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The TOTEM experiment

Main goal in TOTEM physics 
program is the measurement of 
elastic and total pp cross section

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:

• different values of β∗ (β-function at IP) ⟹ large accessible range in 

four-momentum transfer squared t; 

• low instantaneous luminosity ⟹ negligible pileup-related background 
(σtot(pp) @ LHC ~100 mb)
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inelastic 
telescopes
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Leading proton detectors

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


Detectors housed in 
roman pots (RP):

• movable beam pipe insertion: 

approaching the beam (up to 
~1 mm) when beam stable;


• for these results, vertical pots 
at 210-far, 220-far units used
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Detector package:


• 10 planes of “edgeless” 
silicon strip detectors 
(5 ‘u’ + 5 ‘v’)


• pitch: 66 μm; track 
resolution: ~12 μm
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Inelastic telescopes

T1

• 3.1 < |η| < 4.7


• 5 layers per side of 
Cathode Strip 
Chambers


• 3-coordinate readout 
(0º, ±60º)
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forward shielding of CMS, between the vacuum chamber and the
inner shielding of the HF calorimeter. The measurement of dsel/dt
down to !t=10–3 GeV2 is accomplished by silicon detectors
placed in Roman Pots located at 147 and 220 m from IP5. Since
the beam of the LHC is rather thin, with a 10 s envelope of about
1 mm at large b* values, the detectors in the Roman Pot must have
a very small dead zone at the mechanical edge facing the beam. In
the following paragraphs, the single detectors will be described
and their status revised.

2. The inelastic telescopes T1 and T2

The T1 and T2 telescopes will be employed to trigger and
partially reconstruct inelastic events. Together they must provide
a fully inclusive trigger for diffractive events and enable the
reconstruction of the vertex of an event, in order to disentangle
beam–beam events from the background. Each Telescope is made
of two arms, symmetrically placed with respect to IP5.

Each arm of T1 is composed of five planes of Cathode Strip
Chambers, with six chambers per plane covering roughly a region
of 601 in j. It is split in two halves and mounted on two different
supports. A picture of one half of a T1 arm is shown in Fig. 1.

In each chamber, the readout strips of the two cathode planes
are oriented 7601 with respect to the anode wires. This allows
the measurement of three coordinates for each particle track,
which significantly helps in resolving multiple events. To improve
pattern recognition, the planes are rotated at 31 with respect to
one another.

The production of the CSCs with its readout cards and the
support structure has been completed and qualified and the
system is under test for data taking with cosmic rays. T1 will be
inserted in the CMS end-caps in September 2009.

The T2 telescopes are made of triple Gas Electron Multipliers
(GEM) [3]. GEMs are gas-filled detectors that have the advanta-
geous decoupling of the charge amplification structure from the
charge collection and readout structure. Furthermore, they
combine good spatial resolution with very high rate capability
and a good resistance to radiation. The two arms of the T2
telescope are placed, on each side, at 13.5 m away from the IP5.
Each arm is made of two sets of 10 aligned detector planes with
almost semicircular shape, mounted on each side of the vacuum
pipe. To avoid efficiency losses on the boundaries, the angular
coverage of each half plane is more than 1801. The readout of

these half planes made of triple GEMs has two separate layers
with different patterns: one with 256 concentric rings, 80mm
wide and with a pitch of 400mm, providing the radial coordinates
of traversing tracks with a good precision, and the other, with a
matrix of 1650 pads varying in size from 2"2 mm2 to 7"7 mm2,
used for triggering. A GEM chamber is shown in Fig. 2.

Both arms of T2 have been installed in their final placement. A
picture of one T2 arm during the installation, right before the
insertion in the CMS HF calorimeter, is shown in Fig. 3.

Fig. 1. One quarter of the T1 Telescope mounted on its support structure.

Fig. 2. GEM chamber assembled with its horseshoe shaped readout card.

Fig. 3. One arm of the T2 Telescope just before the insertion in the CMS HF
calorimeter.

