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e TOTEM projects and physics programme

e detector apparatus,
principle of proton measurement

e physics analyses and results: TOTEM alone
e physics analyses and results: TOTEM + CMS

e upgrades, outlook for 2016

list of TOTEM publications:
[http://totem.web.cern.ch/lotem/publ_new.ntml|
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TOTEM projects and physics programme

e TOTEM
o LHC experiment dedicated to measurement of:
total cross-section, elastic scattering and diffractive processes
o common features: rapidity gaps, particles in very forward region, surviving
protons = special detectors

e TOTEM + CMS
o both experiments at LHC Interaction Point 5
o excellent pseudorapidity coverage: optimal for hard diffraction studies
o cooperation mode: independent experiments, exchange of triggers

e CT-PPS (CMS-TOTEM Precision Proton Spectrometer)
o all subdetectors fully integrated under CMS
o dedicated detectors for high-pileup environment (timing, pixels instead of
strips)
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Detector apparatus

e Inelastic telescopes T1 and T2: charged particles from inelastic collisions

— T —— - CMS

e Tl:3.1<|n|<4.7,
pt > 100MeV

e T2: 5.3 <|n| <6.5,
pt > 40MeV

9Im T1 T2
13.5m

e Roman Pots (RP): elastic and diffractive protons close to outgoing beam

Q1 Q2 Q3 o TAN RP D2 Q4 Q5RP RPQ6
TAS 1T erex AA0OTINT 7 — o e O] 0

IP5 — A §so)

DFBX
—1 L
= = ‘ -\é—

147

220

o station at 147m in Run | — station 210m in Run Il

e all detectors: symmetric about IP5, trigger capable, radiation tolerant
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Telescope 1 (T1)

installed inside CMS end-caps
e at 7.5t0 10.5 m from the IP
e one telescope on each side of IP

e each telescope consists of two quarters

e each quarter formed by 5 planes equally spaced
along beam

e each plane consists of 3 trapezoidal CSC detec-
tors, each covering 60 ° in azimuth

e Cathode Strip Chamber: gaseous detector with
3 read-out coordinates (at 60 ° wrt. each other)
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Telescope 2 (T2)

installed inside CMS shielding between HF
and Castor calorimeters

centred about 13.5 m from the IP
one telescope on each side of IP

each telescope consists of two quarters

each quarter formed by 10 semi-circular planes,
assembled in 5 back-to-back mounted pairs

each plane equipped with a Gas Electron Multi-

plier detector

o gaseous detector, electron multiplication by 3
perforated foils (2 mm separation)

o radial segmentation: strips (resolution
~ 0.15 mm)

o coarse radialxazimuthal segmentation: pads
(for triggering, azimuthal resolution 0.8 °)
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Roman Pots (RPs)

stations installed at 4220 m in the outgoing LHC beam-pipe
e each station has two units, separated by ~ 5 m

e each unit contains 3 Roman Pots: top, bottom and horizontal

e Roman Pot = movable beam-pipe insertion
o beam unstable = RPs retracted to safe position
o beam stable = RPs as close to beam as reasonable

e typical approach: 10 Opeam (record 3 0peam)

e Roman Pot: container for sensors

e LS1: improved RF shield = possible close approach to high-
intensity beam
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“Edgeless” silicon sensors

e custom developed “edgeless” sensors
= insensitive edge ~ 50 um (standard about 1 mm)

e single-sided p*-n
e 512 strips at pitch of 66 um, at 45 ° wrt. cut edge
e operated at ~ —20 °C, bias voltage ~ 100 V
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Proton measurement with RPs

e proton transport: described as in linear optics
X

Oy XE

p_N
. I I s = beam axis

LHC magnet lattice = accelerator optics RP station

0% 0y: scattering angles

. X*, y*: vertex
QX x Lo Dx g* & = Ap/p: momentum loss
M L M
Gy - V,y L'y Qy )9/* optical functions:
Ey L gy effective length L
RP IP magnification v
product from all lattice elements dispersion D

e proton reconstruction: inverted transport RPs — IP
o optical parameters functions of & = reconstruction is non-linear problem
o good knowledge of optics is crucial
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LHC optics

e simulation of central diffraction for 2 different optics

low 3* (LHC standard) B* =90 m (special for TOTEM)
Lx~17m, Ly~14m, Dx~8cm Lx~0, Ly~260m, Dx=~4cm

d|ffract|ve protons |n hor/zontal RPs dlf'fractlve protons |n vertlca/ RPs

= 30

e optics typically “labelled” by B* = betatron function at IP
o beam width: /€8, €: beam emittance
o beam angular divergence: \/&/B

o luminosity oc (beam width at IP)™“ « 1/B*
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Typical run scenarios

t ~ —p262: four-momentum transfer squared
¢ = Ap/p: fractional momentum loss

L
0.9
0.8
0.7
0.6
0.5
0.4
0.3
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0.1

