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Diffractive physics

D

Non-diffractive
* Exchange of quantum numbers possible

* Rapidity gaps exponentially suppressed

dN/dAn ~e =1

Aty

Incident hadrons
acquire color and
break apart

n=—Intan(6/2), (Ip.| »m)
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Diffractive

* No exchange of quantum number = no color exchange

e Rapidity gaps constant

Rapidity gap

17
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dN /dAn ~const

One or both hadrons can survive the
interaction (i.e. elastic scattering).

At low |t]| (soft diffraction) pQCD
cannot be applied, but Regge
phenomenological model can
describe the data.

Diffraction is modeled as an exchange
of one or more “objects” or
"trajectories” with vacuum quantum
number. The leading trajectory is
called Pomeron.



Notes on Regge framework 5]

The Pomeron was first introduced during 60’ in the Regge theory framework|1].

—ima;(t)
A5, Z Z B.(1) 1+<e ety ?/Sai(t)\\ a;(t) represents a trajectory (Reggeon) in the complex plane which
el\>, v )™~ — i ]

4 interpolates the poles (a;(t)=j, j integer) of the scattering amplitude.
=+1 i 7 T

The poles identify resonances and bound state of increasing j -> A Reggeon is an exchange of a family of resonances with same
guantum numbers.

In the high energy limit (s = 0)A,;(s, t) depends only on the leading pole a(t)

Adding the Optical Theorem in the high energy limit: 4
w  Mesonic”
1 Reggeons
Oror =— Im Agy(s,t = 0) | ) Oppp~ s2O1 S
S D 50 a(O)NOS . Ps(2350)
-/
S
All known Reggeons have intercept below 1-> Pomeron (C-even exchange) 400 . ;:((22%52?)
introduced as the dominant trajectory with intercept above 1 to explain 3.00 o P 4(1700)
the observed increased with energy of hadronic cross sections f “2:3)“670)
2.00 o« 2
a,(1318)
Fit on a large dataset of pp and pp give a value for intercept a(0)~1.08 755N PTT0)
! \ A782)

(Donnachie-Landshoff [2])

I
0.00 ,’
AN 0.00 2.00 4.00 6.00 8.00 10.00

R Je—
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Odderon <)

The Odderon is an interesting but elusive object. Its history goes back to 1973 when the possible contribution
of an C-odd exchange in very high energy collisions was first studied|3].

The Odderon is the C-odd partner of the Pomeron, with intercept close to one. The Odderon existence is also a
fundamental prediction of pQCD, where it is represented (in the most basic form) by the exchange of a
colourless 3-gluon bound state in the t-channel.

Such a state would have JPC=1-- quantum numbers and is predicted by lattice QCD with a mass of about 3to 4
GeV (also referred to as vector glueball[4]), matching with the Pomeron/Odderon trajectory bound states.
Direct connection between the soft diffractive Odderon and the QCD vector glueball.

Several contributions[5] to the QCD Odderon have been

developed to include higher order corrections: The Odderon considered as a complex
exchange of three “reggeized gluons”.
» Bartels ,Kwiecinski & Praszalowicz [6,7] -> BKP equation, The name come from the gluon
generalization of BFKL equation propagator, which shows an energy
> Janik & Wosiek [8] dependence of the type s €(®) [1,5]
» Bartels, Lipatov & Vacca [9]
> ..

Odderon effects are subdominant to the Pomeron (double gluon exchange in pQCD) -> need to investigate regions
where Pomeron exchange contribution is small or where crossing-odd properties can emerge.

E.Bossini 9/06/2021



Odderon effect on p-o;,; relation 5}

180? __ y=22 (bestfit) Cosg]ai::aray ::
L e +10 It \ ,’/— .y .
Jd S— y=10 ‘ More sensitive to the Odderon exchange _ Re A(s, t)
e than the cross section is the p parameter: Im A(s, t)
- 't Pre-LHC data : £=0
£ 100} ]
) 80| ) ;;°.-’<-/-" . While Optical theorem relates Im A(s, 0) and o;,¢, general analyticity and crossing
60 | ']' Y % ] properties relate the real and the imaginary parts through dispersion relations.
40" = ]
20 " & 13 5 T .
oMo T e "}"{33 e Was demonstrated (Bronzan, Kane and T dot
: = (G0 { Sukhatme [10]) that the crossing-even part pt = S dlwt
oBp T Pre-LHC data“ of p can be expressed as Otor 4115
0.15F T
: L \
010 ’ \\t_
°-°5§ . Deviation from this relation at LHC energy, where mesonic reggeons contribution are
i g negligible, represents a hint for a non vanishing crossing-odd contribution, the Odderon.
i > ) i
05/ [1Pre The contribution of the Odderon to the Re A(s, t) generate a value of p deviating from
T s predictions

Vs (GeV)
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Differential elastic cross section o)

10° E T T ]

Aé r ” Pomeré)n" 10? ?\ S T I I extrapolation to ¢ = 0

£ WF\exchange | I do, =4 1| Main features of the elastic differential cross section:

. 3 : “)2 el e S T T 3

\_“; ”]1 E_ ............ : ................ ........... F i ;

) F i i J . . N . . .

