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Outlook

» \What is diffraction at the LHC

» Why we study diffraction at the LHC

» How we measure diffraction in CMS/TOTEM
How we can exploit diffraction

Which results

» [Future plans

Disclaimer: | don't mean to be exhaustive on any of the items above
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Diffraction: from optics to HEP

» Diffraction in optics occurs when a beam of light
meets/hits an obstacle whose dimensions are
comparable to its wavelength

» The intensity pattern of diffracted light is characterized
by a sharp forward peak (+secondary maxima)

1(0)~ I,(1 — Bk26?)

®» |n hadron scattering we may imagine that hadron
interaction and propagation is given by the absorption
of the wave functions caused by many inelastic
channels open at high energy

» Actually some (diffractive) hadronic processes show
similar behavior in the differential cross section

do _ do -B|t|. 42 _
dt ~ dt t=()e dt t:()(.I Bltl)

With t =-2|p | ?(1-cos0) (Mandelstam invariant)
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exchanged
OR

rapidity gaps

Defining Diffraction in HEP

®» An interaction in which no guantum numbers (but those of the vacuum) are

®» An inferaction characterized by a final state with non exponentially suppressed

on Diffractive processes

color exchange \ ‘ I
gaps exponentially \ | |
suppressed

do

— O

dAn €

rapidity gap An ~ Diffractive processes

« colorless exchange
« large gap signature

d_An ~const

Pseudorapidity: n = —In(tan(6/2))
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Theoretical frame (just a sketch) - (1)

Most of diffractive processes are soft processes, pQCD
can't be used

Historically diffraction is described by means of the Regge
theory techniques

» hadron-hadron interactions are described by the exchange
of a whole set of particles usually referred to as a reggeon

» The reggeon with the quantum numbers of the vacuum is
called Pomeron

Nevertheless diffraction can occur also in hard processes,
as proved by HERA in DDIS (diffractive deep inelastic
scafttering) studies

» This opened the doors to the interpretation of the Pomeron in
QCD terms. The simplest Pomeron is seen as a colorless
couple of gluons
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- Some Regge trajectories
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Theoretical frame (just a sketch) - (2)

» The opftical theorem that comes from the Unitarity of S
martrix 1

tot = ;“(AEI(f =0)) £, a(h=a(0)+a't
» |nthe Regge theory oot ~ ZA?._S%(G)—l s e
: af iy
' 3= n
» Typically a(0)~0.5. To account for arising of oo With s a o w2
trajectory with a(0)>1 is needed oc(O)g’""/
» The Pomeron trajectory is infroduced with a(0)pgreren>~1 & 7 2 & & = & T
and only one “particle” o : ,
, , e (mb) | 5p: 21.705%0508 4 9839504525
» The elastic scattering distribution is expected to show a 80 ' pp: 21.7050.0508 4 56,085 04525
broad exponential peak that shrinks with the energy 70 |
sl Old o707

dC"l , 7
el SQQ(D)—QE—QQ |t| In s

di_ 50 %
40 m

» The shrinkage is actually seen in data -

1 :
0 100\/8 (GeV) 1000
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Theoretical frame (just a sketch) - (3)

®» Regge theory was developed in the 60’s

®» Since then many models have been developed to better describe the
experimental results

» t-channel models, based on the Regge framework

= s-channel models, based on the eikonal description Impact picture model

!

01

T = [dghll"(s._bﬂzz /dﬁb|1_f.=—””-“|2. ® _19'""

Trop = 2 [dzbzlttr(s.b]} — [dﬂm (1 _f_,—szf_s:a)) :

INCREASING ENERGY

'

In 1/x

» QCD inspired models

saturation

region In Q(Y)

Y =

» Pomeronin QCD

=

2

o

» As a gluon ladder (DGLAP and BFKL) : BK/JIMWLK

=>

<

= F BFKL

g

c DGLAP
A

T ’. 2

In A2QCD In Q
ag ~ 1 g < 1
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d*c  Arza’ L y? _ 5
d0*  xO" {1 - 2[1+R(x,Q2)]}F2(x°Q )

DIS probes the structure function F, of the
proton

Diffraction at HERA: DDIS - (1)

QZ

d*c Ao’

- 2 D4 2 . t. |
J A = 0" {1—y+ >0 +yRD<4>)}Fé (B0 xp.1) Standard DIS Diffractive DIS

F.P@ ~ fip (X;p,t) le? (B,Q?)

DDIS probes the “structure function” F.F of the Pomeron

x=fraction of the proton
momentum carried by the
struck quark

Xp = fraction of proton
momentum taken by the
Pomeron

B=X/Xp

Comparing the structure functions of proton and Pomeron

« the Pomeron is not a “normal” hadron
« the Pomeron is mainly done of gluons
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Diffraction at HERA: DDIS - (2)

Hard scaitering factorization occurs both in DIS and in DDIS

D D — universal partonic cross section
/fz ~ f-f./}') 0 O

diffractive parton distribution function: evolves according to DGLAP

finP(z,Q% xpt): probability to find, with probe of resolution Q?, in a
proton, parton i with momentum fraction z, under the condition that
proton remains intact, and emerges with small energy loss, x,, and
momentum transfer t — diffractive PDFs are a feature of the proton

« DPDFs can be seen as a new type of PDFs which apply when the vacuum quantum
numbers are exchanged

« Hard scattering factorization has been seen at HERA in diffractive DIS (studying e.g. dijets
events)
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- H1 fit2
- H1 fit-3

m“g' (Q°=75 GeV?)

