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> The TOTEM experiment
= Inelastic analysis at 7 TeV: forward dN/dn, pp inelastic cross section
- Differential elastic cross section at 7 TeV

=> Measurement of C o

= Physics perspective with CMS



The TOTEM experiment

Physics programme:

> Measure the total pp cross section with a precision of about 1+2 %.
> Study the elastic pp cross section over a wide range of t (10° GeV’< |t| < 10 GeV?).
> Studies on diffractive processes, partially in cooperation with the CMS experiment.

Experimental layout:

I | (CMS detector in gray) detail at IP5
[ ‘ T1 3.1<n<4.7 ®Inelastic telescopes T1,T2:
| T2 5.3<n<6.5 tracking of charged particles

I from inelastic collision.

®RP stations:
reconstruction of the leading
proton from elastic and
diffractive interaction.
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Last publication: forward dN_ /dn
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Measurement of the forward charged-particle pseudorapidity den-
sity in pp collisions at /s = 7 TeV with the TOTEM experiment
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Pseudorapidity:

n = —Inftan(6/2)

® Measured with T2

® At least 1 ch. particle in 5.3<|n|<6.4

e P_acceptance: > 40 MeV/c

® Cosmic Ray (CR) MCs show a better
agreement for the slope and contain
the data:
-SYBILL (CR): 4-16% lower
-QGSJET-II (CR): 18-30% higher



dN_./dn RESULTS: “the LHC picture”
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g . The TOTEM measurement:
T - . Vs=7 TeV . o .
C bk _ _ i ® High visible cross section:
5:_ l I ﬁﬁtﬂﬁ'{ﬁf #ﬁ%ﬁﬁﬁﬁm measured on data (see later):
B ][I ~95% (0
INEL
5 e
E > M_. > 3.4GeV
sl # > ND events > 99%
— +ALICE Data. Inelastic, Nch > 0in < 1 ® We will fill the gap:
ST LATLAS Data Inelastic, Nch >=2in |n|< 2.5, P> 0.1 GeVle
=+ CMS Data (NSD) ~usingT1
2 STOTEM-T2 Date. Inelasic, Neh > 0in 5.3¢4[<65,p_ > 40 Melle - using runs with displaced vertex
- | T (we had ~500K MB triggers with
1:_ ~+LHCh Data, Nch > 0in 2.0<n<d.5 collisions at ~11m from the IP):
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Inelastic cross section measurement (1):

)

® Cross section for events with at least a stable particle in the T2 acceptance:

(mb): 69.7 = 0.1stat = 0.7syst = 2.8lumi

Inel, T2 vis

*We used a low luminosity run triggered by T2

" » Trigger efficiency ~2.3 %
/j\}\\ > Track reconstruction efficiency ~1%
o _Nmoo
Inel, T2vis — L. ~ Beam-gas background ~ 0.57%
nt
L Pile-up (u~0.03) ~1.5%

® Cross section for events with at least a stable particle with |n]<6.5:

(mb): 71.0 = O.1stat = 0.7syst = 2.8lumi

Inel,|n|<6.5
rap-gap |
2 Tl T2 T T1 T1| T2 7 Tl T T2
i . : A i T
Track in T1 (& T2 empty) Rapidity gap in T2 for 1-arm events Central diffraction (T1,T2 empty)

(hadronization fluctuation)

~ 2% ~ 0.57% ~ 0.34%



Inelastic cross section measurement (2):

Correction for events having particles only at |n|>6.5:

6 __ (mb): 73.7 £ 0.1stat = 1.7syst £ 2.9lumi

T T1 T1 T2
w -~ » M, >3.4 GeV/c? (T2 acceptance)
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e : S. Ostapchenko . )
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Elastic scattering: OPTICS
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The optical functions describe the explicit path of the proton through the magnet elements as a
function of the particle parameter at IP
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Elastic Scattering: Data Collection 2010-2011

Several data sets at different conditions to measure wide range and very low-t

Set | 3%(m) | RP approach | Lint t range Elastic
(ub™h) (GeV?) events

New data analysis
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Elastic scattering results: 5:10°<|t| <0.45 GeV>

New elastic analysis combined with the published -EPL96 (2011) 21002- analysis

deg fdt [mb/GeV?

