shengyang Dai, Michael
Elabd, Sriram Ganapathy, Shivani Agrawal, Yiqing Hua, Paige Kunkle, Sujeevan Rajayogam, Arun
Ahuja, Arthur Conmy, Alex Vasiloff, Parker Beak, Christopher Yew, Jayaram Mudigonda, Bartek
Wydrowski, Jon Blanton, Zhengdong Wang, Yann Dauphin, Zhuo Xu, Martin Polacek, Xi Chen,
Hexiang Hu, Pauline Sho, Markus Kunesch, Mehdi Hafezi Manshadi, Eliza Rutherford, Bo Li,
Sissie Hsiao, Iain Barr, Alex Tudor, Matija Kecman, Arsha Nagrani, Vladimir Pchelin, Martin
Sundermeyer, Aishwarya P S, Abhijit Karmarkar, Yi Gao, Grishma Chole, Olivier Bachem, Isabel
Gao, Arturo BC, Matt Dibb, Mauro Verzetti, Felix Hernandez-Campos, Yana Lunts, Matthew
Johnson, Julia Di Trapani, Raphael Koster, Idan Brusilovsky, Binbin Xiong, Megha Mohabey, Han
Ke, Joe Zou, Tea Saboli¢, Victor Campos, John Palowitch, Alex Morris, Linhai Qiu, Pranavaraj
Ponnuramu, Fangtao Li, Vivek Sharma, Kiranbir Sodhia, Kaan Tekelioglu, Aleksandr Chuklin,
Madhavi Yenugula, Erika Gemzer, Theofilos Strinopoulos, Sam El-Husseini, Huiyu Wang, Yan
Zhong, Edouard Leurent, Paul Natsev, Weijun Wang, Dre Mahaarachchi, Tao Zhu, Songyou Peng,
Sami Alabed, Cheng-Chun Lee, Anthony Brohan, Arthur Szlam, GS Oh, Anton Kovsharov, Jenny
Lee, Renee Wong, Megan Barnes, Gregory Thornton, Felix Gimeno, Omer Levy, Martin Sevenich,
Melvin Johnson, Jonathan Mallinson, Robert Dadashi, Ziyue Wang, Qingchun Ren, Preethi Lahoti,
Arka Dhar, Josh Feldman, Dan Zheng, Thatcher Ulrich, Liviu Panait, Michiel Blokzijl, Cip
Baetu, Josip Matak, Jitendra Harlalka, Maulik Shah, Tal Marian, Daniel von Dincklage, Cosmo
Du, Ruy Ley-Wild, Bethanie Brownfield, Max Schumacher, Yury Stuken, Shadi Noghabi, Sonal
Gupta, Xiaoqi Ren, Eric Malmi, Felix Weissenberger, Blanca Huergo, Maria Bauza, Thomas
Lampe, Arthur Douillard, Mojtaba Seyedhosseini, Roy Frostig, Zoubin Ghahramani, Kelvin
Nguyen, Kashyap Krishnakumar, Chengxi Ye, Rahul Gupta, Alireza Nazari, Robert Geirhos, Pete
Shaw, Ahmed Eleryan, Dima Damen, Jennimaria Palomaki, Ted Xiao, Qiyin Wu, Quan Yuan,
Phoenix Meadowlark, Matthew Bilotti, Raymond Lin, Mukund Sridhar, Yannick Schroecker,
Da-Woon Chung, Jincheng Luo, Trevor Strohman, Tianlin Liu, Anne Zheng, Jesse Emond, Wei
Wang, Andrew Lampinen, Toshiyuki Fukuzawa, Folawiyo Campbell-Ajala, Monica Roy, James
Lee-Thorp, Lily Wang, Iftekhar Naim, Tony, Nguy én, Guy Bensky, Aditya Gupta, Dominika
Rogozinska, Justin Fu, Thanumalayan Sankaranarayana Pillai, Petar Veli¢kovi¢, Shahar Drath,
Philipp Neubeck, Vaibhav Tulsyan, Arseniy Klimovskiy, Don Metzler, Sage Stevens, Angel
Yeh, Junwei Yuan, Tianhe Yu, Kelvin Zhang, Alec Go, Vincent Tsang, Ying Xu, Andy Wan,
Isaac Galatzer-Levy, Sam Sobell, Abodunrinwa Toki, Elizabeth Salesky, Wenlei Zhou, Diego
Antognini, Sholto Douglas, Shimu Wu, Adam Lelkes, Frank Kim, Paul Cavallaro, Ana Salazar,
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Yuchi Liu, James Besley, Tiziana Refice, Yiling Jia, Zhang Li, Michal Sokolik, Arvind Kannan,
Jon Simon, Jo Chick, Avia Aharon, Meet Gandhi, Mayank Daswani, Keyvan Amiri, Vighnesh
Birodkar, Abe Ittycheriah, Peter Grabowski, Oscar Chang, Charles Sutton, Zhixin, Lai, Umesh
