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What is happening in these collisions? 2

Normal

Gapped
(Diffraction)

Figs: CERN.



Diffractive	𝑒𝑝	collision 3

𝒆!

𝒑

𝒆!

One or more particles

Forward proton or jet

Incoming Outgoing

“Empty” gap



Many other types of diffractive collisions 4

Ø  10% of HERA events
Ø  20% of EIC events
Ø  30% of inelastic LHC events



Current state of diffractive understanding 5

These papers note that they do not rigorously factorize the forward 
scattering dynamics ( “Regge factorization”)

Collins’ factorization of the hard physics in diffraction:

𝒇𝒊𝑫 = 𝒇𝒊/ℙ	×	 𝒇ℙ/𝒑
Ingelman/Schlein (1984). Frankfurt et al., 2203.12289. 

(Diffractive PDF)  

(Pomeron PDFs)
ℙ

Berera/Soper, hep-ph/9509239. Collins, hep-ph/9709499.

𝑭𝟐/𝑳𝑫 = 𝐻(/)
* ⊗𝒇𝒊𝑫

Ingelman-Schlein model for Regge physics:

Large 𝑄!



Figure: ATLAS, 1911.00453. 

How well can we do without a full factorization? 6

𝑠 = 8	𝑇𝑒𝑉,    0.016 < |t| < 0.43 GeV2,    -4.0 < log!" 𝜉	< -1.6



Distinguishing diffraction from backgrounds 7

New!



Tool building for small 𝑥 physics 8

1986 Nonlinear corrections to DGLAP 
  (Mueller, Qiu)

1994 Color Glass Condensate formalism for saturation regime
  (McLerran, Venugopalan)

1999 BK/JIMWLK equations, smaller-𝑥 evolution 
  (Balitsky, Kovchegov, Jalilian-Marian, Iancu, McLerran, Weigert, Leonidov, Kovner)

2016 A new tool for forward physics: Glauber SCET 
  (Rothstein, Stewart)

1950s Pomeron & Reggeon description of high-energy scattering 
  (Regge, Pomeranchuk, Chew, Frautschi…)

1973 Development of QCD 
  (Gross, Politzer, Wilczek)

1977 BFKL equation for small-𝑥 evolution 
 (Balitsky, Fadin, Kuraev, Lipatov)

1983 Discussion of saturation 
  (Gribov, Levin, Ryskin)



Effective field theory (EFT), schematically 9

ØCollisions generally involve many distinct energy scales

ØWe can separately calculate the physics at each scale

Figure: I. Stewart. See e.g. 2303.02579. 

ℒ!"#	
	

𝓛𝐄𝐅𝐓 = 𝓛𝐣𝐞𝐭 + 𝓛𝐬𝐨𝐟𝐭
Integrate out

 irrelevant modes

𝒪 = 𝓞𝐣𝐞𝐭 × 𝓞𝐬𝐨𝐟𝐭	 ×⟨𝓞𝐣𝐞𝐭⟩	



Constraints on (quasi-)diffraction 10

Forward scattering:  
	−𝑡 ≪ 𝑊(

Distinct sets of particles
Λ,-.( ≪	𝑚/

(, 	𝑚0
(	≪	 𝑊(

Rapidity gap:

ln
𝑝12

𝑝13
	≪ 	 ln

𝑝42

𝑝43

Radiation into the gap that’s 
below what our detector can see

SCET is a useful EFT for diffraction



Factorizing (quasi-)diffraction using SCET 11

𝑭𝒊𝑫 = 𝑩⊗$ 𝑺𝒊⊗± 𝑼

𝟐

⟹

Beam function Ultrasoft-collinear function Soft function

Hadronic physics Radiation into gap Central region

Hadronic matrix element 
of SCET operators

Vacuum matrix element of 
Wilson line operators

Vacuum matrix element of 
SCET operators 



Factorizing (quasi-)diffraction using SCET 12

𝑭𝒊𝑫

𝑩 =

𝑺 =

𝑼 =

𝑩	𝑼	𝑺

×

×



Diffraction vs quasi-diffraction 13

𝑭𝒊
𝐪𝐮𝐚𝐬𝐢 = 𝑩⊗𝑼⊗ 𝑺	

𝑭𝒊𝑫 = 𝑩⊗ 𝑺	
Ø  Color singlet: 𝑼 is a 𝛿-function
Ø  Nontrivial result: can’t radiate 

 into the gap!

