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TOTEM physics (special runs)

• Total, inelastic & elastic pp cross-section
• θ (ratio of real & elastic hadronic amplitude at |t| = 0)
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7 TeV
7 & 8 TeV

∏s = 2.76 TeV

∏s = 13 TeV

ρtot measurements

• ∏s = 7 TeV (α* = 90 m)
&  8 TeV (α* = 90 m &
1 km) results published

• ∏s = 2.76 TeV (α* = 11
m) results blessed &
paper in preparation

• ∏s = 13 TeV analysis
(α* = 90 m & 2.5 km)
progressing well

Luminosity
independent

method:
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ρtot @ ∏s = 2.76 TeV elastic
Jan 2013, RPs at 4.3ρ, λ } 0.11

α* = 11 m optics (not optimized for ρtot measurement)
• Optics more sensitive to LHC perturbations & IP vertex size ⇑

optics determination using correlations of elastic candidates
• Beam divergence large (}20 λrad) ⇑ limits scattering angle resolution
• Extrapolation to t = 0 longer (observe }3 % of ρel ♠ 80 , 90 % at α* = 90m)

Other challenges overcome:
• Horizontal RPs not inserted ⇑ RP top – RP bottom relative

alignment from ε symmetry of elastic scattering
• Due to overlapping activity reduced single track efficiency ⇑ dedicated

multitrack RP reconstruction to recover majority of elastic events
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ε symmetry of elastic (after alignment) # elastic vs # multitrack segments/RP

dN
/d

π y



ρtot @ ∏s = 2.76 TeV

Inelastic rate analys:
method identical to 7 & 8 TeV

- Count events with charged particles
in T1 & T2 (} 97 % of inelastic).
- Trigger:  at least one track in T2.
- Corrections:

1. Beam gas,
2. T2 trigger efficiency
3. Pileup
4. T2 reconstruction
5. T1 only events
6. CD events (nothing in T1 or T2)
7. Low mass diffraction

- Total uncertainty Ninel: } 2.1 %
largest contribution:
low mass diffraction (Mdiff < 2.1 GeV)

Elastic rate analysis:
method similar to 7 & 8 TeV

Analysis steps:
1. Geometrical & beam divergence
acceptance corrections
2. Unfolding
3. DAQ efficiency
4. Optics reconstruction
5. Alignment
6. Multitrack
7. Single & double RP inefficiency
8. Trigger inefficiency
9. Extrapolaton to |t| = 0 ⇑ intercept
10. Integrate |t|-distribution ⇑ Nel

- Total uncertainty Nel: } 2.5 %
- Total uncertainty intercept: } 3.5 %
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modified

EPL 101 (2013) 21003;
PRL 111 (2013) 012001

EPL 101 (2013) 21002;
PRL 111 (2013) 012001



ρtot @ ∏s = 2.76 TeV
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TOTEM @ 2.76 TeV
(θ = 0.145):

ρtot = 84.7 ° 3.3 mb

ρinel = 62.8 ° 2.9 mb

ρel = 21.8 ° 1.4 mb

LHC comparison @ 2.76 TeV: ρinel, ALICE = 62.8 ° 1.2 mb+ 2.4
, 4.0



TOTEM @ ∏s = 2.76 TeV
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Comparison with 1.8 TeV: BCDF = 16.98 ° 0.25 GeV,2

BE710 = 16.99 ° 0.47 GeV,2

ρel /ρtot = (25.7 ° 1.1) %                    B = 17.10 ° 0.26 GeV,2

assume dρel/dt × e,B|t|



θ measurements
By studying Coulomb-hadronic interference of

elastic scattering at very low |t| able to measure:

Eur. Phys. J. C76 (2016) 661
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∏s = 13 TeV

θ ≠ ℑ FH/ℵ FH{t=0

TOTEM @ 8 TeV: θ = 0.12 ° 0.03



α* = 2.5 km run @ 13 TeV
Lint ≡ 0.38 nb,1 ⇑ 7.4 M elastic

(2 RP out of 4)
Vertical RPs @ 3ρ ⇑ |t|min ≡ 4 √ 10,4

(for analysis 8 √ 10,4 safe limit for now)
RP210 far (rotated) & RP220 far used in run (indicated by red boxes)