Telang, Susie Sargsyan, Tao Jiang, Raphael Hoffmann, Nicole Brichtova, Matteo Hessel, Jonathan
Halcrow, Sammy Jerome, Geoff Brown, Alex Tomala, Elena Buchatskaya, Dian Yu, Sachit
Menon, Pol Moreno, Yuguo Liao, Vicky Zayats, Luming Tang, SQ Mah, Ashish Shenoy, Alex
Siegman, Majid Hadian, Okwan Kwon, Tao Tu, Nima Khajehnouri, Ryan Foley, Parisa Haghani,
Zhongru Wu, Vaishakh Keshava, Khyatti Gupta, Tony Bruguier, Rui Yao, Danny Karmon, Luisa
Zintgraf, Zhicheng Wang, Enrique Piqueras, Junehyuk Jung, Jenny Brennan, Diego Machado,
Marissa Giustina, MH Tessler, Kamyu Lee, Qiao Zhang, Joss Moore, Kaspar Daugaard, Alexander
Frommgen, Jennifer Beattie, Fred Zhang, Daniel Kasenberg, Ty Geri, Danfeng Qin, Gaurav Singh
Tomar, Tom Ouyang, Tianli Yu, Luowei Zhou, Rajiv Mathews, Andy Davis, Yaoyiran Li, Jai
Gupta, Damion Yates, Linda Deng, Elizabeth Kemp, Ga-Young Joung, Sergei Vassilvitskii, Mandy
Guo, Pallavi LV, Dave Dopson, Sami Lachgar, Lara McConnaughey, Himadri Choudhury, Dragos
Dena, Aaron Cohen, Joshua Ainslie, Sergey Levi, Parthasarathy Gopavarapu, Polina Zablotskaia,
Hugo Vallet, Sanaz Bahargam, Xiaodan Tang, Nenad Tomasev, Ethan Dyer, Daniel Balle, Hongrae
Lee, William Bono, Jorge Gonzalez Mendez, Vadim Zubov, Shentao Yang, Ivor Rendulic, Yanyan
Zheng, Andrew Hogue, Golan Pundak, Ralph Leith, Avishkar Bhoopchand, Michael Han, Mislav
Zanié, Tom Schaul, Manolis Delakis, Tejas Iyer, Guanyu Wang, Harman Singh, Abdelrahman
Abdelhamed, Tara Thomas, Siddhartha Brahma, Hilal Dib, Naveen Kumar, Wenxuan Zhou, Liang
Bai, Pushkar Mishra, Jiao Sun, Valentin Anklin, Roykrong Sukkerd, Lauren Agubuzu, Anton
Briukhov, Anmol Gulati, Maximilian Sieb, Fabio Pardo, Sara Nasso, Junquan Chen, Kexin Zhu,
Tiberiu Sosea, Alex Goldin, Keith Rush, Spurthi Amba Hombaiah, Andreas Noever, Allan Zhou,
Sam Haves, Mary Phuong, Jake Ades, Yi ting Chen, Lin Yang, Joseph Pagadora, Stan Bileschi,
Victor Cotruta, Rachel Saputro, Arijit Pramanik, Sean Ammirati, Dan Garrette, Kevin Villela, Tim
Blyth, Canfer Akbulut, Neha Jha, Alban Rrustemi, Arissa Wongpanich, Chirag Nagpal, Yonghui
Wu, Morgane Riviere, Sergey Kishchenko, Pranesh Srinivasan, Alice Chen, Animesh Sinha, Trang
Pham, Bill Jia, Tom Hennigan, Anton Bakalov, Nithya Attaluri, Drew Garmon, Daniel Rodriguez,
Dawid Wegner, Wenhao Jia, Evan Senter, Noah Fiedel, Denis Petek, Yuchuan Liu, Cassidy Hardin,
Harshal Tushar Lehri, Joao Carreira, Sara Smoot, Marcel Prasetya, Nami Akazawa, Anca Stefanoiu,
Chia-Hua Ho, Anelia Angelova, Kate Lin, Min Kim, Charles Chen, Marcin Sieniek, Alice Li,
Tongfei Guo, Sorin Baltateanu, Pouya Tafti, Michael Wunder, Nadav Olmert, Divyansh Shukla,
Jingwei Shen, Neel Kovelamudi, Balaji Venkatraman, Seth Neel, Romal Thoppilan, Jerome Connor,
Frederik Benzing, Axel Stjerngren, Golnaz Ghiasi, Alex Polozov, Joshua Howland, Theophane
Weber, Justin Chiu, Ganesh Poomal Girirajan, Andreas Terzis, Pidong Wang, Fangda Li, Yoav Ben
Shalom, Dinesh Tewari, Matthew Denton, Roee Aharoni, Norbert Kalb, Heri Zhao, Junlin Zhang,
Angelos Filos, Matthew Rahtz, Lalit Jain, Connie Fan, Vitor Rodrigues, Ruth Wang, Richard