Ø  Color non-singlet: 𝑼 nontrivial

Ø  Can radiate into the gap



𝑭𝟒
𝒒/𝑭𝟐

𝒒

𝑭𝟑
𝒒/𝑭𝟐

𝒒

Many predictions we can make 14

𝑭𝒊
𝐪𝐮𝐚𝐬𝐢

𝑭𝟐
𝐪𝐮𝐚𝐬𝐢 =

𝐵	×	𝑈	×	𝑆*
𝐵	×	𝑈	×	𝑆(

=
𝑺𝒊
𝑺𝟐

One Glauber: no convolution!

𝑭𝑳
𝒒/𝑭𝟐

𝒒
Cross-check: Positivity bounds from 

Arens et al. hep-ph/9605376

Ø 4 unpolarized & 4 
polarized 𝐹*> at 
leading power, large!

Ø 𝐹?,A>  are largely 
ignored in literature

E.g., leading 𝐹"
𝐪𝐮𝐚𝐬𝐢 ratio predictions for 𝑡 ≪ 𝑄! ≪ 𝑠



Color singlet & nonsinglet exchange have similar size 15

Diffraction 
(color singlet)

Quasi-diffraction 
(color non-singlet)

Ø 𝛼F(  from two Glaubers

Ø No suppression from 𝑈 
(we can show it’s trivial!)

Ø 𝛼FG  from one Glauber

Ø Sudakov suppression 
from nontrivial 𝑈



Radiation into the gap 16

Ultrasoft-collinear function:

Ø Result obtained from 𝑒3𝑒2 
hemisphere soft function

Ø 𝑈 ∝ exp −𝐶H𝛼F log(
I,

J,

	 ∝ exp −𝐶H𝛼F log(
G
K  

Ø Can’t measure color of incoherent exchange

Ø Irreducible color-nonsinglet (quasi-diffractive) background!



What type of PDF does diffraction access? 17

Many beam function topologies, e.g.

Like a
3D GPD

Definitely not 
a GPD

′ ′

Ongoing work:

Ø What is the nature of the diffractive beam function?

Ø Does it match onto any traditional PDFs, etc., in any limits?



Much more we can do now… 18



EFT vs. Collins’ hard scattering approach 19

Differences:

Ø SCET 𝝀 = 𝑸/ 𝒔 ≪ 𝟏  vs. Collins 𝝀𝒕 = −𝒕/𝑸 ≪ 𝟏

Ø As explained by Collins, his formula does not include the 
Regge factorization for forward physics at bottom vertex

Ø However, these results should match for 𝝀	&	𝝀𝒕 ≪ 𝟏

SCET: 𝐹N> 𝑥, 𝑄(, 𝛽, 𝑡,𝑚0
( =	𝒫N

OP𝑺𝝁𝝂 𝑸𝟐, 𝜷, 𝒕, 𝝉𝒊S ⊗𝑩(𝒕,𝒎𝒀
𝟐, 𝝉𝒊S)

Collins: 𝐹(/)> 𝑥, 𝑄(, 𝛽, 𝑡 = 𝐻(/)
* 𝛽

𝜁
, 𝑄( ⊗𝒇𝒊𝑫 𝜻, 𝑸𝟐,

𝒙
𝜷
, 𝒕

“Diffractive PDF”