1071

1072

107?0*4‘ o “;‘672‘ o HH‘IH(‘)O 10?0*4 102 100 0 107;0’4 102 100
[t (Gev?) [f (GeV?) e (Gev?)
B*=055m medium * =90 m high f* =1535 m
£~103 cm 251 L£~10%8 cm-2s1 L£~1027 cm~2s71
elastic scattering: high |t| elastic scattering: low to mid  elastic scattering: very low |t|
[t] (Coulomb-nuclear
diffraction: £ > 0.03, low interference)
cross-section processes diffraction: any & for

t| > 0.01 GeV?

details depend on RP approach to beam and precise optics
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Elastic scattering: p+p—p+p

e selection: two anti-collinear protons from the same vertex
e (almost) purely data-driven analysis
e data overview (selection), gray = preliminary

5 e T T 1 T T 1
“% 10 E "'-.," ‘ ‘ ‘ ‘ ‘ ‘ 3 /s =2.76 TeV (arbitrary normalisation)
9] 10* E B* =11 m, VERY PRELIMINARY!
E ol {vi-7Tev
A I— B =35m
3 102 ¢ . B*=90m
3 101 i j /s =8 TeV (scaled 10x)
E B* =90 m, PRELIMINARY!
100 & 5 ——p"=90m
o1 ﬂ e % = 1000 m
E ? /s =13 TéV (arbitrary normalisation)
102k . B* =90 m, VERY PRELIMINARY!
1073 & =
1074 -
10—5 | R
3 3.5
[t (Gev?)

e different |t| probe different physics regimes - from lowest to highest |t|:

Coulomb interference, diffractive cone, dip-bump, transition to pQCD
Jan Kaspar QCD at Cosmic Energies - VI 19 May, 2016 12




Elastic scattering : Trends

(gray = preliminary)

o~ 10%p " 3 o2
% F V5 =13 TeV| ‘ PP
> S e - —
3 %, ] g 20|——pp ’y
2 1z 1 = g |—=—TOTEM .
T A, | 2 7| e ATLAS-ALFA
3 E A’r‘@ 2 3 18 | - - - - fit quadratic
5 F (’/l ] inlns Al 1
L 77 i 17 7 >
O : . £
10° ¢ % V5 =8TeVy 16 F o 4
£ ] C ]
L ! = > © ]
F 15 & s
Lo 5 F O
@, 14f R
-1k = =] 4 E -
107 s, ] ] ) )
- oot ] L o
SO RARRas 12t A
102 L L L L L L 11”‘ L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8 10! 10? 10° 10*
[t] (Gev?) V5 (GeV)

e dip position
o /s = 8 TeV: limited statistics
o v/s=7— 13TeV: dip moves to lower |t|
- 13 TeV results preliminary! (the yet missing unfolding correction likely to
move the dip to lower |t|)

—d do
e forward slope B = In dt =0

o increase wrt. previous experiments
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Elastic scattering : Non-exponentiality at low |t|
e diffraction cone: “looks almost exponential”
o magnify deviations = plot (do/dt — ref. exp.)/ref. exp.

e 3* =90 m measurements at different energies (stat. unc. only):

0.2

g Vs=7TeV % 008 T T V5 =8TeV % 04015‘ T o Vs =13TeV
s I T oom + o o5 R
8 01 5 3 F o
5 V 4 1 E 001F 4 #J( +f ;? 0 T
T tq'w"‘muW*q#ﬁj*ﬁﬁ ﬂ#HﬁH il ﬁ‘ﬁ‘\\ 1 = ‘ it I + ] S - ]
z i LR U1 N ﬂ‘l‘ﬁ + Hﬁ% | 3 i .
? —0.1 %f? I T +H++ ‘ *‘:’\ 0 B
3 g 00 T 38 -omsf ]
5 N A
—0.2 : ! : o el e b B
0 0.1 0.2 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
It (Gev?) It (Gev?) It (Gev?)
= 0.06
. . § 0.05 + data, sl‘atistic.al uncjenafn(ies —Np=1
e non-exponentiality observed at 8 and 13 TeV! T 00| bt wihont matsion — N3
o 8TeV: 7 o significance — B o ;
. . b5 L 7, 7l
o 13 TeV: preliminary results e 77 il
o non-exponentiality of observed cross-section: 2| ooty )
3|8 0021
do/dt = nuclear + Coulomb + interference S
70.050 ‘0402‘004‘0.06‘0‘08‘ 0.1 ‘OA12‘0,14‘0416‘0A18‘ 0.2
I [GeV?
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Elastic scattering : Coulomb interference

