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How does training on synthetic data improve long-
context models on real data?

Finding: Synthetic data that uses 
retrieval heads similar to real 
data yields better downstream 
performance!

Synthetic Data
The following are given passages.
Passage 1:
QLAR
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
IHXF is employer of QLAR. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again.
Passage 2:
VLZU
The grass is green. The sky is blue. The sun is yellow. Here we go. VLZU is in the county of GCAO. There and back 
again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. 
The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 3:
SRNH
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. HJJB is record 
label of SRNH.
Passage 4:
DQBC
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again. The grass is green. The sky is blue. The sun is yellow. Here we go. DQBC is in the county of QHUZ. There 
and back again.
Passage 5:
ZGCM
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. CXDL is director of ZGCM. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again.
Passage 6:
MZKE
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. FQAX is country of MZKE. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again.
Passage 7:
HDFX
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. OLJA is director of HDFX. There and back again. The grass is green. The sky is 
blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again.
Passage 8:
MKJO
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. MKJO is in the county of XDDN. The sun is yellow. Here we go. There and back again. The grass is green. The 
sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 9:
NYCL
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. NYCL is in the county of CLLM. The grass is green. The sky is blue. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 10:
SEPB
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again. The grass is green. UUPS is employer of SEPB. The sky is blue. The sun is yellow. Here we go. There and 
back again.
Passage 11:
XLIS
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. RNPW is named after of 
XLIS. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. 
The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 12:
XGUM
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. XGUM is in the 
county of XJFQ.
Passage 13:
XJFQ
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. XJFQ shares border with YVML. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 14:
AYDG
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. KFZN is place of birth of 
AYDG. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. 
The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 15:
RMNT
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. RMNT contains administrative territorial entity MOLQ. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again.
Passage 16:
IZEP
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. IZEP shares border with TWZD. Here we go. There and back again. The grass is green. The 
sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 17:
AQRU
YUQT is place of birth of AQRU. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back 
again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. 
The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is 
yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There 
and back again.
Passage 18:
VOPO
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky 
is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. 
Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and 
back again. The grass is green. The sky is blue. The sun is yellow. PCOY is country of VOPO. Here we go. There and 
back again.
Passage 19:
OKAJ
The grass is green. The sky is blue. The sun is yellow. EWMG is original broadcaster of OKAJ. Here we go. There and 
back again. The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is 
green. The sky is blue. The sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The 
sun is yellow. Here we go. There and back again. The grass is green. The sky is blue. The sun is yellow. Here we go. 
There and back again.
Passage 20:
HZCQ
The grass is green. The sky is blue. The sun is yellow. Here we go. There and back again. WUAI is country of HZCQ. 

[Doc 1] . . . WPFN is the place of death of ABCD. . . 
…

Q: What currency is used where ABCD died? 
A: WXZY

SFT

Synthetic model

Identify retrieval 
heads (attention 
heads which extract 
the answer)

Retrieval Score Cosine Similarity

Pattern holds for 
multiple tasks!

F1

Synthetic Dataset Construction
We vary both the “needle” concept and 
the “haystack” context realism:

[Doc 1] Billy Giles was an Ulster 
Volunteer Force volunteer who later 
became active in politics… Billy Giles 
died on 25 September 1998 (aged 41) in 
Belfast, Northern Ireland, the United 
Kingdom. Giles is commemorated, 
along with other prominent Loyalist 
paramilitaries…

Real Data

Context 
(Haystack) 

Concept 
(Needle) 

Our Hypothesis: Effective 
synthetic data trains the required 
attention heads for the given task

Retrieval Heads 
An attention head is a retrieval head if it places highest 
attention probability on the answer in context  

Attention Head Probability Distribution

... Pound Sterling is the currency of ...

Model Output: 


Pound

Question: What currency is 
used where Billy Giles died?

“Insight” Heads 
Attention heads which place highest attention 
probability on intermediate reasoning “insights” in 

Attention Head Probability Distribution

... Pound Sterling is the currency of the United Kingdom ...

Output: 


Pound

Question: What currency is 
used where Billy Giles died?

Even though these tasks vary in style and 
complexity, both retrieval and insight heads are 
required for task performance. 

We study three long-context 
reasoning and retrieval tasks:

MDQA 
(1-hop task)
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Top-k
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Finding: Synthetic data retrieval heads 
are not as effective as real data 
retrieval heads.


Finding: Retrieval Head Recall is 
also correlated with performance on 
the real dataset. 
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Findings are similar with both 
Llama-3-8B Instruct (shown on this 
poster) and Mistral-7b-Instruct-v0.1!

