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pp total cross sections
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Soft hadron = quark matter, not partons

e T o NEF—FARIEE, THEMISEUTO &S (CEME

ASEFIET #— 7 ¥%HE (quark matter)
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Nicolo Cartiglia, INFN Torino
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i ' Regge trajectories (f6]

The Pomeron it o

~ = ol Chit1020.71
0> 7 DIEmZE Pomeranchuk & \\ /

REHNEESHFT, MEEE N e m
SBAT B = ITEA ,-
— Regge iR CTHMRELIE

doep 1 A2 ~ (i)Za(t)—Z

dt S_Z So
.t ~ —p4(recoil proton) BEERELDIFE — 2 Im)ﬁ(

a(t): Regge trajectory
s)ao_l p\\//p

- £RELER CtFEHE)

CL{1)=0.540.0t

CL{ti=1 140,258

doeg
t le=0
— a(t) = ay—a't =1+e—a't:"Pomeron trajectory”
BRI T ap: ~ 1.08, a’'~0.25 GeV 2 p p
“the cross section behaviour is explained by Pomeron
exchange (or by Pomeron trajectory)” &5 E
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What is Pomeron, guys?

 Itis alight meson-like object

— but we know that the lightest mesons are not Pomeron

* Most likely: it is a “dressed” gluon
— Lowest colourless gluonic object: 2-gluon state

— Strongly interacting —» becoming a gluon ladder From CERN courier
l.e. not 100% gluonic object

« Questions:
— Is it a particle, or just an intermediate state?

— Partonic contents of the object?

You can always
insert a quark box

BARES




Diffractive scattering

B MERLEL TIL, proton A, B ORI H T —3#IL A W

A B, 7 E DK SIZ, multi-hadronic state [ZZ1E (dissociate)

THENDD, my, mp [FINS®H .

CHIE, RFICZHBTFIEFELCBTNS I~ =

— TEREDFIETEH BN, p
EFHITEDL S0 B

ThNIE, KBRFIEHT—FFTHL

— FNHAFIRILFEF—TIL "Pomeron” OE LY,
H5WNEENIZL=RFOE LN E |
EZ% o

x,=(m+1)fA/d
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Signal of diffraction in pp collisions

 QObservation of collimated hadrons
(or a proton), system A" and B,

in very forward direction centraldetector oy w_ . level
° La rge Rap|d|ty Gap (LRG) ND | centralidelector | l ND
between the system A" and B’ b) N Mo
| 1 { SD
SDf
C) ]mln ]]max
| . | DD
[
d) nmin nmax
5 bxon) bx = | | sD
} SD2 o W
P& b P e —
o o s [ s O R
Single diffraction Double diffraction 0 . .
TI min '] max
DD | | | DD

-In(\-‘s/mp) In(w‘slmp)
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Scatitering angle of elastic/diffractive proton

* You see diffractive peak and also dip

TOTEM collaboration, EPL 101 (2013) 21002

3
o 10 . B
~ 10 E T T T T I T T T T I -
L 5 E § extrapolation to =10
g 10 .
=
1()1 1()2 ..................................................... —
E " -2 v 2
] O Lo B Hmin =2 107 GeV :
B 10 L _ B ) :
= Nmin =5 1077 GeV~ :
1 101 1 | 1 1 | 1 | 1
107" = 0.05 0.15 0.2
10_2 : - : -
Ref. [1] 3
10—3 Rcf‘. [2j -
this publication
1004 | —— statistical uncertainties
|] systematic uncertainties
10~5 . | | | | . | | . | |
0 0.2 0.4 0.6 0.8 | 1.2 1.4 1.6 1.8 2 2.2 2.4
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Double diffraction by TOTEM

« T1and T2 telescopes to tag
proton dissociation system

— T2 to tag the system X/Y
— T1 veto for rapidity gap

| Ll . .
e T __— Interaction Point

=4 |

T

T2 CASTOR e
Main sample subcategories .