Shin, Jacob Austin, Roman Ring, Mariella Sanchez-Vargas, Mehadi Hassen, Ido Kessler, Uri Alon,
Gufeng Zhang, Wenhu Chen, Yenai Ma, Xiance Si, Le Hou, Azalia Mirhoseini, Marc Wilson,
Geoff Bacon, Becca Roelofs, Lei Shu, Gautam Vasudevan, Jonas Adler, Artur Dwornik, Tayfun
Terzi, Matt Lawlor, Harry Askham, Mike Bernico, Xuanyi Dong, Chris Hidey, Kevin Kilgour,
Gaél Liu, Surya Bhupatiraju, Luke Leonhard, Siqi Zuo, Partha Talukdar, Qing Wei, Aliaksei
Severyn, Vit Listik, Jong Lee, Aditya Tripathi, SK Park, Yossi Matias, Hao Liu, Alex Ruiz, Rajesh
Jayaram, Jackson Tolins, Pierre Marcenac, Yiming Wang, Bryan Seybold, Henry Prior, Deepak
Sharma, Jack Weber, Mikhail Sirotenko, Yunhsuan Sung, Dayou Du, Ellie Pavlick, Stefan Zinke,
Markus Freitag, Max Dylla, Montse Gonzalez Arenas, Natan Potikha, Omer Goldman, Connie
Tao, Rachita Chhaparia, Maria Voitovich, Pawan Dogra, Andrija Raznatovi¢, Zak Tsai, Chong
You, Oleaser Johnson, George Tucker, Chenjie Gu, Jae Yoo, Maryam Majzoubi, Valentin Gabeur,
Bahram Raad, Rocky Rhodes, Kashyap Kolipaka, Heidi Howard, Geta Sampemane, Benny Li,
Chulayuth Asawaroengchai, Duy Nguyen, Chiyuan Zhang, Timothee Cour, Xinxin Yu, Zhao Fu,
Joe Jiang, Po-Sen Huang, Gabriela Surita, Ifiaki Iturrate, Yael Karov, Michael Collins, Martin
Baeuml, Fabian Fuchs, Shilpa Shetty, Swaroop Ramaswamy, Sayna Ebrahimi, Qiuchen Guo,
Jeremy Shar, Gabe Barth-Maron, Sravanti Addepalli, Bryan Richter, Chin-Yi Cheng, Eugénie
Rives, Fei Zheng, Johannes Griesser, Nishanth Dikkala, Yoel Zeldes, Ilkin Safarli, Dipanjan Das,
Himanshu Srivastava, Sadh MNM Khan, Xin Li, Aditya Pandey, Larisa Markeeva, Dan Belov, Qiqi
Yan, Mikotaj Rybifiski, Tao Chen, Megha Nawhal, Michael Quinn, Vineetha Govindaraj, Sarah
York, Reed Roberts, Roopal Garg, Namrata Godbole, Jake Abernethy, Anil Das, Lam Nguyen
Thiet, Jonathan Tompson, John Nham, Neera Vats, Ben Caine, Wesley Helmholz, Francesco
Pongetti, Yeongil Ko, James An, Clara Huiyi Hu, Yu-Cheng Ling, Julia Pawar, Robert Leland,
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Keisuke Kinoshita, Waleed Khawaja, Marco Selvi, Eugene Ie, Danila Sinopalnikov, Lev Proleev,
Nilesh Tripuraneni, Michele Bevilacqua, Seungji Lee, Clayton Sanford, Dan Suh, Dustin Tran,
Jeff Dean, Simon Baumgartner, Jens Heitkaemper, Sagar Gubbi, Kristina Toutanova, Yichong Xu,
Chandu Thekkath, Keran Rong, Palak Jain, Annie Xie, Yan Virin, Yang Li, Lubo Litchev, Richard
Powell, Tarun Bharti, Adam Kraft, Nan Hua, Marissa Ikonomidis, Ayal Hitron, Sanjiv Kumar,
Loic Matthey, Sophie Bridgers, Lauren Lax, Ishaan Malhi, Ondrej Skopek, Ashish Gupta, Jiawei
Cao, Mitchelle Rasquinha, Siim Pdder, Wojciech Stokowiec, Nicholas Roth, Guowang Li, Michagl
Sander, Joshua Kessinger, Vihan Jain, Edward Loper, Wonpyo Park, Michal Yarom, Liqun Cheng,
Guru Guruganesh, Kanishka Rao, Yan Li, Catarina Barros, Mikhail Sushkov, Chun-Sung Ferng,
Rohin Shah, Ophir Aharoni, Ravin Kumar, Tim McConnell, Peiran Li, Chen Wang, Fernando
Pereira, Craig Swanson, Fayaz Jamil, Yan Xiong, Anitha Vijayakumar, Prakash Shroff, Kedar
Soparkar, Jindong Gu, Livio Baldini Soares, Eric Wang, Kushal Majmundar, Aurora Wei, Kai