e 8 TeV data with f* = 1000 m optics
o RPs very close to the beam: ~ 3 Opaam
o |t|min =~ 6 - 1074 GeV?

A data fitat /s = 8 TeV
TOTEM data
Coulomb standalone

—_

(@]
[65)
I

hadronic standalone

Coulomb and hadronic combined

do/dt (mb/GeV?)

Coulomb-hadronic interference

0 0.005 0.01 0.015 0.02
It (GeV?)
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Elastic scattering : Coulomb interference

e observed cross-section

2
do + + + +
— (X DEEEY DY
dt
— —— ~~ d
Coulomb hadronic “interference”
amplitude amplitude terms

o 2 meanings of “interference”: sum of amplitudes, additional terms

e interference formula = summation for practical applications
o simplified West-Yennie (SWY): QFT framework, traditional but heavy simplifi-
cations (constant hadronic phase, constant slope)
o CahnorKundrat-Lokajicek (KL): eikonal framework, no explicit simplifications

e interference = phase of hadronic amplitude exposed in cross-section
o phase t-dependence needs to be considered in analysis
o constraints from data = determination of p parameter

— N/~ 4N
p=RA"/SA —0
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Elastic scattering : Coulomb interference - Analysis strategy

central question:
observed non-exponentiality - due to hadronic, Coulomb or both?

e fits with 2 different assumptions on hadronic component
o purely-exponential - non-exponentiality due to Coulomb (+interference)
— |AN| = a exp(byt)
o flexible enough to describe non-exponentiality even without Coulomb
— |AN| = a exp(byt + byt? + bst3)

e role of hadronic phase t-dependence?
o largest impact: rate of change at low |t
- same quantity controls behaviour in impact-parameter space
o considered two families: central (black ), peripheral (blue |)

— 1

& oo T 3 03f ViDa Ve VP
F 1 & E Cahn/KL, constant:  0.88 fm 1.38fm 1.26 fm

Z@; 05k n 0.25 ¢ Cahn/KL, peripheral: 1.99 fm  0.79 fm  1.23 fm

o0

B

<

0 * ' ’ i 0.15
o5 % \ 7 7 / é 0.1
\\/ Y -

1 L | L | L | L 0\\ ]
0 0.2 0.4 0.6 0.8 0 0.5 1 L5 2 25 3
Il [GeV?] b [fm]
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Elastic scattering : Coulomb interference - Fits

B* =1000 m: B* =90 m: fits:
A data with stat. unc. v data with stat. unc. — — SWY, constant
full syst. unc. full syst. unc. —— Cahn/KL, constant . . R
7/, syst. unc. w/o norm. N syst. unc. w/o norm. —— Cahn/KL, peripheral <~ purely-exponentlal hadronlc amplltude
s OB o constant phase excluded (with both SWY and
Z 007 ] . .
00} ] KL formulae) = application of SWY formula
5o ] excluded too
3 ooy £ ‘ S © peripheral phase not excluded by data, but
o SO ‘ e disfavoured
s of o ] - p value outside a consistent pattern of
D oot o e | ] other fits and theoretical predictions
hye: : ; 1 - number of theoretical reasons for
e I A N I non-exponential hadronic amplitude
00y 0.05 01 0.15 02
I (Gev?]
- 008
g 007
To 006
s 005 j . . .
Toom 1 <= non-exponential hadronic amplitude
s gg;g i : ‘ w41 o both constant and peripheral phases compat-
Bl 00 R 5 ible with data = centrality not necessity
58 Of
o -001 |
Lo f‘k b T !
—0.03 [
—0.04 [
-0.05 - - e e
0 0.05 0.1 0.15 0.2
Il [GeV?]
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Elastic scattering : Coulomb interference - p parameter

e /s =8 TeV: first LHC determination from Coulomb-hadronic interference
p=0.12+0.03

p 0'25 T T lllllll T T lllllll T T lllllll
02 ................................... ............................... :
015 ................................... , ..........................................................................

