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. Introduction
. Elastic, inelastic & total pp cross-section

. Forward multiplicity in pp (w/o CMS)
. Soft (& hard) diffraction in pp (w/o CMS)



o) TOTEM physics menu
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Experimental setup @ IP5

i - Inelastic telescopes: multiplicity &
— ‘ rapidity gaps in inelastic events
e T1:3.1<n<47
| I ‘ T2: 5.3 <n <6.5 (inelastic trigger)

P, threshold: 40 MeV (T2) & 100 MeV (T1)

IP5 e e ]
Tam 1 (cms) T2 e
Roman Pots: elastic & diffractive protons (di-proton trigger)
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Roman Pots: diffractive protons (di-proton trigger)
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Soft pp processes
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Elastic pp scattering: selection & data sets

Selected based on topology, low |§|, collinearity, & vertex

Sector 45 (220m)

D

Sector 56 (220m)

Far Mear Mear Far .
i Top Top Key issues:
BimgnQ'  ~ Horzontal ﬂlﬁf"ﬁ‘! 4| lL IP5 o - } i IDC; ----------- =¥, RPalignment
- dﬂ ———————————————————— i BPM M Horizontal e -
Bottom I:I Bottom I:I & OptICS

Data sets at different conditions to measure elastics over wide t-range including very low ||

L 10° g R E G* RP approach F t range Elastic
% ’ : (TeV) | (m) (ub~1) (GeV?) events
Q 10 B*=1km, 3o, 8 TeV T 90 4.8-6.50 83 7-10—3 - 0.5 1M
"E 101 90 100 1.7 0.02 - 0.4 14k
= 90 m. 10 , 7 TeV 3.5 70 0.07 0.36- 3 66Kk
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= T~ -
10-3 _ B*=3.5m, 70,7 TeV |
104
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do/dt (mb/GeV2)

data with statistical uncertainty
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&> Elastic pp scattering: cross-section @ 7 TeV

Extrapolatlon to t = O do/dt =AeB

|
R EPL 96 (2011) 21002
T EPL 101 (2013) 21002

10—2 Ll 1 1 |, - L L J 1 L L 1 ‘ L L - l L L l L L L l L L | 1 L L L 1 | I —
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
[t (GeV?)
— 15 L
& analysis t-dependent
& 10 analysis normalization B
5 5F -
5 st | 2
T luminosity ! ]
v —10 =
s total .
_15 1 | I - | | I I - | L1l 1 | L1 L1 ‘ | L1 1 ‘ L L1 | Lt 11
i 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

r rllu’.}] % 102 CaV2
" [Elmin = 5 - 1073 GeV?
nl 1 1 1 I l 1 1 I | 1 | | i ‘ i 3
=
0 0.05 0.1 0.15 0.2

A (mb/GeV?2) = 506 + 23syst + (. 9stat
503 £ 27syst + 1 5stat

B (GeV2) =19.89 £ 0.27syst + (0.03stat
(fit range: 5103 < |t| < 0.2 GeV?)
20.1 + 0.3syst £+ (. 2stat
(fit range: 2-10-2 <|t| < 0.33 GeV?)

Elastic cross section o ,giic
25.43 + 1.07syst+ 0.03ste'mb (91% measured)

24.8 + 1.2syst+ 0.2t mb (67% measured)




@) Elastic pp scattering: implications
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> Elastic pp scattering: c & very low-|t| @ 8 TeV

r:l.—.._ T I | I I I
B'=90 m: >
] Vs =8 TeV,
— e 3 D —
O gperic = 2711 1.4 mb EF\ B*=1km,3c :
Luminosity-independent 5 [ A Q///\ I
- " ; /%H Vs i
PRL 111 (2013) 012001 5T Pt
F = S
| S | — — ~ 7
——— " =1000 m [t]min = 6-107* GeV? {/@u\
P % _ J >SN
i - = S Coulomb hadronic /C
- fit example <4+ | —lb | | ‘
N . - 102 1 L !
_ % - 0 0.002 0.004 0.006 0.008 0.01
t (Gev?)
= 3 Access to Coulomb-hadronic
. S, Y interference term = p (= R F/J F1|)
- S & oy, MEeasurements
1 | 1 I 1 | 1 | 1
0 02 04 06 08 1
it (GeV?)