Bailey, Nora Kassner, Chizu Kawamoto, Goran Zuiié, Victor Gomes, Abhirut Gupta, Michael
Guzman, Ishita Dasgupta, Xinyi Bai, Zhufeng Pan, Francesco Piccinno, Hadas Natalie Vogel,
Octavio Ponce, Adrian Hutter, Paul Chang, Pan-Pan Jiang, Ionel Gog, Vlad Ionescu, James
Manyika, Fabian Pedregosa, Harry Ragan, Zach Behrman, Ryan Mullins, Coline Devin, Aroonalok
Pyne, Swapnil Gawde, Martin Chadwick, Yiming Gu, Sasan Tavakkol, Andy Twigg, Naman
Goyal, Ndidi Elue, Anna Goldie, Srinivasan Venkatachary, Hongliang Fei, Zigiang Feng, Marvin
Ritter, Isabel Leal, Sudeep Dasari, Pei Sun, Alif Raditya Rochman, Brendan O’Donoghue, Yuchen
Liu, Jim Sproch, Kai Chen, Natalie Clay, Slav Petrov, Sailesh Sidhwani, Ioana Mihailescu, Alex
Panagopoulos, AJ Piergiovanni, Yunfei Bai, George Powell, Deep Karkhanis, Trevor Yacovone,
Petr Mitrichev, Joe Kovac, Dave Uthus, Amir Yazdanbakhsh, David Amos, Steven Zheng, Bing
Zhang, Jin Miao, Bhuvana Ramabhadran, Soroush Radpour, Shantanu Thakoor, Josh Newlan, Oran
Lang, Orion Jankowski, Shikhar Bharadwaj, Jean-Michel Sarr, Shereen Ashraf, Sneha Mondal, Jun
Yan, Ankit Singh Rawat, Sarmishta Velury, Greg Kochanski, Tom Eccles, Franz Och, Abhanshu
Sharma, Ethan Mahintorabi, Alex Gurney, Carrie Muir, Vered Cohen, Saksham Thakur, Adam
Bloniarz, Asier Mujika, Alexander Pritzel, Paul Caron, Altaf Rahman, Fiona Lang, Yasumasa Onoe,
Petar Sirkovic, Jay Hoover, Ying Jian, Pablo Duque, Arun Narayanan, David Soergel, Alex Haig,
Loren Maggiore, Shyamal Buch, Josef Dean, Ilya Figotin, Igor Karpov, Shaleen Gupta, Denny
Zhou, Muhuan Huang, Ashwin Vaswani, Christopher Semturs, Kaushik Shivakumar, Yu Watanabe,
Vinodh Kumar Rajendran, Eva Lu, Yanhan Hou, Wenting Ye, Shikhar Vashishth, Nana Nti, Vytenis
Sakenas, Darren Ni, Doug DeCarlo, Michael Bendersky, Sumit Bagri, Nacho Cano, Elijah Peake,
Simon Tokumine, Varun Godbole, Carlos Guia, Tanya Lando, Vittorio Selo, Seher Ellis, Danny
Tarlow, Daniel Gillick, Alessandro Epasto, Siddhartha Reddy Jonnalagadda, Meng Wei, Meiyan
Xie, Ankur Taly, Michela Paganini, Mukund Sundararajan, Daniel Toyama, Ting Yu, Dessie
Petrova, Aneesh Pappu, Rohan Agrawal, Senaka Buthpitiya, Justin Frye, Thomas Buschmann,
Remi Crocker, Marco Tagliasacchi, Mengchao Wang, Da Huang, Sagi Perel, Brian Wieder, Hideto
Kazawa, Weiyue Wang, Jeremy Cole, Himanshu Gupta, Ben Golan, Seojin Bang, Nitish Kulkarni,
Ken Franko, Casper Liu, Doug Reid, Sid Dalmia, Jay Whang, Kevin Cen, Prasha Sundaram, Johan
Ferret, Berivan Isik, Lucian Ionita, Guan Sun, Anna Shekhawat, Muqthar Mohammad, Philip
Pham, Ronny Huang, Karthik Raman, Xingyi Zhou, Ross Mcilroy, Austin Myers, Sheng Peng,
Jacob Scott, Paul Covington, Sofia Erell, Pratik Joshi, Jodo Gabriel Oliveira, Natasha Noy, Tajwar
Nasir, Jake Walker, Vera Axelrod, Tim Dozat, Pu Han, Chun-Te Chu, Eugene Weinstein, Anand
Shukla, Shreyas Chandrakaladharan, Petra Poklukar, Bonnie Li, Ye Jin, Prem Eruvbetine, Steven
Hansen, Avigail Dabush, Alon Jacovi, Samrat Phatale, Chen Zhu, Steven Baker, Mo Shomrat, Yang
Xiao, Jean Pouget-Abadie, Mingyang Zhang, Fanny Wei, Yang Song, Helen King, Yiling Huang,