0.05 B Tdud A SRS USTN S 2

R = 110 oA —»—pp®DG) | .

—4—Ppp (PDG) E

=0.05 gy gt COMPETE preferred model (pp) | | & E

0.1 [y —O— TOTEM indirectat Vs =7 TeV |-

—0.15 : »»»»»»»»»»»»»»»»»»»»»»»»»»»»» —e@—this article, \s=8TeV ~ |... T_E

0.2 Y Y R
10! 102 103 10*

Vs [GeV]

o leading uncertainty: statistics

e plans for /s = 13 TeV: p measurement with higher statistics
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Elastic scattering : Exclusion power in Run |

e model predictions (prior to Run I) vs. TOTEM data at /s = 7 TeV:

o~ O e e T e o LA s e e o e
: 3 /s=7TeV
o 10 3 7 TOTEM:
RS 4 4 p=35m
= F I v B*=90m
5 100 E P
= z 3 models:
< 10-1 E ~ g — block [06]
10-2 ; DT ; bourrely [03]
: oy E islam (Ixg) [06,09]
103 E S E jenkovszky [11]
10-4 ;r by — = petrov (2p) [02]
10—5 : 1 1 1 1 } 1 1 1 1 I 1 1 1 1 ; 1 1 1 1 } 1 1 1 1 petrov (3p) [02]
0 0.5 1 1.5 2 2.5
I (Gev?)

o no model compatible with data!

e surprisingly?: little reaction after Run | (statement from 2015)
o most often: no change at all or simple parameter refit
o only Islam abandoned one mechanism of large |t| scattering
o exclusion of physics mechanisms (model independent)?
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Elastic scattering : Structures at high |t| ?

e /s =13 TeV: very preliminary, but already very strong results

~ 10! g

:. ?\ elastic scattering /s = 13 TeV 45bot - 56 top model p redictions:
< 100 \\ all 10 o fills from October 2015 events 5.55x10° ”
5 £ O(100 %) statistics ——— 45 top — 56 bot —~ 10 g T T —73
3 & El -
E 102 E recosxstruction from 220N and 220F events 7.82 x 108 2 102 i JV5=13TeV
E tagging cuts at 4 o | o E\ Block et al.
108 E conservative accleptance correction —E 10t E \ E Bourrely et al.
E Ei no other corrections = 100 s )
107 L - E El Donnachie et al.
E E‘*’%% g 10t Ek El Ferreira et al.
106 £ 4 < 102k 4 Godizov
F Hﬁi"ﬂﬁqﬁ” ] 103 k & ] Islam et al. (LxG)
10° E “"ﬂﬁ_‘q El 104 ; \ J Jenkovszky et al.
10 L S, i 10-5 E 3 Petrov et al. (3P)
103 - 106
; EFME 107 ‘ ‘ ‘ ‘
2L 1 0 1 2 3 4
by [t (Gev?)
B3] ) ——— L L L L L L ) . )
0 05 1 15 2 25 3 35 oscillations in almost each model
[t (Gev?)
e high-|t|: no structures!

o rules out many models 0

o rules out physics mechanism: “optical” models | Triple gluon
I
|

exchange

o physics interpretation: transition between diffraction :
and pQCD? = e.g. Donnachie-Landshoff = ———
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Inelastic and total cross-section

e inelastic cross-section: event counting with T2 (and T1)
o 95 % of inelastic events have at least 1 track in the T2 region
o only one significant MC correction: contribution from low mass diffraction

e 3 methods to determine total cross-section
elastic observables only:
2 _ d6m 1 dNg
tot = 9 4 02 L dt

0

Otot

o-independent: / \ luminosity-independent:

16t dNg/dt]g

1
O'tt=f(N1+N- 1) Ttar =
(e} L e ine tot 1+ Q2 Nel + Ninel
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Cross-section results

3140 - —— T Ty T ~ 30
g 4 pp(PDG) 13 Tev /:» & |—=—pp,PDG
= 130 v pp (PDG) By % ———pp, PDG
:‘Q 120| O Auger (+ Glauber) - § 28 |—e— TOTEM
< ho| * AULICE &  |—=— ATLAS-ALFA i
€ 4 ATLAS (ALFA) 276 TeV g 5 |~~~ fit from EPL 101 (2013) 21004 ‘+/
T 0| 5 ams # - ‘;
T 90| e TOTEM(Lindep) T Loz 2T
s best COMPETE ot fits -7 ] 24 7
= 80 P | .
z ----11.7 - 1.591ns +0.1341n’s Tiot_~] e 1 H /)
(] =] |
= r * ¥ I 1 22
g 6 4] /
I 1 . /
= 50 - ,
¢ T S " -7 2 ’