Regge factorization of dPDF 20

SCET: 𝐹N> 𝑥, 𝑄(, 𝛽, 𝑡,𝑚0
( =	𝒫N

OP𝑺𝝁𝝂 𝑸𝟐, 𝜷, 𝒕, 𝝉𝒊S ⊗𝑩(𝒕,𝒎𝒀
𝟐, 𝝉𝒊S)

Collins: 𝐹(/)> 𝑥, 𝑄(, 𝛽, 𝑡 = 𝐻(/)
* 𝛽

𝜁
, 𝑄( ⊗𝒇𝒊𝑫 𝜻, 𝑸𝟐,

𝒙
𝜷
, 𝒕

Refactorize dPDF for 𝝀	&	𝝀𝒕 ≪ 𝟏, giving 𝐹 = 𝐻⊗ 𝑆U⊗𝐵′:

𝒇𝒊𝑫 𝜻, 𝑸𝟐,
𝒙
𝜷
, 𝒕,𝒎𝒀

𝟐 = 𝑺𝒄 𝜻, 𝑸, 𝒕 ⊗ 𝑩′ 𝑸𝒛, 𝒕,𝒎𝒀
𝟐



Comparison to Ingelman-Schlein (𝜆, 𝜆. ≪ 1) 21

𝒇𝒊𝑫 𝜻, 𝑸𝟐,
𝒙
𝜷
, 𝒕 	 = 	𝒇𝒊/ℙ 𝜻, 𝑸𝟐 	×	 𝒇ℙ/𝒑

𝒙
𝜷
, 𝒕IS model:

Differences:

Ø Convolution vs. multiplication

Ø Number and nature of arguments

Ø Transverse momentum dependence vs. longitudinal-type PDFs

SCET: 𝒇𝒊𝑫 𝜻, 𝑸𝟐,
𝒙
𝜷
, 𝒕,𝒎𝒀

𝟐 = 𝑺𝒄 𝜻, 𝑸, 𝒕 ⊗ 𝑩′ 𝑸𝒛, 𝒕,𝒎𝒀
𝟐



Summary 22

1. Four interesting structure functions

2. First all-orders Regge (forward) factorization

3. Study of backgrounds (e.g. color nonsinglet)

4. Experimental implications

Next steps:
Ø Precision physics: Higher order, resummation, …
Ø Underlying physics: Behavior in saturation regime? 

Connection to PDFs/GPDs/etc. in any limit?
Ø Other cases: Hadron colliders, semi-inclusive processes, 

more jets/gaps, etc.



New horizons for HEP theorists? 23

Ø Theory: New tools for EIC physics can naturally 
extend to HEP-focused colliders like the LHC

Ø Phenomenology: Improves understanding of 
Standard Model physics, which enables studies of 
new physics in the far-forward region

Ø Experiment: Better understanding of diffraction 
can improve tracking of luminosity, understanding 
pile-up, building MC generators



Backup slides



Lorentz invariants 25

Energy scales Momentum 
fractions

Familiar 
from DIS

Diffraction

𝑸𝟐 = −𝑞(

𝑾𝟐 = 𝑝 + 𝑞 (

𝒔 = 𝑝 + 𝑘 (

𝒙 = J,

(W⋅Y	

𝒚 = W⋅Y	
W⋅[	

𝜷 = J,

(Y⋅\ 

_𝒙 = [⋅\
[⋅W

 

𝒛 = W⋅W4
W⋅Y  

𝒕 = 𝜏( < 0

𝒎𝒀
𝟐 = 𝑝4( > 0

𝒎𝑿
𝟐 = 𝑝1( > 0

Largely unexplored 
variable �̅�

Note that only 7 of these are linearly independent



New kinematic bounds 26

0 < 𝒙 < 1,

Lee, Schindler, & Stewart, in preparation.