Real Data 
(F1 = 0.45)
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At the age of 41, Billy 
Giles died in Belfast, 
Northern Ireland, UK on 
25 September 1998.

As a volunteer of Ulster 
Volunteer Force, Billy 
Giles later participated in 
political activities…

The grass is green. The 
sky is blue. The sun is 
yellow… The grass is 
green. The sky is blue…

Synthetic Data

Low 
Realism

High 
Realism

ConceptContext 

WFPN is the place of 
death of ABCD.

Symbolic
KVTJ {

…, 'UQCA': 'SXVI', 'ERQG': 'FQDR', ‘TZAM': ‘XYTH', … 

}


The following are given passages. 
Passage 1: 
Harry Potter and the Order of the Phoenix 
Harry Potter and the Order of the Phoenix is a fantasy novel written by J.K. Rowling and the fifth novel in the Harry Potter series. 
It follows Harry Potter's struggles through his fifth year at Hogwarts School of Witchcraft and Wizardry, including the surreptitious 
return of the antagonist Lord Voldemort, O.W.L. exams, and an obstructive Ministry of Magic. The novel was published on 21 June 
2003 by Bloomsbury in the United Kingdom, Scholastic in the United States, and Raincoast in Canada. Five million copies were 
sold in the first 24 hours of publication. It is the longest book of the series. 
Passage 2: 
Harry Potter and the Deathly Hallows 
Harry Potter and the Deathly Hallows is a fantasy book written by British author J.K. Rowling and the seventh and final novel of 
the Harry Potter series. The book was released on 21 July 2007, ending the series that began in 1997 with the publication of Harry 
Potter and the Philosopher's Stone. It was published by Bloomsbury Publishing in the United Kingdom, in the United States by 
Scholastic, and in Canada by Raincoast Books. The novel chronicles the events directly following Harry Potter and the Half - Blood 
Prince (2005), and the final confrontation between the wizards Harry Potter and Lord Voldemort. 
Passage 3: 
John Jay 
John Jay (December 23, 1745 – May 17, 1829) was an American statesman, patriot, diplomat, Founding Father of the United 
States, negotiator and signatory of the Treaty of Paris of 1783, second Governor of New York, and the first Chief Justice of the 
United States (1789–1795). He directed U.S. foreign policy for much of the 1780s and was an important leader of the Federalist 
Party after the ratification of the United States Constitution in 1788. 
Passage 4: 
Harry Potter and the Philosopher's Stone 
Harry Potter and the Philosopher's Stone is a fantasy novel written by British author J.K. Rowling. It is the first novel in the Harry 
Potter series and Rowling's debut novel, first published in 1997 by Bloomsbury. It was published in the United States as Harry 
Potter and the Sorcerer's Stone by Scholastic Corporation in 1998. The plot follows Harry Potter, a young wizard who discovers his 
magical heritage as he makes close friends and a few enemies in his first year at the Hogwarts School of Witchcraft and Wizardry. 
With the help of his friends, Harry faces an attempted comeback by the dark wizard Lord Voldemort, who killed Harry's parents, 
but failed to kill Harry when he was just 15 months old. 
Passage 5: 
Fictional universe of Harry Potter 
The fictional universe of British author J.K. Rowling's Harry Potter series of fantasy novels comprises two distinct societies: the 
Wizarding World and the Muggle world. In the novels, the Muggle world is the world inhabited by the non-magical majority, with 
which the Wizarding world exists coextensively, albeit mostly remaining hidden from the non-magical humans. The plot of the 
series is set in 1990s Britain, but in a veiled and separate shadow society wherein magic is commonly used and practised, and 
those who can use it live in self - enforced seclusion, hiding their abilities from the rest of the world. The term ``Wizarding World 
''refers to the global wizard community that lives hidden in parallel with the Muggle world; the different terms refer to different 
communities within the same area rather than separate planets or worlds. Any new works taking place in this universe are 
released under the`` J.K. Rowling's Wizarding World'' brand. 
Passage 6: 
Harry Potter and the Goblet of Fire 
Harry Potter and the Goblet of Fire Cover art of the original UK edition Author J.K. Rowling Illustrator Giles Greenfield (UK) Mary 
GrandPré (US) Country United Kingdom Language English Series Harry Potter Release number 4th in series Genre Fantasy 
Publisher Bloomsbury (UK) (Canada 2010 -- present) Arthur A. Levine / Scholastic (US) Raincoast (Canada 1998 -- 2010) 