Rl s ilinabgiliowste ST K P

3077\7-‘7V; e \\J ‘ -

L i - »° i 18 4%

20 Teb |

10 FE——om i — T~ T T e i 16

0 L L L L

10! 10% 10° 10* 10° 10! 102 10% 10

V5 (GeV) Vs (GeV)

e /s =7 TeV: all 3 methods consistent

e /s =8 TeV: results from CNI study superior
o Coulomb component explicitly separated
o determined in the same analysis as p

e /s =2.76 and 13 TeV analyses ongoing
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Single diffraction: p+p - p+ X

RP T2 T1 CMS T1 T2 RP

]
1 = e )

L =

]

e double determination of & ~ e 21
o from RPs
o from rapidity gap An (T1/T2)

e mass of diffractive system: My = /s

e available data
o 7 TeV: TOTEM-standalone analysis in progress
o 8 and 13 TeV: common data with CMS

e & resolution from RPs: =~ 0.9 % = mass bins given by arms where T1/T2 active
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Single diffraction : Preliminary results at 7 TeV

mb/GeV?

Low mass
Mgy = 3.4 - 8 GeV
T2 T T1 T2
[ _le:dm )
-1 e [

4

Medium mass
Mdiﬂ =8-350 GBV

T2 T1 T1 T2

I m

q_

High mass

Mgy = 0.35 - 1.1 TeV -

T2 T1 T1 T2

i, .l g
1)

RPs

mb/GeV?

&
-~ B o

Jan Kaspar

do/dt ~ A.e Bt

PP
BB

=
=)

M B @ o

Corrections included:

- Trigger efficiency

- Proton acceptance &
reconstruction efficiency
- Background subtraction
- Extrapolationtot=0

Missing corrections:
- Class migration

- & resolution & beam
divergence effects

Estimated uncertainties:
B~15% :c ~20%

TOTEM preliminary:

O-SD =6.5+1.3mb

3.4 GeV < My < 1.1 TeV

&
TE
of
st
af
3F
oF
1k

QCD at Cosmic Energies - VI

L
0,25 0.3
[t (Gevaz)

Analysis of very high mass
SD events ongoing

courtesy of H. Saarikko
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Double diffraction: p+p - X +Y

RP T2 T1 CMS T1 T2 RP

ﬁ\‘\\'\

oy ]
| = e )
1 \/GSE\QK/ 1

e experimental challenge: background (non-diffractive, SD pile-up)
o sub-sample with signal > background: 2xT2 and T1 veto
o non-diffractive background: control sample 2xT2 + 2xT1
o SD background: control sample 1xT2 + 0xT1

e cross-section as function of n,i, on both sides
o challenge: reconstructed np,j, — true/generator nNpin
= 2 Nmin bins only

e available data
o 7 TeV: results published
o 8 and 13 TeV: common data with CMS (improvement expected)
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Double diffraction : Results at 7 TeV
e measurement

4720759 | -5.9>1,,>-6.5
o =120x25pb
DD(4.7<[1)in|<6.5) 4.7<Mm,;,<5.9 | 6619 ub 27+4 pb
5.9<n,,,<6.5 [28+5 ub 1244 pb

e comparison to Monte Carlos

Pythia

A4.75N0>-5.9 | -5.9>1,,>-6.5
o, =159 ub
(4.7 pin|<6.5) 4.7<Mpin<5.9 | 70 pb 37 ub
5.9<1,;,<6.5 |35 pb 17 pb
Phojet
472N >-3.9 | -5.9>1,,,>-6.5
O, =101 ub
(4.7<|1pin[<6.5) 4.7<m,;,,<5.9 | 44 ub 23 pb
5.9<n,,<6.5 |23 ub 12 pb
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Central diffraction: p+p - p+X+p

RP T2 T1 CMS T1 T2 RP

1 zbﬁvjﬂz/u/l”