0 < 𝒚 < 1, 0 < 𝑸𝟐 < 𝑠

−1 <
𝛽𝑥𝑦𝑧 − 2𝛽𝑥𝑧 + 𝑥 − 𝛽	k𝒙

2 𝛽𝑥𝑧(1 − 𝑦)(𝛽𝑥𝑧 − 𝑥 + 𝛽)
< 1

1

1 + −𝑡𝑄! +
𝑥
𝑥 − 𝑦 1 − 𝑧

< 𝜷 <
1

1 + −𝑡𝑄!

𝑥
1 − 𝑥	

𝑚)
!

𝑄! 	<
−𝒕
𝑸𝟐 <

1 − 𝛽
𝛽

Λ*+,! ≲ 𝒎𝒀
𝟐 <

1 − 𝑥
𝑥 (−𝑡)

Etc.

+𝒙

−𝒕
𝑸𝟐



Constructing structure functions 27

𝑊!
"# =

1
2𝑥 −𝑔"# +

𝑞"𝑞#

𝑞$ 𝑭𝑳𝑫 +
1
2𝑥 𝑈"𝑈# − 𝑔"# +

𝑞"𝑞#

𝑞$ 𝑭𝟐𝑫

+
1
2𝑥

2𝑋"𝑋# − 𝑈"𝑈# + 𝑔"# −
𝑞"𝑞#

𝑞$
𝑭𝟑𝑫 +

𝑈"𝑋# + 𝑋"𝑈#

2𝑥
𝑭𝟒𝑫

Lee, Schindler, Stewart, in prep. Arens et al, hep-ph/9605376. Blumlein/Robaschik, hep-ph/0106037,0202077.

𝒒𝝁

𝒑𝝁 𝒑′𝝁

Constraints:  𝒒𝝁𝑊!
"# = 0   and   𝑊!

"# = 𝑊!
#"

Ø Convenient to build orthonormal basis 𝑞. ⊥ 𝑈. ⊥ 𝑋.

Literature often neglects 𝑭𝟑𝑫 & 𝑭𝟒𝑫 !



Coefficients 28

𝑳𝝁𝝂𝑊>
OP =

2𝑠
𝑦

−
𝑦(

2
𝑭𝑳𝑫 + 1 − 𝑦 +

𝑦(

2
𝑭𝟐𝑫

+
2 𝒌 ⋅ 𝑿 (𝑦(

𝑄(
− 1 + 𝑦 𝑭𝟑𝑫 +

2𝑦( 𝒌 ⋅ 𝑿 𝑘 ⋅ 𝑈
𝑄(

𝑭𝟒𝑫

Coefficients:
Ø  𝑘 ⋅ 𝑋 = 𝑄! "#$𝒙&# !#' "(&

!)#"'&
 

Ø  𝑘 ⋅ 𝑈 = *(!#')
!'  

+𝒙 & 𝑦 only appear in coefficients, not

𝑭𝒊𝑫(𝒙, 𝑸𝟐, 𝜷, 𝒕,𝒎𝒀
𝟐)

Lee, Schindler, & Stewart, in preparation.

Auxiliary:
Ø  𝑁-! = −𝑡 + 𝑧!𝑄! − (*$

&   

Ø  𝑧 = "
*$
(𝑚.

! − 𝑡) 

How to miss 𝑭𝟑,𝟒𝑫 :
Ø Integrate over �̅�
Ø Assume 𝑝% ∥ 	𝑝
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10⇥ cL c2
<latexit sha1_base64="mXg8ocarvT7WKZMNeWsrumkDgwU=">AAACLXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNaqsuiG5cV7APaYchkMm1oMjNNMmIZ+h1u9Qv8GheCuPU3zLSzsK0HAodz7uWeHC/mTGnL+oSFjc2t7Z3ibmlv/+DwqFw57qgokYS2ScQj2fOwopyFtK2Z5rQXS4qFx2nXG99lfveJSsWi8FFPY+oIPAxZwAjWRnKIezWYTBLsI+LW3XLVqllzoHVi56QKcrTcCiwN/IgkgoaacKxU37Zi7aRYakY4nZUGiaIxJmM8pH1DQyyoctJ56hk6N4qPgkiaF2o0V/9upFgoNRWemRRYj9Sql4n/es+LA0uar7Ijy5onVhLq4MZJWRgnmoZkETBIONIRyqpDPpOUaD41BBPJzB8RGWGJiTYFl0x79mpX66RzWbMbtcZDvdq8zXssglNwBi6ADa5BE9yDFmgDAibgBbyCN/gOP+AX/F6MFmC+cwKWAH9+AdCzqDo=</latexit>c3 c4

