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Total pp cross-section

Elastic pp scattering

b

Ultimately 
~1-2 % 

precision

TOTEM physicsTOTEM physics

Diffraction: soft and hard

Proton
Understand    
QCD nature

Forward particle production

Cosmic ray    
connection

Over a wide 
|t| range



TOTEM inelastic telescopesTOTEM inelastic telescopes
3.1 £ |h| £ 4.7

5.3 £ |h| £ 6.5

CMS

T2T1

T2: 10 half-
planes of  
triple-GEMs   
/ quarter

T1: 5 half-
planes of
CSCs 
/ quarter

Inelastic telescopes: inelastic event counting, charged multiplicity, rapidity gaps…



dNdNchch/d/dhh measurement with T2measurement with T2
Keypoints:
• modeling of material in and around T2
• primary-secondary charged particle separation
• understanding of track reconstruction

pp collisions at  Ös = 7 TeV with low pileup rate & b* = 1.5 m in May 2011

preliminary

T1 
following 
...



TOTEM Roman Pot detectorsTOTEM Roman Pot detectors

Horizontal Pot        Vertical Pots    BPM

RP220

3.1 £ |h| £ 4.7
5.3 £ |h| £ 6.5

RP unit

CMS

10 “edgeless” 
(< 50 mm) Si micro
strip detectors 
measuring u or v 
projection / RP
leading p detection
resolution: ~15 mm

Xσ beam horizontal RPs: 
- alignment  
- diffraction



Elastic pp scattering with RP@220mElastic pp scattering with RP@220m

pp collisions at  
Ös = 7 TeV with 
low pileup rate 
& b* = 3.5 m in 
October 2010

Keypoints:
• optics
• RP alignment
• scattering 
angle 
reconstruction
• acceptance
• background 

RP@7s



COMPETE Collaboration:

luminosity independent method:

ultimately: ±1 % 
(2011: ± 3 %)

Need to measure:
• elastic rate Nelastic
• dNelastic/dt extrapolation to t =0
• inelastic rate Ninelastic 

Only needed input: r
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Sector 
45

Sector 
56

Sector 
56

Sector 
45

t = -p2 q2

x = Dp/p

b* = 3.5 m, RP@7s b* = 90 m, RP@10s

Elastic pp Elastic pp -- low & high low & high bb* comparison* comparison

Ly ~ 25 m
Inelastic pileup: ~ 0.8 / bx

Background: (8 ±1) %
dq* = 12-13 mrad

Ly ~ 260 m
Inelastic pileup: ~ 0.005 / bx

Background: < 1 %
dq* = 1.7 mrad
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LumiLumi--dependent dependent sstotaltotal: d: dsselasticelastic/dt /dt 

RP@10s
Ös = 7 TeV

L provided by CMS !!

June 2011

0.02 < |t| < 0.33 GeV2



mb0.7 2.00.298.3σ )systother ()lumi(
)ρ(

)stat(
total 0.2

0.8 ±±±=
-
+

mb  0.6   73.5σσσ (syst)1.8
3.1

(stat)
elastictotalinelastic

+
-±=-=

sinel (CMS) = 
68.0  ± 2.0(syst)

± 2.4(lumi) 

± 4.0(extrap) mb

sinel (ATLAS) = 
69.4 ± 2.4(exp)

± 6.9(extrap) mb

sinel (ALICE) = 
72.7 ± 1.1(model)

± 5.1 (lumi) mb

mb 2.00.10.2 8.24σ syst)(other (lumi)(stat)
elastic ±±±=

LumiLumi--dependent dependent sstotaltotal: results : results 

Luminosity 
dominating  
error !!



Latest Latest bb* = 90 m run October 2011* = 90 m run October 2011

RP@4.8s

87000 
entries

acceptance 
June 2011

b* = 90 m
October 2011 vs June 2011
• RP closer Þ access to lower |t|
• luminosity factor 60 larger
• all necessary ingredients to 
determine inelastic rate

Sector 
56

Sector 
56

diagonal double arm coincidence:
elastic + central diffraction



Elastic rate in October 2011 dataElastic rate in October 2011 data

Raw distribution               
(to be corrected for 
acceptance etc..)