= ot L » Forward peak with exponential behavior ( at first approximation)

0 L i 5 ) 15 9 . . .
A R R — — ~2 » Shrinkage of the forward peak with energy, well described by

Regge theory with no analogues in optical diffraction

e 3 % Dip and bump structure (pp) or shoulder (pp)

 Jtjyp= 0.53 GeV2 — . . .-
M= 055 GV > ~|t|~8 beahviour at larger |t| (as per pQCD prediction
o EPL93 GO1) 41001 dominated by the exchange of 3 free gluons)
EPLY96(2611) 21002
104 EPLIOI(2013) 21002 | §oi bbb P ]
—— statistical uncertainties ‘ ; 1
- I] systematic uncertainties . 1 . I . I ‘ I . I J | . I ‘ I = | \ proton-proton pp 3) 10 \ : proton-antiproton pﬁ b)
0 02 04 06 08 1 12 14 16 18 2 22 24 107 w NG N
Itl [Gé'\'?] \ \‘13.5(.3': \ ".‘
10 4\ 1./\ 1073 \“.!' >
The dip can be described as the |t|-range where Im A(s, t) is o \‘ N 2 e M 31 Gev o
. . . < 107 4\ gty il N -
crossing zero, thus ceding the dominance to the real partto : \‘1‘%{\“‘ N ari . T Tt 836V
. . G ]T‘" . s 2 ! . "
which a 3-gluon exchange contributes. £ \5’\\:‘:&_‘ g i @I 626V .o
3 it IS 3056 My ¥ o \
Z e AR . PHL | 3 .
\\'/\\“" ; 4 = 1wt gl AT = __ x10°6
* The cross-odd behaviour of the Odderon leads to a 105 y\.\ W Ll e = Tl g00w :
. - o N '*4,\__»» & ‘l|:,'5
different dip-bump structure un pp and ppbar data. Vo e 52800 T 0 o 1800 Gev
* At lower (ISR) energies the difference can be due to the " T s Lo
mesonic Reggeons contributions o 2 4 ?l o oW o 65 19 !|'=’ A W
t] (GeV¥) 1] (GeV¥)
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The TOTEM Experiment

4 meters

RPS

TOTEM RP stations
(>200 m from IP)

%

4 meters

RPS
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Inelastic telescope T1

[ I (CMS detector in gray)

13.5m

3.1<|n| <4.7,7.5mfrom IP:

» installed in two cone-shaped regions in front of CMS HF

» 5 equally spaced planes of six trapezoidal Cathode Strip Chambers (CSC)

» strips placed on both sides of the chamber, with different angles of 60° with
respect to the orientation of the anodic wires

» the orientations of the cathode strips and of the anode wires allow three
measurements for each particle track.

» spatial resolution of about 1 mm in the three coordinates, with an overall
detection and reconstruction efficiency of 98% and trigger capabilities.

E.Bossini 9/06/2021 9



Inelastic telescope T2 5]

(CMS detector in gray)

E.Bossini

N, 21 in 5.3<n<6.5 or -6.5<n<-5.3

13.5m
- Inclusive pp CMS-TOTEM, {s = 8 TeV, L = 45ub™’
£ ge B e e A e
== [ <Pythia 8.108 (Default-Tune) =PhoJet 1.12 T 7
% S Sherpa 130 (Defull-Tune)  *TOTEM Data >° £ E
T ¢ ]
. 6 -
;—::»*- g ++H‘H'.H: Tt [ [®1Data 1
i istrseer UL B i o 7 4 - Pythia6 z2* ~ =
E St o P o Eooeeeee Pythia8 4C =
e C e Herwig++ EE3-CTEQSBL1 :
3F EPOS LHC .
r Fo--- QGSJetll-04 3
2 =
o s

5.3 < |n| < 6.5 (not instrumented by CMS), 13.5 m from IP:

>

>

20 almost semi-circular triple Gas Electron Multi-plier (GEM)
detectors per arm

Readout is realized with a multi-layer PCB, with patterns of strips
and pads.

The strip pattern, made with 256 concentric strips, measures the
radial coordinate with 100 um resolution.

Provides a fully inclusive trigger on inelastic events

Used to perform precise measurements of the forward charged
particle pseudorapidity density at /s = 7 TeV (TOTEM only[11])
and +/s = 8 TeV (with CMS[12])

9/06/2021 10



Proton tagging with Roman Pots (RP) o)

! TOTEM layout (Run2) Not in scale
==/l Symmetric setup w.r.t. the IP
- [ ‘ Tas ROMAN POTs
HML— TS ol e AN e =
e — i : HEN | o] . 1 : | T -
_____|‘\| e ————— .

sector 56

» Vacuum vessel entering the beam pipe, can be equipped with many types of
detectors.