10 |

0.1}

—+- CDF data
EE'2> 7 GeV
0.035<& < 0.095
|1]< 1.0 GeV?

— H120020,0 QCD Fit (prel.) ==

0.1
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hard

scattering

All hard-diffraction processes at Tevatron Run 1
at Vs=1.8TeV are suppressed by a factor ~8 wrt
the predictions based on HERA PDFs

Violation of factorisation understood in terms of
(soft) rescattering corrections of the spectator
partons (MPI)

MPI lower the probability of the rapidity gap to
form. A rapidity gap survival probability $2 can
be introduced

$2 at the LHC? S2 ~5% in most models but,
anyway, S? is difficult to predict and difficult to
measure...
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Why studying diffraction at the LHC

In proton-proton scattering at the LHC energies ~40% of the total cross section is
made of diffractive processes

Elastic scatftering and soft diffractive processes can shed new light on the soft
hadron-hadron interactions

Performing SM precision measurements and searching for new physics require a
deep understanding of the Underlying Event

Hard diffraction provides an important test of QCD and probes the low-x
structure of the proton

Low-x — high gluon density — saturation

Central exclusive production (CEP) pp—pXp is a powerful “tool” to study rare
processes because of the kinematics and quantum number constraints

Total and elastic cross sections, forward mulfiplicity and energy flow can help
understanding the development of air-showers in Cosmic Ray physics
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Diffractive processes at the LHC
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O approx.

~30 mb

~10 mb

~5 mb

~0.5 mb
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Diffractive cross sections
account for ~40-45% of the
total proton-proton cross
section at the LHC energies.

Large rapidity gaps are present.
At least one interacting proton

survives in most of the
diffractive processes.

Experimental keys to diffraction:
* measuring gaps
» detect forward protons




CMS measured diffraction with LRG strategy
« TOTEM measured diffraction with proton taggers
and forward trackers in special low luminosity runs

Then

CMS and TOTEM made common measurements in
low luminosity runs (merging data a posteriori)

Finally

CMS and TOTEM merged efforts and built a Precision
Proton Spectrometer (CT-PPS) to measure the
protons also in high luminosity runs with common

DAQ
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» CMS+TOTEM = an almost 4 acceptance detector

But CMS and TOTEM are two different collaborations...

dn (GeV/c)

d_‘p T/
Q

-y
(=]

1075
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2
TTT |

p-p @ 14 TeV

How to measure diffraction with CMS and TOTEM

» CMS and TOTEM share the same interaction point at the LHC
» CMS coverage: |n|<~5with calorimeters (| n | < ~2.5 also with tracker)

» TOTEM coverage ~3 <|n| < ~6.5 with trackers + forward proton detectors (|n |~ 10)

pye* =s/2 exp(-n)

= 1417 m

= T 2 il 2 O

CASTOR, T2

APs

P420

| Li 1 ] [
4 -2 0 2 46 8 10

M



The experimental apparatus

The operating conditions of the LHC
(running scenarios) are of the utmost
importance for diffraction studies

CMS and TOTEM experiments share the
Inferaction Point 5 af the LHC

T A, i ¢ Ly
T nevagies -
e

entral Detector Roman Pots

. 7 1 J ]
-——_ 2Anear :I.IJIu Lidnas i 22
D (5 ¢ o) TAN A == S T/ i“: : i I-“- i 1I-I :..- 1 e .=.f TS [
-. (y I ; —— J[a1]jaz]os] | e ,ﬂf( T lal = Tal B =T

““—ll_”_|'l_l LI N

| 19.00m

i 2. 18m
F03.827 m
_ 21255 m
— i
i :RRS gn ® 815.0,_8 [l
- 21571 m
219955 m
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Compact Muon Solenoid

The CMS central detectors

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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TOTEM and CMS Very Forward Detectors

» TOTEM inelastic telescopes and CMS/TOTEM proton tagging detectors

=Cenital—]|
_Detector o

|
i

- i

1
)

T

TOTEM Inelastic telescopes

T1: 3.1 < |n|<4.7
T2:53<|nl < 6.5

3 i 1"-!! >
- 2 ] Wt T ]
—_i_lv-——-” TE - e e LAY
CASTOR (CMS)
ROMAN POTs
L A
")
Roman pots for proton tagger detectors 2 o ﬁ@?ﬁ R
o
A S
— | TAN = EhaeE SR =
IP5_ ™ [oleeod & e — o[ BE
| | (N | N |
— Jj S— — Sl
) 203.827 m
: 21255 m .
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The Roman Pot devices

Layout inside the LHC tunnel
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Roman Pot unit
with

motor system S
(step size: 5 um) s

LHC beam-pipe

Roman Pot Roman Pof
parking position data taking position

beam injection

stable beams

Beam pipe

Typical beam size:
540 um / 850 um in low lumi
~100 ym in high lumi
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Separatio Secondary vacuum ~ 20mbar
of high LHC vacuum Temp _2r5y0\(/: -

from detector vacuum

Different detector configurations

Low luminosity runs
« Sistrips in vertical (elastic scattering)
« Si strips in horizontal (alignment)

High luminosity runs

« Sistrips in vertical (alignment)

« 3D pixels in horizontal (diffraction)

« Timing dets in horizontal (diffraction)
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""""""

» 10 planes per station of
Yedgeless” silicon strip detectors
(5 'u"+5 V')

» pitch: 66 um; track resolution: ~12
um

» designed for low-luminosity
running (TOTEM)

Tracking detectors

Silicon pixels

cippa_r_posl 48 ERD i ke

® 6 planes per station of “slim-edge”
silicon pixel detectors with 3D
technology (tilted by ~18°)