Reasonable background ⇑ regular beam cleaning procedure

Black: reconstructed tracks, red: activity not reconstructed, green: 4 RP out of 4 9



α* = 2.5 km analysis @ 13 TeV

Two complementary analyses:
• 4 RPs out of 4 (very similar to α* = 1 km @ 8 TeV): low-|t|

acceptance insufficient ⇑ control analysis
• 2 RPs out of 4: using RPs at 220m ⇑ acceptance optimization

⇑ reference analysis
– worse single-arm π)

x resolution but still good double-arm resolution
– less elastic-tagging cuts ⇑ slightly increased background (} 0.1 %)

No selection
Elastic selection including correlation

with 210m far station (tilted)
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α* = 2.5 km analysis @ 13 TeV

2 RP out of
4 analysis

2 RP out of 4 analysis verified nicely by 4 RP out of
4 analysis for larger |t|’s (> 2 √ 10,3 GeV2)
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CT-PPS

• CMS-TOTEM Precision Proton
Spectrometer (PPS)

• Data taking
• Physics potential

CT-PPS has initiated high luminosity
diffractive physics program at LHC
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Motivation: study high
mass exclusive central
production at standard

high luminosity runs

Accelerated CT-PPS for 2016: using existing/advanced developed technology

• Beam pockets: horizontal RPs (with RF shields or new cylindrical design)
• Tracking detectors: TOTEM Si strips (red)
• Timing detectors: TOTEM diamonds

CT-PPS detectors fully integrated into CMS DAQ

CT-PPS

=
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15 fb-1

CT-PPS data taking
RPs at15ρ & readout as part of CMS

standard high luminosity running

2016 luminosity with CT-PPS:
• Strip detectors }15 fb,1

• Diamond detectors }2.5 fb,1

(as tracking devices)

} 2/3 of data strip detector fully
efficient, } 1/3 efficiency loss in
most occupied region due to
radiation damage in silicon

New strip
detectors

& diamond

HV
increase

e.g. in 56 210-far:
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CT-PPS mass acceptance
(e.g. 2016 before TS2)
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no acceptance

ω1

double arm

1

2

1 ln
2

y ω
ω

< M2 = ω0 ω1 s

α* = 0.4 m, X = 370 λrad, mild orbit bump, RPs @ 15ρ

all pots in both arms

single arm in B1 (all pots)

no acceptance

no acceptance
750 GeV

single arm in B2 (all pots)

single arm in B1
(all pots)

single arm in
B2
(all pots)

no a.

387 GeV
1950 GeV

Using asymmetric dispersion as measured in data

Mass acceptance in 2016 after
TS2 slightly better (X = 280 λrad)



CT-PPS physics potential
Exclusive Production:
- photon-photon fusion
- gluon-gluon fusion in colour-singlet state (JPC = 0++, 2++ ..)
Strategy: require correlation central system & forward protons

Early
analyses
(not
requiring
timing):

Diphoton production sensitive to anomalous quartic couplings (φφφφ).

Proton kinematic reconstruction
cross-checked using pp ↑ p +
λλ + X/p events (where only one
p is detected in CT-PPS RPs)

With timing detectors:

• Exclusive WW
• Exclusive dijets
• Inclusive missing mass/missing energy
• …
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Summary
TOTEM physics:

• Preliminary results: ρtot, ρinel & ρel at ∏s = 2.76 TeV
• ρtot, ρinel & ρel at ∏s = 13 TeV (α* = 90 m) progressing well
• α* = 2.5 km at ∏s = 13 TeV potential for precise θ measurement

CT-PPS:
• RPs operated at 15ρ & highest luminosity
• 15 fb-1 of data with CT-PPS (in } 2/3 strips 100 % efficient)
• Commissioned diamond detectors & collected first data
• First analysis on-going
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CT-PPS has first proven the feasibility of
operating near-beam proton spectrometer

at high luminosity on regular basis

CMS & TOTEM has paved the way for
other such spectrometers



Backup
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Roman Pot system 2015 ↑
Movable beam pipe section allowing insertion
of detector to O(mm) distance from the beam