1([rack D1 ll:rack Dzztraek Dl 2track D2 ltrack

0 0 0 0
2T2+1T 1T2+2T1 1T2+1T1 1T241TH

Visible 131 =22 5814 20 x8 315 34 x5 same side opposite
side
in ub i pit D22 DI2 D21
S 11625 6520 12+5 26+5 27=5 Somewhere between two models
PYTHIA 7)in 159 70 17 36 36 .
PHOJET Ty 101 44 12 23 23 Next: t-dependence
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dcﬁdlogmt; (mb)

Events with LRG: ATLAS and CMS

° 1 5 T L I R B L B L L I R L B L L B
a, extracted from cross section 2. arias” 88 Data L 7.1 0"
. . g w = \s=7Te PYTHIA8 DL FIT 3
dependence with rapidity gap An g p. > 200 MeV E
. e L PYTHIA 8 MC Tune ]
— triple-Pomeron formula: Fit in region 6 < A" < 8
10 0,(0) = 1.0581L0.003(stat.)";§::(sys.) E
do _1+e—(1+e+2a’t) - 7
— X S SX C Fitting this
déx - partonly
M)Z( . . 1= N ® —
¢y = ~ (longitudinal momentum - DI
fraction of the diffractive exchange) § TaE ' | ' | | | E
- o 1 ==
— An = —Indy EO.SM =
i i ~ € 0.6 , \ . , . . 3
— cross section rise by ~ (An) R B S T Sy
. An
— DL universal Poemron: a(0) = 1.08
CMS Preliminary,Js =7 TeV,L = 16.2ub™ CMS Preliminary,ys = 7 TeV, L= 16.2 ub"’
1-4__' "I""l""l""l'"'I""I"'"l"': 5‘1-4__' '."!:'M'S"I"'"I""I""I""I""I"': 5 }X(Mx)p }X(Mx)
- SD (pp — Xp) ] E F PYTHIA version: DD (pp — XY) |
1_2-_ ] Mx 1.2__ — PB-MBR ==0.08 r\l.fl:_’ ] P =~ p P Y(MV)
. 1 © k- P8-MBR (default) e=0.104 L — =% 1 © o
iF - (o) 1 — PR4C x 5 1
L ] o X ] . . . . .
. 3: ] 5 {,3: - 0.5<log, (M /GeV)<t.1 3 Single diffraction Double diffraction
. ] 8 - 1 MBR: Rockfeller
06E E 0eF saturation model
0.4 — 0.4F on top of universal Pomeron
c C P8, P6: Schuler-Sjostrand
0.2F = 0.2 : .
A I T T Levunle, Pomeron with partonic structure
6 55 5 45 -4 35 -3 2 6
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#% &< 73 soft QCD process

EIITEEL TIERIAICRIFAE T, LRG A BAHIZEH
KIFHH 5

— i D IEEMHEENEL Tl LRG (L7 WLAY, BIAICHIFHAH S

FIAICREWRIFAESD VD Z &I,
FEALEEEEZTR>TULEL (B, #ite £12)
— #@EL L =R FI& low-x (parton or Pomeron)

EBF - BFRELEL, (R JoF - BFRELEARE D
CNEfEo TERBA
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A= — =F -
EHFDEE - Low-x = forward
p
NN 4 O
p remnant /
p,n

small x large x
backward forward = 0 degree
y = -2 y =7

« small-x parton ZlzFMNLHRYE->TIH, BHBFOEH=LIFL
AEEDLLRWNWTRIAIZRSN

 Small-x parton (& "backward” &4 [ZF.A
— BIARIF, BARFDORBOD large rapidity interval & %
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ep at low-x is y*p scaitering

p

Y* /
q
p, n

low-x =~ low-Q?, StFIFNKRO UV ERGHES

Y*p centre-of-mass energy W (&
lower-x TKELK &%

1 Q%
w2=(--1)@*~%< (x« 1)
— low-x = larger rapidity interval

SRTEBDIEMD 55 F LA photon QZ AN
KELBBIZONEAEARLL S,

.