® pixel size: 100 pm x 150 ym; frack
resolution ~20 um

® designed for high-luminosity running
(PPS) = mulfi-track capability

- . m



I

» “ I?m)eremen’r to reduce background from pileup uncorrelo’red proton
tracks

» |deadlly, desired resolution ot = 20 ps = 0= 4 mm

| Ultra-Fast Silicon Detectors
lanes (3 in 2017) of CVD LEELT

1 ® 1 plane (in 2017) of UFSD, based
amond sensors T on LGAD technology

acro-pixels of varying size ® single-plane resolution in test beam:
¢®/single-plane resolufion tfarget: ~80 s ~30 ps

2+2 dou.ble—diamond layers in 2018 ® R&D to improve radiation hardness
(larger signal expected = fasterrise

time)
radiation hard » Common readout electronics




More on timing measurement

|
J.( -220 m i +220m
st
|
Timing . i =
Detector Bunch Crossing i CQ||ISlons
Area ’;/_L; L/
T v ~
- 0 -
S //" i T " Right RP
3 3 1 > s 1ns o X : \ -
A= t o ! —H— ;
4 T ! Y
Atcomslonn.l. : r AtComslonn,n
i
lo1 1 =

Time Central Tine

Reference |« Time Reference + Reference
Generator 1 Distribution Generator 2

Position of Collision 1 ~ At cusonme = At cousionsir

The only way to associate the protons arrived in the RP to the vertex reconstructed by CMS is to
measure the TOF difference between the left and the right protons.

*Vertex reconstructed by using the optics and tracking information is not precise enough.

o = c AT/2 — 20 ps time resolution/Arm makes possible the longitudinal vertex reconstruction with
less than 5 mm uncertainty




Proton reconstruction and beam optics

» (x* y*): vertex position

-

Oy ‘F
p “"NI-__-.:.—_.-:__:T_‘._'f.'.__.l.'.'.:.__ . . .
_— — ten avic * *Y. teel o b A~ % *
— I I s=beamaxis = (8% O *). emission angle: t = —-p?#(6,** + 6,*%)

I I » &= Ap/p: momentum loss (elastic case: § = 0)
LHC magnet lattice = accelerator optics RP station
T v, L, 0 0 D, {
e, vl L0 0 Dl e
Measured in RP 7 = o o0 wv, L, 0O y* Values at IP5 to be reconstructed
CH 0 0 o, L, 0O Ch
Ap/p Jrp 0o o0 o0 0 1 Ap/r /ips
e — iy

Product of all lattice element matrices
% * L., L. effective lengths (sensitivity to scattering angle)
Xpp =LO_+vx +D& o o N
rox x X = v, v,: magnificafions (sensitivity fo vertex position)
* *
Yrp = Ly@y TV, = D, : dispersion (sensitivity to momentum loss); D, ~ O:

Reconstruction of proton kinematics inverting the transport equation
Excellent beam optics understanding needed [New J. Phys. 16 (2014) 103041]
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Optics parameters from data

s = beam axis
o

LHC magnet lattice = accelerator optics

RP station

Machine imperfections alter the optics:

Strength conversion error, o(B)/B = 103
Beam momentum offset, o(p)/p = 103
Magnet rotations, o(¢$) = 1 mrad
Magnetic field harmonics, o(B)/B = 10
Power converter errors, o(l)/l = 104

Magnet positions Ax, Ay = 100 um

.. A

t(v,.L.L,...p)=-p* (02 +67)

£ 220r :
5 ; . . [z Perturbed optics|
52001 New Journal of Physicsi #2242 WINDEG Cpce
b7 i : : : 1 e nominal
2 ol 16(2014)103041  § FGcC ™0 30 %
2 F RMS 4.2%
< 160
3 - 3 Ty
< 140f NN Perturbed optics
. 2 reconstructed
120 L Mean 0.083 %
I RMS 0.16%
100 - n -
sk Relative error distribution
605 before and ' f '
- after optics estimidtion f* =3.5 m
401-—. : s Ej'I: Ef
0 G Gy Z
-8 -6 -4 -2 0 2 + 6 8
SL
y.bl far %
; I-‘y.bl far [ ]
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Low and high luminosity optics

Low luminosity — high p*
High luminosity — low pB*

B* =0.55 m (low p* = standard at LHC)  B* =90 m (developed for o, measurement)

= 30 —T T —
200 > = PO
: B = <.T0P. ]
1 : 10| N ; - Qualitatively:
s P |
o ; : Low [*: acceptance driven by x~&
L i High p*: acceptance driven by t_.
= -2o> Bo-rro i J
R E SR RS e x[‘mln?]o ! gl — ;.'-,_1.0‘ B SN A [ 9 1
diffractive protons: mainly in horizontal RP diffractive protons: mainly in vertical RP
elastic protons: in vertical RP near x ~ 0 elastic protons: in narrow band at x = 0,
sensitivity only for large scattering angles sensitivity for small vertical scattering angles
Transverse size of IP Angular beam divergence Min. reachable |t|
B*~0.5-3.5m & - ’i ~ 15-30 pm 5(®',)= ’ir_ ~ 1075 prad e | njpe:mp ~0.3-1 GeV?
B*=90m 7 ~300pm BY <10 prad B ~102 GeV?2 :
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Elastic scattering: data sets vs t ranges

l—.| ; mTTT II| T T T T T IIII§ ; | I | LI B I | [ LI B LI | . .