PRELIMINARY !!

Diagonal double arm coincidence events

Events satisfying 
elastic event selection

Extending dselastic/d|t| to |t| below 10-2 !!

Central diffraction (& 
accidental coincidence)

RP@4.8s

b* = 90 m



ssinelastic inelastic in October 2011 datain October 2011 data
completely T2 driven analysis

Categorize inelastic T2 events:                                                   
tracks in T2+ only/T2- only/(T2+)´(T2-)
Correct number of inelastic T2 events / category:
• reconstruction inefficiency (from data performance tuned MC) 
• trigger inefficiency (from bunch crossing triggered data)
• beam gas background (from non-colliding bunch data)
Calculate visible inelastic cross-section in T2 using CMS 
luminosity correcting for pileup probability (from bunch crossing 
triggered data) & DAQ efficiency 
Calculate total inelastic cross-section correcting for probability
• having tracks only in T1 (from bunch crossing triggered data)
• having all primary beyond T2 & no secondary in T2 (from MC)
• having |h| < 6.5 primary but none in T1 & T2 (from rapidity gap study)

Compatible cross-section (±1.5 % excluding luminosity) with inelastic 
cross-section obtained subtracting elastic cross-section from total !!
internal handle of relative luminosity of bunches using (T2+)´(T2-) events
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Uncertainties (b* = 90, RP@5s, Ös = 7 TeV, TOTEM standalone):
• dNelastic/dt extrapolation to t =0: ± 1 %
• elastic rate Nelastic (strongly correlated with extrapolation!): ± 1 %
• inelastic rate Ninelastic: ± 1.5 %
• 1+r2   (using error bands of COMPETE fit): ± 0.8 %

Þ Total uncertainy on stotal (taking correlations in account): ± 2.5 % 
Total uncertainy on luminosity (total rate squared!):         ± 4 %
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Largest individual uncertainty 
contribution (to inelastic rate): 
low mass (< 3.5 GeV@ Ös = 7 TeV) 
diffraction having all primary 
particles at |h|’s beyond T2 

L determination in special low-
lumi run Þ precision on L  in 
standard high-lumi (to be studied)

Acceptance single diffraction

Loss at low diffractive masses M
M [GeV]

M
Ös = 14 TeV



Priority for 2012 data takingPriority for 2012 data taking

Þ Total uncertainy on stotal (taking correlations in account): < 2 % 

Successful common PbPb runs with CMS in 2011 Þ
proof of principle for trigger exchange and data combination

CMS + TOTEM = detector with largest h acceptance

Low luminosity run b* = 90 m (2 bunches with 6 x 1010 p/bunch Þ L » 1.5 × 1028 cm-2 s-1) 
Physics:
- Elastic scattering
- Total cross-section at Ös = 8 TeV
- Min. bias physics: rapidity and multiplicity distributions
- Soft diffraction

with CMS if agreed

Considerable improvement of uncertainty on inelastic rate: 
• count all events with primary particles in |h| < 3.1
• low mass single diffraction: single proton (+ FSC/ZDC)   

b* = 90 m with 156 bunches (156 bunches with 6 x 1010 p/bunch Þ L »1030 cm-2 s-1)
Physics:
- Diffractive jet production     if joint data taking with CMS agreed

Standard runs @ b* = 0.6 m
Physics: 
- large |t| elastic scattering 
- high mass DPE 

If others interested 
• low-pileup runs
• lower energy

RP220m electrical 
trigger installation 
shutdown 2011/2012     
to provide proton trigger 
in time for CMS L1



rr measurement in interference region?measurement in interference region?
Aim: get also last ingredient to lumi-independent stot from 
measurement rather than theory based extrapolation

~10-15 % measurement of r with b* » 500 m, RP@5s at Ös = 8 TeV
should be prepared in early MD’s in 2012 !
emittance en ~ 1 mm rad if possible
lower Ös (e.g. Tevatron) to reach deeper in Coulomb-nuclear interface region?   

systematic 
uncertainty 
that similar 
level!