G, P(Lb) (scaled)

V*W —_

W
=3
=}

[
(=3
=}

p—t
(=3
=]

7 B\ N A=
——N—r—1—}

W e
[—I——1

q
ko
p,n

—

[ from HERA data |

Q=0 GeV’ 4

M ...oo’

|- ® ¢

Q> =15 GeV’
4 (x 8)
EEEETIT R RTTT B AT MW AT A
10° 10° 1042 10° 5
W4(GeV?)
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Soft or hard?

VE g
q
b,n
Q? = 4 GeV? x =1,pr = Agcp
small x = hard very large x = soft
< T ree—
backward forward = 0 degre P
y = -2 y = 7

« Colourless particles appear more in forward (perhaps)

— where is the transition, in which rapidity?
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ep HELICH T EITEE L ZODER

e ...Is to understand P—s >
the exchange Colourless gé g
p— H,  H_ X

in terms of pQCD g ”

— 2-gluon exchange at LO 0? .

— The exchange itself does not have _
hard scale: typically # =A% p ,q
Need a scale to see partons P, P

* Probing partonic structure by hard

diffraction e.g. p
. . Jets (or HQ)
— DIS, jet / HQ production, large ¢
Ep my,
p, :

P
pr

Diffraction and Vector

Meson Production, LP03 19 15 Aug 2003



The basic of hadron physics:
W2 oc 1/x;; dependence

« F,rises steeply
towards low-xg;
— This means:

the cross section steeply rises with

W, the centre-of-mass energy of
vOp system:

w? :(1—1JQ2 L2

X X

(x<<1

— Or:rise in s for hadron-hadron
* Fastrise in W: partons = pQCD
« Slow rise: soft collisions

Diffraction and Vector

Meson Production, LPO3 20

|

L 2 2
gz I F,f F 2
s , from
. H1, ZEUS ¢
1
1073 1103 1
%300 — —
= from HERA data
g 200
g Q’=0GeV?  *
o
3 st o
EWr o *
L8 . 02° oF
S NQ=03GeV
50 ]
[ |
40 Q’ =15 GeV?
30 L (x 8)
102 10° 107 1052
WX (GeV?)
15 Aug 2003



Why diffraction ?

p

\ 4

a simple view S 4-gluon:
p_, < Inelastic
* Plenty of partons at low-x ' i
— T-parton exchange 2-gluon:
» Hard scattering P— g T 3
5 Colourless < 9
— 2-parton exchange c§c
: : P —s > P — >
* Multi-parton scattering diffraction Multi-nart
— incoherent 3-aluon Hiti-parton
-gluon:
 Diffraction — coherent D J p

— 3 or more could occur as well
 These phenomena should be P
explained uniformly diffraction Multi-parton

— Cannot be ignored at high trescattering  efellelfICY
energy

NN
A
NNN]
NN
AVAYA

Diffraction and Vector

Meson Production, LP03 21 15 Aug 2003



partons x phase space =

particle exchange
(one-pion exch. etc.)

PR

diffraction p
by “Pomeron”
P (R)
< »
Large Rapidit
Gap (LRG) p
Y- diffraction

by 2-gluon

various phenomena

multi-parton
interaction

| J
increasing forward E

by multi-parton
Interaction

diffraction destroyed l .

o, P, R..

 where colourless,
where colourful? .