:li F 1F schematic cross-section plot
:10 3;_ B S E
__'q = 3 E 3
5 - .
-

13 TeV, p* = 2.5 km, 3o analysis ongoing

102 Sy 3
| ] 8 TeV,p*=1km, 3¢  [EPJC76(2016) 661] -
10 = - E
] é 2.76 TeV, p*=11m, 50 [CERN-EP-2018-41] -
1 & % E
] | { 7TeV,p*=90m, 10 ¢ [EPL 96 (2011) 21002] ]
-1 p
10 = %:— —=
of | ] 7 TeV, p* =90 m, 5 ¢ [EPL 101 (2013) 21002]
10 ¢ iF 3
af | 1 | 8 TeV,p*=90m, 6 ¢ [NPB899 (2015) 527-546]
10 13 .
10-"3 ~= [EPL 95 (2011) 41001] 1
o {7 TeV,p*=35m,18c [ oo |
10 = el \ =
of | 13 TeV,p*=90m,5-10¢ . CERN-EP-2018-338
10 T AT I | A T N T T T .
10 -4 10 -3 10 -2 0 0.5 1 15 2 2.5 3 3.5 4
It| [GeV?]
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ISR

I
12 14

It| [GeV2] it [GeVZi
L g 32 —— lslam
$ i I W P e
e St el B Some open questions for LHC energies
s I - - What happens to the dip?
i T OE / * Any secondary maxima/structures at large te
koW L I / / « What happens to the forward peak slope B(t)?
L~ 7 « Can we measure p? .
S | RAH(t = 0)
o 1I2I3I4I5I6‘ ISIQ 1Blillll.il‘l“.l‘l‘.HH‘.HH.HH‘.HH.HH‘I.‘H‘ p= J—
7“‘ (GQVQ) 005 01 015 02 025 03 032 332V2) SAH(t —_ 0)
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106 Lo L T s ]

——— B*=35m Erus om0

A N /A=8TeV (scaled 10%)
E —.5* =90m PRL 111-12001
103

ﬁ* — ].'OOCFII'L MPE 899-327 .
-~ /5=13"TeV (scaled 1000 x)
: 102 '
No structures at high 1 - | 5 5 :

.6* =90 m NEW cern-Ep-2017.32
Shrinkage of the forward 100

| IJIJII.IJ R LL||||||

do/dt (mb/GeV?)

ﬁ* = 250() m CERN-EP-2017-335

1 . g
peak continues 101 3 it S5 .

P — it|-1o.95¢0.5

0 0.5 1 1.5 2 2.5 3 3.5 4
[t (Gev?)

102
103
104

IIIIII]II IIIIIIJ IIlIlIlII | IIIII

10~°
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2 =
1 E ) = TOTEM, 2.76 TeV, RP @ 136,
- B=17.110.3 GeV™~
B _ TOTEM, 2.76 TeV, RP @ 4.3 6,
10 =
15
B T
ol Ns=2.76 TeV
- _ 5 R=17+02
| 1] 4=0.61 GeV
102 =
: L1 ‘ | ‘ | ‘ | | ‘ | ‘ L ‘ 11 | ‘ 1 | ‘
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8
-t [GeV?]
%5><10*2 B
o} 1 boloae ot
< "o
:. M 0@ ! L
: v o
= @ o T q)
4x107° — 6 !
@ 4 m
m © \s=13TeV \
@ © |t]4p=0.47 GeV2
i
L)
3x107 - . R=177%001
- v
@
‘ I 1 1 1 | I 1 1 1 | | I — ‘ | ‘ I I | | I 1 1 1 | I I | | I I | ‘ |
04 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8
-t [GeV?]
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[mb/GeV?]

doy/dt

Elastic scattering: dip at LHC

e e e e = e
k 10 T T T
gﬂ = 7 TeV E : extrapolation to t = 0
10% R - do,/dt=4e™"
“)'_’_r ...... T » s S RO TS TR -
3 RP@ 10 Gpeam size@re 3
10' i tunin = 2 - 102 GeV?
oy [y =5 1075 GeV2 RP © 6.5,5.5 48 Oy angre
10" E 0 0.05 0.1 0.15 0.2
107! —
|tlgip= 0,53 GeV?2 5 :
103 | = EPL95 (2011) 41001 (B* =3.5m) i o i 3
—— EPL96 (2011) 21002 (B* = 90 m) : : ]
Jo—4 |~ EPL101(2013) 2100 (B* = 90 m)
—— statistical uncertainties 5 :
| systematic uncertainties i : : :
105 i i i i i i
0 02 04 06 08 1 1.2 1.4 1.6 1.8 2

» The dip position decreases with energy

» Bump/dip ratio measured at different

energies
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Elastic scattering: LHC vs Tevatron

» The measurement of TOTEM at 2.76 TeV PR OTEM o276 TV KB @ 1
can be compared with DO’s at 1.96 TeV E . TOTEM:Eﬁz:%TcV:Rp<;4,3;ﬁ‘
» First comparison of pp and ppbar data at * iR
TeV energies e
= Ratio bump/dip oL
» R=1.710.2in pp - e
2l MARES
» R=1.0£0.1in ppbar ’ E A
T
§ - . TOTEM., pp 2.76 TeV, RP @ 136, _
Such a difference in R in pp and ppbar scattering 2 ol - TOTEM, pp 276 TeV, RP @ 43 5,
can be interpreted as the existence of the R E DO, pp 1.96 TeV
Odderon (the J=1—-counterpart of the Pomeron). L
The Odderon is described in QCD as the 0 L
exchange of a colorless 3-gluon bound state in E B - 194404.Gev?
the t-channel. el I
The comparison of TOTEM and DO is still a work in 10 | | | | |
progress . 0 — 0.2 — 0.4 — 0.6 — 0.8 — 1 I I_II[Glé%'?]
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Elastic scattering at low 1

