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Diffraction 2

Ø Forward-scattering 
event with a large 
rapidity gap

Ø Double-digit percent 
of events at colliders

Ø Important probe of 
small-𝒙 physics

Pomeranchuk & Feinberg (1953, 1956). Review, e.g. Frankfurt et al., 2203.12289. Figure: 1708.01527.

𝒙!𝟏

𝑸𝟐



Wide range of diffractive processes 3

𝒆𝑨, 𝑨𝑨, 𝒆𝒑, 𝒑𝒑 collisionsCoherent or incoherent

Single or multi jet/gap Tagged final states
Heavy mesons

Dijet photoproduction
Etc. 

Jetp



Figure: ATLAS, 1911.00453. 

How well do we understand diffraction? 4



Kinematics



Single-gap diffractive 𝑒𝑝 scattering 6

Gap

𝒑′= jet or 
proton

𝑳𝝁𝝂

𝑾𝐃𝐢𝐟𝐟
𝝁𝝂

Goal

(same as DIS)



Lorentz invariants (7 are independent) 7

Shared with DIS

𝒙 =
𝑄!

2𝑝 ⋅ 𝑞	

𝒚 =
𝑝 ⋅ 𝑞	
𝑝 ⋅ 𝑘	

𝑸𝟐 = −𝑞!

𝑾𝟐 = 𝑝 + 𝑞 !

𝒔 = 𝑝 + 𝑘 !

𝜷 =
𝑄!

2𝑞 ⋅ 𝜏

Specific to diffraction (use 𝒑’)

𝒕 = 𝜏! < 0𝒎𝑱
𝟐 = 𝑝$! > 0 𝒎𝑿

𝟐 = 𝑝&! > 0

7𝒙 =
𝑘 ⋅ 𝜏
𝑘 ⋅ 𝑝𝒛 =

𝑝 ⋅ 𝑝′
𝑝 ⋅ 𝑞

𝝃 =
𝑞 ⋅ 𝜏
𝑞 ⋅ 𝑝



Diffractive phase space 8

0 < 𝑥 < 1,

Lee, Schindler, & Stewart, in preparation.

DIS invariants
0 < 𝑦 < 1, 0 < 𝑄! < 𝑠

Diffractive invariants

−1 <
𝛽𝑥𝑦𝑧 − 2𝛽𝑥𝑧 + 𝑥 − 𝛽	5𝒙

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$%&! ≲ 𝑚"
! <

1 − 𝑥
𝑥 (−𝑡)

7𝒙 =
𝑘 ⋅ 𝜏
𝑘 ⋅ 𝑝

Longitudinal 
momentum fraction

Etc. %𝒙

−𝒕
𝑸𝟐



Measure 𝑝, 𝑝’, 𝑞  ⇒  4 structure functions 9

𝑊"# = −𝑔"# +
𝑞"𝑞#

𝑞$
𝑭𝟏𝑫 +

1
2𝑥
𝑈"𝑈#𝑭𝟐𝑫

+
1
𝑥
𝑋"𝑋# −

1
2
𝑈"𝑈# 𝑭𝟑𝑫 +

1
2𝑥
(𝑈"𝑋# + 𝑋"𝑈#)𝑭𝟒𝑫

Arens et al., hep-ph/9605376. 
Also see e.g. Blumlein & Robaschik hep-ph/0106037.

Orthonormal basis:
Ø 𝒒𝝁

Ø 𝑼𝝁 = !(
$

𝑝) − *⋅,
,!
𝑞)

Ø 𝑿𝝁 = -
.⋅/ !0/!

𝑉) − .⋅/
/!
𝑈)

Ø Auxiliary: 𝑉! = "#
$ 𝑝′! − %!⋅'

'" 𝑞
!

Like DIS (no	𝒑′)

Typically only talk about 𝐹$ & 𝐹, 

Punchline: 𝑭𝟑 & 𝑭𝟒 are big! 