• Total pp cross-section measurement at Ös = 7 TeV 
(using CMS luminosity) at 3 % relative precision !!
• Direct inelastic pp cross-section measurement agrees 
with the one subtracting elastic from total !!
• Next (using 2011 data): L & stot with luminosity 
independent method at ~4 & ~2.5 % !!
• 2012: Improved L – independent stot at £ 2 %  precision 
together with CMS (if agreed) with b* = 90 m
+ minimum bias physics with largest |h| acceptance
+ (semi-)hard diffraction with high & low b* (if CMS agree)   
• (Very) high b* (³ ~500 m/90 m):  r measurement (Ös £ 8 
TeV) & stot at Ös ³ 10 TeV (after 1st long shutdown of LHC)

TOTEM conclusionsTOTEM conclusions

Thank you for your attention !!Thank you for your attention !!



K. Österberg
Soft diffraction workshop 25-26.6.2009

The End



OpticsOptics

b* = 3.5 m: Ly » 25 m, ny small
b* = 90 m: Ly » 260 m, ny » 0
Þ q*y reconstructed from track position

b* = 3.5 m & 90 m: Lx » 0 m, nx sizable
Þ q*x reconstructed from track angle



TOTEM Plans for 2012
Common runs with CMS in 2011 with ions successful 

à proof of principle for trigger exchange and data combination

Proposal:
start with an early test run in standard conditions to prepare common running procedure.  
1. Two Special runs at b* = 90 m

(a) Low luminosity run
Physics:
- Elastic scattering
- Total cross-section at Ös = 8 TeV
- Min. bias physics: rapidity and multiplicity distributions
- Soft diffraction

Beam Conditions:
- 2 bunches with 6 x 1010 p/b
- emittance en £ 2 mm rad

Programme:
- Alignment of 24 Roman Pots profitting from prior alignment at b* = 0.7 m
- Optimisation of alignment time by relaxed RP approach for physics (V ~ 8 s)
- Inclusive trigger from TOTEM T2 (efficiency > 97 %)
- òL dt = 0.1 nb-1 for 104 s
- Total Time ~ 20 hours

è L = 7.6 x 1027 cm-2 s-1 per bunch,   m = 0.05

with CMS if agreed

CMS + TOTEM = detector with largest acceptance



p. 21
Mario Deile 

–

TOTEM Plans for 2012

(b) b* = 90 m run with 156 bunches
Physics:
- Diffractive jet production                if joint data taking with CMS agreed 
à Diffractive jet-jet mass spectrum 

Beam Conditions:
- 156 bunches with 6 x 1010 p/b
- emittance en £ 2 mm rad

Programme:
- Alignment already done
- respect of collimation hierarchy à conservative RP positions 
- if possible, trigger from CMS: 2 jets (pT > 20 GeV) 
- òL dt = 25 nb-1 for ~ 6 hours
- Total Time ~ 1 shift

è L = 1.2 x 1030 cm-2 s-1 (total),   m = 0.05



TOTEM Plans for 2012

2. Development of b* = 500 m Optics
Physics:  first attempt at r measurement

Beam Conditions:
emittance en ~ 1 mm rad if possible

Programme:
- Preparation in early Machine Developments
- Physics run could be in autumn

3. Standard runs @ b* = 0.6 m
Physics: 
- large |t| elastic scattering
- search for mass states in diffraction (reach higher masses than at 90 m, 
favourable dispersion)

Operational aspects:
- Conservative RP distances à faster alignment 
- No impact on other experiments