Publication date 8 July 2000 Pages 636 (Original UK Edition) 617 (2014 UK Edition) 734 (US Edition) ISBN 0 - 7475 - 4624 - X 
Preceded by Harry Potter and the Prisoner of Azkaban Followed by Harry Potter and the Order of the Phoenix 
Passage 7: 
Ministry of Magic 
The Ministry of Magic is the government of the Magical community of Britain in J.K. Rowling's Wizarding World. The magical 
government in Britain is first mentioned in Harry Potter and the Philosopher's Stone, the Ministry makes its first proper 
appearance in Harry Potter and the Order of the Phoenix. Throughout the books, it is generally depicted as either corrupt, 
incompetent, or both, with its high officials blind to actual events and dangers. It reaches a zenith of corruption before being 
effectively taken over by Lord Voldemort. At the end of the final book, following Voldemort's death, Kingsley Shacklebolt takes 
over the ministry, changing it for the better. By the time of Harry Potter and the Cursed Child, Hermione Granger - Weasley, wife 
of Ronald Weasley and mother of Rose and Hugo, is the Minister for Magic. 
Passage 8: 
Daniel Radcliffe 
Daniel Jacob Radcliffe (born 23 July 1989) is an English actor best known for his role as Harry Potter in the film series of the same 
name. He made his acting debut at 10 years of age in BBC One's 1999 television film David Copperfield, followed by his cinematic 
debut in 2001's The Tailor of Panama. At age 11, he was cast as Harry Potter in the first Harry Potter film, and starred in the series 
for 10 years until the release of the eighth and final film in 2011. 
Passage 9: 
Harry Potter (film series) 
Motion Picture Director Writer Producer (s) Composer Novel by J.K. Rowling Harry Potter and the Philosopher's Stone Chris 
Columbus Steve Kloves David Heyman John Williams Harry Potter and the Philosopher's Stone Harry Potter and the Chamber of 
Secrets Harry Potter and the Chamber of Secrets Harry Potter and the Prisoner of Azkaban Alfonso Cuarón Chris Columbus, David 
Heyman & Mark Radcliffe Harry Potter and the Prisoner of Azkaban Harry Potter and the Goblet of Fire Mike Newell David 
Heyman Patrick Doyle Harry Potter and the Goblet of Fire Harry Potter and the Order of the Phoenix David Yates Michael 
Goldenberg David Heyman & David Barron Nicholas Hooper Harry Potter and the Order of the Phoenix Harry Potter and the Half - 
Blood Prince Steve Kloves Harry Potter and the Half - Blood Prince Harry Potter and the Deathly Hallows -- Part 1 David Heyman, 
David Barron & J.K. Rowling Alexandre Desplat Harry Potter and the Deathly Hallows Harry Potter and the Deathly Hallows -- Part 
2 
Passage 10: 
Danielle Elizabeth Tumminio 
Tumminio is the author of "God and Harry Potter at Yale: Teaching Faith and Fantasy Fiction in an Ivy League Classroom" and was 
the instructor of the "Christian Theology and Harry Potter" seminar at Yale University in the spring of 2008; in 2011, she repeated 
the course at Tufts University. Tumminio has also presented material on the intersection between theology and the Harry Potter 
series at the Infinitus Symposium in Orlando, Florida in 2010, the Portus Symposium in Dallas, Texas, in the summer of 2008, and 
she chaired the panel on Harry Potter and Religion at the 2008 American Academy of Religion conference. Her teaching has been 
praised by Harry Potter commentator John Granger on his Hogwarts Professor website. 
Passage 11: 
Harry Potter and the Forbidden Journey 
Harry Potter and the Forbidden Journey is a motion - based dark ride located in The Wizarding World of Harry Potter themed 
areas of Islands of Adventure in Orlando, Florida, Universal Studios Hollywood in Universal City, California, and Universal Studios 
Japan in Osaka, Japan. The ride takes guests through scenes and environments in and around Hogwarts Castle from the Harry 
Potter series of books and films. Mark Woodbury, president of Universal Creative, described the ride as an in - depth look at the 
world of Harry Potter, which utilizes never - before - seen technology which transforms ``the theme park experience as you know 
it ''. The ride first opened at Islands of Adventure with The Wizarding World of Harry Potter on June 18, 2010, at Universal Studios 
Japan on July 15, 2014, and at Universal Studios Hollywood on April 7, 2016. 
Passage 12: 
Wrockstock 
Wrockstock was a yearly music festival featuring wizard rock, music inspired by the world of Harry Potter. Its name is a play on the 
music festival Woodstock. Wrockstock was first held in 2007. Organized by Abby Hupp, it was the first large Wizard Rock gathering 