Coefficients of structures 10

𝐿"#𝑊"# = −
𝑄$

𝑥
𝑭𝑳𝑫 + 𝑄$

1 + 1 − 𝑦 $

𝑥𝑦$
𝑭𝟐𝑫

+
4 𝒌 ⋅ 𝑿 $ + 𝑄$

𝑥
𝑭𝟑𝑫 +

4 𝒌 ⋅ 𝑿 𝑘 ⋅ 𝑈
𝑥

𝑭𝟒𝑫

Coefficients:
Ø  𝑘 ⋅ 𝑋 = 𝑄! "#"̅%# !#& "'%

!(("&%
 

Ø  𝑘 ⋅ 𝑈 = )(!#&)
!&

 

)𝒙 & 𝑦 are in coefficients, not in

𝑭𝒊𝑫(𝑥, 𝑄&, 𝛽,𝑚'
&, 𝑡)

Lee, Schindler, & Stewart, in preparation.

Auxiliary:
Ø  𝑁1! = −𝑡 + 𝑧!𝑄! − 2$!

3
  

Ø  𝑧 = (
$!
(𝑚"

! − 𝑡) 

How to miss 𝑭𝟑, 𝑭𝟒:
Ø Integrate over 𝑥̅
ØSet 𝑝$ ∝ 𝑝



Factorization



Many power expansions in diffraction 12

𝝀 =
𝑄
𝑠 𝝀𝒕 =

−𝑡
𝑄

𝝆 =
𝑚5

−𝑡𝝀𝚲 =
Λ789
𝑄

𝒕
𝒎𝑱
𝟐

𝑸𝟐𝒔

Other options:Focus today:

Lee, Schindler, & Stewart, in preparation.



Constraints on diffraction 13

Forward scattering:  
	−𝑡 ≪ 𝑊$

Collimated jets:
Λ789$ ≪	𝑚:

$, 	𝑚;
$ 	≪	 𝑊$

Rapidity gap:

ln
𝑝;<

𝑝;=
	≪ 	 ln

𝑝><

𝑝>=

Forward + Gap + Jets   ⟹ 	 𝝀 = 𝑸
𝒔
≪ 𝟏

𝑝(

𝑝′



Diffraction from SCET 14

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

Mode Momentum
Soft 𝒔(𝝀, 𝝀, 𝝀)

Glauber 𝒔(𝝀𝒂, 𝝀𝒃, 𝝀)
Collinear 𝒔(𝝀𝟐, 𝟏, 𝝀)

Simple case: only 𝜆 = K
L ≪ 1

Forward + Gap + Jets   ⟹  Scaling of momenta



Estimating coefficients of the 𝐹)*’s 15

Momentum Scaling
𝑘, 𝑘$ (1, 𝜆!, 𝜆)
𝑞 𝜆, 𝜆!, 𝜆
𝑝& (𝜆, 𝜆, 𝜆)
𝜏 (𝜆!, 𝜆, 𝜆)
𝑝, 𝑝′ (𝜆!, 1, 𝜆)

= −
𝑄!

𝑥 𝐹4& + 𝑄!
1 + 1 − 𝑦 !

𝑥𝑦! 𝐹!& +
4 𝑘 ⋅ 𝑋 ! + 𝑄!

𝑥 𝐹5& +
4 𝑘 ⋅ 𝑈 𝑘 ⋅ 𝑋

𝑥 𝐹6&

∼ 𝝀	𝑭𝑳𝑫 + 𝝀!𝟏𝑭𝟐𝑫 + 𝝀!𝟏𝑭𝟑𝑫 + 𝝀!𝟏	𝑭𝟒𝑫

How big is each 𝐹XY ?

𝑳𝝁𝝂	𝑾𝝁𝝂



𝜆 ≪ 1  factorization 16

𝑾𝑫
𝝁𝝂 =  𝑺𝝁𝝂⊗& 𝑩

Soft tensor 𝑺𝝁𝝂(𝒒, 𝝉𝒊): 
Ø Vacuum-to-jet matrix 

element of SCET operators

Beam function 𝑩 𝒑, 𝝉𝒊 :
Ø Coherent: color-singlet 

proton matrix element

Ø Incoherent: proton to jet
 

(Can include color channel projector)

𝝏70𝟐

𝓞𝐜𝐨𝐥𝐥𝐢𝐧𝐞𝐚𝐫

𝓞𝐬𝐨𝐟𝐭
Define matrix elements 

using SCET operators, e.g.