ﬁ/‘l/z/gt&q: 1

e available data
o 7 TeV: TOTEM only, analysis started
o 8 TeV: common data with CMS, analysis started
o 13 TeV: common data with CMS

e " =90 m: all £ visible, but resolution ~ 0.9 %

e experimental challenge: background (pileup ES/beam halo + inelastic)
o anti-elastic cuts: anti-collinearity
o anti-beam-halo cuts: |y| > 11 mm
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Central diffraction : First results at 7 TeV

e |ty| distribution: all £ values, only acceptance correction

T T T T T T T T T T LI T

I
--- data
10° [ — ==MC —

B=-7.8+1.4 GeV?

entries #

e estimate of ocp

d’0cp _ ~ Bt Bt -y
ddr, e &
L %
v - P

HC aperture limit

E
0o 0 1
Ocp = / dt]_ / dtz Ce_Btle_BtZ ~1lmb H H-
VN 50 - TOTEM preliminary
107 L L . ! T L N s B B i
0 60z ooa 906008 0.1 oo o6

4, [GeVA)
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Forward charged-particle multiplicities

e dN ,/dn : mean number of charged particles per event and per unit of pseu-
dorapidity
e probes (non-)perturbative strong interactions and hadronisation

Entries 39998

e measurement based on T2 g
o = 95 % Of ine'aStiC eventS seen “ » Double-Gaussian

primaries

o almost all non-diffractive events visible
o diffraction with My > 3.4 GeV

detected
o selection of primary particles:

lifetime > 30 ps (LHC convention)

Zmin and *p cuts

S IR R SRR BRI U
-15000  -10000  -5000 0 5000 10000 15000
Zimpact(mm)

e available data
o /s =7 TeV: TOTEM only, published
o /s =8TeV: TOTEM + CMS, TOTEM + shifted vertex, published
o /5=13TeV
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Forward charged-particle multiplicities : v/s = 7 TeV

q
dN/dn
-

- =Pythia 8.108 (Default-Tune) +Pythia 6.42 D6T

E ~Sherpa 1.3.0 (Default-Tune) =Pholet 1.12

dN/dn

w

‘II\‘_}_\H\‘I\

)

4T " E
*MA.HEH . o A # T2
I Binte Il# T | - ALICE Data. nclastic, Nch > i <1 [T1]
Ermes it s Y +—H.. ) 3L ATLAS Data. Inelastic, Nch>=2 n hi<25,p, >01 Gelle
2} e ii\!ifﬂr__ﬂj T 2i +CMS Data (NSD) . .
 »TOTEM Data £ & TOTEM-T2 Data. Inelastic, Nch=0|n5.3<rq\<6.5,pT>AnMeVlc
1= E -o-LHCbData,Nch> 0 in20¢n<45
C =
R N R E R R B R B L ‘ . | ‘
5.2 54 5.6 5.8 6 6.2 6.4 6.6 — L — e T BRI I
2 0 2 4 6
Track m' Track n

1 NB: each experiment has different event
selection!

e main contributions to systematic uncertainty (~ 10 %)
o subtraction of a large fraction of secondaries (about 80 % of all T2 tracks)
o track efficiency and misalignment uncertainties
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Forward charged-particle multiplicities : /s = 8 TeV

e TOTEM + CMS
o non-single-diffractive enhanced: requiring both hemispheres of T2 on

o single-diffractive enhanced: requiring only one hemisphere of T2 on

Inclusive pp CMS-TOTEM, /s = 8 TeV, L = 45" NSD-enhanced pp  CMS-TOTEM, ys = 8 TeV, L = 45ub™" ! SD-enhanced pp CMS- TOTEM fs=8TeV,L= 45@ 1

£ g T T T T T IRl S g T T T T T ) = Sp T T T T .
o 8[ 1 = 8f - o =D
R 1 % E > e Bihes 22
=z 7E 3 = 4E =z
° 7 C ° 7 °

6 6F

5 5F

E Pytmas 22
4 4 Pythiat
E Herw|g++ EE3 CTEQ6L1
3 3L EPOSLHC
- QGSJetll-04 F ---QGSJetll-04

2 [ Ngp21in 5.3<1<6.5 or -6.5<11<-6.3 E 2 E Ngy21in 5.3<n<6.5 and -6.5<n<-5.3 E . :
« E L L L « b L L L L L 1 L L I I
w 12 = w12 T Bl S T T T T
o o E 8 E
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Inelastic event classification

e /s = 8 TeV: analysis in review

o classes considered: non-diffractive (ND), single diffractive (SD) with proton
left/right, double diffractive (DD)
- central diffraction not take into account: low cross-section not worth added

complexity

o experimental definition of diffraction: rapidity gap An > 3

o boosted decision tree
- ordered binarisation: ND — SD (left) — SD (right) — DD

o training sample: Pythia 8-4C

o control samples: Pythia 8-4C+MBR, QGSJET-1I-04, Pythia 8-Monash

o discriminators: An, Nmin, Nmax: Nems: Nto+0 Nto—, &1, &Ry .