High luminosity standard running:
• 2-3 horizontal RPs (+ 4 vertical for RP alignment runs)

Special high α* runs (90 m, 1 km, 2.5 km):
• 4-6 vertical RPs & 2-3 horizontal RPs

For more details see Joachim Baechlers talk Thursday

2010-13 data:
only RP220



210-N

210-F

220-C

B1 B2

220-F

safety limit (    )
not inserted

X

focusing
quadrupole

defocusing
quadrupole

IP5

RP positions and diffractive Mass acceptance limits

RP220
far

RP210
near

RP210
far

Cylind-
rical

RP220
near

Q5

Q6

Minimum diffractive mass
dRP = dTCT + 3 ρ + 0.3 mm

Maximum diffractive mass

1/05 before TS2:
α* = 0.4m,
.1 = 185 λrad, mild
bump

2016 after TS2:
α* = 0.4m,
.1 = 140 λrad,
mild bump

optimised ATS,
α* = 0.33 m

optimised ATS,
α* = 0.40 m

140 λrad170200

155 λrad

optimised ATS,
α* = 0.33 m,
/2 = 170 λrad,
without bump,
dRP = 10.5 ρ + 0.3 mm

optimised ATS,
α* = 0.40 m,
/2 = 155 λrad,
without bump,
dRP = 12.5 ρ + 0.3 mm

2016 after TS2:
α* = 0.4m,
.1 = 140 λrad,
mild bump,
dRP = 15 ρ

RP system & acceptance in 2017



, 7 TeV

Data sets at different conditions to measure over as wide |t|-range as possible

α* = 90 m, 6-9ρ , 8 TeV

α* = 90 m, 10ρ , 7 TeV

α* = 3.5 m, 18ρ, 7 TeV

α* = 3.5 m, 7ρ, 7 TeV

α* = 90 m, 5ρ, 7 TeV

α* = 11m,  5-13ρ, 2.76 TeV

α* = 1 km, 3ρ , 8 TeV

Elastic pp scattering: selection & data sets
Selected based on topology, low |ω|, anti-collinearity & vertex

Key issues:
RP alignment

& optics

7M800

13 5,10ρ } 1400M
α* = 3.5 m, 7ρ, 7 TeV

90
2500 3ρ

0.01 – 3.5
} 5M6√10,4 – 0.2

4√105

∏
∏
∏

∏
∏
O

∏ Data published
O Analysis finished
O Analysis on-going

O
O

100



Elastic pp scattering: data summary & trends

different |t|-ranges
probes different
physics regimes:
Coulomb interference,
diffractive cone, dip-
bump, transition to
pQCD etc…

Trends:
• dip position in |t|

decreases with
increasing	

• Forward slope
=	 ln( )

increase with



Elastic pp scattering: non-exponentiality at low |t|
• Diffraction cone ”looks almost exponential”

Magnify deviation ⇑ show (dρ/dt – ref. exp.)/ref. exp.

• α* = 90 m measurements at different energies (stat. uncert. only)

Non-exponentiality observed at 8 & 13 TeV
• 8 TeV: 7ρ significance
• 13 TeV: preliminary high significance
• observed cross-section non-exponential

dρ/dt = hadronic + Coulomb + interference
Nucl. Phys. B 899 (2015) 527



Coulomb-hadronic interference – analysis strategy
Central question:

Observed non-exponentiality due to hadronic Coulomb or both

• fits with 2 different assumptions on hadronic amplitude
- purely-exponential – non-exponentiality due to Coulomb (& interference)

- flexible enough to describe non-exponentiality even without Coulomb
⇑ |FH| = a exp (b1t)

⇑ |FH| = a exp (b1t + b2t2 + b3t3)
• role of |t|-dependence of hadronic phase?