» Hosted detectors brought to few mm from the beam in a secondary vacuum.

» Scattered protons with very-low |t| can be detected

» Standard units composed of 3 RPs (2 verticals, 1 horizontal)

» Different types of detector hosted during Run2: s TR T
» Tracking strip for TOTEM/CMS » Timing UFSD for TOTEM | l‘éll- - L
» Tracking pixel for CMS » Timing diamond for CMS e i

RP unit

E.Bossini 9/06/2021 11



Proton tagging with Roman Pots 5]

CMS detector TOTEM layout (Run2)
_____ ‘l ‘l Symmetric setup w.r.t. the IP

Not in scale

ROMAN POTs

= "i::

D1 TAN e
m—rm— ]
I=lENpR======n

TAS
1E

r| I_II_I|1

_____________ I 210m
_____________ —— s G T

» TOTEM uses silicon strip detectors for tracking
» 10 planes per pot in back to back configuration, TN verial detect
512 edgeless Si strips each AR
> Designed to reach the lowest |t| (edgeless tech.) o Xow ’
» Spatial resolution ~ 10 um
» Overlap of the tracker sensitive area used for
relative alignment N
» Clusters of 16 strips used to provide trigger
information

strips ||
strips ||V

v 7

vertical detectors

E.Bossini LHC beam 9/06/2021 12



Proton kinematics o)

y
s=beam axis Two RP units, separated by ~5 m,
| o ' I I - are used as a triple spectrometer.
i) I I They can measure the local angle
LHC magnet lattice RP stations and position of the protons.
d*: (x*,y* 05,0;,¢) > d:(x,y,0,,0,,¢)
d(s) =T(s,é)d” Hit distribution on detectors determined by
the optics.
(I\ (U"”' by U0 D""’\ (:C*\ t ~ —p? (9;2 + 9;,2) Desired characteristics:
2 e Lm § g 0; x=L,05+v.x*+D,E > Almost vanishing v, ,, -> “parallel to point
y|l=10 0 d’Uly dlzy i))y Y y =L,0} +v,y* focusing”, impact point on the detector
0, 0 0 -+ =2 = 0; dvy , dLy A, independent from vertex
\¢/ \o o 0o o0 1 ) \ ¢ ) Or = o X"+ O > Large effective length -> Effect of detector
resolution reduced
Ly, L, : effective lengths (sensitivity to scattering angle) > Large B” to .reduce bearT\ 'd'ivergence.—>
vy, ¥, : magnifications (sensitivity to vertex position) low uncertainty on the initial scattering
D, : dispersion (sensitivity to § = Ap/p), D,~0 angle, lower |t| reached.

E.Bossini 9/06/2021 13



d. (x*,y*, 0,05, 5)

y [mm

Proton kinematics

ED

Optical function (L,, Ly, )

30

TOP
o 90m
.204 - BOTrO
E.Bossini

LHC magnet lattice

I I s=beam axis

'

RP stations

d(s) =T(s,$)d’

> d: (x, Y, 0y, 0y,¢ )

" =90m :

* Low L, , detector resolution
impact og;

* Non elastic protons displaced in
X position

Two RP units, separated by ~5 m,
are used as a triple spectrometer.
They can measure the local angle
and position of the protons.

f* = 1km, p* = 2.5km:

* Larger Ly, better gg:

* Lowest values of |t| can be
reached

* Low event rate

Parallel to point focusing fulfilled on vertical plane. Non
elastic protons (£#0) scattered at large x.

9/06/2021
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Elastic event selection

Only diagonal RP combinations can tag elastic events

sector 45 (left arm) sector 56 (right arm)
far near near far
top top
I horizontal “ IP5 | I.I > )
-3 I-I | r horizontal I + opposite
bottom bottom configuration

Further elastic selection is performed with the application of
selection cuts, tuned with the data.

Discriminator Cut quantity
] o:R _grL L
2 o*R _ gL } Collinearity
y y
3 o yRN 2 (yRF _ (RN } N _
Angle/position correlation
4 o yL,N . (yL,F . yL,N) o
5 x*R _ y*L Vertex compatibility

Cuts 2-5 not always available:

Angle/position correlation require two RP (near and far)
Vertex reconstruction is effective only under particular optics

E.Bossini 9/06/2021
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Background is evaluated in a double step procedure:

1. plota cut discriminator under a combination of the
other cuts. Reduction of tails is expected (solid lines)

2. background distribution is interpolated from the
tails. The shape is inferred and cross-checked with
non-diagonal sample (dashed line).

150

[prad]

100

+
v

50

-100

-150

Background and acceptance

ED

_| T T T T TT T TTT | |-.|. .| || .I._I, I,__I_.l T T TT T TTT TT

" Aperture cut

N P _

»

- Detector edge

C - cut ':

.. Aperturecut .