e possible improvement: use of CMS FSC (6 < |n| < 8) = better distinction
between low-mass DD (more forward than T2) and SD with undetected proton

e other available data
o s=13TeV
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(Exclusive) central diffraction with CMS
P p— RP: 61

X—=CMS: My =+/C1825, VYx = %ln%

P p—>RPZ ¢o

e exchange of colour singlets with vacuum quantum numbers = selection rules
for system X: JPC = 0*+, 24+, .
e double-arm proton tagging: mass reach and luminosity depending on optics
e event selection via comparison CMS to RP protons:
M(pp) vs. M(CMS) , pr(pp) vs. pr(CMS), vertex(pp) vs. vertex(CMS)
e prediction of rapidity gap from proton &: An;y , = —Iné&; 5

e analysis examples:

studies of glueball candidates

exclusive dijets: mainly gg (pr > 30GeV: ggg ~ 100pb)
exclusive x¢ and J/¥ production: O(10pb — 10nb)

search for missing mass signals of O(pb) = SUSY searches

(0]

O
O
O
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Glueball searches

e CD production at LHC
oMy=1to4GeV=x~ 1074 = pure gluon content
o Pomeron ~ colour-less gluon ladder = fusion likely to produce glueballs

e 07T glueball candidates: f;(1500), f5(1710), f3(1370)
o lattice QCD: m(0++) glueball ~ 1700(£100) MeV

e CMS + TOTEM:
o both protons measured and tagged by TOTEM
o effective selection with high purity (py balance + x-vertexing) in required
&-range.
o CMS tracker: charged particle invariant mass with o(M) ~ 20 — 30 MeV
e available data
o 8 TeV, B* =90 m, Jul 2012: £ ~ 1 nb—1: proof of principle
o 13TeV, B* = 90 m, Oct 2015: £ ~ 0.4 pb~—! for (CMS + TOTEM): should allow
full production and decay characterisation

Jan Kaspar QCD at Cosmic Energies - VIl 19 May, 2016



Glueball searches : 2015 data

e CMS + TOTEM: trigger exchange, independent DAQ, offline data merging
e trigger: RP double arm & T2 veto & at least one track in CMS:

K4
FH— 1]

At least 1 track

e analysis strategy - verify the following glueball conditions
o resonance enhancement with increasing collision energy (increasingly pure
gluon contribution to CEP)
o final states branching ratio to nim, KK, ..., with equi-flavour partitioning selec-
tion rules (or with proportionality of gluon coupling to quarks)
o suppression of photon-photon channel (in production and final state)
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Outlook

e upgrade projects: interest in lower cross-section processes
= higher luminosity needed =- higher pile-up
o need timing: association of RP proton vertex with CMS vertex
o need pixels: more tracks in RPs

project CT-PPS timing in vertical RP
optics low (standard) B* high lumi g* =90 m
RPs used horizontal vertical
tracking 3D pixel (10 um) current Si strip (20 um/RP)
timing | L-bar cherenkov (30 ps/module) | diamond (100 ps/plane)
or ultrafast silicon or diamond

e priorities for 2016
o glueball searches (2015 data)
o odderon searches: TOTEM only, special run with be* = 2500 m
o di-photon searches with “accelerated” CT-PPS: standard low * runs
- motivated by “the 750 GeV may-be-resonance”, start CT-PPS programme
with current detectors now
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Outlook : CT-PPS plan for 2016

e motivation: di-photon excess at 750 GeV observed by
ATLAS and CMS
o CT-PPS: can see exclusive and complete events

e background suppressible even without timing detectors
o large mass: low background from inelastic photon pair + pileup
o strong correlation between proton pair (RP) and photon pair (CMS ECal)
o nevertheless: install 2 RPs with 4 diamond planes (originally for vertical RPs)
- can also be used for (coarse) tracking

e tracking: use current Si strip detectors in station 210m
o functional at least for 10/fb, then replaceable with detectors from 220m
o detector/beam shift: irradiation distributed

track XY profile

e CMS-TOTEM integration successfully ongoing

o trigger, DAQ, offline SW, DQM, ...