G> Elastic pp: Coulomb-hadronic interference

do/dt oc |[F¢*™M? = Coulomb + “interference” + hadronic

| }

from theory Modulus constrained by measurement e B

: B(t) described by n > 1 parameters
Key elements considered: (1) y p

- number of parameters to describe B(t) < " T Adata fitat /5 = 8 TeV
- description of interference term: from g‘i 10 TOTEM data
simplified West-Yennie [1] formula to < I Coulomb standalone
general Kundrat-Lokajicek [2] formula - hadronic standalone
-y phase of hadronic amp”tude % Coulomb and hadronic combined
(t dependence not constrained by ©
measurements): central or peripheral
\ //n ////// )
i i i . Coulomb-hadronic nﬁerfereﬁz }
Example: x? fit with Kundrat-Lokajicek formula A N R \m L
B(t) ~ b, + bt + b,t? 0 0.005 0.01 0. m?%\ 0.02
Central hadronic phase Iflwaevz)

All errors included

[1] G. B. West and D. R. Jennie, Phys. Rev. 172 (1968)1413.

[2] V. Kundrat and M. Lokajicek, Z. Phys. C 63 (1994) 619. 10
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Elastic pp scattering: p measurement
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> Inelastic pp cross-section

. Count events with charged particles 8 TeV
inT1 & T2 (N 95 % of ineIaStiC)- Source Correction  Uncertainty
» Trigger: at least one track in T2. Beam gas 0.45% 0.45 %
Trigger Efficiency 1.2% 0.6 %
. Corrections: Pile up 2.8% 0.6%
. , 0.35% 0.2%
— beam-gas background (non-colliding bunches) T2 reconstruction AR 0%,
— trigger efficiency, pile-up, T1 only events “T1 only” 1.2% 0.4%
(zero-bias) [nternal Gap covering T2 0.4 % 0.2%
— central diffraction unseen (PHOJET & MBR) E““"‘] dif:’_";_f[fti”'t‘, ceny 0.4 {;3;%
. . OW TS S dINTaciion (5CEn ). %0 J.2 o
— Low mass diffraction @ M < 3.4-3.6 GeV Low mass diffraction 4.8% 2.4%
(tuned QGSJETII-03 to observed 1hemi fraction)
Cinel (MD) @7 TeV @ 8 TeV
Direct 73.7 £ 3.4
EPL 101 (2013) 21003
Indirect 73.15 +1.26
EPL 101 (2013) 21002
£ independent 729 +1.5 74.7 +1.7
EPL 101 (2013) 21004 PRL 111 (2013) 012001
12




€D Total pp cross-section: methods & results

based on elastic Ctotal = 98.3 mb + 2.0 mb\

2 16m 1 (dNg scattering = low EPL 96 (2011) 21002
T (14 p2) L\ dt ),_, massdiffraction Gy = 98.6 mb £ 2.3 mb
independent EPL 101 (2013) 21002

>7 TeV

Tiot = Oel + Tinel optical theorem Giotal= 99.1 mb = 4.3 mb
& p independent EPL 101 (2013) 21004

Ciotal = 98.1 mb + 2.4 mb

AT EPL 101 (2013) 21004
16m _ (dNer/dt)e—o £ independent

Ttot — - =
| 1 2 iT\"I + .LN'I
(14 p%) (Net + Ninet) Giom=101.7mb £2.9mb g 1oy
PRL 111(2013) 012001

13



&) pp cross-section: summary
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pp cross-section: implications