__I 11 | L1 1| | L1 | ||||| |“[”| -| |l-|..|.-| 111 | 111 | L1
=150 -100 =50 0O 50 100 150

6; [urad)
E.Bossini

6 T T T T T
-E 10 45 top — 56 bottom: : : cuts 2. 3, 4. 5:
g |—nocuts | AR R 45 bot - 56 bot
g 1071 cuts2 : : 45 top — 56 top
:;;; N cuts 2, 3 | | .
107 | —cuts 2,3, 4 . ! E
—cuts 2,3,4,5 g -
3= wil T, -
]U § __.,-EP I.'=|=i g
q f;‘ﬁhw ! -"'L- ]
107 g st | R E
- i I | I"""‘I"'iﬁ‘p 3
F A ] "'l'l"'lf"'"l“hiln.-,;lj
10 E | [ i
A il el | ! N
]UD :ﬁ g [ 1 : L 5 :I L | L hﬂ| H]
—-200 —100 0 100 200

Acceptance corrections are
computed exploiting the azimuthal
symmetry of the protons.
|t|-values with correction above a
given threshold are not used

9/06/2021

acceptance correction A

B |
|
R :JrJr _________________________________________________________________ -
- + 4
|
o RS ++_'__'_.¥_.'._.; ................................ + ............. _
| +++—0—_|_._|_ —'—
i [
L 1 1 1 1 1 1 1 1 1
0.05 0.1 0.15 0.2
1 [GeV?]
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Total cross section measurements GO

. . 1 Measurements at +s=7 TeV
elastic observation only [13] Vs

(through Optical theorem) g L])(s) E ol
16 1 dN,, S100F | 4 ) + .....
0, € dN,;/dt integr. t=0 90 £
Luminosity (from CMS) z 805 _—
Niper (from T1 & T2) ETSE 4 g ++ %
p from COMPETE z0F %}
© 65 F
60 -
Otot — 35¢
"g E Ol
/ \ luminosity independent = 30
p independent 325 Eeeed
16 dN,;/dt|;—¢ 20 :
1 Otot = > . N N
Otot = =~ (Nel + Ninel) 1+ P Nel + Nmel =% E E DR
L SCEEE %S
) ) Dﬁ m Q{‘
Preferred method due to e} g8 o 5 g
From T1 & T2 data 0y, the large uncertainty on £ 22 LS = L:; ®
can be directly measured CRCE
TOTEM

E.Bossini 9/06/2021 17



Total cross section measurements

ED

140

(mb)

130
120

110

dNg /dt|e=g

Oel < dNel/dt inte
Luminosity (from C
Niper (from T1 & T2)
p from COMPETE

100
90
80
70
60

50

e (green), oine (blue) and oot (red)

30

p indeper] 20 -

10

Otot — Z (Ne

0
10!

a Pp (PDG 2010)
v pp (PDG 2010)

% STAR (prelim.) @ TOTEM

& ALICE

¢ LHCb

0 Auger (+ Glauber) a4 ATLAS/ALFA > CMS

Tot fits by COMPETE
(pre-LHC model RRP L2,,)
— — — 0 fit by TOTEM

(11.84 — 1.617Ins + 0.1359 In? s)

i)
0 i : ¥
¥y T ¥y 4

4 Ty

102

103

From T1 & T2 data g;,,,;
can be directly measured

O¢ot IN agreement with
COMPETE preferred model

E.Bossini
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2.76,

7,8,13 TeV [14]

[13] Measurements at /s =7 TeV

= 110 ¢ .
F Otot 3
EqosfE =
= 100 F =
[} C iy greere s .
Sy E + + + + ]
S E E
90 © -
— 80 F ]
"g 75 E O inel E
By d | ]
@ 70 =
R=! C -
S 6sE :
60 - -
_'3 35 C ]
E Oel -
.g 30 £ : E
325 Ee et =
20 £ 3
15 | | | | | | ,I_, =
o8 § B e
S % % Y o X
= g R )
SS2Eg LS
= .= ] [ ] U
2z 2v=2C
o o W
TOTEM
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Very low-|t| range - CNI

ED

At small enough |t| the pp scattering ~ [Photon exchange —
: § el 33
is also affected by the Coulomb Y (3_0 o3 g5 5g "Pomeron”
. . . . . t \ g
interaction. Need investigation of E exchange
: -3 2 From QED i
very low-t region (|t| < 107> GeV*=). [ ol — S— Phenomelogical
\\\\\ amplitude amplitude terms
(\’1; 103| :_ = | | T i i : \\_ — Fa— model
L | : : : C 7 _
CO, 900N 1 3
~ Ir r ] —
T - 800 [ 34
N I 700 — . —/ * Coulomb amplitude well known from
© . / QED
g= - e ]
" 00 | 37 Diff h logical
B - L ooy g ] * ITTerent p enomeno Og|ca
- Totem data 13 TeV, " = 2.5 km! = . L
- @ B 5 =) 0.005 IR parametrizations for the other
| - data W1th b[dtlbthdl uncertainties _*;—___ : } regimeS:
i sttematlc uncertainties: ___—____ }
- all . ==mg ] .
[ all except normalisation 3__—__* » Hadronic modulus
10! ! I | I 1 [ I | | | I | I | | = > Hadronic phase
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 > Interference formula-> Contains
Il (GeV?)

explicit dependence from p

The [t| region dominated by QED was used as an alternative independent way to normalize the
data at 13 TeV. Final cross section in agreement with the one obtained with standard * = 90m data.

