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What is diffraction?

» Proton excitation via quasi-elastic scattering, followed by dissociation

Classification
single-diffractive

()

elastic double-diffractive non-diffractive

pp — pY
O O

o.

PP = PP pp — XY pp = X
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What is diffraction?

» Proton excitation via quasi-elastic scattering, followed by dissociation
Kinematics
® proton energy loss & — diffractive mass M:
M?=¢s = 21n\/§/m:#lnM/m+ln1/§
with m = hadronic mass scale (e.g. proton mass)

e rapidity span of soft hadronic system with mass M: Ay = 2In M /m
e rapidity gap size: Ay,,, =In1/¢

dn/dy,\ 2 In Vs/m
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Why measure diffraction?

Diffraction accounts for 25-30% of the total cross section at the LHC
e diffractive dissociation must be well understood for a good description of the
additional inelastic pp interactions (pile-up) which accompany most events
Diffraction is also interesting in its own right!

e diffraction goes beyond simplistic factorization and a probabilistic approach of
parton densities

e diffraction is inherently linked to collective behavior of partons

® AGK rules: same physics plays in
— multi-parton interactions
- saturation of parton densities
— diffractive scattering

1-Pomeron exchange @ 2-Pomeron exchange . |

diffraction saturation multi-parton interactions

I —— I —
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Soft diffraction

Good and Walker formalism for low mass diffraction

® proton is superposition of diffractive eigenstates that are absorbed differentially
by the target

p) =) ) = Ipo) + ") + ... ImTlp) =ImT Y i) = Y tlth) # |p)
k k
oa = |(p|Im T |p)|* = (t)’ gt = Y |(¥| ImT|p)* — oa = (t*) — (t)°
k

Triple-Regge formalism for high mass diffraction

e at large Vs, Pomeron exchange is expected to dominate

do 1 ap (0)+2apt ® op (t) — ap (O) n aipt, o (O) 1t
= G3p(0) s**072 [ — bt _
dt d M5 M2 e at small t: ;(5) ~ 52

1+€
L do ~ i do ~ eeAygap
—O d My My dAYgap
- o » diffraction is due to collective
— behavior of partons — orthogonal to
— standard, leading twist, collinear
=~

approach to pp interactions

~»
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Hard diffraction

Diffractive parton densities . e
e J. Collins [hep-ph/9709499]: proof of QCD factorization in v* (Q)
DDIS
oep — epX) = f°(z, Q% £,1) ® G(eq — eX) (x/E) 3
Parameterization of diffractive F> with Regge factorization ~
® Pomeron flux + DGLAP-evolved parton densities (€)
P (2,Q%6) = fop(6:0) FF (/6. Q) —
P (t) P
o% o i 4+ CDF data Application to hadron-hadron scattering?
T e HIfit3 E&N25 7 GeV o _ _
1005 - 75GeV?)  0.085<E < 0,095 e factorization is broken in hadron
: [t]<1.0GeV? scattering due to soft re-scatterings
ol m—m, (a.k.a. unitarity corrections, higher twist,
E e S— saturation, ...)
gy, &

® rapidity gap survival factor estimate from

factor 10! comparison between HERA and

_ | TEVATRON: factor 10!
O1F  MZeororRie e Can this be modeled with multi-parton
0.1 1 interactions?

P
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Observable definition of diffraction

Properties of diffractive events

e forward going proton (but how forward?) LRG
® large rapidity gap (but how large?) / : X
® low proton energy loss (but how low? A ¢

How can diffraction be defined from the
observable final state?

@ ND with large gaps is in principle Largest Rapidity Gap algorithm
identical to DD }1 (1) Consider all final state particles
® in many measurements, the outgoing | and their four-momenta
proton is not detected and an event (2) Order particles with increasing
sample of SD+DD is obtained rapidity

(3) Find largest rapidity gap between

» Not obvious how to disentangle SD, DD any two neighboring particles

and ND from final state particles (4) Largest gap defines the |
separation between hadronic final |

state systems X and Y

~ (5) Calculate invariant mass of X and \
» A precise, particle-level definition Y: Mx and My; take Myx > My

of the cross section is needed! (6) E = My%/s

==

» Need to avoid large |
model-dependent corrections
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Total inelastic cross section