» [sually called the “exponential region” The peak at “first glance”

. . . . . a0 ! ata, statistical uncertain
» Peak is fitted with a polynomial exponential I . [ "
;g B .“‘. W syst. unc. band without normalisation
Np 310 E
do, /dt = A * exp be_ti S
i=1 ..
N x> /ndf p-value significance
1 117.5/28=420 6.1-1077 120 10! ' S
0 0.05 0.1 0.15 02
2 29.3/27=1.09 0.35 0.94c i [Gev?]
3 25.5/26 =0.98 0.49 0.69c

Difference wrt exponential

H N = 0.06 d | o ria ¥z ]
» Non-exponentiality already seen at - } data, statistical uncertainties —Np=1 E
.I.h |SR z s F full systematic uncertainty band —N,=2 .
e - gg’: L 7/ syst. unc. band without normalisation —— N, =3 i
» Simple exponential ruled out with a " 0k '
significance of 7.2 ¢ 2 001t
: 0
» Differences of the order of ~1%. Very  [E| oo} o
high stafistics and very good confrol  |5/2 "t T e i
of systematics. R A ~ [NPB 899 (2015) 527]
—005 L L 1 L | I [ P A
o 002 004 006  0.08 0.1 012 014 016  0.18 0.2
Il [GeV?]
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Elastic scattering: Coulomb interference and
measurement of p

p 0.25 I 1 Frrrra
CERN-EP-2017-335

RA"(t = 0) I S o = PDG:
p - = H 0’2 .......................................................... ,,\ ................ .. .............. , ....... , ........................... — .
SA (t = 0) o : P pp
0.15 .? = v
: 0.1 i TOTEM:
®» Tofem direct measurement at 8 o indirect
0.05 -’ ST SA—— i E
and 13 TeV oW LS RLBEBRE 1 @ viaCNI
» |ndirect measurement done at7 o E W SR A S .5 COMPEIE
eV : P P S - (pre-LHC model RRPL.2y):
—0.1 J : : : s : _; ﬁp
»/ First o]e) measurements of 0 since _0.15 BHo e, e ,,,,, ,,,,,,, ................. S _; —pp
ISR era 0.2 ' ' il I
10! 10° 10? 10* 10°
Expected results at 200 GeV V5 [GeV]

Direct measurement done fitting the amplitude from CNI (Coulomb Nuclear Interference).

The new measurements are clearly below predictions
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Total pp cross section: analysis methods

From Optical theorem

2 [~ PR 1 e _lem do, . _ER Ael,N
UﬁﬁrPEAHN(L_O”C£1+pJ/%UAI_O)‘_]&19 er_O'wnh p_fEAMNLZU
Lo =N +N. N._, (from T1,T2 telescopes)
tot el inel N_ (from RomanPots detectors)
| independent o 16?1'2 (rzim-'ei/rhi)t:[]
(14 p?) (Net + Ninet)
[ dependent | |, 167 1 ot = Oof + Oimed

Elastic Only | “tot = (1 2y 7

(

dt

{'{IA’TEE)
; t=0
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(mb)

el (green), Ojye (blue) and oot (red)

Total cross section: results

140

o| & PP(PDG20I0)  a ATLAS ATLASALFA | coveaoss, || /-
! v pp (PDG 2010) > CMS | §
120 0 Auger (+ Glauber) _& LHCb _ ]
110| % ALICE e TOTEM _ Z
Otot fits by COMPET] ~a+b-Ins+c-In’s e 7
% (pre-LHC model RRP¢L 2y) [ Y ]
80 |- - - g, fitby TOTEM A g
70 (11.84 — 1.617 Ins + 0.1359 In%s) | |+ B
~ - : . - ,."’_
40 ot S TP TETTRE % ﬁ[—' ...... pa ..--“’f o]
R T E R/l oz DR 1
20 -,_ =T ‘- ---_"’ __,ﬁ-""—— _-
10 A S T R TIPIEE: ._._.___..__-.---.-.’_."T.._.? . N N __
0” | | | | L1 1 I| | 1 | 1 L1 1 II 1 1 1 | 1 I I I| | | | | N [ |
10! 102 103 104 10°
Vs (GeV)
Errors (TOTEM measurements) New data
available!

Opor~ 2-3%
Gy~ 2%

o ~ 24 %
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different methods

Ot (mb)

[y o ok
[ =] b
a (=

g i

_ Ctot _
" Cinel
SRARER R
L "TLI'I I I _
S

elast. only (Jun)

elast only (Oct) -

¢ independent -

L independent |-

7 TeV, several methods
Same beam conditions




Total pp cross section: measurements

» ) /6TeV
» | uminosity independent o, = (84.7 £3.3) mb using p = 0.145 [COMPETE]

» /TeV
» | uminosity independent o, = (98.0 £ 2.5) mb using p = 0.14[COMPETE]
®» o independent oy, = (99.1 £4.3) mb
» From elastic scattering only
»g,.:=(98.3%28)mb
»g,, =(98.6 +2.2) mb
» 38 TeV

» | uminosity independent o,,; = (101.7 £ 2.9) mb

» |3 TeV

» | uminosity independent o,,; = (110.6 £ 3.4) mb
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Total cross section: some implications

Forward peak slope B ol Otot

&

1T || T T T T TT ||| T T T

pp, PDG . CERN-EP:2017-321 -
v PP PDG E O O .