E.Bossini
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Very low-|t| range — CNI

» Hadronic modulus

» Hadronic phase

* constant phase (arg A (t) = ™/, — arctan p)
standard
Bailly

e peripheral

central
phase

> CN Interference formula

e Simplified West-Yenne SWY, traditionally used in the past at

ISR, SppS, Tevatron (constant phase, Ni,=1)
* Cahn (different phase/modulus can be used)

* KL (very similar to Cahn, adds integration limits on the

momentum transfer)

[P(h)?

i I

—_ = o <

wn (3= n (98]
L s e s e e

=]
—_

0.05

\/U’Z)el \/G’E)inel \/("72)101
0.88fm 1.38fm 1.26 fm

1.99fm 0.79fm 1.23fm

—— KL, constant:

—— KL. peripheral:

0.5 1 1.5 2 2.5 3

b |fm]

arg AN (t) determines the
scattering amplitude in the
impact parameter space

differential cross-section, B* = 1000 m:
A data points with statistical unc.

full systematic uncertainty band

7/, syst. unc. without normalisation

differential cross-section, B* = 90 m: fits:
v data points with statistical unc.

full systematic uncertainty band

3 syst. unc. without normalisation

— — SWY, constant
Cahn/KL, constant
——— Cahn/KL, peripheral

, ref

do/dr — ref

> -19 Q
527.1¢719-391

08T T T T T T T

0.07 : N
0.06 :

0.05 ! : : b
0.04
0.03
0.02
0.01

I ' | ! I ! I ' I

T 0
~0.01
-0.02
~0.03
~0.04

LAY [ ) LY . P L B

-0 1 | 1 i 1 L 1 | 1

| L | L | L | L |

Analysis of 8 TeV data excluded SWY with more than 7o significance [15] o o oo oo oos

E.Bossini
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Totem data @ 8 TeV, f* =1 km

0.1 0.12 0.14 0.16 0.18 0.2
lfl (GeV?)
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p extrapolation — 8 TeV results

ED

¢

doN /dr

!

dcsm N Jdt

doN /dr

0.05

0.04

0.03

0.02

0.01

i region c@l‘sensitivity to phiase att| =0 L -

p =010, different shapes:
— — — — standard

— — — — Bailly

T T T T T T T T T T T T T T T T
: | different p, same shape (constant):
_‘\ .............. : ....................... .............................. R | p =0.05
- —— region of Coulomb doniinance 5 -
r _______________________________ S T p=0.10
: p=0.15

Normalization uncertainty introduces an
overall scaling factor. Modification to the
distribution shape and to the p value
negligible.

U,/ N -{ - — — — peripheral
~0.0f : S :
! g - - differential cross-section, B* = 1000 m: differential cross-section, B* = 90 m: fits:
—[)_[}}\ —r_’l ----------- ---------------- B R o — A data points with statistical unc. v data points with statistical unc. Cahn/KL, constant
N / ~~  ~a— region of sensitivity to phase at higher |¢ - full systematic uncertainty band full systematic uncertainty band Cahn/KL, peripheral
—0.03 2 Ao e S T 7/, syst. unc. without normalisation N syst. unc. without normalisation
0 T 0.05 0.1 0.15 0.2
. N " GeV2 = 0.08 T T T T T T T T T T ]
High sensitivity to p (GeV) 2 ool ; ki
To 006 -
. . . .. s 005 ]
» Different combinations of phase/ CNI parametrization “ o0 f -
and Ny, tested. Preferred model use Ny, =3, negligible " ol 2
dependence on phase parametrization. g oo =
. . . . B 0 |t I N Dy i K ARSI IR Y SKE U L AL L Al
* Different type of normalizations tested, using data at Bl o014 R B O S R B IS ®
larger t (collected with * = 90m) -0.02 |- ]
~0.03 |- A
EffeCts InCIUded In syStematICS' o 0 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
il (GeVv?)
E.Bossini 9/06/2021 Totem data @ 8 TeV, 3* =1 km [16] 21




