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Main goal in TOTEM physics di= Nyl il 16
program is the measurement of \Q**\iém; , ' S
elastic and total pp cross section «

iInelastic
telescopes

Layout:
- leading proton detectors along the beam line;
- Inelastic telescopes close to CMS IP

Designed to run in dedicated LHC fills with special optics settings:

e different values of B* (B-function at IP) = large accessible range in
four-momentum transfer squared ft;

* low instantaneous luminosity = negligible pileup-related background
(Otot(pp) @ LHC ~100 mb)
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LHC sector 45 (left arm) LHC sector 56 (right arm)

220-1r 210-fr 210-1r 220-1r
top top
B T R | II_ ______ ||—>____
- II II I horizontal
bottom bottom
—-220 m —-213 m +213 m +220 m

Tracking stations installed along the beam line at ~200 m
on both sides of the IP

Detectors housed In

roman pots (RP): Detector package:

e 10 planes of “edgeless’

* movable beam pipe insertion:

approaching the beam (up to silicon strip detectors
~1 mm) when beam stable; 5 ‘U’ +5 V)

* for these results, vertical pots * pitch: 66 pm; track
at 210-far, 220-far units used resolution: ~12 pm
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T1

e 3.1<|n|<4.7

e 5 layers per side of
Cathode Strip

Chambers

e 3-coordinate readout

(0°, +60°)
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CMS
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T2
5.3<|n| <6.5

10 layers per side of
Gas Electron Multiplier
chambers

readout: radial strips +
r-¢ readout

trigger capability



-] The pp elastic cross section

The pp elastic cross section can be measured with a luminosity-independent technique
(already used by TOTEM at 7 and 8 TeV):

t=0 —> Oiot — -
»Catot — Nel + Ninel ’ 1+ :O2 Nel T Ninel

- 2 _ 16m dN
(optical theorem) { £Gtot = 157 dtel 10T dNe| /dt‘tzo

Ingredients:
e |nelastic yield;

e integrated and differential (as a function of t) elastic yield

t measured from 6x*, 6, X Ve Ly mMi3 My X*

. . o v, L moz m o,

For elastic scattering events: | * | = | % x es e X
y mzy Mz VvV, L, y

*

By IMaq4 IMayo V)/, L)/, By

Data collected at 13 TeV with special LHC optics with f* =90 m

e v, = 0 (“parallel to point” focussing)
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-] Elastic events

Selection: R
 RP trigger with double arm coincidence; =
e one track in both (top or bottom) units: 00— 1o’
e |left-right comparison: @agonal topology, oosf .
track collinearity, consistent x* E
o diffractive event suppression: £ consistent with 0 o15E- o
9* — l (9 . V/X*) X>l< — LX,220X21O_LX,210X220 ")‘-20“._7 - -'o.lls' - '-ol.l' 005 (I) - '0.65' - '0!1' - lo‘;w:n:‘ '[r;:??md
X Ly \7X X Vx,220X210 —Vx,210X220 ~ | | | | | |
y L dN/dt, with fit to exponential 5 B 20361005Gev? |
: and extrapolation att =0 S T
Corrections: P al
* geometrical and beam divergence acceptance; vl N_
= AN/, p= 1.3358¢+07 GeV 'n*H
* resolution unfolding; F Mg M
e detection and reconstruction efficiency (as a function of 6,) = - ?*WH
= error on Nei: 2.3%; error on dNe/dt|t-0: 1.6% PR
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-] Inelastic yield

Selection:

e T2 trigger: activity in either arm;

* events classified according to topology:

- both sides (“2h”): non-diffractive minimum bias + double diffraction;
- one side (“1h”): single diffraction

Corrections:

* trigger, reconstruction: from zero bias events and from MC;

* beam-gas background: from triggers on non-colliding bunches;
* pileup: from probability of events with tracks in T2;

e final state particles outside T2 acceptance: from T1 tracks (zero bias) and MC
- largest contribution from low-mass diffraction (final state particles with |n| > 6.5)

= error on Ninel: 3.7 %
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https://arxiv.org/abs/1712.06153
https://cds.cern.ch/record/1753795/?ln=en

H

The ratio p of the real to imaginary part of the forward nuclear pp amplitude AN, and its
evolution with /s, can be predicted in several phenomenological models

Measurement of the p parameter

The phase of AN can be measured by studying pp elastic scattering in the region at very
low |t| (-t ~ 104 GeV?2):

e higher |t| = strong (nuclear) interaction dominates;

e lower |t| = electromagnetic (“Coulomb”) interaction dominates;

* transition region = comparable magnitude = sizeable interference (CIN)

Experimentally challenging:

e tiny scattering angles = very small initial fluctuation needed = special LHC optics with large G-
* RP need to approach the beam very closely;

* special collimation scheme needed to reduce beam halo background
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-] Data taking

LHC settings:
e 5+ =2500 m;

e parallel-to-point focus in y, sizeable Lx(~200 m);

 [ow beam intensity: 4-5 bunches with 5x10° protons

Beam regularly scraped by collimators
to allow vertical roman pot approach
down to 3 g, = 0.4 mm

45-210-1r-bt, unresolved activity
diagonal 45 bot - 56 top, 4x single track

rate [Hz]

diagonal 45 top - 56 bot, 4x single track

Horizontal pots at 8 ogx, only used
for alignment

Trigger: double arm coincidence

81 84 85 86
time from 20 September 2016, 0:00 [h]