—a— TOTEM : : o ' J'.-’

PP | CERN—EP—Z{JII?—321 -
—e—TOTEM U T D T Y U EE e
—— ATLAS-ALFA B . @ ATLASALIA i L 3 o
19 .~ _ fitlinear inIns, data /s < 3 TeV T s e 3 — — — ratio of ¢, fit by TOTEM o [ /..

1 S P and oy fits by COMPETE | ol _

r E'_-" : : . : ] T [ .l{o .............................................. —
LG e e | 3 _',_ ........................................................................................... —] 22 f/' . : : :

Tl /T (%)
5

"

L
[}
=l

L £l R A R S Y 0 S O S —

= =
= . - 4 z = 1 =
PRI ATPR .- | TN LICTTITY - FPUTY . IV VPP L SO PP —] [ e " - - =
13¢ *‘r?j‘ g 2 2R o O ] ¥ L ! 203 405 e S
¥

T i e = RO e L L ST S 1 R ]

10! 107 10° 10t rmf' 101 102 | 10° o 104. 10°
Vs (GeV) Vs (GeV)

« confirmation of the increase of elastic

* Forward peak shrinkage speeds up cross section vs total ratio with energy
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Total cross section and p: implications

» The COMPETE collaboration fitted 256 models with all existing data

— 120 T T T T T T T T T p 0.16 T T LTI a

0.14

0.13

0.12 [ £ T S Wy
0.1 =
0.09
0.08
0.07
0.06
0.05

S N B A E 0.04

[mb

ot
—
=

1.8 TeV
eV
eV

13 TeV

:_ﬂ O Tevy

C.0.9 TeV

S
=
>
]
=
Ll
=1

10% 103
V5 [GeV] Vs [GeV]

None of the considered models is compatible with both sets of measurements
It can be shown from basic principles that a relation such as  p < ~do;,:/ds holds
Therefore it may be that the increase rate of oy; is going to slow down at higher energies

OR ... see next slide ...
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Total cross section and p: implications

» . there's a need of the exchange of an odd-signature object

— — Nicolescu et al. (2007)
— 110 |— Nicolescu et al. (2017)
100 |— DPurham. no 3g exch.

S —— Durham, 3g exch. 0.8 mb|

EEERE

-
s
o
=t
W
=

Ln
=
BRRER
X
\

90 | __ purham, 3gexch. 1.3 mb|{~" """

I Illllll

leV .
II"‘:-HI'I ....E.......E.......E.......E.......E -
13 TeV

:_'J . . .

104
Vs [GeV]

o 0.16
0.15

0.12 B e £
0.11 A0 R O T H_T.‘H

0.1
0.09
0.08
0.07
0.06
0.05

1.8 TeV

| —e—ref. TOTEM meas.

:f

S/

i T I A T P T T

[}.m | | |
103

=
&)

new data available

Such an object, a Reggeon usually referred to as Odderon, which can be seen as a
colourless bound state of three gluons with quantum numbers JPC = 1-
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Single diffraction (preliminary)

Low mass Medium mass High mass
Mg = 3.4 - 8 GeV Mg = 8 - 350 GeV Mgy = 0.35- 1.1 TeV
T2 T1 T T2 T2 T1 T T2 T2 T1 Tt T2
RPs RPs RP: RPs RPs 1 RPs
T - T ! e T L. o— - TR
e 5] (W -1 B — e -1 R [ ol
P2 N [PZ |
dih ol
> A I >
8 14__{L Shupe 00808 ﬁ 8o (;3‘ TE
B 12 0 18 ] 15:
E Lo Osp, low mairt = 1.8 mb | E e ©
B; 2= -I-i
- < B = 10.1 GeV-2 . 3t
4 e 2:
2 e | ; \:
#0 ;J:IEI Ill.'l 06 0?2- * IDIQEI * IO.IJ nl) 0.05 0!1 01s 0|2 O.IAS O.L:! D:
It (Geva~2) |t (GevAz)
Estimated uncertainties: AB~15%, Ac~20%

osp = 6.5 1.3 mb in the range 3.4 GeV <My < 1.1 TeV
Preliminary results. Not all corrections included
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Charged-particle pseudorapidity density

NSD-enhanced pp  CMS-TOTEM, /s = 8 TeV, L = 45ub™

-gﬂi-"""—_
2 7h e E
Gt E
Inclusive dataset °F mpm o
. Inclusive pp, \s = 8 TeV 4 ;_ _ Eﬂhiaa 40EEB-CTEOGU :‘**\p _;
» H T T T T T T T T T [ T T T T T T T T T T T T T T T T T T T T T T 3 e o
MC tunlng Ir.] the ;gl- 8 . tomem: N,, =1 in 3.7<n<4.8 or -7.0<r|<-5|.0 | | = 35 -~ GeSleillos ]
forward r egion %0 70 -+ CMS-TOTEM: N,, >1 in 5.3<1<6.5 or -6.5<1<-5.3 T2 With displaced vertex- 2 £ Nepz1in5.3n<6.5 and -6 5<n<-5.3 E
. E1_2J_::::::::::::::::::::::::::::::::;
. . B .o O o - .
» VQIuobIe. information _+%fjﬁ+++~+++++ g [ Tk
or Cosmic Ray 5 FF CMS osf S
physics simulations 4= o2 :;m A
3? — -
Measurements done 2; —— Pythia8 4C (displaced IP) - Pythiag 4C (nominal IP) \‘“::H( - 5?9?".“?"?‘1. e .C.MISQL.ETL'.S.:?IT?\T' .L.:,4.5”.b._
with T2 and CMS E T GoSserhios (diepraced i) . GGSJetra4 rominal B = > F - Eyhat 22 :
1 SIBYLL 2.1 (displaced IP) - SIBYILL 2.1 (nominal IP) S 4 ~— Hemig. « EES-CTEQEL1
central detector 90l e - e, - OGS elllO4 -
0% 1 2 3 4 5 6 T IE S, :
T27C Laaasiadi -
. . g N =1 inonly 5.3=n<6.5 or only -6.5<m<-6.3 g
None of the MC generators can consistently describe data PO A N P P
N hasaRaaas :
= Hill
R
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Hard diffraction: di-jet production (1)