<latexit sha1_base64="r7Bdb8yRP4zBWOpRLCGttnAU+fA="></latexit>

x = 1/10 , y = 1/10

� = 9/10 ,mJ = 0 ,
p
�t/Q = 2/10

<latexit sha1_base64="kbdwacJSpLLJW4xXW7hmp5FcAH8=">AAACOHicbVDLSsNAFJ2prxpfrYIbN4NFcFWSItVl0Y0LFxXsA5oQJpNJO3Ty6MxELLU/41a/wD9x507c+gVO2ixs64ULh3Pu5dx7vIQzqUzzAxbW1jc2t4rbxs7u3v5BqXzYlnEqCG2RmMei62FJOYtoSzHFaTcRFIcepx1veJPpnUcqJIujBzVOqBPifsQCRrDSlFs6tkxbsZBKRNw7ezRKsa9RzS1VzKo5K7QKrBxUQF5NtwwN249JGtJIEY6l7FlmopwJFooRTqeGnUqaYDLEfdrTMMLa05nMHpiiM834KIiF7kihGft3Y4JDKcehpydDrAZyWcvIf7WnucEC58vMZJHzwqULVXDlTFiUpIpGZH5gkHKkYpSliHwmKFF8rAEmgukfERlggYnSWRs6PWs5q1XQrlWterV+f1FpXOc5FsEJOAXnwAKXoAFuQRO0AAHP4AW8gjf4Dj/hF/yejxZgvnMEFgr+/AIwXKvb</latexit>

10⇥ cL c2
<latexit sha1_base64="mXg8ocarvT7WKZMNeWsrumkDgwU=">AAACLXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNaqsuiG5cV7APaYchkMm1oMjNNMmIZ+h1u9Qv8GheCuPU3zLSzsK0HAodz7uWeHC/mTGnL+oSFjc2t7Z3ibmlv/+DwqFw57qgokYS2ScQj2fOwopyFtK2Z5rQXS4qFx2nXG99lfveJSsWi8FFPY+oIPAxZwAjWRnKIezWYTBLsI+LW3XLVqllzoHVi56QKcrTcCiwN/IgkgoaacKxU37Zi7aRYakY4nZUGiaIxJmM8pH1DQyyoctJ56hk6N4qPgkiaF2o0V/9upFgoNRWemRRYj9Sql4n/es+LA0uar7Ijy5onVhLq4MZJWRgnmoZkETBIONIRyqpDPpOUaD41BBPJzB8RGWGJiTYFl0x79mpX66RzWbMbtcZDvdq8zXssglNwBi6ADa5BE9yDFmgDAibgBbyCN/gOP+AX/F6MFmC+cwKWAH9+AdCzqDo=</latexit>c3 c4

<latexit sha1_base64="HH9lFjyOFqK9SZj0aOR8vYU+gNI="></latexit>

x = 1/10, y = 1/2

� = 9/10,mJ = 0,
p
�t/Q = 2/10

Seeing 𝐹/,12  in experiments 29

Coefficients are large, but need good angular resolution at small 𝑡

Resolution to resolve four bins of �̅�Coefficients 𝑐& of 𝐹&'

Lee, Schindler, & Stewart, in preparation.

Why did ZEUS not see 𝐹?,A>  in hep-ex/0408009 ? 