? 30 | T T 1 “l”_
R U | S— J
Luminosity & p independent ratios: = 2¢ [—>— PP b e L
s ,, |—e— TOTEM R A
7 TeV 8 TeV 3L é —P ]
Gelastic/ GtOtaI = 0.257 i 0.005 ; 0.266 i 0.006 22 __ ............. PR S ................. / ’%/’,1. ...... w ................. __:
20 — - ............. ST RETELEETPEETD - ........................ —
Oelastic ! Cinelastic = 0-394 £ 0.009 ; 0.362 X 0.011 18 _%Jﬁ%w/’/ ................. e ]
i ' ]
1( .............................................................................. —
SD acceptance forT1+T2 ) 11 lllll]lﬁ Lol L1 111111/
g I ———022 = 10! 10 103 10
g 09F Joz s Vs [GeV]
%L 0.8F- H0.183
2 o7E 40.16°  Low mass diffraction (7 TeV):
= —0.14 —
06t | N\ S5/ | QGSJET-II-03 E ey Oinelastic, |n | > 6.5~
0.5p= == = ==/ | PYTHIA8 |3~ G —C ot — O .
04 3 — PHOJET 0.1 total elastic inelastic, |n| < 6.5
0.35— ' — dNdM, (098 =2.62+ 217 mb
Tk | —0.06
02F : ~0.04 =)
0.1F | I —0.02 0
0:...|.$:.|....|.l..|....|....|....|....|....|....: Ginelastic,|n|>6.536'3mb@95/OCL
01 2 3 4 56 7 8 910
50 % @ ~3.4 GeV M [GeV]
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@) Very forward dN_ /dn @ 7 TeV

Measured with T2 on T2 triggered events (EPL 98 (2012) 31002)
Visible inelastic cross-section ~ 93 %, diffractive events with My, > 3.4 GeV

sPythia 8.108 (Default-Tune) »Pythia 6.42 D6T
vSherpa 1.3.0 (Default-Tune) sPholet 1.12

dN/dn

At least 1 primary charged particle with p;:>40 MeV in T2

= o,
e 7 g
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g )
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= L g
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Z t
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Main contributions to systematic error ~10%:
- Subtraction of large secondary contribution
- Track efficiency & misalignment uncertainties (6 < 10 mrad!)
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CMS & TOTEM Preliminary

&> Very forward dN_,/dn @ 8 TeV (with CMS!) €5

TOTEM analysis similar to 7 TeV one (EPL 98 (2012) 31002):

e Improved simulation of T2 response, secondary particles production,
event selection strategy & alignment procedures.

e Uses of vertex information from CMS to reduce pile-up correction

e Better MC tuning to LHC measurements (important for estimation of secondaries)

Inclusive pp, Is = 8 TeV

e CMS & TOTEM analysis
on same events trigger by

L T T T T ‘ T T T T T T T T T T T ‘ T T T T | T T T T T I_
- —— Pythia6 72 T
= e Pythia8 4C _
B | s Hepwig++ EE3C B
e EPOS LHC =
IR A wmn QGSJetll-04 =
o ]
- - Corrections & correlated _
- - systematics between CMS | ] —]
= (& TOTEM understudy . B .
e CMS (p,>100 MeV) e —
—  —m— TOTEM (p,>40 MeV) s
- N (P, >40 MeV) 21in 5.3<n<6.50r 65<1<-53 ]
; 1 1 1 ‘ | 1 1 1 | 1 1 1 | ‘ 1 | 1 1 ‘ | 1 1 | | 1 1 1 | I:
J_ T T ‘ T T T T | T T T T | T T T T | T T T T | T \_
L c-n-ﬁr.""‘.','”'r"*u-".-"' _:
. | | PR | | ]
0 1 2 3 4 5 ol

T2 (~ 93 % of inelastic)

e Same CMS-TOTEM
event selection (at least
a “pointing” track in T2)

e For inelastic events with
at least 1 primary charged
particle with p;> 40 MeV/c
in 5.3 <|n| <6.5.

17



&= Very forward dN,/dn @ 8 TeV (with CMS!) 2

‘Compact Muon Solenoid

“Non-Single diffractive enhanced”: primary tracks in both T2 hemispheres
“Single diffractive enhanced”: primary tracks in only one T2 hemispheres