o DQM snapshot: from Monday, beam with 900
bunches, RPs inserted in physics positions,
RPs included in global CMS DAQ, data pro-
cessed with CMSSW 8.1.X (next release) —
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Outlook : Odderon searches

e Odderon = (hypothetical) cross-odd partner of Pomeron

e overview of past Odderon searches
o comparison pp vs. anti-pp (dip): not applicable at LHC
o spin analyses: not applicable at LHC
o structures in do/dt: where Pomeron contribution small
- high-|t|: disfavoured by 13 TeV measurements
- low-|t|: shifts of p value = within reach of TOTEM

e Coulomb-nuclear interference at 1 ME Tvs-vmw
V5 =13TeV 2 oy
o needs special optics: B* =2500m & _ || " 1
o |[t| = 6-10~% GeV? reachable o1l o
o ~ 1 week data-taking time ~015 V
approved in 2016 02
—0.25 ]
03 (; - 0.002 ‘ 0.004 ‘ 0.006 ‘ 0.008 ‘ 0j01

[t (GeV?)
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e performance in Run Il
o all detectors functional
o RPs equipped with RF shields = less impedance =- close approach possible
o DAQ throughput increased 50x wrt. Run |

e Many analyses ongoing
o Runland Run Il
o TOTEM standalone, TOTEM + CMS

e upgrade projects
o timing in vertical RPs (diamonds)
o CT-PPS (pixel tracking, timing with fast silicon, diamond or Cherenkov)

e priorities for 2016
o glueball analysis of 2015 data
o TOTEM special run: g* = 2500 m = Odderon searches via CNI
o CT-PPS runs with LHC standard optics: di-photon searches with existing RPs,
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1 Backup



== Vertex reconstruction by time measurement

Pileup problem:

High luminosity — multiple events in 1 bunch collision !

— CMS tracker can separate multiple vertices longitudinally

— leading proton tracks have angles in purad range — insufficient vertex precision
— for double-arm events (CD) reconstruct vertex from time-of-flight difference

| -220m : +220m
T
Timing . : - [] Timing
Detector Bunch Crossing | Collisions Detector
Cluster 1 Area | _ ~/ ] Cluster 2
1

Time Central Time
Reference Time Reference Reference
Generator 1 Distribution Generator 2

Position of Collision ~ Afcopision#1,stopwatch#t = AEcotision#1,stopwatch#z »

Jan Kaspar QCD at Cosmic Energies - VIl 19 May, 2016 42




2 Roman Pot upgrades

L e

Sactor S-6 {upgrade |ayout)

- ham 1
i __B1SD7R J 1S %
aip3an ( 1rs = |
- - s

collimator

low B° (<1 m), high lumi, high B* (19 m, 90 m, > 1 km), low
standard runs, M, > 250 GeV — medium lumi, special runs, all My

CMS-TOTEM Precision TOTEM
Proton Spectrometer '
(CT-PPS)

Quartz sensors for
Timing & pixel
sensors for tracking
in horizontal RPs

Techzical Design eport
Timing Measurements in
the Vertical Roman Pots
of the TOTEM Experiment

Thin diamond sensors
in vertical RPs

12
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CT-PPS detectors'

Tracking: 3D silicon sensors

» PSI46dig ROC, with same readout
Phase | CMS pixel upgrade

* 6 detector planes per station

* 10 um (position) & 1-2 urad (angle)

Timing baseline: Quartic detector

« 20 (4 x 5) quartz bars, 3 x 3mm?,

SiPM for light detection.

* 2 modules/RP unit

* In beam tests: a(t) = 30 ps/module

(~ 20 ps/RP unit)

« Currently modules tested in RPs with MIPs

y To be completed & installed in spring 2016

14
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g Diamond timing detectors

. geometry adjusted to track occupancy in p* = 90m runs
. vertex z-position reconstruction resolution ~few cm
’é‘::, Time resolution (ps)
B
Sg % i recimred ~I‘.I\I0{'J pds;‘ pad 6/8
g° : " plane achieve pad 3
= 105 | -
100 ad1 pad2 ool
::n I 5 pag 0 p - ] schema
’au ; TOP -' ) . 2 o | I_'
ﬂ [} Horiz
9 e I } .‘\'.‘ 5 - | 0
. < BOTTOM . I

currently 2 completed planes being
tested inside RPs with MIPs

total 12 planes (each with 4 diamonds)
to be completed & installed spring 2016
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