13 TeV and overview at different energies 5]

Np, || max = 0.07 GeV? |t max = 0.15 GeV?
x*/ndf p Gtor (mb) x*/ndf p Grot (mb)
I I .
L A 0.00+001 _ _ _ 1831, 2.1 - - Preferred fit
0.9 0.10 +0.01 111.9+ 3.1 1.0 0.09 + 0.01 111.9+ 3.1

e e T = Large t-range

0.9 0.09 +0.01 111.943.0 0.9 0.10 4 0.01 1121 +3.1
L e e e o T | coverage

Important for fair comparison with previous experiments

— — 2
- ) " . - : ! : : ! : -
Nb 3 |tmaX| _ 015 Gev p 0.25 T T T T 1711 T T 1. T TT7T T T 1717 T T 1171
1 PDG:
0.05 02 Fe SRS SO PP 3 _
C : : : : ] A
L : | ’ | - :
= 0 - IS 1 TOTEM:
8 0.1 __ T ....... ................ ;.4*: ............................ -
'y C § § SN 1 < indirect
0 j , 0.05 I e D R S P PR 3 _
\ﬁ _005 | fu“ SySt. unc. band Ej} ) % % Z) > > % E .A' via CNI
"‘é - SyS[. unc. W]thou[ norma]isa[ion 0 C TR g ..... g‘\ ........ ; \FQ ........... ﬁ ﬁ : ................................ _: COMPETE
. fit, hadronic component only C 2 S N F\OO - 3 (pre-LHC model RRP;L.2y):
L‘s _O. 1 --------------- ﬁt’ al] Components _0-05 : ..... " ........................................................... .................... ....... ~ ............................................................... : _
T " ; ith ot C 41— PP
.la 2 ddta Wlth stat. unc. _01 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
[ | | T : : : . : ] PP
= 1 1 ] 1 | ] 1 ] 1 1 ] 1 ! : : : : M :
-0.15 _ L e e e s OSTRUUUR RSP UTS SRRSO -
0 0.05 0.1 0.15 015 3
Totem data @ 13 TeV, B* = 2.5 km [16] I (Gev®) e — el S
10 10 10 10 10

Vs (GeV)
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(mb)

Ctot

Model comparison — Odderon evidence

ED

p 0.16
0.15
0.14
0.13
0.12

0.1
0.09
0.08
0.07
0.06
0.05

0.04

Models with C-odd exchange can describe the

data[17,13].

0.11

No COMPETE model (where C-odd
component not included) able to
describe TOTEM oy, & p measurements
Preferred model incompatibility 4.6

4

Evidence for Odderon existence [15]

Otor  (mb)

Precise p measurements at 900 GeV (data available,
analysis ongoing) and 14 TeV (scheduled during LHC
Run 3) would be valuable for discrimination between

Odderon models.

E.Bossini

Vs (GeV)
120 == Nicolescu et al. (2007) T I/II/ iy
110 | — Nicolescu et al. (2017) —
—— Durham, no 3 gluon exch. o T
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9o | —— Purham, 3 gluon exch. 1.3 mbj " 7 .. —
ol e s
SN S
> > 2
50 BB BB B B
- @ ® E ~o ]
40 e c. ..... O .......... e e ,. ......... —
1 1 1 PR | II | | 1 | T |
10 10° 104
Vs (GeV)
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Alternative: slowing down of g;,¢, not
expected from current models and data

P g-:: u R [—e— ref. TOTEM meas.
0.14 -
0.12 e : :
0.11 : : : N &
008 [ _— S—

- <5 o o0 E -
0.05 [~ AR S —een r-oo iy
1 Lo il 1 TR SR A A
10 10° 104
Vs (GeV)
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D@ experiment

The D@ experiment at Tevatron has measured the pp differential cross section (/s=1.96 TeV) in the range
0.26 < |t| < 1.2 GeV? with the Forward Proton Detector (FPD) spectrometer system|19].

Scattered antiprotons

¢

Scattered protons

'Y

Quadrupole
Magnets

e |
—

: — :
| [ﬂ v, '
”__’Q____” -
¢ 5 Separator|
D

e
D D) Quadrupole |.P

*lg

= Separator

L4

iming
scintillator

Magnets . H =
Y X
A Ay 2 P "
5. I I I I v
+Z
3IM1m 23m Om 23m 3M1m

The FPD detectors used for the analysis consists of four
spectrometers on both the scattered proton and scattered
antiproton sides, two vertical and two horizontal.

Each spectrometer is composed of two scintillating fiber
detectors, located at about 23 and 31 m from the IP.

Proton detectors are hosted in Roman Pot like in the TOTEM
setup.

Each position detector consists of six layers of
scintillating fibers with different orientations and offset
Each detector package contains a scintillator timing

layer (precision ~1ns), used to suppress beam halo
background.

Proton kinematics reconstruction procedure similar to the one already discussed

E.Bossini
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do/dt [mb GeV?]

Probing the dip-bump structure @ 2.76 TeV

ED

Data collected by TOTEM @2.76 TeV (* = 11m) are close in energy to DO result of pp measured @1.96 TeV.
Two dataset with RP at different approaching distance from the beam -> exploration of different t region
Low-|t| region used for normalization and total cross section measurement

107 =
= = TOTEM, 2.76 TeV, RP @ 13 6,
B © TOTEM, 2.76 TeV,RP @ 4.3 6,
10 =
1
- ‘
- " R=171+0.2
= © e
B do do
=2 taip, — R
2 ) lpl )
10 ; dt d dt tbump
| ~ -
| | l 1 | 1 | | | | | | | ‘ | | | | | | | | | | | I._\ﬁ-\_l_\— | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

E.Bossini
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Dip-bump structured compared with the DO
published results[20]. Main parameters:

° R —E E
dt tdip dt

* B slope in the region close to the dip
(0.36 < |t| < 0.54 GeV?)