g

10-*

1

W T T T : —
F this }]Il}]ll['-ﬂfl[)ll Extrapolatlon tO t 0 (A exp _B | t |)
! extrapolation to { =0 1[}3 -
—+— 31:1Ti.~iti<':1-l lllltx?rfziil-l[‘.i[-.‘ri E_ . EPL 96 (2011) 21002
I systematic uncertainties - "~ : TO be pUbIIShed
>102 I O U SO . TR ST ST PTRURT |

) q ]
A 9. &
'|1||'.:J 2-10 ™

5.1073 GeV?2
1 1 | 1 1

|I |1u'111
1 1

0 0.05 0.1 0.15 0.2

A (mb/GeVZ) = 506 +22.7%5+1 .05
503+26.755t+ 1] Gstat

B (GeV?) = 19.89+0.27%+0.0252 (5 10%< | t]| <0.2 GeVA)
20.1x£0.3%5x(0.2% (2 102 <|t| < 0.33 GeV?)

ol v Iy Py by by by e s L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
|t| [GeV?]
Systematic error [%] (Luminosity dependent) elastic cross section ¢ _
s analyss dependent  omm—luminosty |

s analysls normalization s tofal

S [ - 25.4+1.0umi+ (. 3%st+(.03% mb (91% measured)
| 1 24.8+1.0™£0.29£0.2°  mb (67% measured)

0.4 .45
|t| [GeV?] 9



Elastic scattering results: 5-10°<|t]| <2.5 GeV?
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Total cross section measurements: three methods

]

Use of the optical theorem:
e® Method 1a): (low) luminosity-dependent o, measurement P

! 16r 1 (dN,
g L 7 Otot = 7 N
e Method 1b): (high) luminosity-dependent o, measurement (1 + 0 ) i dt t—0

/(£ from CMS, p from COMPETE)

‘—> Cross check with the CMS £~ L» p= ]{el( )]]
el

e Method 2): (high) luminosity-dependent o measurement using N and N__

Otot = To] + Tinel > P 11.1c.1epend§:nt m.easuremen?:, minimize the
efficiency biases in the elastic measurement

e Method 3): luminosity-independent 6, measurement:

167 (dNu/dt)es
(1—|_;O ) (\ T \mel)

Otot —
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Three cross section measurements (7 Tev): results

> Totem measurements compatible with the COMPETE best fit. ~ Precise pp measurements
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L calibration, low mass diffraction, cross section ratios

]

» Absolute calibration of the CMS luminosity:

(1+ ,OQ) (Nt + Ninel )2 Lim’ us— 82/ub = 4% Lim, roren— 83- /1D £ 3.8%
L= 167 (AN /dt)i—g L 5= 1.65/ub + 4% o o= 1-65/MD + 4.5 %
g E— T
» Luminosity and p independent ratios: é i :: ]'}I]')OTEI\/I """"""""""" +:
6 /o, ,=0.354 + 2.6% 6 lo,, = 0.257 = 2% © i : ..................... | x}“tﬁ ........... :
of |
> Low mass diffraction: s W'Hh”f _____________________ .......................... .
From method (1b): 6;,,,= 73.15%= 1.26 mb 161“—1 - "”'lliijo B 1(23 '1_'{}4
Measure 6"<¢>, = 71.0 + 2.8 mb Ve [GeV]
| > Gm|>6'5ine|: 3.0% (5'"|<6'5ine| (upper limit ~ 6.9 mb at 95%CL)
» p measurement:
p? =167 (he)? Ling (\{1 ]\j/\dj; 7 1 cT:gE/[EPI\ngEp Lx:trgﬁtjratiio?{?; = 0.141 + 0.007
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Physics with CMS CMS

The two experiments have now the possibility to exchange

the trigger information

April 2012: CMS Jet Trigger to TOTEM

May 2012: Low pile-up run, 8M event T1+T2+CMS recorded.

TODAY:

Trigger exchange and same event recording by both experiment:
Totem MB L1 — 7 CMS Trigger menu — TOTEM “High Level Trigger”

Physics potential due to large coverage: CMS+T1+T2 = -6.5 <1 < +6.5
— dN_ /dn over the complete range with several event-selection strategies.

— multiplicity distributions and correlations (forw./back., forw./cent.) A WG

— rapidity gap distributions, multi-gap and central-gap events common

— jets — underlying event studies extended to forward region ' ‘ has istartehd tg
analyze the data

Special run at f* = 90 m, 156 bunches (RP already aligned for B*=3.5 and 90m)
CMS + TOTEM T1, T2 and Roman Pots = very large acceptance

Proton acceptance: |t|> 0.02 GeV?, any &

Soft and medium-hard diffraction.