Yun Zhu, Ruoxi Sun, Juliana Vicente Franco, Chu-Cheng Lin, Sho Arora, Hui, Li, Vivian Xia,
Luke Vilnis, Mariano Schain, Kaiz Alarakyia, Laurel Prince, Aaron Phillips, Caleb Habtegebriel,
Luyao Xu, Huan Gui, Santiago Ontanon, Lora Aroyo, Karan Gill, Peggy Lu, Yash Katariya,
Dhruv Madeka, Shankar Krishnan, Shubha Srinivas Raghvendra, James Freedman, Yi Tay, Gaurav
Menghani, Peter Choy, Nishita Shetty, Dan Abolafia, Doron Kukliansky, Edward Chou, Jared
Lichtarge, Ken Burke, Ben Coleman, Dee Guo, Larry Jin, Indro Bhattacharya, Victoria Langston,
Yiming Li, Suyog Kotecha, Alex Yakubovich, Xinyun Chen, Petre Petrov, Tolly Powell, Yanzhang
He, Corbin Quick, Kanav Garg, Dawsen Hwang, Yang Lu, Srinadh Bhojanapalli, Kristian Kjems,
Ramin Mehran, Aaron Archer, Hado van Hasselt, Ashwin Balakrishna, JK Kearns, Meiqi Guo,
Jason Riesa, Mikita Sazanovich, Xu Gao, Chris Sauer, Chengrun Yang, XiangHai Sheng, Thomas
Jimma, Wouter Van Gansbeke, Vitaly Nikolaev, Wei Wei, Katie Millican, Ruizhe Zhao, Justin
Snyder, Levent Bolelli, Maura O’Brien, Shawn Xu, Fei Xia, Wentao Yuan, Arvind Neelakantan,
David Barker, Sachin Yadav, Hannah Kirkwood, Farooq Ahmad, Joel Wee, Jordan Grimstad, Boyu
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Wang, Matthew Wiethoff, Shane Settle, Miaosen Wang, Charles Blundell, Jingjing Chen, Chris
Duvarney, Grace Hu, Olaf Ronneberger, Alex Lee, Yuanzhen Li, Abhishek Chakladar, Alena
Butryna, Georgios Evangelopoulos, Guillaume Desjardins, Jonni Kanerva, Henry Wang, Averi
Nowak, Nick Li, Alyssa Loo, Art Khurshudov, Laurent El Shafey, Nagabhushan Baddi, Karel Lenc,
Yasaman Razeghi, Tom Lieber, Amer Sinha, Xiao Ma, Yao Su, James Huang, Asahi Ushio, Hanna
Klimczak-Plucinska, Kareem Mohamed, JD Chen, Simon Osindero, Stav Ginzburg, Lampros
Lamprou, Vasilisa Bashlovkina, Duc-Hieu Tran, Ali Khodaei, Ankit Anand, Yixian Di, Ramy
Eskander, Manish Reddy Vuyyuru, Jasmine Liu, Aishwarya Kamath, Roman Goldenberg, Mathias
Bellaiche, Juliette Pluto, Bill Rosgen, Hassan Mansoor, William Wong, Suhas Ganesh, Eric Bailey,
Scott Baird, Dan Deutsch, Jinoo Baek, Xuhui Jia, Chansoo Lee, Abe Friesen, Nathaniel Braun, Kate
Lee, Amayika Panda, Steven M. Hernandez, Duncan Williams, Jianqiao Liu, Ethan Liang, Arnaud
Autef, Emily Pitler, Deepali Jain, Phoebe Kirk, Oskar Bunyan, Jaume Sanchez Elias, Tongxin Yin,
Machel Reid, Aedan Pope, Nikita Putikhin, Bidisha Samanta, Sergio Guadarrama, Dahun Kim,
Simon Rowe, Marcella Valentine, Geng Yan, Alex Salcianu, David Silver, Gan Song, Richa Singh,
Shuai Ye, Hannah DeBalsi, Majd Al Merey, Eran Ofek, Albert Webson, Shibl Mourad, Ashwin
Kakarla, Silvio Lattanzi, Nick Roy, Evgeny Sluzhaev, Christina Butterfield, Alessio Tonioni,
Nathan Waters, Sudhindra Kopalle, Jason Chase, James Cohan, Girish Ramchandra Rao, Robert
Berry, Michael Voznesensky, Shuguang Hu, Kristen Chiafullo, Sharat Chikkerur, George Scrivener,
Ivy Zheng, Jeremy Wiesner, Wolfgang Macherey, Timothy Lillicrap, Fei Liu, Brian Walker, David
Welling, Elinor Davies, Yangsibo Huang, Lijie Ren, Nir Shabat, Alessandro Agostini, Mariko
linuma, Dustin Zelle, Rohit Sathyanarayana, Andrea D’olimpio, Morgan Redshaw, Matt Ginsberg,