NSD-enhanced SD-enhanced
_ t‘:MS & TDTEM Prelummary : NSD-a?hancsd pp, E|= 8 TeV : 4
€ [ wde T TTTTE LT T T » ,
T L — ] n At least 1 charged particle
ﬁ [ et e Pyﬂ“aﬁ 4G _ L 'th >4O M V . I
Z ot Herwig++ EE3C = 3'5—_<.-Epos(LHC-Tune) with py eV In only
6— @ . ERQS LhS = - _ one T2 hemisphere
Ce wmme QGSJetll-04 7 Al Pythia 8.108 (4C-Tune)
5— ' Corrections & correlated | " — - #TOTEM Data (8 TeV)
C - systematics between CMS 1 25—
41— ' &TOTEM under study | . -
- m”"m‘,‘_w B 2—
3— —e— CMS(p,>100 MeV) o — C
~  —m— TOTEM (p >40 MeV) ~ C
2__ N‘“(pr>40Ma\l‘)21in5.3<r|¢5.5and-5,5<n¢-5.3 ] 15: -_} {_JL ﬂ{._ ‘ { } * i } }
= : i 1 i L Lo IAARas cnan ot Tane 28 90 00 a0 60 T8 g “"{' i
g 12J:_ I I | I I ___‘_\-Ih- _i 1__ ] i ey .
FR: e I
a 1 e 08|
08— — -
T | | | Ll T oL | TR RN T N A R R T L
0 1 2 3 4 5 6 54 5.6 5.8 6 6.2 6.4
ml

Updated analysis with a common p; = 0 thresholds ongoing in both CMS & TOTEM !
18



Soft single diffraction @ 7 TeV

Low & medium mass SD: Very high mass SD:
Tracks in T2 hemisphere opposite Tracks also in same T2 hemi-
to proton (2 *107 <€< 0.025) sphere as proton (§ > 2.5%)
d). Rapidity Gap 5 (I) Rapidity Gap M .
An=-ng My“=Es & AyEdE x“=Es
" n
sector 45 |IP  sector 56 sector 45 [P sector 96
=F T2 T2 RP RP T2 T2 RP
1, 0 T I Y

« SD events triggered with T2, only 1 proton required in RP

e M, from rapidity gap based on charged particles in T1 & T2: My« = Vs - en
allows better ¢ resolution (5()/g~1) for low & medium M

e SD events classified into 4 classes, based on rapidity gap:

SD class Inelastic telescopes configuration Mass a
Low Mass p + T2 opposite only (no T1) 34-8GeV 21007 < & <10°°
Medium Mass p + T2 opposite + T1 opposite 8 - 350 GeV 107°< & <0.25%
High Mass p + T2 opposite + T1 same 035-1.1TeV 0.25% < § <2.5%
Very High Mass p + both T2 arms > 1.1 TeV > 2.5%

19



o) Soft single diffraction @ 7 TeV

do/dt ~ A-eB!
Low mass ¢ % el
My = 3.4 - 8 GeV 3 ”s;_ﬂ{ =mazis|  Corrections included:
271 T1T2 £"F - Trigger efficiency
+oF- c «~ 1.8 mb
. @ . i SO, low Mdift - Proton acceptance &
L s . E _, | reconstruction efficiency
e = LT £ e B 1041 GeV - Background subtraction
@ E X N - Extrapolation to t = 0
05 .‘t,r%)\f‘blj...‘l,..‘t}..,l..—!—.—‘.—ﬁ . . .
] P T el e 0 et Missing corrections:
Medium mass % by I@!{ == == _Class migration
= 3 S e -
Mg = 8 - 350 GeV 0 j:?&g \ - & resolution & beam
H .
T2 T1 T1 T2 E _/\)\ Osp, medium mditf = 3-3 Mb | divergence effects
RPs :_”’// . . g
Lo e 2 B = 8.5 GeV—2 Estimated uncertainties:
/s \ 07I = IDCI5I . I0.1I = ICi.'|5I = IO!ZI = IC|‘25I = ‘013‘ — (’\E;jﬁ\ b I
AL lt| (Gevh2) IS )
High LS _ _ |ogp=6.5t1.3 mb 1
'ghmass_ v % i szl (3.4 < My < 1100 GeV)
Mgy =035-1.1Tev & i
L= E°F + Osp hi =~ 1.4 mb
T2 T1 T T2 \J of SD, high Mdiff
RPs N RPs aE , Analysis of very high mass
_ | i3 B+= 6.8 GeV events ongoing
E 1] E E 2? + b++ -+ —+ |
= I 13 T 8 TeV SD analysis started
OU: 0‘05 lZlI.1I I bllg ‘ 0?2 : ;JI25. — ID.I3I 20

|t] (GeVA2)



o) Soft double diffraction @ 7 TeV

Measurement of soft DD cross section with only particles visible in T2 (4.7 < [§] i, < 6.9)