« high+/s and low p; Tl&

Uparton > Ojnelastic 1

Multi-parton interaction at the LHC

E4

y*

multi-parton ?
interaction in ep colligion

—EDEF - BFERTZHD/NA— k.
BELLTWB I &I B
B2 Tevatron TR A, HERA T % yp (real photon) TEEHLA

5 E0E, D cross section [FLULTDO LS IZE(T 3
O, O
oppi(4,B) = e @
Oeff

Oy, Op . 2EDEFICREET SDRHELNMILICESZEED
TNENOMERE (Vs & &S ITE)

Ootf : 2D D AFHIFMNER > TV EDHNEE
Oott NEFNIXFE—LADBRNTWND Z L2 Y app; HIET
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Multi-parton interaction and diffraction

They are very closely related:

Both are based on multi-parton exchange
— Diffraction: 2-gluon exchange, coherently

In colour

— MPI: colourless (colour-octet) exchange
They occur more often at high-energy co
— More partons at low-x, more chance to pi

a state of a given mass

Clear evidence at the LHC
— Direct measurement by e.g."

— Minimum bias events can or
be explained by models witk
and colour reconnection

Events / 0.03

0.08-

012
L ATLAS * WIv data - physics BG,\s=7 TeV
0.1 3 Fit distribution '
TR e A+H+J template A i
—— template B
0.08 J Ldt=36 pb”

00 01 02 03 04 05 06 07 08 09 1
Al

jets

£ 40F —e— CMS (W +2jets)

- I —— ATLAS (W + 2 jets)

o 35| —#&— CDF (4jets)

[ — CDF (y + 3jets)

I —&— Corrected CDF (y + 3 jets)

[ —=— DO (y + 3 jets)

I —+— UA2 (4 jets - lower limit)
25 AFS (4 jets - no errors given)

20; [
15[ |

'

5F

Eoeil Ll ]
0.04 041 02 1 2 345 10
Vs [TeV]
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Entries/0.05

Y /Data

CERN-EP-2016-183 arXiv:1608.01857

Double-parton interactions through 4-jets

+ two types of double-parton scattering signal in 4-jet events

— "cDPI": complete-DPI, 2-jet ® 2-jet
— "sDPI": semi-DPI, 3-jet ® 1-jet

 Tjet missing from detection for the “second” scattering

— and generic 4-jet events from single parton-scattering

- ATLAS

10°F el

10*E

[ Vs=7Tev,37pb"

b

I

i
Entries/0.1 rad

34

cDPI can be distinguished from the SPI, but sDPI not quite

10°

10*

7 T T
- ATLAS

" Vs =7TeV,37pb"

o
i

—— Data 2010
...... SPS (AHJ)
— - cDPS (data, overlay)
sDPS (data, overlay)
B Y of contributions
(stat. uncertainty)
=~ ) of contributions
(stat. + sys. uncertainty)
Anti-k, jets, R=0.6

p} >42.5 GeV
p_2|_’3‘4 >20 GeV
M, 544 <44

1,234 =

a¢34 [rad]
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Effective cross section o = o s

LHCb (r(18)D°*, Vs =7 & 8 TeV)
------ ATLAS (Z + Jy - lower limit)
oofr: transverse area of the hadron causing DPI BSOSO
—— DO (y + b/c + 2 jets)

A _B .
1030 #~ CMS (W + 2 jets)
— o,® ==—L2, which can be obtained using the relation: s w- zjes
2 Oeff —— LHCb (J/yD")
047> = fpps - 04; and the dijet cross section oy; DA A
—— CDF (4 jets)
Oeff = 14. 9+1 (Stat )+5 (SySt ) mb — - UA2 (4 jets - lower limit)
— obtained from the measurement = 30—
= ATLAS
fi7% = 0.092£3003 (stat. ) 13035 (syst.) =
o] L
No trend in increase/decrease - !
. 20_— T s
as a function of /s - : =
15— I :I: 1’: : ]
| IL]T- :
for- | B
: i
0 .I_ I L 1 I T T
10° 10°

(s [GeV]
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a3 ELD Gap survival probability

- [EIHTERELIZINA T parton(s) A y*
RN D &, colour-singlet
RENIHIEER S NS

» Tevatron Tl&, BEIHEELEFED 1
1/3-1/10 L™ R 5478 0N
— Pomeron flux (fz 5 =)

Pomeron parton densities o)
(RA D HERS) Chbt 3
%:

HERA EEENHLXRH=H D%

FAW=546 1
. ¢ DATA
e LHC T3 suppression as well — prrmszzo
smms PYTHIAS tune1 ND
. . 10" k —— POMPYT CTEQ6L1 & H1 Fit B
— But not drastic suppression, == POMIC CTEGKL1 & 41 Fits

, T POWHEG+PYTHIA8 CTEQ6M & H1 Fit B.