of its kind that was not part of a general Harry Potter fan conference. It took place at the YMCA summer camp near Ozark, 
Missouri. The first year it was titled "WRockstock Spooktacular". It doubled as a fundraiser for the Harry Potter Alliance, a 
charitable foundation run by Harry Potter fans. Its final festival was in 2013. 
Passage 13: 
Quidditch Through the Ages 
Quidditch Through the Ages is a 2001 book written by British author J. K. Rowling using the pseudonym of Kennilworthy Whisp 
about Quidditch in the "Harry Potter" universe. It purports to be the Hogwarts library's copy of the non-fiction book of the same 
name mentioned in several novels of the "Harry Potter" series. 
Passage 14: 
Harry Potter and the Philosopher's Stone (film) 
Harry Potter and the Philosopher's Stone (released in the United States as Harry Potter and the Sorcerer's Stone) is a 2001 fantasy 
film directed by Chris Columbus and distributed by Warner Bros. Pictures. It is based on the novel of the same name by J.K. 
Rowling. The film is the first instalment in the long - running Harry Potter film series, and was written by Steve Kloves and 
produced by David Heyman. Its story follows Harry Potter's first year at Hogwarts School of Witchcraft and Wizardry as he 
discovers that he is a famous wizard and begins his education. The film stars Daniel Radcliffe as Harry Potter, with Rupert Grint as 
Ron Weasley, and Emma Watson as Hermione Granger. 
Passage 10: 
Danielle Elizabeth Tumminio 
Tumminio is the author of "God and Harry Potter at Yale: Teaching Faith and Fantasy Fiction in an Ivy League Classroom" and was 
the instructor of the "Christian Theology and Harry Potter" seminar at Yale University in the spring of 2008; in 2011, she repeated 
the course at Tufts University. Tumminio has also presented material on the intersection between theology and the Harry Potter 
series at the Infinitus Symposium in Orlando, Florida in 2010, the Portus Symposium in Dallas, Texas, in the summer of 2008, and 
she chaired the panel on Harry Potter and Religion at the 2008 American Academy of Religion conference. Her teaching has been 
praised by Harry Potter commentator John Granger on his Hogwarts Professor website. 
Passage 11: 
Harry Potter and the Forbidden Journey 
Harry Potter and the Forbidden Journey is a motion - based dark ride located in The Wizarding World of Harry Potter themed 
areas of Islands of Adventure in Orlando, Florida, Universal Studios Hollywood in Universal City, California, and Universal Studios 
Japan in Osaka, Japan. The ride takes guests through scenes and environments in and around Hogwarts Castle from the Harry 
Potter series of books and films. Mark Woodbury, president of Universal Creative, described the ride as an in - depth look at the 
world of Harry Potter, which utilizes never - before - seen technology which transforms ``the theme park experience as you know 
it ''. The ride first opened at Islands of Adventure with The Wizarding World of Harry Potter on June 18, 2010, at Universal Studios 
Japan on July 15, 2014, and at Universal Studios Hollywood on April 7, 2016. 
Passage 12: 
Wrockstock 
Wrockstock was a yearly music festival featuring wizard rock, music inspired by the world of Harry Potter. Its name is a play on the 
music festival Woodstock. Wrockstock was first held in 2007. Organized by Abby Hupp, it was the first large Wizard Rock gathering 
of its kind that was not part of a general Harry Potter fan conference. It took place at the YMCA summer camp near Ozark, 
Missouri. The first year it was titled "WRockstock Spooktacular". It doubled as a fundraiser for the Harry Potter Alliance, a 
charitable foundation run by Harry Potter fans. Its final festival was in 2013. 
Passage 13: 
Quidditch Through the Ages 
Quidditch Through the Ages is a 2001 book written by British author J. K. Rowling using the pseudonym of Kennilworthy Whisp 
about Quidditch in the "Harry Potter" universe. It purports to be the Hogwarts library's copy of the non-fiction book of the same 
name mentioned in several novels of the "Harry Potter" series. 
Passage 14: 
Harry Potter and the Philosopher's Stone (film) 
Harry Potter and the Philosopher's Stone (released in the United States as Harry Potter and the Sorcerer's Stone) is a 2001 fantasy 

[Doc 1] Billy Giles was an Ulster Volunteer Force volunteer who later 
became active in politics. . . Billy Giles died on 25 September 1998 
(aged 41) in Belfast, Northern Ireland, the United Kingdom. . .  
. . . [Wikipedia Passages] . . .

Q: What currency is used where Billy Giles died? 
A: Pound Sterling

Real Data

Real model

SFT