Ashwin Murthy, Mark Geller, Tatiana Matejovicova, Ayan Chakrabarti, Ryan Julian, Christine
Chan, Qiong Hu, Daniel Jarrett, Manu Agarwal, Jeshwanth Challagundla, Tao Li, Sandeep Tata,
Wen Ding, Maya Meng, Zhuyun Dai, Giulia Vezzani, Shefali Garg, Jannis Bulian, Mary Jasarevic,
Honglong Cai, Harish Rajamani, Adam Santoro, Florian Hartmann, Chen Liang, Bartek Perz,
Apoorv Jindal, Fan Bu, Sungyong Seo, Ryan Poplin, Adrian Goedeckemeyer, Badih Ghazi, Nikhil
Khadke, Leon Liu, Kevin Mather, Mingda Zhang, Ali Shah, Alex Chen, Jinliang Wei, Keshav
Shivam, Yuan Cao, Donghyun Cho, Angelo Scorza Scarpati, Michael Moffitt, Clara Barbu, Ivan
Jurin, Ming-Wei Chang, Hongbin Liu, Hao Zheng, Shachi Dave, Christine Kaeser-Chen, Xiaobin
Yu, Alvin Abdagic, Lucas Gonzalez, Yanping Huang, Peilin Zhong, Cordelia Schmid, Bryce
Petrini, Alex Wertheim, Jifan Zhu, Hoang Nguyen, Kaiyang Ji, Yanqi Zhou, Tao Zhou, Fangxiaoyu
Feng, Regev Cohen, David Rim, Shubham Milind Phal, Petko Georgiev, Ariel Brand, Yue Ma,
Wei Li, Somit Gupta, Chao Wang, Pavel Dubov, Jean Tarbouriech, Kingshuk Majumder, Huijian
Li, Norman Rink, Apurv Suman, Yang Guo, Yinghao Sun, Arun Nair, Xiaowei Xu, Mohamed
Elhawaty, Rodrigo Cabrera, Guangxing Han, Julian Eisenschlos, Junwen Bai, Yuqi Li, Yamini
Bansal, Thibault Sellam, Mina Khan, Hung Nguyen, Justin Mao-Jones, Nikos Parotsidis, Jake
Marcus, Cindy Fan, Roland Zimmermann, Yony Kochinski, Laura Graesser, Feryal Behbahani,
Alvaro Caceres, Michael Riley, Patrick Kane, Sandra Lefdal, Rob Willoughby, Paul Vicol, Lun
Wang, Shujian Zhang, Ashleah Gill, Yu Liang, Gautam Prasad, Soroosh Mariooryad, Mehran
Kazemi, Zifeng Wang, Kritika Muralidharan, Paul Voigtlaender, Jeffrey Zhao, Huanjie Zhou,
Nina D’Souza, Aditi Mavalankar, Séb Arnold, Nick Young, Obaid Sarvana, Chace Lee, Milad
Nasr, Tingting Zou, Seokhwan Kim, Lukas Haas, Kaushal Patel, Neslihan Bulut, David Parkinson,
Courtney Biles, Dmitry Kalashnikov, Chi Ming To, Aviral Kumar, Jessica Austin, Alex Greve,
Lei Zhang, Megha Goel, Yeqing Li, Sergey Yaroshenko, Max Chang, Abhishek Jindal, Geoff
Clark, Hagai Taitelbaum, Dale Johnson, Ofir Roval, Jeongwoo Ko, Anhad Mohananey, Christian
Schuler, Shenil Dodhia, Ruichao Li, Kazuki Osawa, Claire Cui, Peng Xu, Rushin Shah, Tao Huang,
Ela Gruzewska, Nathan Clement, Mudit Verma, Olcan Sercinoglu, Hai Qian, Viral Shah, Masa
Yamaguchi, Abhinit Modi, Takahiro Kosakai, Thomas Strohmann, Junhao Zeng, Beliz Gunel, Jun
Qian, Austin Tarango, Krzysztof Jastrzgbski, Robert David, Jyn Shan, Parker Schuh, Kunal Lad,
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A Related Work

Data Contamination and its Consequences Test set contamination, where benchmark data is
included in pretraining corpora, is widely recognized as a threat to valid model evaluation, as it can
lead to inflated performance metrics. Numerous survey and position papers have documented the
various ways contamination can occur and have called for routine audits and transparent reporting for
all benchmarks (Sainz et al., 2023, 2024; Deng et al., 2024a; Xu et al., 2024a; Reuel et al., 2025).