(dip-bump ratio)

tbump
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do/dt [mb GeV]

10°

10

10"

p—
<
)

<
d

Probing the dip-bump structure @ 2.76 TeV

ED

R

B

=17 £0.2; Rpp=1.0+£0.1
19.4 + 0.4 GeV?; By, = 16.8 £ 0.4 GeV*

pp
pp

Significant incompatibility ~30 for R, ~40 for B

E.Bossini
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- }
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_ fa f f
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GeV?]

~

—_
o

<

1072

._.
o
b

S . TOTEM, pp 2.76 TeV,RP @ 130,
B Y - TOTEM, pp 2.76 TeV,RP @ 435,
B DO, pp 1.96 TeV
= -~
B ]
- I \\
| |‘ \
L \ \
= N \
= AN \
— B,=194104GeV? ¥ _ }
B N ‘
N Pt
- See ,{ v #
E_ | | | | | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
-t [GeV?]

But...since the nuclear slope and the R parameter depend on
\/s, the difference could still be due to the 800 GeV difference
in energy.
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G arXiv:2012.03981, CERN-EP-2020-236, submitted to PRL @\

NS

CERN-EP-2020-236
TOTEM-NOTE-2020-002, FERMILAB PUB-20-568-E 7 December 2020

Comparison of pp and pp differential elastic cross sections and
observation of the exchange of a colorless C-odd gluonic compound

TOTEM - DO e pp TOTEM 0

pp ISR C\/]_\ 10 : I I I | I I I I | I | I :
0 J( v TOTEM extrapolated = - TOTEM-DO « TOTEM /s =13 TeV
}] , Fl_t 011;) I(J)p (exp+const) o N . TOTEM /5 =8 TeV ]
- ]\\ pp @ I .  TOTEM /s =7 TeV |

-] R=R,+a,- exp(bo N's) « TOTEM /s =2.76 TeV

T L] Ry =177+ 0.01 T o TOTEM /5 = 1.96 TeV
i \ a, =40+ 24 o 0 F x ]
i b, =(-6.7£1.6) - 10° GeV"' = n ]
I N | - Extrapolated
M L - 1

1= %
B 11 Ll 1 1 1 1 1 1 11 | 1 1 1 1 1 1 11 ‘ 10_2 .E_
107 10° 10* - |
. . L : \s [GeV] L

» Rin pp elastic collisions: decreasing as a 0.4 05 0.6 0.7 0. 0.9 1
function of /s up to 100 GeV and flat above ] (GeV?)
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do/dt

Characteristic point extrapolation 5]

bump+5@----- \

TOTEM-DO0O |

bump2y y oy OUHp o -

L T \midl 7”7 N mid2  §A/2]

A A2,
S - dlplﬁhpQ |

t]

Goal: point-to-point comparison between DO
data and TOTEM extrapolation

TOTEM-DO has performed a joint study

* Define 8 characteristic points on the pp elastic do/dt that
fully constraint the shape of the distribution

* Determine the energy dependence of |t| and do/dt of the
characteristic points and extrapolate to 1.96 TeV

e Fit and normalize the extrapolated point

e Compare the data with DO

* Combine with previous TOTEM results

* Values of |t| and do/dt are taken from the closest measured point (avoiding model-dependent fits).
If two adjacent data point are almost equal values, the bin are merged

E.Bossini
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Characteristic point extrapolation

The evolution of the reference point as a function of /s can be fitted with functional formulae to

determine their values @1.96 TeV:

(GeV?)

1]

0.9

0.8

0.7

0.6

0.5

0.4

|t] = alog(+/s[TeV]) + b

Same fit functions for all characteristic points

do/dt = c+/s[TeV] + d

(a)

S

- ®

*

TOTEM-D0O | . - TOTEM-DO (b) bump-+10
Q -
(hp ) — S-Z
I B I (U 6 Y 3
_mid2 _ — _ - ¥ pump (%2) .
I B~ S S R
; | :S KT _ _e —® ~  midl i
T~ Dump | | dip2 (¥0:3) _ - -
T e 10_2 /* - - =
_mid] Hump2 (<0 .
B nnd2_(f@}1)__-.'-j
dip (%0.1) 1
: 103 E
b ]
P10, N T B B R
10 12 14 2 4 6 8 10 12 14
Vs (TeV) vs (TeV)

Very good x?/dof, lower than 1 for most of the fits
Other function tested, all extrapolation agree within uncertainties. Effect included in the systematics

E.Bossini

9/06/2021

29



(mb/GeV?)

do/dt

Fits of TOTEM extrapolated characteristic point &

109

I ' | ' | ' | '
TOTEM measurement at /s = 13 TeV
TOTEM measurement at /s = 8 TeV
TOTEM measurement at /s = 7 TeV
TOTEM measurement at /s = 2.76 TeV
TOTEM extrapolation to /s = 1.96 TeV
D0 measurement at /s = 1.96 TeV

' I
TOTEAM-DO

A

P O ® & & o

101

/

1072

i

I ! I ! I I ! I ! I ! I I

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1.1

[t (GeV?)