“Visible” cross section measured
by ALICE, ATLAS and CMS

e includes all inelastic processes, g 95— oMS-HFbased O PYTHIAE

except low mass (M < 15 GeV) I 9oF B CMS-Vixbased 4 PYTHIA8+MBR J

: : 5 = v ATLAS A PHOJET E

d Iffl"a Ctl on - * TOTEM * EPOS 1.99 7]

® Oineal(E>5x10°) ~ 60 mb 85— + ALICE % QGSJETO1

E O PYTHIA 6 ¢ QGSJET 1I-03 E

Total inelastic cross section 80 v © QGSJETI-04

L S . _|

measured by TOTEM _ ) y vosiBYbLad

® Cinel ~ /73 mb —> ’% v ﬂ .

__ o o * _:

Relative amount of low-mass - X o .

diffraction underestimated by all 65 x g 0 , E

models ol Hé . 0 0 C

. . — X =

® PYTHIA (typical) predicts - +$ +§ +. -

_ i i 95— ]

6 mb low-mass diffraction = CMS pp\'s = 7 TeV ¥ ]

(factor 2 lower than data) s0f__ | | | | | | | o

o1, . & AN AN AN

e QGSJETII-01 remarkably close O’a’/ne/an,b “Ox1pe T T lragy ~ Plragy S tragy
to data! arXiv:1210.6718

e — e

® may be explained by
contributions from sub-leading
Reggeon terms in 3IR approach
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Rapidity gap cross section

ATLAS result
® Anr defined as the larger of the two empty n regions extending from edges of
detector acceptance (n=+4.9 or n=-4.9) to nearest track or calorimeter cluster
e threshold on track pr and cluster Er > 200 MeV
® gap cross section fully corrected for detector effects

E10° = ATLAS (e Datal=7.1pub" —= diffractive
“= E \s=7TeV —— PYTHIA84C = plateau: 1 mb/
% - P > 200 MeV........ Non-Diffractive - / unit gap size
3 I T Single Diffractive
non-diffractive 10E I Double Diffractive E
contribution is L. ke .
exponentially kil — — K .
suppressed at - e Tt R R SO single- and
large AnF - double-
diffractive
© [
T F (My < 7 GeV)
S15E dissociation
S Lt T -
= 1= i s e e e e e s present in
: . . . . . . almost equal
0 1 2 3 4 5 6 7 Ang amounts

arXiv:1201.2808, Eur. Phys. J. C72 (2012) 1926
T —
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Rapidity gap cross section

Small Anr

. . L Bitlm  ATLAS  mEW Daal-7iub' | —
® sensitive to soft particle hadronization ‘c \s=7TeV PYTHIA 6 ATLAS AMBT26:
: 3 P >200MeV ..... PYTHIA8 4C
fluctuations: PYTHIA & PHOJET = R PHOJET

e HERWIG++ generates large gaps even with
no diffractive model included

I IIIIIII| I IIIIIII| [ TTTIT

] IIIIIII| | IIIIIII| 1 11

Large Anr
® increase of cross section indicates opp(0) > 1

o fit yields ~1.058 (compatible with soft DL
pomeron with intercept = 1.085)

' -y
) Sy -,

o]
E 102k ATLAS e Datal=7.1ub" |
o F \s=7TeV PYTHIA8 DL FIT 3 ey '
g F p, >200 MeV 7 E F weenw Datal=7.1ub”
5 [ PYTHIA 8 MC Tune ] L_10° H++ UE7-2
Fit in region 6 < AnF <8 3 H++ UE7-2, No CR
10 0p(0) = 1.0580.003(stat.)’ " *!(sys.) T L= .. H++ UE7-2, No Empty Evts.