2

𝒒

𝒑

𝝉𝒊



Comparison to literature 17

Projects out structure function 𝐹,-

Ø Need 𝝀 = 𝑸/ 𝒔 ≪ 𝟏 for forward + jet + gap

Factorization from EFT

𝐹TU 𝑥, 𝑄!, 𝛽, 𝑡,𝑚V
! =	𝒫T

WX	𝑺𝝁𝝂 𝑸𝟐, 𝜷, 𝒕, 𝝉𝒊\ ⊗\ 	𝑩(𝒕,𝒎𝑱
𝟐, 𝝉𝒊\)



Comparison to literature 18

Collins’ hard scattering approach

𝐹!/^U (𝑥, 𝑄!, 𝛽, 𝑡) =Q
_

R
`

a𝑑𝜁
𝜁
	𝑯𝟐/𝑳

𝒊 𝜷
𝜻
,𝑸𝟐 𝒇𝒊𝑫 𝜻, 𝑸𝟐,

𝒙
𝜷
, 𝒕

Ø  Imposes only 𝝀𝒕 = −𝒕/𝑸 ≪ 𝟏
Ø   EFT also agrees with this for 𝝀𝒕	and	𝝀 ≪ 𝟏 

Berera/Soper, hep-ph/9509239. Collins, hep-ph/9709499. Frankfurt et al., 2203.12289. 

Factorization from EFT

𝐹TU 𝑥, 𝑄!, 𝛽, 𝑡,𝑚V
! =	𝒫T

WX	𝑺𝝁𝝂 𝑸𝟐, 𝜷, 𝒕, 𝝉𝒊\ ⊗\ 	𝑩(𝒕,𝒎𝑱
𝟐, 𝝉𝒊\)

“Diffractive PDF” (dPDF)



Comparison to literature 19

Factorization from EFT

𝐹TU 𝑥, 𝑄!, 𝛽, 𝑡,𝑚V
! =	𝒫T

WX	𝑺𝝁𝝂 𝑸𝟐, 𝜷, 𝒕, 𝝉𝒊\ ⊗\ 	𝑩(𝒕,𝒎𝑱
𝟐, 𝝉𝒊\)

Collins’ hard scattering approach

𝐹!/^U (𝑥, 𝑄!, 𝛽, 𝑡) =Q
_

R
`

a𝑑𝜁
𝜁
	𝑯𝟐/𝑳

𝒊 𝜷
𝜻
,𝑸𝟐 𝒇𝒊𝑫 𝜻, 𝑸𝟐,

𝒙
𝜷
, 𝒕

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

𝒙
𝜷
, 𝒕

Ingelman-Schlein model

Ingelman/Schlein (1984). Frankfurt et al., 2203.12289. Ø Different # of arguments



Perturbative predictions



𝜆	&	𝜆0 ≪ 1   at   leading-soft order 21

Ø 𝜆, 𝜆f ≪ 1: Glaubers only attach to bottom quark line
Ø Glaubers attached to the same lines “collapse” → universal 𝐵

Ø  Convolution → multiplication

Ø  𝑩$ absorbs Glauber propagators & color factors

𝑾𝑫
𝝁𝝂 =  𝑺𝝁𝝂⊗^ 𝑩 𝑾𝑫

𝝁𝝂 =  𝑺′𝝁𝝂	×	𝑩′



LO predictions for 𝐹) ratios  22

𝑭𝒊
𝑭𝟐
	 = 	

𝓟𝒊,𝝁𝝂	𝑊Y
"#

𝓟𝟐,𝝁𝝂𝑊Y
"# =	

𝓟𝒊,𝝁𝝂	𝑺>𝝁𝝂

𝓟𝟐,𝝁𝝂	𝑺′𝝁𝝂
≈	

𝓟𝒊,𝝁𝝂	(𝑺>
𝝁𝝂	×	𝑩′)

𝓟𝟐,𝝁𝝂	(𝑺′𝝁𝝂	×	𝑩′)LO

𝑓 𝛽,
𝑡
𝑄!

Ratios of 𝐹XY’s are perturbatively calculable!

Take 𝑄!, 𝑡 ≫ ΛCDE!

Same for 
every 𝐹F&

Perturbative



LO ratio prediction 23

𝐹jU and 𝐹kU may be visible at the EIC & HERA 
in appropriate regions of parameter space

𝑭𝑳𝑫/𝑭𝟐𝑫

𝑭𝟑𝑫/𝑭𝟐𝑫

𝑭𝟒𝑫/𝑭𝟐𝑫

𝛽 = 4/5

−𝑡/𝑄



Conclusions and outlook



Our contributions to diffraction 25

Ø   Importance of 𝐹Y and 𝐹aY for testing diffraction

Ø   Factorization in Glauber SCET

Ø   Perturbative predictions for HERA & the EIC

Ø   Universal hadronic functions & systematically 
  calculable soft function



Next steps 26

Full details of other cases:  
Ø  Coherent vs. incoherent
Ø  𝑝𝑝, 𝑒𝐴, & 𝐴𝐴 collisions
Ø  (Adding spin is straightforward)
Ø  Connection to saturation

Towards precision diffraction:
Ø Beam refactorization
Ø Resummation (small 𝑥, DGLAP)
Ø Higher-order predictions



Backup slides



Soft-Collinear Effective Theory (SCET) 28

Bauer et al., hep-ph/0005275, 0011336, 0107001, & 0109045. Rothstein & Stewart, 1601.04695.

Mode Momentum in (+,−, ⊥)

Hard (𝟏, 𝟎, 𝟎)

Collinear (𝟏, 𝝀𝟐, 𝝀) or (𝝀𝟐, 𝟏, 𝝀)

Soft (𝝀, 𝝀, 𝝀)

Glauber (𝝀𝒂, 𝝀𝒃, 𝝀) for 𝑎 + 𝑏 > 2

𝝀 ≪ 𝟏: power counting

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

Ø  Hard: connects different sectors but only occurs once

Ø  Glauber: Talks between soft & collinear sectors 



SCET Lagrangian 29

𝓛𝐜𝐨𝐥𝐥𝐢𝐧𝐞𝐚𝐫
(𝟎) = k𝝃𝒏 𝒊𝒏 ⋅ 𝑫 + 𝒊𝑫𝒏G

𝟏
𝒊n𝒏 ⋅ 𝑫𝒏

	𝒊𝑫𝒏G
𝒏
𝟐	𝝃𝒏 +⋯

𝓛𝐆𝐥𝐚𝐮𝐛𝐞𝐫
(𝟎) = 𝓞𝒏

𝟏
𝝏<𝟐

𝓞𝒔 	+ 	𝓞𝒏
𝟏
𝝏<𝟐

𝓞𝒔
𝟏
𝝏<𝟐

𝓞>𝒏

𝓛𝒔
(𝟎) = n𝝍𝒔 𝒊𝑫 −𝒎 𝝍𝒔 +

𝟏
𝟒
𝑮𝒔𝝁𝝂𝑮𝒔

𝝁𝝂

𝝏\l𝟐

𝓞𝒏

𝓞𝒔

Like copies of QCD 
for specific modes

𝓞𝒔
𝓞𝒏

𝓞5𝒏

Rothstein & Stewart, 1601.04695.

+= 𝝏\l𝟐

𝓞𝒏
𝒒 =

𝟏
𝟐
5𝝌𝒏𝑻𝑩5𝒏𝝌𝒏 𝓞𝒔

𝒒 = 𝟒𝝅𝜶𝒔(𝝍𝒔
K𝒏𝑻𝑩𝒏𝝍𝒔

𝒏)	 𝒪L
M = [… ]



Coherent: Always color singlet

Color exchange 30

Incoherent: Studied in amplitudes community
Ø Mediated by color-singlet “Pomeron” or 

color non-singlet “Reggeon” 
Ø Different use of term Reggeon from 

diffraction community (≠	color singlet)

Forward scattering

Diffraction
Ø Experiments always impose 

momentum cut to classify process 
as gapped (e.g. 200-800 MeV)

Ø Non-singlet not ruled out 

The bottom line
Ø Cannot a priori distinguish 

color singlet exchange from 
color non-singlet background

Ø SCET can handle both cases
[ATLAS, 1201.2808.]

Lee, Schindler, & Stewart, in preparation.



Resummation & evolution 31

Ø Much work already in the classic diffraction literature

Ø In SCET, recent studies of small-𝑥 DIS give us tools to:
§ Carry out small-𝑥 resummation (difference: in 

diffraction, t is fixed) 
§ Bridge from BFKL to the saturation regime

Full QCD
Pomeron ladders

Reggeization

Glauber SCET
RG evolution

Sum rapidity logs

Frankfurt et al., 2203.12289. SCET: e.g. Neill, Pathak, Stewart 2303.13710. Stewart & Vaidya, 2305.16393. 



Diffraction has same # of momenta as SIDIS 32

DIS Diffraction

Measurement 𝑞, 𝑝 𝑞, 𝑝, 𝐚𝐧𝐝	𝒑?

Lorentz invariants 3 7

Unpolarized structure 
functions 2 4

Total structure functions 4 18

Arens, Nachtmann, Diehl, and Landshoff, hep-ph/9605376.



Projecting out structure functions 33

𝑭𝒊U = 𝓟𝒊,𝝁𝝂	𝑊WX
𝓟𝟐,𝝁𝝂 = 2𝑥(−𝑔WX − 𝑋W𝑋X + 2𝑈W𝑈X) 

𝓟𝑳,𝝁𝝂 = 2𝑥𝑈W𝑈X

𝓟𝟑,𝝁𝝂 = 𝑥(𝑔WX + 2𝑋W𝑋X − 𝑈W𝑈X) 

𝓟𝟒,𝝁𝝂 = −𝑥(𝑈W𝑋X + 𝑋W𝑈X) 

Projectors

𝑊WX = −𝑔WX +
𝑞W𝑞X

𝑞!
𝑭𝟏𝑫 +

1
2𝑥
𝑈W𝑈X𝑭𝟐𝑫

+
1
𝑥
𝑋W𝑋X𝑭𝟑𝑫 +

1
2𝑥
(𝑈W𝑋X + 𝑋W𝑈X)𝑭𝟒𝑫

Lee, Schindler, & Stewart, in preparation.



Spin dependence in diffraction for 𝜆, 𝜆0 ≪ 1 34

Ø  Similar analysis to unpolarized case

Ø  Four unpolarized + four polarized structure functions
 are nonzero at leading power, out of 18 possible

𝑠ℓ,

𝑠",

Lee, Schindler, & Stewart, in preparation.



What is the diffractive analogue of a PDF? 35

Ø  Must refactorize beam function

Ø  Not just a GPD in incoherent 
 case, clear from presence of a jet

Ø  Precise structure of the “dPDF” 
 depends on parameter regime

𝒎𝑱 ≪ −𝒕
𝜽 ∼ 𝝀	𝝀𝒕

𝒎𝑱 ∼ −𝒕 𝒎𝑱 ≫ −𝒕

Recoiling jet Fat jetJust a jet

Lee, Schindler, & Stewart, in preparation.



Diffraction at the LHC? 36

Ø Hadrons and/or central region 
can become a jet

Ø Mediated by Glaubers

Ø Universal with 𝑒𝑝 case or 
does factorization break?
(Factorization breaking also is 
described by Glaubers!)

Figures: ATLAS, 1201.2808.