TOTEM data collected 2.76, 7, 8 and 13 TeV can be
well described by a double exponential in the
dip/bump region:

h(t) — ale—azItIz—a3ItI + a4e_a5ItI3_a6ItI2_a7ItI

Can be used to fit the extrapolated characteristic
points (x?/dof = 0.63)

Systematic uncertainties evaluated from an ensemble of MC experiments in which the cross section values of the eight
characteristic points are varied within their Gaussian uncertainties.

4

The MC simulation ensemble provides a Gaussian-distributed pp cross section at each t-value, allowing
a 1o uncertainty band to be defined. The band can be used to perform a direct comparison with DO, after normalization.

E.Bossini 9/06/2021
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OP normalization

Differences in normalization taken into account by adjusting TOTEM
extrapolated points and DO data sets to have the same cross sections

at the optical point (t=0):

» pp and pp cross section are the same if no C-odd exchange are

present

» Effect of possible Odderon included in systematics
» Constraining the OP implies a constraint on slope parameter B

Extrapolate total cross section from
TOTEM measurements to 1.96 TeV

(0ror = by log?(/s/1TeV) + b,)

O-tOtz 827i31 mb

E.Bossini

Compute optical point inverting
optical theorem (p= 0.145 from
COMPETE)

491 ~357 + 26 mb/GeV?
dtlt=0

9/06/2021

It| = alog?(y/s[TeV]) + b

I I I | I I I I -

- ' |
- TOTEM-DO

e TOTEM measurements
— fit
— — #+1 o fit uncertainty band

% extrapolation

b bvvr berre bvver b b e deg

2 4 6 8 0 12 14
Vs (TeV)

Calcute OP normalization factor
» as the ratio of TOTEM and DO
(341 + 48 mb/GeV?)

Scale factor = 0.954 + 0.071
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do/dt (mb/GeV?)

DO —TOTEM comparison

101

| | | TOT]LZM—D
Vs =1.96 TeV
\ ® pp measurement by DO
pp extrapolation by TOTEM:
A band center at DO bins

+ — — band width (£1 o)

X2 test to examine the probability for the DO and
TOTEM differential elastic cross sections to agree.

The test use the difference of the integrated cross
section in the examined |t|-range with its fully
correlated uncertainty, and the experimental and
extrapolated points with their covariance matrices

E.Bossini

Given the constraints on the OP normalization of the
elastic cross sections, the x? test with six degrees of
freedom yields the p-value of 0.00061, corresponding
to a significance of 3.40
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do/dt (mb/GeV?)

Combined significance

10! I T I T I T

ED
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& 100 (pre-LHC model RRP,L2,,) |7
’g o - — — 0 fitby TOTEM N \ ‘_,‘//qk b
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. é Ttot
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uncertainties 10 sy e e ST -
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pp cross-section @14 TeV 5]

Totem will perform a new set of measurements @ 14 TeV to confirm and extend the cross section and
p measurements

T1 and T2, after having successfully
sustained a radiation damage 10
times above the design requirements,
have been dismounted.

Previous inelastic detectors T2

\ will be replaced by a new
[ inelastic telescope (nT2) based

| on scintillators readout by SiPMs.

CMS detector

Not in scale

I I
| ) |

sector 56
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Conclusions )

The Odderon, gluonic compound first theorized in the ’70, represents a major prediction of QCD

The experimental setup of TOTEM allows the measurements of the total, elastic and inelastic cross section with
different approaches. All methodologies agree within errors.

TOTEM has reached the CNI region and made a direct measurement of p at different LHC energies: no COMPETE
model ( where C-odd component is not included) able to describe simultaneously TOTEM o;,; & p measurements

Detailed comparison between pp (1.96 TeV from DO) and pp (2.76, 7, 8, 13 TeV from TOTEM) elastic do /dt data
(FERMILAB-PUB-20-568-E; CERN-EP-2020-236)

* pp and pp cross sections differ with a signicance of 3.4 in a model-independent way and thus provides
evidence that the Colorless C-odd gluonic compound, the Odderon, is needed to explain elastic scattering at
high energies.

* When combined with the p and total cross section result at 13 TeV, the significance is in the range 5.2 t0 5.7
and thus constitutes the first experimental observation of the Odderon: major discovery at CERN/Tevatron

Future data collected at 14 TeV and ongoing analysis at 900 GeV will add further information and constraints on
models
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