Data collected: 0.4 nb-1 = > 7M elastic events
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H

RP at 220F used for main analysis (210F used for cross check)

Differential cross section

Angles only from X, y, and then averaged on both arms to remove dependence on x*, y*:

xL,R X xL,R y x 1 x L xR *x 1 x L xR
6= &= 7 6 = 56 +6,7), 6, =58, +6))
Extracting the |t| distribution: (alignment repeated every 20 min)
e optics corrected from RP observables; — 10} —
3 : 1000 pr——— :
* background subtraction with kinematic cuts; = ™~ Coulomb-nuclear oo f, E
| | = ™~ interference. TSRWF : E
* geometrical and beam divergence acceptance = T E
. T N N T T 2 e
correction; 2 e swb —
10 __ .................. .................. .................. e e -.-_____—- .......... - | | | | | | | =
* detection and reconstruction efficiency - 4000 ~ 0005 001
correction (as a function of 6,%); | T I
. . . . B all except normalisation _*“*-_5__
® reSOIUtIOn unfOIdIng by Iteratlve prccedure; | data with statistical uncertainties: *—*--_,__*
L , , + data e,
* normalisation from elastic cross section e A — I e - . ——_ L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
measurement at 8* =90 m f[GeV?)
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Main contributions:
e alignment;
e optics;

* acceptance correction (beam divergence);

do/dr [mb/GeV?]
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Cross section in CNI region:

dO.C—I—N 2
SRS +...+++...

electromagnetic nuclear mixed terms

Measuring p from CNI

Model:

e Coulomb amplitude: QED + experimental form factors;

AN modulus: parametrised at low |t| from observed cross section as

1
AN()| = \/gp\/é exp | 5 > bpt”

e AN phase: various parametrisations considered with slow variation at low |t|: used

arg AN(t) = g — arctan p(t) = const.

e Interference: most general “KL” formula used
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-] Results on p

L east-squares fit on distribution: t|max = 0.07 GeV? t|max = 0.15 GeV?
e systematic uncertainty included; ~ Nb X>/ndf P X?/ndf P
e different ranges in [t| tried; 1 0.7 0.09 £ 0.01 2.6 ]
| | 2 0.6 0.10 + 0.01 1.0 0.09 + 0.01
* different values for N, tried 3 0.6 0.09 + 0.01 0.9 0.10 = 0.01
similar conditions to past measurement, largest range,
CERN-EP-2017-335 most fair comparison “best measurement”
Al TR A N 3 PDG: U
0012 o High precision measurement
. | Significantly lower than preferred
N ] @ viacn COMPETE prediction:
c Yl 1 COMPETE
Rl ] (pre-LHC model RRP,cL2,): | @ incompatible at 4.7 o level
-0.1 41—DPp
~0.15 1 —p Result stable against several fit
02 105 variations
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https://cds.cern.ch/record/2298154
https://cds.cern.ch/record/1753795/?ln=en

Interpretations

— — — —RRPEy (19)

— RYR.L29€ (12), RR.L.24€ (15), RRL2 (18), RRL24C (17)

— RIRLIC (12), RICRLIC (14), RR:LIC (15), RR.PL (19), RRL (18), RRL¢ (19), RRLIC (17), RRPL (21)
— — — — RR(PL2) (20), RR(PL2)4¢ (18)

(RR)4PL2 (20), (RR)APL2y (17), (RR)APL2y (19), (RR)APICL2y (16), (RR)IPL2y (15), (RRe)IPICL2y (14), RRPL2y (19), RRP, L2y (21)
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0

102

Possible indication of odd-signature &

component in amplitude (“odderon”) ¢

Models with crossing-odd exchange
component seem to reach better
agreement

Phys. Lett. B 778 (2018) 414
Phys. Rev. D 97 (2018) 030419
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— — Nicolescu et al. (2007)
— Nicolescu et al. (2017)
— Durham, no 3g exch.

—— Durham, 3g exch. 0.8 mb
—— Durham, 3g exch. 1.3 mb

:"0.546 TEV 5N\ e

1 0 0161
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e 23 models found to agree with
measurements

Very comprehensive study by COMPETE
Collaboration on pre-LHC data

* grouped in 3 sets: no set simultaneously
compatible with TOTEM oot and p
%7 measurement at 13 TeV;
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[-] Summary and plans

First measurement of the total, elastic and inelastic pp cross section at 13 TeV by TOTEM

Precise measurement of the p parameter of the nuclear amplitude through analysis of
elastic cross section at very low values of [t|

Measurements incompatible with COMPETE predictions

e — possible indication of the existence of a three-gluon bound state (odderon or else, of a slow-
down of the cross section growth at increasing energies

TOTEM to continue its program at 14 TeV in Run 3: new measurements could shed light on
the subject:

e new measurement of the total, elastic and inelastic pp cross section;
e new precise determination of p;

e detailed study of the “dip” region in ot (~0.45 GeV?2), potentially sensible to the contribution of 3-
gluon exchange

Special run planned at /s ~ 1 TeV to measure p and the diffractive dip region
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Backup plots
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pp (pp) cross section in the “dip” region %%y

10&
X7
I

from arXiv:1712.00325 [hep-ex]
do /dt (mb/GeV?)
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with odderon contribution included

from arXiv:1712.00325 [hep-ex]
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