= oppll€lmin) for 3.4 < M < 8 GeV

IP
Event selection: Trigger with T2,
at least one track in both T2 hemispheres , no tracks in T1 “(0T1+2T2) topology”.

e ND background estimated scaling MC prediction using a control
sample from data dominated by ND (2T1+2T2 events)

e SD background estimated completely from data using a
SD-dominated control sample (0T1+1T2) with protons in RP

21
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Soft double diffraction @ 7 TeV

O ppiargpfesy =120 2580 l
47om>-59 | 5.95mum>-65 | . *Cvpuncertainty
P Nmin ™22+ | 797 min™7D- \’\J@fz’g%\ dominated by:
4.7<n,,..<5.9 | 66+19 ub 27+5 pb ]~
“Internal migration”:
59 Myip<6.5 | 28+5 pb 1244 pb real DD events that
have a |n|,,, smaller
than T1 but with no
tracks in T1 n-range
Pythia 8 (opp = 8.1 mb)
47om 550 | 595m 563 Improvement expected
o ~159 pb Ll el ol with 8 TeV data sample
DD(4.741),,|<6.5) 4.7<n,.<5.9 | 70 ub 36 ub that includes also CMS
59Ny, <6-3 | 36 pb 17 pb detector information.
Phojet (opp = 3.9 mb)
4.7 >-5.9 |-5.95n >-6.5
GDD(4.T(|nm‘-:6.5) =101 ”b 4.7<n,;,<5.9 | 44 ub 23 ub
5.9<n,,<6.5 | 23 ub 12 ub

22



o) Central diffraction: TOTEM + CMS 4

. ()
CD (aka DPE): @ "®v¢® M= &, &5 nz,®
An:-ln E_,»] .
™ T cMs T T2 n Large 1)-coverage:
RPs RPs « CMS: -55{]1{55
LT2
*‘ETS = e s Ti: 30« |n| <47
= S # T2: 53« || <65
Double-arm proton detection ¥ FSE B [l =8

Prediction of mass to be seen in CMS from reconstructed protons: M? = s £ &,

p F
Initial vs. final state comparison: M;qrgy (PP) =7 Meys 2 250 |
Prediction of central particle flow topology from E 200 "'J ! ¢ 530

' T . _ E F h L WL o
proton &'s (rapidity gaps): An,,=-Ing,, 5 sl I’Hl | '..”

S5 L

Masses up to 1.8 TeV with pp survival! 100 L
Analysis on going. o oy
Good statistics for soft central diffraction; Q. P » M
limited for hard central diffraction % “20¢ 44 600 800 1000 1200 1400 1600 1800 2000

M=vs- /55 (GeV]

Good statistics for hard single diffraction, SD dijet analysis ongoing ! ’3



o) Summary

[Total pp cross_section] [Forwal'd partiCIe pI’OdUCtlon]

(Forward charged multiplicity\
measured at 7 & 8 TeV

Started with CMS to explore
Measured at 7 & 8 TeV capability of the large

\ combined n coverage ! )

[Elastic pp scattering|

[Diffraction: soft and hard ]

5 )

Preliminary results Measured at 7 & 8 TeV
on DD, SD & CD

6- 104 < |t| < 2.5 GeV?2

Many analysis
\ in progress! P)

24



The End
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Elastic pp scattering: p measurement

Comparison of p with models and measurements at lower energy

TN -
/Zm‘\ﬁﬁj“ N Vs
| .
N
V)

p =0.107 40,0272 1 0, g10fyst) +3.003 mocel U Pragy,, .

. ! | ! | !
‘0- TOTEM-Preliminary . TOTEM-Preliminary:
I ] COMPETE: preferred model | | : : 5 5

=
I—'I
[ |
T | T
-
|
I
I
|
I
i
i

Coldmmemegem oo and band from all models
0] I I TOTEM: final result with | ¢~ TOTEM =t &
1 TOTEM: band from varying A . :
peripheral phase

model: Blocketal - |+ 1 . . . % i -

model: Bourrely et al. - X ~

i —v—pp(FDG) T T N R R R R
“|——pp(PDG) model: Petrov et al. (2P) - >< 7
— - = = COMPETE preferred-model pp fit