Summary of kinematics 30

Lee, Schindler, & Stewart, in preparation. Diffractive literature: see e.g. EIC Yellow Report, 2103.05419.
Exceptions: Arens et al., hep-ph/9605376. Blumlein & Robaschik, hep-ph/0202077.

Our work Most of the  
literature

Independent invariants 7 
(DIS +	;𝒙, 𝑡, 𝛽,𝑚(

))
6 

(No ;𝒙)

Unpolarized 
structure functions 4 2

Polarized
structure functions

14
(4 nonzero at leading power)

2

+ Classification of backgrounds
+ New kinematic bounds



Advantages of EFT 31

Ø Power expansion, efficient for multi-scale problems

Ø  Calculations are systematically improvable, to arbitrary precision

Simplifies study of:

Ø Factorization

Ø Perturbative calculations

Ø Resummation

Ø Power corrections

Figure: I. Stewart. 

𝓛𝐐𝐂𝐃 → 𝝀𝟎𝓛𝐄𝐅𝐓
(𝟎) + 𝝀𝟏𝓛𝐄𝐅𝐓

(𝟏)  + 𝝀𝟐𝓛𝐄𝐅𝐓
(𝟐) +⋯



SCET Lagrangian 32

Mode Momentum in (+,−, ⊥)

Hard (𝟏, 𝟎, 𝟎)

Collinear (𝟏, 𝝀𝟐, 𝝀) or (𝝀𝟐, 𝟏, 𝝀)

Soft (𝝀, 𝝀, 𝝀)

Ultrasoft (𝝀𝟐, 𝝀𝟐, 𝝀𝟐)

Glauber (𝝀𝒂, 𝝀𝒃, 𝝀) for 𝑎 + 𝑏 > 2

𝓛𝐒𝐂𝐄𝐓
(𝟎) = 𝓛𝐡𝐚𝐫𝐝 + 𝓛𝐜𝐨𝐥𝐥𝐢𝐧𝐞𝐚𝐫 + 𝓛𝐬𝐨𝐟𝐭 + 𝓛𝐮𝐥𝐭𝐫𝐚𝐬𝐨𝐟𝐭 + 𝓛𝐆𝐥𝐚𝐮𝐛𝐞𝐫

Ø  Glauber: talks between different sectors 

Ø  Hard interaction: also connects sectors, but only occurs once

𝑝± = 𝑝0 ∓ 𝑝(



SCET operators 33

𝝏S2𝟐

𝓞𝒔

𝓞𝒏
𝓞𝒔

𝓞𝒏

𝓞k𝒏

Rothstein & Stewart, 1601.04695.

+𝓛𝐆𝐥𝐚𝐮𝐛𝐞𝐫
(𝟎) = 𝝏S2𝟐

The upshot of EFT: Helpful for organizing 
calculations for multi-scale problems

Example: 



SCET modes in diffraction 34

Mode (+,−, ⊥)
Collinear 𝒔(𝝀𝟑, 𝝀-𝟏, 𝝀)

Soft 𝒔(𝝀, 𝝀, 𝝀)
Glauber 𝒔(𝝀𝟑, 𝝀, 𝝀)

Ultrasoft-collinear 𝒔(𝝀𝟑, 𝝀, 𝝀𝟐)

𝜆 = J
F ≪ 1

Ultrasoft in CM frame
(Here: Breit frame)



Further expansions & refactorizations 35

𝜆 = ^
_
≪ 1 

𝜆y =
−𝑡
𝑄

, 𝜌 =
𝑚0

−𝑡
, 𝜆z =

Λ,-.
𝑄

𝜆{ =
𝐸|}~
𝑄

,

Required:

Subject to bounds, can have  𝝀𝒊 ≪ 𝟏	, 𝝀𝒊 ∼ 𝟏, or 𝝀𝒊 ≫ 𝟏

Optional:


