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Diffraction in optics
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Francesco Maria Grimaldi
1618-1663 ‘Light propagates and diffuses not only directly, refractively

and reflectively, but also, somehow, in a fourth manner, that
Jesuit priest from Bologna is DIFFRACTIVELY.’
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Theory of diffraction

Christiaan Huygens Augustin Fresnel Gustav Kirchhoft
1629-1695 1788-1827 1824-1887

Geometrical optics: applicable in the limit when the wavelength is infinitely small

Diffraction phenomena: deviation from geometrical optics due to finite wavelength
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Diffraction

Diffraction : occurs when a wave (for example light) encounters an obstacle or an opening.
Most pronounced when the dimensions of obstacle/opening are comparable to wavelength

Laser light passing through a
circular aperture Water waves passing through small

entrance

Source: Wikipedia Source: Wikipedia
Author: Wisky Author: Verbcatcher

In quantum theory: hadronic and nuclear diffractive scattering
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Kirchhoff theory
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o(z,y,2,t) = Uz, y, z)e "

(V2 —+ ]CQ)U — () Helmholtz equation

Short wave length limit (kR>1)

Vot S integral
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Kirchhoff theory
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/ /%qu?)
b
4

) (k)
Geometrical optics: k R? / D> 1
Fresnel diffraction: k R2 / D ~1 Near field
5 Far field
Fraunhofer diffraction: kR / D <1

Relevant for hadronic physics
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Fraunhofer diffraction

For the hole in the screen:

k
U(x,y,z) = — ; UO—/deF b)e @b

q~ k, — k Momentum transfer (2 dimensional vector)
k Incoming wave vector Kk’ Outgoing wave vector
I (b) Profile function
1, on E()
For the hole: F(b) — 7

0, outside >

Anna Stasto, Diffraction in hadronic collisions, NCBJ, May 16 2022 8



Diffraction off an obstacle

Babinet’s principle:
W e
VYWY

n)
) / ()
S1 Screen with a hole S2 Obstacle with the same

size and shape as a hole

Waves diffracted by a hole S1 and obstacle S2 must combine to
reconstruct the incident wave front.

Diffraction patterns away from incident direction are the same for
screen with hole and complementary obstacle.
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Diffraction off an obstacle

U($7 Y, Z) — Uinc + Uscat
eikr

O U(z,y,2) = U(e™ + f(a)—)
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Scattering amplitude

Mb) = o / b f(q) €@

Scattering amplitude is Fourier transform of the profile function.
Profile function is inverse Fourier transform of the scattering amplitude.
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Diffraction patterns

Source: Wikipedia
Author: Epzcaw

Source: Wikipedia
Author: Wisky

Circular aperture Rectangular aperture

The diffraction pattern (far away from obstacle) is a Fourier transform of
the apertured field.
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Diffraction pattern

Gosling-Franklin Watson-Crick

Photo 51

chromosome

Source: Office of Biological and Environmental Research
of the U.S. Department of Energy Office of Science

Source: Wikipedia

Diffraction can provide very detailed information about the structure of an object.

The object cannot be destroyed in this process.

Anna Stasto, Diffraction in hadronic collisions, NCBJ, May 16 2022 12



Diffraction in hadronic / nuclear physics

In quantum physics: propagation and interaction of particles as an
absorption of the various components of their wavefunction

Electron - hadron(nucleus) scattering (like at EIC)

. @
10% processes at HERA were diffractive
AN
~ I @/
' e / N
Target (proton) is intact

Activity in central region
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Scattering at ep collider HERA

HERA: (1992-2007)

27.5 GeV electrons/positrons
820/920 GeV protons

318 GeV CoM energy

Lumi: 1031 cm2 s-!

Electrons, positrons and protons

Physics:

Structure functions

Parton density functions
Established growth of gluon with
decreasing Bjorken x

Measurement of coupling constant A ' ”{‘f\“l PETRA

. . - : C‘"“““
Diffraction S e

Jets, heavy quarks
BSM searches

Low luminosity/limited statistics, no nuclei, no polarized beams
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Future DIS machines EIC

EIC: 5-20 GeV electrons
20-140 GeV CoM energy
Lumi: 1034 cm2 s-!
Polarized e,p,d,3He
Wide range of nuclei

SCIENCE REQUIREMENTS

AND DETECTOR

P CONCEPTS FOR THE
((€ ))» ELECTRON-ION COLLIDER

EIC Yellow Report

-det] 17 Mar 2021

i

arXiv:2103.05%
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Future DIS machines LHeC, FCC-eh at CERN

LHeC: 60(50) GeV electrons x
LHC protons and ions

1.3 TeV CoM energy for ep

812 GeV CoM for ePb

Lumi: 1034 cm2 s

Simultaneous running with ATLAS
and CMS in HL-LHC period

FCC-ep: 60(50) GeV
electrons x 50 TeV protons
from FCC, lead beams 19.7
TeV/per nucleon

3.5 TeV CoM energy for ep
2.2 TeV CoM for ePb

Lumi: 1034 cm2 s
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Scattering at ep collider HERA

Non-diffractive DIS event

Proton
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Diffraction at HERA

Large Rapidity S
Gap =

‘Illllll.lllllllllll.l.lll..llllll.lll.l.élll.l‘lll.ll‘ll.l.l.lll

|| &

10% events at HERA were of diffractive type
Large portion of the detector void of any particle activity: rapidity gap

Proton stays intact despite undergoing violent collision with a 50 TeV electron (in its rest frame)
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Rapidity: recap

S 1. E+p,
p'u:(E7pT7pz) y:§l

b
0} — = tanhy
E — Dz Pz

Under boosts in z direction rapidity transforms additively

.\ [cosh¢ sinho¢)\ (D)
E ) \sinh¢ coshop) \ E’

Then Yy = y/ -+ ¢
1 0 Angle between 3-
Pseudorapidity n = — In tan — 5 :
) momentum and z-axis
When m < |pr| then y—n
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Diffraction in electron - proton(nucleus)

Final state: elastically scattered
proton, or the system with the

k!

k S same quantum numbers
e >
q
X | Diffractive system with mass My

X
— < Rapidity gap

) > 4 /

P p'

In order for the rapidity gap to exist it needs to be mediated by the colorless exchange

Diffraction: a reaction characterized by a rapidity gap in the final state
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Diffraction and the Pomeron

Diffraction: a reaction
characterized by a large rapidity

k /I<>,/ gap in the final state
e >
q In order for the rapidity gap to exist it
needs to be mediated by the colorless
diffractive exchange
X
B But what is this diffractive exchange ?
P > S —
p Y
P Usually referred to as the Pomeron.

Quantum numbers of the vacuum

Modeled as a composite system of gluons and/or quarks.

Studying diftractive processes can shed light onto properties of this intriguing object.
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Diffractive kinematics in DIS

Standard DIS variables:

, electron-proton inelasticity
k /k>/ cms energy squared: D-q
e > L 2 y _
(Q ) Bjorken x 5
photon-proton —q
(B) } X cms energy squared: T = % - g
(E_,) — W2 — (C] + p)2 (miréus) photoré virtuality
p ) \ Q — _q
p ?J D Y < Rapidity gap
Target is scattered elastically: Diffractive DIS variables: ['CB — 5/3]
elastic scattering
_ B Q? + M)Q( — ¢ momentum fraction of the
[ Iso di . ‘ §=xpp = 02 + W2 Pomeron w.r.t hadron
{ can also dissociate 1nto a
state Y with the same quantum 8= Q’ momentum fraction of parton
numbers, but still separated Q2+ M3% —t w.r.t Pomeron

from the rest of particles

t = (p — p/)2 4-momentum transfer squared
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Reduced cross section, structure functions

Recall the reduced cross section in inclusive DIS:

d’onc  2maZ 5
— =Y. r\4;

Dimensions:

Yy =1+ (1—-y)? Oy Dimensionless

Reduced cross section depends on two structure functions:

Ur(x7Q2) :@2($7Q23 }?Z_@L(Q%QZ))

F T = F 9 — F L transverse structure function

FL longitudinal structure function
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Diffractive cross section, structure functions

Diffractive cross section depends on 4 variables (§,3,Q31t):

d*ol 2T 2

TR To TR TaY

0y, oPW(E, B8,Q% )

Reduced cross section depends on two structure functions:

PO, 8,Q20) =[PPV (e, 6,% ) L{FE (e, 5.01)

Upon integration over t: Dimensions:
D(4)] _ —2
(o) [ arbesqn e
: O'D(S) Dimensionless

r

Anna Stasto, Diffraction in hadronic collisions, NCBJ, May 16 2022 24



Collinear factorization for diffraction

k K
e >
Y Collns
B)/
rk ' / — X Collinear factorization in diffractive DIS
(€)
p—T—H
p '
S |
~ A
D B
F (B,6,Q%1 Z/ = O (2.@7) P 6@50)
_ Y

* Diffractive cross section can be factorized into the convolution of the perturbatively calculable
partonic cross sections and diffractive parton distributions (DPDFs).

® Partonic cross sections are the same as for the inclusive DIS.

® The DPDFs represent (at least in LO) the probability distributions for partons i in the proton under
the constraint that the proton is scattered into the system Y with a specified 4-momentum.

® Factorization should be valid for sufficiently(?) large Q2 (and fixed t and §).
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Factorization for diffraction

k 2
7 (Q?) A
q . B q . _
/ 2 2
X o) Q 5 Q X (M)
o ‘ rapidity
rapidity ° > ) gap
p p' (h) gap

By changing the scale from Qg2 to Q2 additional gluon is emitted in the diffractive system X
Soft gluons forming the system h are not able to resolve the qg system since it is localized at a
distance smaller than 1/Qpg
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Model for diffractive structure functions

Regge factorization with Pomeron terms works for small £<0.01

At higher { additional exchanges "Reggeons’ need to be included

PO (=6,.Q% 1) =| (& HIR(E D

Pomeron Reggeon
Regge type flux: Trajectory:
D GBIP,IRt /
fP,B(gﬁ t) — AP’R§2QP,]R(t)_1 &]P,R(t) — alP,R(O) + O‘]P,]R L.
For t-integrated case Integrated flux:
D(3 _
17 9(26.Q%) = 0 (&) £ (2, Q%) + 0 (€) F(=, Q°) bip (€)= / at fip (&)

Pomeron PDFs obtained via NLO DGLAP evolution starting at initial scale pg2=1.8 GeV?2

2fi(zd) = AP (1= 2% imgg
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DGLAP evolution equations: recap

q(x.1) q(x,1) +dq(x,1)
\ quarks with fraction x = %2 of target momentum

Anna Stasto, Diffraction in hadronic collisions, NCBJ, May 16 2022
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DGLAP evolution equations: recap

Apart from ¢(x,7) one has to include g(x,7)
t:InQZ/Q% f—|—(5t

v <,
L y

il y
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Model for diffractive structure functions

Regge factorization with Pomeron terms works for small £<0.01

At higher { additional exchanges "Reggeons’ need to be included

PO (=6,.Q% 1) =| (& HIR(E D

Pomeron Reggeon
Regge type flux: Trajectory:
D GBIP,IRt /
fP,B(gﬁ t) — AP’R§2QP,]R(t)_1 &]P,R(t) — alP,R(O) + O‘]P,]R L.
For t-integrated case Integrated flux:
D(3 _
17 9(26.Q%) = 0 (&) £ (2, Q%) + 0 (€) F(=, Q°) bip (€)= / at fip (&)

Pomeron PDFs obtained via NLO DGLAP evolution starting at initial scale pg2=1.8 GeV?2

2fi(zd) = AP (1= 2% imgg
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Phase space (x,02) HERA-EIC

EIC 3 scenarios - HERA 104

Q2 [GeV?]

101
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Measurement methods: LRG vs LP

Large Rapidity Gap method:
request a large rapidity gap (ex. ZEUS 2009
€<0.02)

Proton Tagging (Leading Proton) method:
detection of a leading proton (ex. Leading Proton
Spectrometer in ZEUS, Forward Proton Spectrometer
in H1, can go to higher ¢<0.1)

ZEUS ZEUS

_ ® ZEUSLRG (M=M ) 62pb’ — Regge fit LRG . ® ZEUS LPS 33 pb™ — Regge fit LPS
2 005/ $=0.015 | $=0.038 | p=0.091 L ~  p=0.217 | 3 % $=0.002 $=0.007 p=0.020 $=0.065 p=0.217
1 ° (0] S o
O& 0 ° A 2 B Tt p o& 0.05 T T T 1 E
> t t + + + + t t o b3 i
0.05 | p=0.020 | p=0.052 | p=0.123 | p=0.280 | 0
. ., {\N 8 s San? \%.ﬁ N \4— «
e “ 0 i i i i o
0 1 1 1 1 1 1 1 —— p=0.004 p=0.011 p=0.031 p=0.098 p=0.302
0.05 | $=0.026 | $=0.066 | =0.153 | $=0.333 | 3 o
- e | el | 0.05 | T T T 18
0 : : : : : : : : : : }é [ \\k._ @
0.05 | =0.014 | p=0.032 | p=0.079 | p=0.180 | $=0.379 | % \_ﬁii Seosd | el ®
| ° - M e \‘* § 0 }[3 0607 | }[3 0619 | }[3 0655 | }[301}65 | }[s 04}141 |
0 ; ; ; ; ; ; ; ; ; ; - = = = = o
i =0.016 | =0.037 | =0.092 | =0.206 | =0.419 | >
0.05 p p p p B E 0.05 ! 1 1 1 1 17
. . e T p 1;2 A 1R 5\,\,‘ -
0 ; ; ; ; ; ; ; ; ; g ~
0.05 | p=0.021 | p=0.048 | p=0.117 | p=0.254 | p=0.486 %
. . 8 0 e v v v v
. e e o p=0.013 p=0.037 p=0.104 p=0.280 p=0.609
0 ; : : : ; : : : : S
0.05 | $=0.029 | $=0.066 | p=0.158 | p=0.324 | $=0.571 > 0.05} }g T T T T 1 3
. oo | e | ot | T |8 S T N s
0 ; ; f f ; ; ; ; f f
0.05 | $=0.038 | p=0.086 | $=0.200 | p=0.390 | p=0.640 |+ 0 o e e St -
=0.038 =0.100 =0.248 =0.526 =0.816
oo S oo D ‘\’%—._., \N.l_ g B p p p B o
4 Ry “p=0115 "p=0.256 " 5=0.468 “p=0.710 |® 005 {g t t t |8
0.05 | =0. 1 =0. 1 =0. 1 =0. 1 =0. 1> {_ﬁ o
. e — U § Iigﬁ ‘\*ﬁ \f\i\ii %’;
3, 2 3, -2 3, 2 3, -2 3. -2 3 2 - 3 2 - 3 2 - 3 2 - 3 2 -
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Xip Xip
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Diffractive fits

- Example of the DGLAP fit to the diffractive data

—— ZEUS-SJ x 1.15
® H1-LRG 2012

—— H1-2006B
z . [ e=0001
Q& B S 4 .
- 08
| y;_—r;-——-'—”—t N
e . 0.32
15
%—__ 02
N /r""’—
107 / 013
.
- 0.08
-
102 — 0.05
N | | | I | I | 1 | | I I | I
10 100
Q* [GeV]

D(3)

— ZEUS-SJ x 1.15

Comparison of H1-2006B and ZEUS-SJ fits to the H1-LRG 2012 data
ZEUS-SJ fit seems to better describe the data in the low 3 region

HI-LRG 2012 ___ L4 »006B
. [ e=oo01
104 3 0.8
B oo o o = 0.5
3 ——
10 ; —g——v—o— ()32
B W 0.2
102 £
- —_— 0.13
10 & /"" 0.08
- /ﬂ_‘ 0.05
1k /ﬁ 0.032
E ? 0.02
10_1 - >, 0.013
- >
- 0.008
10-25_ 1/1 |||||I 1 [ llllll 1 'OIOO'S
10 100
Q* [GeV7]
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Fit examples to diffractive data at HERA

fD(4)( £,Q% 1) = fH(E, t) £ (zQ)-Ff]R(f t) f(z,Q°)

) t y eBP, Rt
fP,]R(ga ) ]P,]Rgga]p’]R(t)—l Zfz(»z, N(Q)) _ AZZBz (1 . Z)Cz i=q,g
Oé]p’R(t) = Oz]p,]R(O) + O/P,R t.
Parameter ZEUS S ZEUS C ZEUS SJ H1 A
B, 1.34 £0.05 1.25 4+ 0.03 1.23 £ 0.04 2.3+ 0.36 1.5 £ 0.12
Cy 0.34 &+ 0.043 0.358 &= 0.043 0.332 &= 0.049 0.57 &= 0.15 0.45 + 0.09
B, -0.422 £+ 0.066 0 -0.161 £+ 0.051 0
Cy -0.725 £ 0.082 0 -0.232 £ 0.058 -0.95 £ 0.20
ap(0) 1.12 4+ 0.02 1.11 = 0.02 1.11 = 0.02 1.118 £ 0.008 1.111 &= 0.007
ar(0) 0.732 £ 0.031 0.668 £ 0.040 0.699 + 0.043 0.5 .
op 0 0 GeV 2 0 GeV 2 0.06 GeV~2  0.06 GeV~?
o' 0.9 GeV~* 0.9 GeV~2 0.9 GeV~* 0.3 GeV~? 0.3 GeV~?
Bp 7 GeV~? 7 GeV~? 7 GeV 2 5.5 GeV 2 5.5 GeV 2
Bp 2 GeV 2 2 GeV 2 2 GeV 2 1.6 GeV 2 1.6 GeV—2

Parameters in bold font were fixed in the fits
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DPDFs: ZEUS fits

Gluon
> R L LR LA B
N Q% =6 GeV?
—— ZEUS DPDF SJ
0.6 I- exp. uncertainty
) - = ZEUS DPDF C
0.4
0.2 -
0 I L | | | 1
0 02 04 06 0.8
' T T L
N Q% =60 GeV>
0.6
0.4
0.2

fzp(xa QQ,le,t) — fIP/p(CEIPat)(fi(B — 3?/513113, QQ)J

02 04 0.6

(=)
S
N

zfg

T T
0.6
0.4

0.2

Q2 =20 GeV?

Q2 =200 GeV?

Inclusive data alone cannot
fix the diffractive gluon
distribution at large z.

Fit S] includes diffractive
dijets

Anna Stasto, Diffraction in hadronic collisions, NCBJ, May 16 2022

35



DPDFs: ZEUS fits

Quark fZ-D(QJ, Q2,$IP,?§) = fIP/p(flP,t)(i(ﬁ — x/xfpa QZ)J

=2 LA B LR B B =2 L B I LA BN
N} Q2 =6 GeV? N Q2 =20 GeV?
0.04F — zeus pPDF s ] 0.04 ]
i exp. uncertainty i
1 == ZEUS DPDF C i
0.02} 0.02
0.01f 0.01
0 0.2 04 06 0.8 1 0 0.2 0.4 0.6 0.8 1
y 4 z
n T T |2' LI B '2| T « T T 2| L B é T
N = VvV N =2 \/
0.04 Q“ =60 Ge R 0.04 1 Q° =200 Ge E
0.03§ ) 0.03 u
: light light
0.02} 0.02
0.01f 0.01f
0 1 % 02 04 06 08 1
y4 z
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DPDFs: H1 fits

vg : Gluon ) .
5 3 (GeV'] DGLAP fits fail for low
N : 8.5
N :- values of Q2
- 20
i HI: Q2<38.5 GeV?
0 0F
0.2 0.5
N : % ZEUS: Q2<5 GeV?2
0.1 0.25 -
of of
0.2 0.5 -
- - 800
0.1 0.25 - . . .
: ; Higher twists / saturation ... ?
07702 04 05 08 0™"02 04 05 03
Z r 4
H1 2006 DPDF Fit A —— H1 2006 DPDF Fit B
£ (exp. error) ----- (exp.+theor. error)
1 (exp.+theor. error)
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Diffractive dijets in DIS

The factorization allows to use the diffractive parton distributions to predict other processes in
diffraction with large scale present: universality

Examples include: diffractive dijets, diffractive charm production

Factorization formula for diffractive dijets:

do(e+p — e+2jets+ X +Y) = Z / dt/df / dzdo(e+i — e + 2jets)fiD(4)(z, & put)

2 o : : : : :
H factorization scale X’ part of the diffractive syste that does not include the jets
DIS, photoproduction photoproduction
- - o © DIS diffractive dijets consistent with factorization.
%w Remmnant Used in ZEUS §J fits for example.
—— Jet

——— Jet

A
——<—— Jet

v o Photoproduction diffractive dijets: ZEUS
P P consistent with factorization within errors,
P y P Y H1 data lower than predictions
a) (b)
Dgrect Resolved
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Diffractive elastic vector meson production

Final state contains only vector meson,

e (k) a® e(¥) scattered lepton and proton
e
k)
Y™ e (k) . el
i ) -
Lz
A ) |
M =pA (") Pl —Or— o)
t t
J/{ vector meson: charm -anti charm system m = 3.09 GeV
Upsilon vector meson: bottom - anti bottom system m = 9.46 GeV
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Thank you!
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