—(— TOTEM indirect at \/E =7 TeV model: Islam et al. & E E E E X =
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@5 SD cross-section comparison
Courtesy N. Cartiglia

—~ 25
Q0

& [ @ ALICE (My<200 GeV/c?) 3 TOTEM (34 <M< 100G
~— B 2
a 20 - O ALICE (extrapolated to M) <0.05s) 4 CMS (12 <Mx <394 Gev)
o [ 2 ISR (Mj<0.05s) L.
B v UA5 (M3<0.05s)
15— 4 UA4 (M5<0.05s) | e
- O E710(2 GeVEfc“fo(-:O.OSS)‘*'_I___,..--"""' [
10 :— | o o . % '.'_."'.'-_-—-"'_‘_
s _ééi *éé - Gntsm'.;net al. +
S __ — ’ + Goulianos +
B il et Kaidalov et al.
- — - Ostapchenko
- Ryskin et al.
0 L1 11 J | 1 1 1 L_L L1 i i i | L1 11 |
10° 10° 10*

s (GeV)

NB! TOTEM measures ”’p+rap gap + diffractive system”,
ALICE & CMS "rap gap + diffractive system”
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D

CMS + TOTEM 90m B*
Run/Event 198903/3478279
Jets E; = 60,45,27 GeV

MM(pp) = 244 GeV: M(CMS) = 219 Ge

2p,(CMS) = 3.4 GeV
FSC empty both sides

M(pp)= 244 GeV

T
)

CMS Experiment at LHC, CERN

Data recorded: Thu Jul 12 22:40:03 2012 BRST
Run/Event: 198903 / 3478279

Lumi section:

Orbit/Crossing: 43375975 / 1789

2012 BRST

1C, CERN
11222:40:03 2012 BRST

I_> 478279

£-=-0.1 &= -0.01
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56

e

o T
E

o
W

a

e aan T
P

—

T

(e

ENERENE SR

2
S

I

e

=
e




Compact Muon Solencid

@y Central diffraction: TOTEM + CMS LS

Cuts:
® Rapidity Gap ® M2=E, &8 T S . Vertex < 1
An=-In &, ® . RP near edge area removed
(background suppression)

n . RP top-top/bot-bot topology
Categories of events : . £> 1.5%, better resolution

. FSC empty (background suppression)

+ CMS and TOTEM consistent (within resolution)
M.s(Particle Flow) = M, q,(PP)
Pcus(Particle Flow) = poey(PP) — Many candidates in the soft sample
Few candidates in the dijet sample; none exclusive!

+ Missing “tracks” in CMS
M.,s(Particle Flow + missing momentum) < M, 4.¢,,(PP)

>Additional tracks indeed observed in forward
detectors where allowed by x-predicted gaps — Large fraction of soft events
Several candidates in the dijet sample

>Secondary particles violating rapidity gaps ~ — No candidates in the dijet sample;
Background issue in the soft sample

>escaping-mass candidates
Additional tracks NOT observed in forward
detectors where allowed by x-predicted gaps — few candidates with AM > 400 GeV

Additional tracks NOT observed in forward
detectors forbidden by x-predicted gaps — no candidates
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’_ﬁ_ RP system: LHCC endorsed program

"E"‘ 1 T -
4 RP units : 220m
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FUEIE LIPS

JENTE S IPY

Installation of a collimator
to protect Q6

Infrastructure to install
2 new horizontal pots

RP147 (fully equipped) relocated at 203-213m
1 unit rotated by 8 degrees

Allow insertion of (horizontal)
pots closer to the beam

in high intensity scenario
—improved & acceptance

\

Long lever arm (~15m) improves angular resolution

Cylindrical pots to host
any timing detectors

(until beam divergence limit)

Si-strip detectors rotated to improve multitrack event

reconstruction (beam halo pileup, background)

O
,@@

On going studies to implement high beta optics with 1000 bunches
Pileup=0.09; L~ 103" cm?s?' — 1 pb'/day

+ forward proton detector system will consist of 4 units/arm, each with 2 vert. and 1
horiz., pot equipped with 10 planes Si-strip detectors, with full trigger capability

+ Extreme flexibility in using 4 units according to running scenario; possibility to dedicate
pots to new Si-pixel detectors as well as to timing detectors with low material budget
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