Colloquia - Firenze 2019

F.Ferro - INFN Genova

CMS-PAS-FSQ-12-033

First CMS-TOTEM measurement with tagged protons from low-pileup b o
data at Vs=8TeV %,
 Dijetsin central CMS, scattered profon in Roman Pots .
« Background from inclusive dijets, in coincidence with random RP o
track from pileup or beam-background proton £ Dol
* Matching: compare € calculated from protons and from jets ! e P
N ” 180CMS+TDTEMPre|iminar}r ATE nb (B TeV) t
Event selection 2 e ; . CMS+TOTEM Preliminary 57.5nb" (8 TeV)
180 — pOMWIGIPYTHIAG Z2 mixed with ZB . ] = —e— Data E
l_|>_| - Background (Z8) % = —[P,;‘MWIG (5% =1) 3
_ | 140:— :iilizfliio - . gﬂﬁ C - =ie POMWIG (<5%> = 7.4%)
Ef + pt 1200 hi"<as 3 S wE — - PYTHIAS 4C .
ﬁCM‘% — Z ( '1‘_) 100:— % _: '8|€ § ----- sg::gggﬁpﬂm §
A \/g ; 1 H:Tﬂ_ Exp. fit b= 6.6 + 0.6 GeV ™2 ]
a0l E I < S, -
Ecms- Srotem< 0 ¢ E - = -
40 = 10 TemEea =
. - ] = P R 3
pr>40GeV, | <44, <01 zof : [y S—" S
0.03 < [t < 1 GeV? T b e Ao T SOOI
CMS OTFM § 2 ::::- o r_ﬂ
g ; = Lm"'m.;.:::;;.:—'
43.0|( ovrc - =
— 21 7 j: 0 9 (tht) % |( ) t) :t 09 (lun]l) 11'3 % ﬁ: E —8— Data/POMWIG (<57> = 1) [
o 0.1 'l"'-h—o—l—l—l_._:_._'
- _ a oE
do/dt o exp_b“' b = 6.6 £ 0.6 (stat) “_L%,'g (syst) GeV 2 or 0z 03 0¢ U5 05 07 05 09
o t (GeV?)



Hard diffraction: di-jet production (2)

« Cross section as a function of €
« Ratio of diffractive to inclusive dijets as a function of x

f s =]
— CMS+TOTEM Preliminary 37.5nb_(8Tev) CMS+TOTEM Preliminary 37.5 nb” (8 TeV)
-E E E "%‘p C -
Ll = - ;.GE_“‘:‘_ o —=— CDF \s=1.96 TeV _|
0 E = [ Q7 =100 GeW’ |
. 0.03 < £ < 0.09
jet jet
Eit £ pt') 10 ++*++{-+
I 107 T . E
S H1 fit B —e— Data F + + .
pl® 5 40 GeV —— POMWIG (<% = 1) [ {I ]
10 Hmz{ aq - POMWIG (<S> = 7.4%) I —— +_
1 . — - PYTHIAS 4C E —— 1
— 0<%<0.1 v PYTHIAS CUETPEM1 —t
_ 0.03 <[t <1.0 GeV*  ..... PYTHIAB DG 3
ol jet 1

1072

—a— CMS |5 =8 TeV
p'F - a0 Gev
™ < 4.4
£ <04

0.03 < || < 1.0 GeV*

Q/.—"‘_ .iCt

Sy

|

—8— Data/POMWIG (<S> = 1)

0.08

g -28 -26 -24 -22 -2 -18
N
Iugmx

1 Fy 1
T 1 T

DataMC

0.06

=1

MC/Data
WWWW L 1||1|||||J
|| - |
L
I
I
|
-
I
I
i I‘J
b
F
o
i
PR O P | -1 TR )
T |rr||]

0.0z 0.04 0.08 0.08

Comparison with CDF results:

factor of ~3 suppression wrt to 1.96 TeV,
larger contributions from rescattering
processes

Pythia 8 DG with Dynamic Gap model based on
MPI shows good agreement with data
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Central Exclusive Production (with CMS)

P1(<1)
Mx —51525 m
=] = i 0
E E { —lﬂ(—) g i h— ¢
p2($2) L‘\I

CMS and TOTEM work together to performs CEP studies

CMS-TOTEM Trigger information are exchanged and data can be merged offline

Central exclusivity can be verified via rapidity gaps and forward proton tagging

selection rules for system X:

» PC =(0**, 2%, ... (PP, gQ)
=JPC = 1~ (4P)
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Central Exclusive Production (with CMS)
Low mass resonances and glueballs

» At low (x ~103-10%) LHC becomes (a sort of) gluon-gluon collider and CEP is ideal for
glueball production

» CEP with My ~ 1 -4 GeV produced very purely from gg
» O+ (2**) glueball candidates: f, (f,) resonancesin 1.3 -1.8 GeV(> 2 GeV) mass range
» Strategy:.