107 102

only similar magnitude to Tevatron
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5 —ELWERDE

BEIRILF—EEHIZEMTS?

Ry —FEFLAELLNAS, o
HA AMKRELHEL2TWNS
TEMIZIE, EIRILE—T
N—hUPBRT, BAE

dog/dt [mb/GeV

BoTWL3
g”lﬁﬁﬁ .
=L, Y4 XNKRELEH>TLD I e T TR
AL 5 (L P B Shrinkage) ol | i -
_ BIAEHEDOE—4 % e Bltl © Z - Jéi . T e
7’( \\J l\ L/f:t%’ B@{Eb§ 101 "IIHHII(‘]Q | ‘IIIHI‘(|)3 | IIIIII1I04
THRLF— (TS THAS @ o

- B—=—T YDA XNKESLLE>TWD I EITHEY
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ERBELMEERORES X

* luminosity monitor & 5 5%
- BEBHATCRABVDERHET 5%

— o2, = 11sz (d;’:l) &Y t=0 OWrE+E % extrapolate % A%

t=0
 luminosity JAIE 4 FF L 7% LN 5% (Totem)

(dNel)
l16m dt )|._,

o =
rot 1+ ,02 (Nel + Ninel)

2 _ lem dogp . .
Otot = 1+ p2 ( d ) ) Nel = Opgj 'Lintr Ninel = Ojnel * Lint J: U

Niner [& diffraction Z&ATHE Y, EEMIZE L Z 7L low
mass diffraction (%5 1E (Totem T 4%)
p [XRIHHEIRIED EERIZx T 2EEFD L 0.141 + 0.007
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CERN-EP-2016-140 arXiv:1606.02625

Inelastic cross section @ 13 TeV

« MBTS (Minimum-bias trigger scintillators) % {& > T inelastic,
SD (single-diffractive) and DD (double-) 22 % 2 %

— AEMEE 2.07 <|n| <3.86, & =My/s>5x107° [Zxt)S
o LHCf &L MDKRHEET MBTS D42 T $IEREERIE

SIATLAS JATLAS

EXPERIMEMNT EXPERIMENT

2 -

Inclusive events Single-sided events (mostly SD)




Diffractive fraction
and MBTS hits

I T T T T |
Data 2015

- ATLAS

0%-185* —e— Pythia8 SS . A
[ --m- Pythiag DL,e=0.085 '5=13TeV,1=60.1ub" %7
0.16[...4- Pythia8 DL, £=0.060 P
C Pythia8 DL, £=0.10 ]
014 ... Pythia8 MBR .
0 12: EPOS LHC e ]
J2 - 2= QGSJET-I e /,f‘;
0.1+ - =
0.08[ =
0.06F ]
0.04:?‘.‘ ' .I..I ..I . 1 1 I 'l 1 1 1 |—:
0.1 0.15 0.2 0.25 0.3 0.35 U.;l

D

Rss = (single-sided)/inclusive
— EPOS/QGSIJET & Rgs Z#EBAT %
21X & Y %0 diffraction ipE

— INBHDETILIZ2ELLE
MBTS [CEw N&E5T
AIREMEN T —2 K U KEW

MCidata

dnamb
ncwrh d"MHTS

-1

MC/idata

102

107!