10 _ mmees H++ UE7-2, No Empty Evts., No CR

T T lllllll
| IlIlIII

—

IIIIIII

Is =7 TeV i1l

NI I R B | e vy by gy __.____.-"-'._ ______ l,_'-
% 1_4;— —; p, >200 MeV e -
o 1.2 =
O 1E = ©
= 0.8F = ©
0.6 , , , ‘ , , , 3 g
0 1 2 3 4 5 6 7 F8 s
A -
arXiv:1201.2808, Eur. Phys. J. C72 (2012) 1926 N 0 ] ) 3 7 z 3 T ‘;_8
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SD and DD cross sections measurements

ATLAS result

® using ratio of Single-Sided to Double-Sided triggered events to extract fraction of
diffractive processes in total inelastic cross section

® default DL-model with op(0) = 1.085 yields fo = (SD+DD)/(SD+DD+ND) ~ 27%

()] J_l 1 I 1 I 1 1 1 1 I 1 I 1 1 I 1 1 1 1 I 1 I 1 1 l 1 1 1 I_L
o 0.18[ Data 2010

— - N - Schuler-Sjostrand PYTHIA 6 ATLAS

0.16F —&— Schuler-Sjostrand PYTHIA 8

-} -+~ Bruni and Ingelman

—&@— DLec=0.0850=0.25GeV?
DLe =0.06, o' = 0.25 GeV?

-£3- DLe=0.10,a' = 0.25 GeV?

- - PHOJET

0.14

0.12

Lo b N N L

0.1

0.08

0.06

0.04 \s=7TeV
1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1
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L)
&
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o
N

fD
arXiv:1104.0326, Nature Commun. 2 (2011) 463
L ee— .
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SD and DD cross sections measurements

ALICE result

® using ratio of 1-arm to 2-arm selected events to extract fraction
SD/(DD+ND) ~ 20% (approx. equal at Vs = 0.9, 2.76, and 7 TeV)

® fraction of 2-arm events with gaps yield DD/(SD+DD+ND) ~ 12%
® absolute cross sections obtained after multiplying with measured Ginel

® caveats:
- large extrapolation (and uncertainty) for unseen low-mass diffraction
— oOpp contains ND with Angap > 3

—~ 25 —~ 15
-g "~ @ ALICE (M, <200 GeV/c?) 'g - @ ALICE
~ _ - O ALICE (extrapolated to M <0.05s) ~ [ ¥ UA5
220 |— 2 [ o CDF
DTTF A ISR (M2.<0.055) 1 - e
o+ X it © A Lowenergy data
- v UA5 (M5<0.05s) 10—
15 4 UA4 (M2<0.05s) u/ -
~ 0 E710 (2 GeVZ/c4<M? <0.055) + j/ i
10 P | P c -
: A < s
: -.% ....... - B
S g + -
B — -
O B L | L 0
102 10° 10*
/s (GeV)
arXiv:1208.4968 arXiv:1208.4968
e — S T — B
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Particle pt spectra

Uncorrected pr spectra from ATLAS Single-Sided event sample
(i.e. dominated by SD+DD)

S 1 O = e L L IO B 3 O O = L L B I B
> ATLAS Il-’reliminlary l...Data | - > ATLAS Preliminary ~e- Data .
g'_ L \s=7TeV -6~ MC Sum _; 8'_ 1-\s=7TeV jMCSum -
S Pythia 6 o : S Pythia 8 e ]
© -5’_10-1 DD — © .g'_10-1 DD E
18 FE é e E
N 102 Toe = N 102 ’:33 -
-.—Zw xo@@__._ E .,_Zm =x._'8: -
100 T P - 10° 1S, .
X '@'_@__._ E OO() =x=_o_+ E
) ¢ -0—e— . B Sa .
104 - - 10 T exO-e- =
) o 3 B e SR 3
. ¥- i . — -t O .
10 '4‘_+_ —— E 10 T . E
1 0-6 Ncl)t corrected-?br_?—z_tector Ief‘fec’ts l l:§:; 10 6 Not corrected for detector effects [E¥—|_:__;
1 2 3 4 5 6 1 2 3 4 5 6
p. [GeV] p. [GeV]
ATLAS-CONF-2010-048 ATLAS-CONF-2010-048
| e— — — —
e PYTHIA6 (no hard diffraction): e PYTHIAS8 (with diffractive pdfs and
- needs ND to explain high-pr tail hard diffractive scattering):
- large pr particles produced by

SD+DD
- ND contribution much reduced
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Hard diffractive W production

CMS result
® selection of W = |lv events

.dEteCtor-levelgaprequn"ement: LD 120_|||| ||||||||||||||||||||||||||||||C|M|?
no energy within 3 < |n| < 4.9 e - JLLdt=36pb'1,\!§=7TeV, Wo v
(caveat forward energy flow £ 100" , ootk X E5R N
very badly modeled by MC) 0 - HF Energy Scale + 10% :

_ o _ > - ---PYTHIA 6 D6T .