14



Conclusions and outlooks

* TOTEM has measured the inelastic & elastic cross section and the
total cross section with the luminosity independent method at Vs=7 TeV

»Measurement of elastic differential cross section in 5-10°< |t| <2.5 GeV?,
p—constraint, luminosity calibration.

>Very soon these analysis will be repeated at Vs=8 TeV
(data from a successful special run at p'=90m on 7" July)

»Constraint on the low mass diffractive cross section.

» Measurement of the forward charged particle dN/dn distribution with T2.

 Several analysis on diffractive physics are ongoing (DPE, SD, DD) results are
expected soon.

 Common analysis with CMS is now technically possible: a very rich
Physics program is already achievable this year!

15



Thank you for your attention
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The uncertainty of the extrapolation of the hadronic production cross section to ultrahigh
energies is a major problem for the interpretation of existing cosmic ray data for
example in terms of the primary mass composition.

Equivalent c.m. energyNsy, [GeV]

10° 10* 10°
B{H} I LI IIIII| + LI IIIII| I LI IIIII| 1r|||
Tevatron

700 LHC

When the uncertainties of the
extrapolation of the nucleon-
nucleon data is propagated
into the proton-air cross
section using the Glauber
approach, the

uncertainty of the predicted — OGSJETO1C
cross section at 10© eV might = =aees EPOS 1.61
get as large as » 50% 3001~ wese= SIBYLL 2.1
(c.f. Fig. 2). [ = accelerator data (p-p) + Glauber == QGSJETILS

E{H}; 1 1 IIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |
10™ 10" 10" 10" 10" 10" 10" 107
Energy [eV]

500

400

Cross section (proton-air) [mb]

Figure 2: Resulting uncertainty from extreme assumptions on the extrapolation
of nucleon-nucleon scattering parameters on the proton-air production cross sec-
tion (from [28]).

In order to use the composition information of cosmic ray data to constrain astrophysical source and propagation
scenarios this uncertainty must be reduced drastically. The LHC will certainly help a lot by providing another high
precision data point of nucleon-nucleon scattering parameters at energies that are already significant

in terms of cosmic ray physics. For the still needed extrapolation to energies above Elab » 10" eV it is required to
rely on cosmic ray data itself to constrain the proton-air cross section.



Inelastic cross section measurement (1):

Cross section for events with at least a stable particle in the T2 acceptance:

(mb): 69.7 = 0.1stat = 0.7syst = 2.8lumi

inel, T2 vis

*We used a low luminosity run triggered by T2

“2h” events: mainly ND, DD “1h” events: mainly SD with M>3.4 GeV

tracks
> 1

*2h/1h event ratio of data used to improve the accuracy of the corrections:

»  Trigger efficiency ~2.3 %
Measured from zero bias data wrt track multiplicity

> Track reconstruction efficiency ~1%

N2 Based on MC tuned with data

OInel. T2vis —
: Eint

> Beam-gas background ~ 0.57%
Measured with non colliding bunch data

> Pile-up (u~0.03) ~1.5%

Contibution measured from zero bias data



Inelastic cross section measurement (2):

Cross section for events with at least a stable particle with |n|<6.5:

(mb): 71.0 = O.1stat = 0.7syst + 2.8lumi

Ginel, [nl<6.5

® Tracks in T1 (& T2 empty) ~ 204
T2 T T2 Estimated from bunch crossing data

:.r]

rap-gap
| ™ ® Rapidity gap in T2 (hadronization fluctuation) ~ 0.57%
Estimated from T1 gap probability transferred to
T 7 T | T2 T2 n-region (scaled by the fraction of T2 1h events)
> .I.]
- - ® Central diffraction (T1 & T2 empty) ~ 0.34%
Estimated from MC corr max~0.25 o,

M



Double Pomeron Exchange

T2 T1 T1 T2
Scattered Rapidity Gap Diffractive system ® Scattered
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Elastic Scattering: results 0.36< |t| <2.5 GeV”