1.5

0.5

—e— Data

T T TTT10T

EPOS LHC

LI 11||rr|

- Pythia8 DL, £ = 0.06 -~
------ MBR
- QGSJET-NI

Pythiag DL, £ = 0.10

hiag S

Pythiaé DL, £ = 0.085

ATLAS

13 TeV, 60.1ub”
Inclusive selection

54 & 6 70 12 14 16 18 20 22 22

Magre
T T T T ] 1

| —e— Data —— Pythia8 SS N

b PythiaB DL, £=0.06 --- Pythia8DL,¢=0085 | -

- Pythia8 DL, £ = 0.10 -~ MBR o

EPOS LHC —me QGSJET- e
F . il R =
e i L H- ATLAS

13 TeV, 60.1ub"
Single-sided selectio
" i i 1 " i i

f -




13 TeV inelastic cross section o,

E : I I LI l I I I L | . 1 I I LI I I 1 L
= - e ATLAS (MBTS) — Pythia 8 /3
— 100 . ATLAS(ALFA) --. EPOS LHC 3
S JaE v TOTEM --- QGSJET-II ° 3
© 90F . ALIcE E
- o LHCb ]
80 Auger =
~ e pp (non-LHC) =
70; o pp .
60 E
50F E
40F E

30 :_A TLAS TOIOU BOEO QUIDG 10(;00 HDIOU 12600 130IOO _:

: 1 1 L1 1 11 | | I:

10? 10° 10*
(s [GeV]

« Uncertainty due to the diffractive fraction f; is small

* Extrapolation for § <5x107°%:9.9+ 2.4 mb
— "total” inelastic: gype; = 78.1 + 0.6(exp) + 2.4(extrap.) mb
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Phys. Lett. B (2016) 158

Total cross section from optical theorem

t —distribution measured by
double-arm Roman pots

— ALFA scintillating fibres by
ATLAS

— TOTEM around the CMS IP

ALFA uses luminosity for
absolute cross section

TOTEM does not depend on
luminosity measurement

(dNel)
l16m dat J|,_,

1+ pz (Nel + Ninel)

Otot —

do,, /dt [mb/GeV?]

(Fit-data)/data

10°E "
- 400 Jr E
u ATLAS 50 BT 1
| P 300 | .
1s=8 TeV, 500pb 050 | ]
10°E 200 | 1
- e, Rl A . =3
L L J 0.02 0.04 0.06]
3
n ..
.Q
10 ©® 2012 data .,
= *
- — Elastic fit ‘e
B -
-
B -
1= R
= —
B ——
1 ] I 1 L 1 ] I 1 Il 1 1 Il ] L 1 1 1 1 1 I Il 1 Il L I ] 1 1 Il | Il 1 1
0.1E- ' ' ‘ ‘ ' ' NE
DS \\.\\
ol SRy ot e e AN
0 0.05 0.1 015 0.2 0.25 0.3 0.35
-t [GeV?]

(b)
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o [mb]

Results

250

- 104 p ' - 202
- e ATLAS 102 > 26 ‘
» 100 | = @ ~ 20
| = TOTEM ] ] O] - 198
200~ s+ Lowerenergy pp 22 - + P 24— e
& Lowerenergy pp o b 3 - ‘
| O Cosmic rays 02 B 22— ° ATLAS Rl S
L COMPETE HPR1R2 7000 7200 7400 7600 7800 8000 - = TOTEM 7000 7200 7400 7600 7800 8000
150+ 12.7-1.751 0.14 In? ogf- * Tevatron
[ - 7 -1.751In(s) + 0.14 In“(s) - v SppS
B - o RHIC
- 18—~ 4 ISR
100— C
- 16
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« Some tension between two results

— slope results agree, though
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Why are we bothered by soft physics?

Pedagogical arguments:

— Elastic cross section increases with s?€,
while total is s€ : this should break down

at some energy

* Multi-parton phenomena (Eikonalisation)
Is a key to understand how it continues

— Itis an origin of the (super-)string theory

Practical arguments:

— Both elastic and diffractive processes
are non-negligible in pp collisions.

— It is essential to understand them
for building a good model in simulating
minimum-bias events, which are used

for pile-up simulation

[mb]
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