G. Antchev et al. / Nuclear Instruments and Methods in Physics Research A 617 (2010) 62–66 63

T2

• 5.3 < |η| < 6.5


• 10 layers per side of 
Gas Electron Multiplier 
chambers


• readout: radial strips + 
r-φ readout


• trigger capability
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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):


Ingredients:

• inelastic yield;


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


t measured from θx∗, θy∗


For elastic scattering events:


Data collected at 13 TeV with special LHC optics with β∗ = 90 m


• vy ≈ 0 (“parallel to point” focussing)
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{
Lσ2

tot =
16π
1+ρ2 · dNel

dt

∣∣∣
t=0

Lσtot = Nel + Ninel
=⇒ σtot =

16π
1+ ρ2 ·

dNel/dt|t=0
Nel + Ninel
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Elastic events
Selection:

• RP trigger with double arm coincidence;


• one track in both (top or bottom) units;


• left-right comparison: diagonal topology, 
track collinearity, consistent x∗


• diffractive event suppression: ξ consistent with 0


Corrections:

• geometrical and beam divergence acceptance;


• resolution unfolding;


• detection and reconstruction efficiency (as a function of θy∗)


⟹ error on Nel: 2.3%; error on dNel/dt|t=0: 1.6%
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θ∗
x = 1

L′x
(θx − v′xx∗)

(
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)

θ∗
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Inelastic yield
Selection:

• 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;


• final state particles outside T2 acceptance: from T1 tracks (zero bias) and MC

- largest contribution from low-mass diffraction (final state particles with |η| > 6.5)


⟹ error on Ninel: 3.7%
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pp cross section at √s = 13 TeV
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σel = (31.0 ± 1.7) mb 

σinel = (79.5 ± 1.8) mb 

nuclear slope

B = 20.36 ± 0.19 

⟹

arXiv:1712.06153
TOTEM 

published measurements

https://arxiv.org/abs/1712.06153
https://cds.cern.ch/record/1753795/?ln=en
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Measurement of the ρ parameter
The ratio ρ 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

The phase of AN can be measured by studying pp elastic scattering in the region at very 
low |t| (-t ~ 10–4 GeV2):

• higher |t| ⟹ strong (nuclear) interaction dominates;


• lower |t| ⟹ electromagnetic (“Coulomb”) interaction dominates;


• transition region ⟹ comparable magnitude ⟹ sizeable interference (CNI)


Experimentally challenging:

• tiny scattering angles ⟹ very small initial fluctuation needed ⟹ special LHC optics with large β∗


• 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:

• β∗ = 2500 m;


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


• low beam intensity: 4-5 bunches with 5×105 protons


Beam regularly scraped by collimators 
to allow vertical roman pot approach  
down to 3 σy ≈ 0.4 mm

Horizontal pots at 8 σx, only used 
for alignment

Trigger: double arm coincidence

Data collected: 0.4 nb–1 ⟹ > 7M elastic events
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Differential cross section
RP at 220F used for main analysis (210F used for cross check)

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


Extracting the |t| distribution:

• optics corrected from RP observables;


• background subtraction with kinematic cuts;


• geometrical and beam divergence acceptance 
correction;


• detection and reconstruction efficiency 
correction (as a function of θy∗);


• resolution unfolding by iterative procedure;


• normalisation from elastic cross section 
measurement at β∗ = 90 m
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Fig. 10: Differential cross-section from Table 3 with statistical (bars) and systematic uncertainties (bands). The
yellow band represents all systematic uncertainties, the green one all but normalisation. The bands are centred
around a data fit including both nuclear and Coulomb components (the fit shown in Figure 14). INSET: a low-|t|
zoom of cross-section rise due to the Coulomb interaction.

5.2.7 Binning

The bin sizes are set according to the t resolution. Three different binnings are considered in this analysis:
“dense” where the bin size is as large as the standard deviation of |t|, “medium” with bins twice as large
and “coarse” with bins three times larger than the standard deviation of |t|.