2. If other experiments are also interested:
(a) lower energies (e.g. Tevatron, injection energy)
(b) low-pileup runs



b* = 90 m runs together with CMS (2 or >=156 bunches)

p. 23

2 bunches with 7 1010 p / bunches

L / bunch  = 10 28 Hz/cm2

L int = 0.1 nb -1 in 10 4 s

Rate for DPE : 10 Hz/bunch    

Study inelastic and diffractive events over the 
complete CMS and TOTEM detectors

156 bunches with 7 1010 p / bunches

L / bunch  = 10 28 Hz/cm2

L int = 15.6 nb -1 in 10 4 s

Rate for DPE : 1560 Hz/beam
s jj > 20 GeV = 10 -28 cm2 è 156 Hz/beam
+ DPE è ~ 1 Hz/beam



Jets and DPE at b* = 0.6 m

p. 24
Karsten 
Eggert –

1400 bunches with 1.4 1011 p / bunch

L / bunch  = 5 10 30 Hz/cm2è L ~ 7 10 33 cm-2

= 5 10 26 cm-2 per bunch crossing è m ~ 30

s jj >100 GEV = 0.7 10 -30 cm2  è 3.5 Hz / bunch

trigger on 10 bunches è 35 Hz directly to CMS + TOTEM tape
times 1% for DPE

L int ~ 200 pb -1  in full CMS running time

Relation between jets and x1 and x2 measured by the RP
e.g. Et1 = Et2 = 100 GeVè x sym = 2.5%

Search for new particles



Optics verification
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s: Lx(s)==0 determination

• Four fits per diagonal, 8 in total, diagonals averaged

Top 45 bottom 56, 45 near
s=214.463 m

Top 45 bottom 56, 45 far
s=220 m

a=-3.142

a=2.229

Interpolation: Lx(s) = 0  for  s = 217.8 m (nominally 222.1m)



Matched parameters

• Perturbation of (nominal) actual LHC settings
§ ~30 parameters per beam
§ Magnet positions, rotations, k
§ Beam energy, displacement, crossing angle, harmonics...

• Selected fitted parameters
§ 6 strengths per beam (MQXA, MQXB, MQXB, MQXA, MQY, 

MQML)
§ 6 corresponding rotations per beam
§ Mean x per beam
§ Total of 26 fitted parameters



Constraints

• TOTAL of 36
• LHC design constraints (a total of 26): 
§ sigma(k)/k = 0.1%
§ sigma (rot) = 1mrad
§ Sigma(x)/ x = 10-3

• Measured constraints of individual arms (a total of 8):
§ (dLy/ds)/Ly; near unit rotation (coupling); far unit rotation

(coupling)
§ s: Lx==0 (1 m precision)

• Measured elastic scattering kinematics constraints 
between arms (a total of 2):
§ Ratio of Ly56 / Ly45 (0.2 % precision)
§ Ratio of (dLx/ds 56) / (dLx/ds 45) (0.5 % precision)



Matching solution
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Fitted parameters

Strong correlations between fitted parameters

Principle Component Analysis (PCA) ideally should 
be applied

c2/NDF = 25.8/(36-26)=2.6 
(would be lower in correlations are elmininated)

Matching results within 
the LHC tolerance

56 dLx/ds Ly [m] ROT [mrad]
RP215 -0.311962 22.1464676 0.0432331
RP220 -0.311962 22.6191755 0.0396463
D RP215 -2.84% +0.78%
D RP220 -2.84% +0.81%

45 dLx/ds Ly [m] ROT [mrad]
RP215 -0.314508 20.3883272 0.0400268
RP220 -0.314508 20.6709463 0.0372828
D RP215 -4.51% +10.19%
D RP220 -4.51% +10.79%

Abs(Pulls) of constraints Abs(Pulls) of fitted parameters



Outlook: Measurement of r in the Coulomb-
nuclear Interference Region?

Aim: get also the last ingredient to stot from measurement rather than theory

(eN = 3.75 mm rad)

(eN = 1 mm rad)