Empirical studies of large web-scale datasets have confirmed significant overlap and duplication
between training and test sets (Dodge et al., 2021). Research focused on ensuring benchmark integrity
has identified multiple ways that language models might "cheat" on evaluations if contamination
is not properly managed (Zhou et al., 2023; Dong et al., 2024). For instance, analyses of popular
mathematics benchmarks have revealed signals of data leakage and potential overfitting (Zhang
et al., 2024a). Ongoing community efforts and open-source audits continue to measure the extent
of contamination across different models and datasets (Li et al., 2024). The risks extend beyond
evaluation integrity; scaling studies indicate that poisoning risks increase with model size, as larger
models learn harmful behaviors from minuscule amounts of poisoned data far more rapidly than
smaller models, underscoring the necessity of robust data curation (Bowen et al., 2025). As a
cautionary illustration, Schaeffer (2023) demonstrated that pretraining on the test set is a trivial
path to strong benchmark performance, reinforcing the importance of rigorous decontamination and
auditing.

Controlled Contamination During Pretraining A line of research directly investigates the causal
effects of contamination by intentionally adding benchmark data to pretraining corpora and observing
the results. Magar & Schwartz (2022) interleaved task-specific datasets into a general text corpus
during pretraining, varying the duplication rate of the leaked examples. They differentiated between
"memorization" (storing examples) and "exploitation" (using stored examples to boost test scores),
finding that both model size and the number of repetitions increased exploitation. Jiang et al. (2024)
pretrained models from scratch on corpora containing either only the inputs ("text-only") or the full
input-output pairs ("ground-truth") of benchmark examples, sweeping the contamination frequency.
They observed significant performance gains when ground-truth pairs were used and showed that
simple n-gram-based detection methods could be bypassed by paraphrasing or partial data leaks.
The problem also transcends language barriers; Yao et al. (2024) demonstrated a cross-lingual
contamination channel where continuing to pretrain a model on non-English translations of English
benchmarks led to material improvements on the original English tests, a form of contamination that
string-matching would not detect. At a larger scale, Bordt et al. (2025) varied the repetition count of
leaked examples, model size (up to 1.6B parameters), and the total training token budget, finding
that performance scales predictably with size and repetition. They also showed that sufficiently long
training on abundant unique data could mitigate or even reverse the effects of earlier contamination.
In the context of machine translation, Kocyigit et al. (2025) injected source-target pairs into the
pretraining data of 1B and 8B parameter models, quantifying significant overestimation in BLEU
scores, with larger models and low-resource languages showing more pronounced effects. Together,
these causal intervention studies provide clear evidence that language models memorize and leverage
benchmark data when it is present during pretraining.