5.3 Data Merging

After analysing the data in each diagonal and LHC fill separately, the individual differential cross-section
distributions are merged. This is accomplished by a per-bin weighted average, with the weight given
by inverse squared statistical uncertainty. The final cross-section values are listed in Table 3 and are
visualised in Figure 10. The figure clearly shows a rapid cross-section rise below |t| . 0.002GeV2

which, as interpreted later, is an effect due to the electromagnetic interaction.

5.4 Systematic Uncertainties

The following sources of systematic uncertainties have been considered.

– Alignment: shifts in q ⇤
x,y (see Section 5.1.2). Both left-right symmetric and anti-symmetric modes

have been considered. In the vertical plane, both contributions correlated and uncorrelated between
the diagonals have been considered.

– Alignment x-y tilts and optics: mixing between q ⇤
x and q ⇤

y (see Section 5.1.2). Both left-right
symmetric and anti-symmetric modes have been considered.

– Optics uncertainties: scaling of q ⇤
x,y (see Section 5.1.3). The three relevant modes in Eq. (6) have

been considered.
– Background subtraction (see Section 5.2.2): the t-dependent uncertainty of the correction factor
B.

– Acceptance correction (see Section 5.2.3): the uncertainty of resolution parameters, non-gaussianity
of the resolution distributions, left-right asymmetry of the beam divergence.

Coulomb-nuclear 
interference

(alignment repeated every 20 min)
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Systematic uncertainties

Main contributions:

• alignment;


• optics;


• acceptance correction (beam divergence);


• beam momentum

!12
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Fig. 11: Relative variation of the final differential cross-section due to systematic uncertainties. The colourful
histograms represent the leading uncertainties, each of them corresponds to a 1s bias, cf. Eq. (12). The envelope
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from Ref. [6].
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Measuring ρ from CNI
Cross section in CNI region:


Model:

• Coulomb amplitude: QED + experimental form factors;


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


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


• interference: most general “KL” formula used

!13
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Results on ρ
Least-squares fit on distribution:

• systematic uncertainty included;


• different ranges in |t| tried;


• different values for Nb tried


High precision measurement

Significantly lower than preferred 
COMPETE prediction:

• incompatible at 4.7 σ level

Result stable against several fit 
variations
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Nb χ2/ndf ρ χ2/ndf ρ
1 0.7 0.09 ± 0.01 2.6 -
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Interpretations
Very comprehensive study by COMPETE 
Collaboration on pre-LHC data

• 23 models found to agree with 

measurements


• grouped in 3 sets: no set simultaneously 
compatible with TOTEM σtot and ρ 
measurement at 13 TeV;


Possible indication of odd-signature 
component in amplitude (“odderon”)

Models with crossing-odd exchange 
component seem to reach better 
agreement
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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 ρ parameter of the nuclear amplitude through analysis of 
elastic cross section at very low values of |t|

Measurements incompatible with COMPETE predictions

• ⟹ 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:

• new measurement of the total, elastic and inelastic pp cross section;


• new precise determination of ρ;


• detailed study of the “dip” region in σtot (~0.45 GeV2), potentially sensible to the contribution of 3-
gluon exchange


Special run planned at √s ~ 1 TeV to measure ρ and the diffractive dip region

!16
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Backup plots
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Non-exponential σel(pp) at low |t|

!18

Table 4: Details of the fits in Figure 11 using parametrisation Eq. (15). The matrices give the correlation factors
between the fit parameters.

Nb d�/dt|t=0 b1 b2 b3 �2/ndf p-value significance
[mb/GeV2] [GeV�2] [GeV�4] [GeV�6]

1 531 ± 22 �19.35 ± 0.06 - - 117.5/28 = 4.20 6.2 · 10�13 7.20� 
+1.00
�0.11

�0.11
+1.00

!