I H:I':|I T I"'. T T T T T T T T 1 1
> B —— Block etal ) proton—proton
g [ —— Bourrely et al. g 102 : ISR
2 01k — Islam et al. (CGC) 3 235 GeV
. —— Jenkovszky et al. Eqrty!
S [ Petrov et al. (3P) g '.
| — TOTEM 9165y}
10 F g
- 3 27.43 GeV
t|-7.8 +0.3(stat) +0.1(syst) .“]-B \k"mj
[ " | - X1
1.|]—3 3 | E 1 II]-m Nﬂ\m “‘Eﬂ 5 GE‘U" Ht L$__ ‘4
I N ] 1072 "'5 44 64 GeV %H"'“-»E!”_E
4L .7 TeV pp do_/dt N : e“l‘fﬂ H“"xx
04 7 TeV pp do_ / TR ASE g " lepopy o
- : 0.36< |t| <2.5 GeV g [ “i?t j: $ T
: . h‘\-\:_ n E EE ﬂ GE t ‘\-\f S w1 D_B
: § 1 18 5 A C
“]—5 R F AN S S R N T NN NN NN NN TN NN NN N M B RN 10 0 : 2 4 [ E 10 12 14
0 0.5 1 15 2 25 ~1 4 Ge\/2 It [GeVZ]
0.53+0.01+0.01 GeV? 1 [GeV?]

-minimum moves to lower |t| with increasing s
-exponential slope grows with energy
Shrinkage of the forward peak
Totem findings: -region around and after the dip very sensitive for model discrimination.
-1.5<|t| <2 compatible with |t|-8 (triple gluon exchange).




Elastic Analysis

Proton selection cuts

+ collinearity cuts (left-right)

0",45¢ 0,56
E}*Y,ailS o E}*,f,SG
+ low € cuts
+ vertex cuts
+ optics related cuts

Background subtraction
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Acceptance Correction
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8000

Resolution 6000
unfolding 4000

2000

Normalization

RMS =9.2 yrad

8
RMS = 3.5 urad

10 20 30
AR-Loy , (urad)

Reconstruction efficiency

—intrinsic detector inefficiency: 1-2% / pot

dN /d¢*

104
10°
102
10!
100
101

102

— elastic proton lost due to interaction: 1.5%/pot

—event lost due to overlap with beam halo

B*=3.5m
— before

after

(depends on dataset and diagonal) 4% - 8% ((*=90m); 30% (*=3.5m|

Luminosity from CMS systematic error of 4%



E LHC optics in brief

a1 2F Bd . - M -
— ET EF < G | up Lzid N g% Hl:'\.-l:-.i_

P +— = r;"-'--—._._I;I :|| | o =39 S r“ﬁ - —=hoan |
beam 1 —= <= it T |l ARl " | " | T o
35 a1 147 =5
srhr 45 ot amm) by 56 [kt ifom)

Proton position at a given RP (x, y) is a function of position (x’, y*) and angle (©,", ®,7) at IP5:

measured . Ve Lo 00Dy
inR i 4 LA P L B =
[ Reman 7 =0 0 w L, 0 ' - reconstructed
Pots || @, 0 0 u L, 0 e
jl._!]‘lll'l_!n' RP - [l [k | HJ ki"'l".";f" IP5

Proton trar|15p1:rrt matrix

Elastic proton reconstruction:
® Scattering angle reconstructed in both projections

* High ©"-reconstruction resolution available o =o , -- I'],ﬁ al, An
0(,")=1.7 prad for B’=90 m and low t-range y as ds —=0
o(®,")=12.5 prad for §°=3.5 m and high t-range O =\ygp—v,¥ }f [ :

Excellent optics calibration and alignment required



Optics

(x",¥"):  vertex position
(6,7, 6.7): emission angle: t==p*(0.*°+0 %)
£ = Ap/p: momentum loss (diffraction)

IP5 < I 1m } RP22(

L] L] " +
.]’jd{!t - L_l'ar + II'I_T.1Jpj ‘rd-:l = Lrﬁ.r + VA +/9€ Elastic: 5 =0

pr=35mL ~25m, ysmall F=35m&90m: L, ~0m, v sizable
Fr=90mL =260m, v,~0 = & reconstructed from track angle
= ¢, reconstructed from track position

d, dl s dv.

—t 5 —x

ds ds ~ ds

Beam width (@ vertex  Angular beam divergence  Min, reachable [t]
o oo | 2

ol P
Standard optics "~ 1-3m 0, small offl, ) large ol ~ 0.3-1 GeV?

Special optics " =90m a,, large o6, ') small bl = 1072 GeV-

4

iy




TOTEM do _/dt: valuable input for the description of the proton
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of diractive cross sections with rapidity gaps.