- large impact at low |t|
- controls behaviour in impact parameter space (b)

- consider 2 options:
+ central: black
+ peripheral: blue



Coulomb-hadronic interference – fits

⇔ Purely-exponential hadronic amplitude
• Central phase excluded (with SWY, Cahn

& KL) ⇑ application of SWY formula
excluded too

• Peripheral phase not explicitly excluded
by data but disfavoured

- θ value outside a consistent pattern of
other fits & theoretical predictions

- several theoretical reasons for non-
expontential hadronic amplitude

⇔ Non-exponential hadronic amplitude
• Both central & peripheral phase

compatible with data ⇑ centrality not a
necessary description for elastic scattering

Not one single hadronic scattering
amplitude ⇑ multiple exchange
channels for elastic scattering

CERN-PH-EP-2015-235, accepted by EPJC



Elastic pp scattering: structures at high |t| ?

Very preliminary 13 TeV data give already very strong indications

No structures at high-|t| !
• Rules out many modules
• Rules out ”optical” models?
• Physics interpretation: transition between

diffraction & pQCD a la Donnachie-Landshoff



3g JPC = 1, , search
ƒ Originally predicted as Odderon in Regge theory framework

[Lukaszuk, Nicolescu], confirmed in QCD [Vacca, Braun, Dosch et al.]:
Colorless 3-gluon bound state with strong internal coupling

Theory: 3g JPC=1, , existence would imply for pp elastic scattering :
ƒ persistence of dip at LHC energies, faster increase of ρtot with √s
ƒ non-constant hadronic phase & low-t deviation from pure exponential
ƒ faster decrease of θ with √s: @14 TeV θ ≡ 0.14 (without 3g JPC = 1, ,)

vs θ ≡ 0.10 (with 3g JPC = 1, ,); TOTEM @8 TeV: θ = 0.12 ° 0.03
⇑ need θ with ± 0.01 precision @13 TeV

ƒ pQCD (without oscillatory effects) at large |t|
⇑ TOTEM measurements consistent with existence of 3g JPC = 1, ,

Coulomb-hadronic interference 13 TeV:
• equality point (Coulomb = nuclear)

has optimal sensitivity to ρ
⇑ α* = 2.5 km with RP at 3ρ

• ° 0.01 precision on θ requires
≤ 1% error on data points ⇑
successful data taking last week



Resolution for α* = 2.5 km



based on  elastic
scattering ⇑ low
mass diffraction
independent

ρtotal = 98.3 mb ° 2.0 mb
EPL 96 (2011) 21002

ρtotal = 98.6 mb ° 2.3 mb
EPL 101 (2013) 21002

ρtotal = 99.1 mb ± 4.3 mb
EPL 101 (2013) 21004

ρtotal = 98.1 mb ± 2.4 mb
EPL 101 (2013) 21004

ρtotal = 101.7 mb ± 2.9 mb
PRL 111(2013) 012001

Total pp cross-section: methods & results

optical theorem
& θ independent

L independent

7 TeV

8 TeV

Excellent agreement between 7 TeV ρ measurements:

ρtotal = 102.9 mb ± 2.3 mb (central hadronic phase)
ρtotal = 103.0 mb ± 2.3 mb (peripheral hadronic phase)

CERN-PH-EP-2015-235, accepted by EPJC

Combining 8 TeV α* = 90 m & 1
km data: Improved extrapolation
of hadronic amplitude to t = 0
(Coulomb interference measured)
& simultaneous θ determination

8 TeV

compatible



STRIPS (PACK2) : 45 NR-FR / 56 FR
DIAMONDS : 45/ 56
OPTICS_140                                          L=2.5/fb

STRIPS (PACK2) : 45 NR-FR / 56 FR
OPTICS_140

L=2.8/fb

STRIPS (PACK1) : 45 NR-FR / 56 NR-FR
OPTICS_185

L=3.8/fb

STRIPS (PACK1) : 45 NR-FR / 56 NR-FR
OPTICS_185

L=5.6/fb

STRIPS (PACK1) : 45 NR-FR / 56 NR-FR
With margin
OPTICS_185                                        L=0.6/fb

TOTAL : 15.3/fb

CT-PPS Data Taking Summary