2 537 ± 22 �19.89 ± 0.08 2.61 ± 0.30 - 29.3/27 = 1.09 0.35 0.94�0
BBBBBBBB@

+1.00
+0.19
�0.34

+0.19
+1.00
�0.76

�0.34
�0.76
+1.00

1
CCCCCCCCA

3 541 ± 22 �20.14 ± 0.15 5.95 ± 1.75 �12.0 ± 6.2 25.5/26 = 0.98 0.49 0.69�0
BBBBBBBBBBBB@

+1.00
+0.08
�0.04
�0.02

+0.08
+1.00
�0.90
+0.85

�0.04
�0.90
+1.00
�0.99

�0.02
+0.85
�0.99
+1.00
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Figure 11: Di↵erential cross-section using the “optimised” binning and plotted as relative di↵erence from a reference
exponential (see vertical axis). The black dots represent data points with statistical uncertainty bars. The coloured
continuous curves correspond to fits with parametrisation Eq. (15) and di↵erent numbers of parameters in the expo-
nent. The straight (red) line lies seemingly too high with respect to the data points, which is a consequence of the
systematic degrees of freedom included in the fit: some of the e↵ects in Figure 9 may flatten the distribution which
at the same time changes the overall normalisation. The widest error band (yellow) corresponds to the full systematic
uncertainty, the hatched (brown) one includes all systematic contributions except the normalisation. Both bands are
centred around the fit curve with Nb = 3. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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pp (pp̄) cross section in the “dip” region

!19

 dσel/dt  (mb/GeV2)

ISR pp at 62.5GeV   (x100)

-t  (GeV2)

LHC
7 TeV

(x0.1)

13 TeV
(x0.01)

(prediction)

CERN (Sp
_
pS)

546 GeV  (x10)
Tevatron

1.8 TeV
(x1)

Figure 1: The dependence of the pp (or pp̄) elastic cross section on the momentum transferred

square t compared with the present data (see [5] for the references), and the prediction for
p
s = 13

TeV. The continuous curves correspond to the original model [4, 5], whereas the dashed curves show

the e↵ect of including an Odderon contribution as described in the text. The 13 TeV data are from

[2].

4

from arXiv:1712.00325 [hep-ex]
TOTEM
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with odderon contribution included

!20

even-signature
Odderon addedpp

_
pp

Re/Im

√s (TeV)

Figure 2: The energy dependence of the ⇢ =ReA/ImA ratio. The data are taken from [3, 20, 21, 2];

the first two data points correspond to pp̄ scattering and the last points to pp scattering. At 13 TeV

we also show by the open square the value of ⇢ obtained under the same conditions as that used by

the UA4/2 group (see footnote 1). The values of ⇢ given by the model [4] are shown by the solid

curve. The dashed curves include a possible QCD Odderon contribution calculated as described in

the text.

To conclude, we repeat, that even without the odd-signature term, the model of [4, 5]

predicts the new 13 TeV TOTEM data [1, 2] reasonably well. The largest disagreement is the

value of the elastic slope. The model predicts Bel = 21.0 instead of 20.4 ± 0.2 GeV�2 quoted

by TOTEM [1]. 11

The inclusion of the Odderon does improve the calculated value of ⇢ at 13 TeV. The Odderon

contribution is practically invisible in d�el/dt at low |t| values, but will reveal itself in the region

of the di↵ractive dip where the imaginary part of the even-signature amplitude vanishes. It

will be very interesting to study d�el/dt in the dip region and to check the low |t| slope Bel in

future ALFA-ATLAS and TOTEM experiments. As seen in Fig. 2, the di↵erence between the

11Note that at both
p
s=2.76 [25] and 13 TeV the observed slopes are too close to the values measured earlier

at a smaller energy, and which are in good agreement with the model value (see Table 1). We list below the
values of the slopes Bel in units of GeV�2 at the relevant energies:
– at 1.8 TeV we have 16.98± 0.25 CDF [26] or 16.99± 0.47 E710 [20] (model gives 16.8),
– while at 2.76 TeV we have 17.2± 0.3 TOTEM [25] (model gives 17.5);
– at 7 TeV we have 19.73± 0.14± 0.26 ALFA-ATLAS [27] or 19.9± 0.3 TOTEM [28] (model gives 19.7),
– while at 13 TeV we have 20.36± 0.19 TOTEM [2] (model predicts 21.0).

9

from arXiv:1712.00325 [hep-ex]