Repeated Data and Memorization Dynamics Closely related is the study of memorization
dynamics, particularly how repeated data affects model behavior. Hernandez et al. (2022) trained
models where a small portion of the data was repeated many times, observing strong double descent
phenomena (Advani et al., 2020; Belkin et al., 2019; Adlam & Pennington, 2020; Bordelon et al.,
2020; Schaeffer et al.) and showing that repeating just 0.1% of tokens 100 times could significantly
degrade generalization. Studies tracking exact-sequence memorization have shown that larger
models not only memorize more content and at a faster rate but also forget less over the course of
training (Tirumala et al., 2022). Carlini et al. (2023) quantified log-linear relationships between
verbatim generation and model size, data duplication count, and prompt length. Other work has
explored the feasibility of *forecasting® whether a model will memorize a specific string, finding that
accurate prediction is possible but may require a substantial portion of the target model’s pretraining
compute (Biderman et al., 2023). Beyond explicit repetition, Duan et al. (2025) discovered *latent
memorization*, where memorized sequences that are not obvious at a final checkpoint can persist
and be revealed later, posing privacy risks. Finally, memorization appears to be task-dependent:
Wang et al. (2025) observed stronger memorization for knowledge-intensive QA, whereas machine
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translation and mathematical reasoning demonstrated greater novelty. Memorization also interacts
with logical reasoning; using dynamically generated puzzles, Xie et al. (2025) showed that models
could be fine-tuned to perfectly memorize training examples yet failed on slight variations, even as
their genuine reasoning abilities also improved, revealing a complex balance between the two.

Detecting and Proving Contamination Another significant area of research focuses on detecting
or proving test set contamination in existing models. Oren et al. (2023) and Ni et al. (2025) proposed
statistical tests with provable control over false positives by testing if a benchmark’s canonical
ordering is statistically privileged over random shuffles. Shi et al. (2024) introduced Min-%%-Prob
to determine if a sequence likely appeared in pretraining using only black-box probabilities. Two
related works from Golchin & Surdeanu (2023, 2024) frame detection as a multiple-choice "quiz"
and use temporal information about model training windows versus benchmark release dates, a
strategy also used by Roberts et al. (2024). Broader audits have aimed to quantify leakage and
decontamination across a wide range of tasks and models (Xu et al., 2024b; Deng et al., 2024b; Li
et al., 2024), while Yang et al. (2023) showed that rephrasing benchmark questions can often bypass
n-gram filters. In the domain of code generation, Riddell et al. (2024) quantified contamination
in popular coding benchmarks and connected the degree of overlap to performance differences.
Matton et al. (2024) cataloged various channels for leakage and released a dataset (LBPP) to help
mitigate these issues. Complementing these audits, Yang et al. (2025b) systematically tested fine-
grained contamination scenarios in code intelligence across different model types, finding that paired
contamination substantially affects LLMs under a pretraining-plus-inference paradigm but has limited
effect under a pretrain—finetune—inference pipeline. Other work has also provided instruments for
detecting the origins of chain-of-thought sequences (Li et al., 2025).

Preventing Test Set Contamination The growing concern over contamination has spurred the de-
velopment of new methods for creating benchmarks. These include dynamically updated benchmarks
(Jain et al., 2025; Xia et al., 2024; Zhang et al., 2025; Qian et al., 2024) and private or restricted-
access benchmarks (Zhang et al., 2024a; Glazer et al., 2025). Recently, Nie et al. (2025) released a
benchmark consisting of unsolved scientific questions, which, by its nature, prevents models from
being trained on the correct solutions.

Retrieval- and Agent-Time Contamination As model evaluation evolves from static prompting
to using tool-augmented agents, the risk of contamination expands. Han et al. (2025) introduced
search-time contamination, where an agent retrieves benchmark questions and answers from the web
during its evaluation process, which can artificially inflate its performance.

Membership Inference Attacks The field of Membership Inference Attacks (MIA) aims to
determine if a specific data point was used to train a model, given only access to the model itself
(Shokri et al., 2017). This is highly relevant to contamination, as detection can be viewed as an
MIA problem. While the MIA literature is extensive in computer vision (Yeom et al., 2018; Salem
et al., 2018; Sablayrolles et al., 2019; Jagielski et al., 2024), it has more recently been applied to
language models (Carlini et al., 2021; Zarifzadeh et al., 2023; Shi et al., 2024; Mattern et al., 2023;
Li et al., 2023). However, progress in sequence-level MIA for language models has been complicated
by issues such as flawed evaluations (Meeus et al., 2024; Zhang et al., 2024b; Jiang et al., 2025).
Duan et al. (2024) argue that membership can be inherently "blurry” for natural language. Das et al.
(2024) and Meeus et al. (2024) report that existing MIA testbeds suffer from distribution shifts. Kong
et al. (2023) refute MIAs with a theoretical attack, and Liu et al. (2025) and Mangaokar et al. (2025)
demonstrate fundamental limitations and exploits of n-gram based methods. Due to these challenges,
recent work explores strengthening the membership signal by using multiple correlated sequences as
input (Maini et al., 2021; Kandpal et al., 2023; Maini et al., 2024), which aligns more closely with
detecting contamination of an entire test set rather than a single example (Golchin & Surdeanu, 2023;
Oren et al., 2023).
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