Large-t systematics

Table 2: Analysis corrections and systematics (4 denotes an uncertainty; the optical finction L relates the displacement to the

scattering angle: 7,y = Ly, 8; ,; As (= 5m) is the distance hetween the two units in one RP station).

Correction | Effect on Funetional form Total values or integral Details
Recorded const(f) Efficieney-corrected mt. Luminoaty Int. Luminosity (6.1 +0.2)nb~"
Luminesity | do/dt Trigger off. (004 1)%
: mtlt. factor (6.08 +0.36) nb : i 3
DAQ eff. (99+1)%
. Ineff. = const(f) s , ;s Deteetor 1%
Inefficiency | do/dt i Tot. ineff. = (304 10)%
mult. corr. factor = (1 + neff.) Event reconstruction (20 + 10)%
¥: 2yeqzecov: |90 45|y -gacav
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Sl ' L1yt 5Cav2 26y ~p.500v2
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Low-t systematics
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Table 1: Results of the TOTEM measurements at the LHC energy of /3 = 7TeV.

Statistical uncertainties | Svstematic uncertainties Result
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! Corrected after unfolding.

{includes tagging, acceptance, efficiency, background).




dN/dnAnalysis procedure: bin migration corrections and summary.

HO_PrimaryGeantEta_VsRecoTrkEta_Scaled
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S el atrixg° ly;  average of the hits 1 composing the track
x e— s (optimal to reproduce the original n of the particle).
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*The procedure is repeated for each quarter (important cross check for the analysis!)



Systematic errors evaluation

o = 6.025 dN/dn error summary (one quarter)
1. Primary track efficiency 4%
2. (ilobal alignment 3%

/—/%

=

Quarter
dependent

3. Non-primaries in the central peak 2%

N

4. Primary to secondary separation 2%

?g . ). B-field and energy spectrum 2%
%‘ § <} 6. Primaries not arriving in T2 2%
=i 7. Track quality criterion 1%
§ = 8. Trigger bias 1%
0. Pile-up probability 1%

10, Statistical 0.7%

Total (single quarter measurement) — 10% (*)

(*) not all the contributions have been added in quadrature

Evaluation method

1. Data/MC comparison of
“half quarter” trk efficiencies

2. Effect of wrong
misalignment parameters
on the measured dN/dn

3. Maximum variation of the
secondaries contamination
from different MC.

4. Fit/fitting-interval
uncertainty

5. MC spectrum and B
intensity variation

6. Different MC estimates

7. Data/MC discrepancy on
the effect of the cut on the
track x>-probability.

8-9. Dedicated analysis
on bunch-crossing samples



Analysis procedure: primary track selection.

*A fit on the distribution of the track Zimpact parameter is used to separate primary from

secondary tracks.

*We know from MC and data comparison the shape of the primary and secondary
track Zimpact distribution (double-gaussian for primaries, exponential for secondaries).

Track ZImpact definition

Y

T2-track

Thanks to E. Oliveri
for the picture

Number of tracks
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_distribution

Global fit y%ndf = 253/222
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A large part of the secondary contribution can be therefore extracted from the primary
region by fitting the track-ZImpact distribution. The fit is repeated for each bin.



Analysis procedure: reconstructed track efficiency correction

*Primary track efficiency definition: probability to reconstruct a primary GEANT
track within the primary selection requirements on the track parameter ZImpact
and Z .

*For each bin, the reconstructed track ZImpact is required to be in the range covered by
96% of the double gaussian distribution. In addition, ZO"“sign(n) <13.5m.

Primary Trk efficiency vs Event Cluster multiplicity
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*Track efficiency evaluated with MC E -
methods for each quarter as a function 17, 75 .| A~
x -
of the track n and of the event pad = L
cluster multiplicity (to reduce the 5.6/
dependence from the tuning of the MC € [
multiplicity). i
plicity) “%.4- I HO
Remember: data . mHI
0 2'_<Pad-C1u mult> ~23 5
- average efficiency of 80% (including selection) =L HH
- fraction of primary tracks within the cuts of 75% — 90% 2 - W H3
(ndependent) 0_,,,,|,,,,|,,,,|
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Detection Prospects for Double Pomeron Events

In collaboration with CMS
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Trigger via Roman Pots £ > 2.5 x 107
Trigger via rapidity gap &£ < 2.5 x 10?2

14 TeV



Double Pomeron Exchange: Cross-Section
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Oppe=0.5—1mb = (1-2) x 107 events per day at f*= 1540 m, £=2x 10¥ cm'? 5]

Events | GeV
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