» determine o Of glueball candidates

» characterize their decays: nrrn-, KK-, p°p°...
» CMS+TOTEM advantages:

» Good reconstruction of charged-particle-only events using dedicated low pT tracking

» Good particle ID and mass resolution (o(M) ~ 30 MeV) using CMS tracker

» RP protons from TOTEM to assure exclusivity (Prre ~ Priacker » VIXrp ~VIXiacker)
» CMS+TOTEM 2015: L = 0.4 pb! of high B* with dedicated low mass CEP trigger
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PPS took data as a subdetector of CMS in 2016,
2017 and 2018 high-luminosity runs.
Open the possibility of studying rare processes.

Initial analysis of “standard candle” process: yy—l*I

D
» Only 1 proton required, to increase acceptance at lower masses,

» Background from real di-leptons, in coincidence with random RP tracks from pileup or
eam-background protons

» / Matching required — compare ¢ calculated from protons and from dileptons

1 =+
—-— 7(m1) +1(p2)
CMS+TOTEM 2016, L=9.4fb", {s = 13 TeV CMS+TOTEM 20186, L=G4 fo’, (s =13 TeV g{'uH] — \/g x {FT(}{I }E + PT{FEJF )’
2__[.\‘-:"\ ||||I|III|I|I|II|||II|III|III|I!I_ I"_‘- 0-2_1:-‘:}]{ II||||I|II||III|||||III||1‘|III - J—
|| CT-PPS left arm || CT-PPSrightarm
[F] No acceptance for any RP [ No acceptance for any RP
I Mo acceptance for near RP I No acceptance for near RP

Thes o, teegees oo Observed: 12 p+u- and 8 e+e- events
SOl e 11 it = oucfacaireo 17 on : with matching kinematics (20 in total)
reee 1« Background estimate: 1.49 £ 0.07 (stat.)
3 0.53 (syst.) u+u- events 2.36 £ 0.09 (stat.)
0.47 (syst.) ete- events

« Combined significance: 5.1c

»: Nl N P TR N T SRR A MR =LH .
0.1 0.12 0.14 0.16 0.18 0.2 [JD 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

&(RP) &(RP)
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Exclusive yy—I*I- with PPS (2)

CMS+TOTEM 2016, L =9.4fb™", ys = 13 TeV

8 1|||rlr[ I r11||r|| ! |1r11|||

y(I'T")

» Fvent properties: B
* Uu

» Dilepton mass-rapidity distributions
consistent with acceptance for single arm
events

» No double fagged candidates, consistent NN _ A\ .
with Standard Model expectations A g IR

xxxxxx

» NMass spectrum from 110 GeV to >900 GeV

No acceptance

[ ] Acceptance in 210-N/F
|| Acceptance in 210-F
|:‘ Double-arm acceptance

1 1 L1 1 LI. L ] l 11 11 | | | 1 L1 1 1.1 |
10° 10° ) 10°*
m(l'l) (GeV)

Proton-tagged yy collisions at the EW scale!
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» Si-strip tfracking replaced with 3D Si-pixel tracking
operation with fast diamond tracking detectors

» About 100/fb of data with RP inserted so far

10

Tatal Integrated Luminosity [h)
w wn =]
=] & = a

5]
o

=
=

PPS in 2017-2018: data taking and physics prospects

Integrated Luminosity 2018

CMS-TOTEM Preliminany
. CMS delivered (M) &6.09
e CMS recorded | Thi: 62.75
AU least 28P (any armp (bl 57.90

vl
e \ o & @ )
S & 01"0‘: 't‘*"ah A 't“':uq 3l

Date (UTC)

igh-mass/low cross section BSM, electroweak, and QCD & top physics with forward protons,

such as gauge boson pair production (WW, ZZ, Zvy, yy), searches for anomalous couplings,

new resonances,...

o 2010 & 0002 n
> 1008, AT, 0wt pa > . simulation . CMS Run 1
@ e | oo CMS-TOTEM | Y¥YWW 7 TeV
~ ‘T | 13 TeV, 030 pe 1 ~ 1 5 fbl
% 10 - S | % 0.001 |
5 [
0 0
5 0.0005|_—
/‘_,/
10 J_,,::‘y"/fi -0.001 10015, 13 TeV, =10 ps
45| simulation e Sl 00015} = 100", 13Tk ot e
CMS-TOTEM ] — 7 TOV, A, = 500 GeV 1
.20 b10° 0,002 Uil TR T PR aeI s [\
08 6 4 2 0 2 4 6 8 10 08 -06 -04-02 0 02 04 06 08
al/A? [GeVY a)/A? [GeV?]

Colloquia - Firenze 2019

F.Ferro - INFN Genova



Summary

High energy diffraction measurements are of the utmost importance to
understand QCD, especially when soft interactions are involved

The measurements at the LHC complete a long series of measurements
done since the beginning of HEP at hadron colliders and sheds new light on
questions that were left open, while some still are

Diffraction can also be used as a tool to select a very clean environment
and fto allow the measurement of rare processes

Studying diffraction is a challenge not only for theorists but also for
experimentalists, since dedicated detectors need to be built and operated
in very unfriendly conditions

Thank you!
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Some references

» Nifp://totem.web.cern.ch/Totem/publ new.himl

» Nifp://cms-results.web.cern.ch/cms-results/public-
results/publications/FSQ/index.himl

» Catanesi, M.G. and F. Ferro, High-energy proton cross sections. Rivista Del
Nuovo Cimento, 2014. 37(6): p. 333-373.

» V. .Barone, E.Predazzi, High Energy Particle Diffraction. Springer 2002
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