® signed niepton distribution: o 80l — PYTHIA6 22 b
Niepton < 0 when e, y opposite i VAL S ]
to the pseudorapidity gap : I ----- PYTHIA 6 ProQ20 + POMPYT :

Comparison of data to MC Rt
® ND models yield flat niepton 401 -
distribution, regardless of UE s -
tune - i

® POMPYT predict preference to 20 B
to have lepton in the hemisphere - -
OppOSltetOthegap O ool b b b b faga

)>" 15 1 05 0 05 1 15 2

® cvidence for contribution of .
sighed n

~ 0 . . .
50 /O dlffraCtlve W prOdUCt|On arXiv:1110.0181, Eur. Phys. J. C72 (2012) 1839

in event sample — —
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Hard diffractive dijets

CMS result

inclusive di-jets with OIS, |G spemen st ey
C $ Data recorded: Sat Apr24.05:25:36 2010 CEST
Run/Event: 133874 / 22902855
| [7 | < 4 _4 Lum| sec?fon?‘l? 5
: \ N AN TA /
3 ¥ '~ 1 1
T SR A
P TR
/7// \‘ \‘\\ ’ ‘3’9{.
A0
¥ i “'“’b} B
j - b 2
C Datn iﬁ%‘?&lﬂ?”s‘i‘kﬂcza%%ﬁ%se 2010 CEST
Run/Event: 133874 / 22902855
Lumi section: 317
’1}.\ T
CMS-DP-2010/036 CMS-DP-2010/036

T — T

e particle-level definition of &: sum over final state particles within acceptance

€+=%2Ei+pz, €=% S B - pl

good approximation of the true & in SD events at low &
- no explicit rapidity gap selection, but low & implies a large gap
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Hard diffractive dijets

CMS result
e inclusive dijet cross section as - -
function of & (-DMS, _\(E=? Te_v, -L=-2.-7.nb", pp—sjet1 -jet2, In”_""’|<4_1-4, -plT”2>20 GeV
- fully corrected for detector
effects l
- excess observed at low & 1
w.r.t. non-diffractive —_ = } .~ & . Jr——
models PYTHIA6 and = S Sdacmggnd
PYTHIAS 1
- POMPYT and POMWIG (LO) .
diffractive MC’s and NLO === PYTHIA8 tune1 ND
calculation from POWHEG, - POMWIC OTEQBLY & 11 Fit B ]
are a factor ~5 above the eolute el PYTHIAS SD+DD _
. . ==: POWHEG+PYTHIA8 CTEQ6M & H1 Fit B
data in lowest & bin e ;6_3 ' —e ;(‘)_2
- PYTHIAS diffractive cross 2

sections are considerably arXiv:1209.1805, Phys. Rev. D87 (2013) 012006
lower due to different R — T ——

Pomeron flux parametrization

® Normalization discrepancies give upper limit predictions (corrected for DD) to
rapidity gap survival probability:

- <S5?>gataymc = 0.12 £ 0.05 (LO MC)

- <S2>4ataymc = 0.08 = 0.04 (NLO MC)

PierreVanMecheIenUniversiteitAntwerpen , 16/17



Summary

Soft and hard diffraction has been
established at the LHC

® rapidity gap cross section

e total, single- and double-
diffractive inelastic cross sections

e hard diffractive dijet and W
production

» MC models in general should be
improved to be able to describe
diffractive interactions in detail

Some open questions/next steps:

® What is the link between rapidity
gap survival and multi-parton
interactions?
Can this be used to describe gap
survival in MC models?

® Search for central exclusive
production (double Pomeron
exchange) at the LHC

® Use of proton taggers in diffractive
studies

Further reading

n\
|
|

|

|
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