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Aim:
» to report current status of our ongoing long-term studies on prospects of

searches at the LHC for ELECTROWEAKINO pair production via photon fusion
with forward proton detectors (AFP, CT-PPS)

» exemplified within the framework of the compressed mass MSSM

First discussed: KMR, J.Phys. G44 (2017) no.5, 055002 HKRT JHEP 1904 (2019) 010

Some recent studies:  L.Beresford, Jesse Liu, ArXiv:1811.0645
S.l. Godunov et al, ArXiv: 1906.08568

SUSY — solution to various shortcomings of SM (as an example only )
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If (it looks like) squarks and gluinos are too heavy, f‘ﬁ)
sleptons, charginos, neutralinos- the main target. (null search result so far)

MssM : charginos Y7,  four neutralinos XYo34

—~—

0 .
X1: natural candidate for cold Dark Matter —LSP
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natural SUSY:
existence of light nearly
mass-degenerate Higgsinos/chargi
Mass™~ 100-200

riversity af Tinowo, Tidkyer, S Bl
Most chal
scenari

wiumelry, @ theoretically and cxperimentally well-motivated
mnd the predicted exisience of four light, nearly mass-degenerate Hig-
meags ~ 100 — 200 GeY (oot weso far abowve mz). The small mass splittings amongst
the higgsinos, typically 4-20 Ge, resulis in very little visible cnergy anizing from decays of the
heavier higgsines, Given that odher SUSY particles are considerably heavy, this makes detection

betwee

challenging at hadron colliders. On the other hand, the clean emvironment of an electron-positron
M Otiva ted by n atu ra I n ess’ cilhder wath .,‘.-".E = ?ﬂmﬂﬁ, wiomild enabde a decysive search ol these reguared bipranos, ancd thas

. . eilther the :l'i:::-n:ml.-.r}' o excheon of naleral SUSY, We presend a1 aheianbed smualainan xll.nl_',' nl'pr::
cosmological observations and (g-2)
p h enomeno I Ogy- prroposed Intermational Lincar Collider currently under consideration Tor constrection i Japan,

crsion mesuremenls of higgsino masses and prodisction cross seetions al % = 500 GeW ol the

e =X — EE?EPQ‘?EW(”V#)-



http://arxiv.org/abs/arXiv:1710.02406
http://arxiv.org/abs/arXiv:1710.02406

Co-annihilation (1702.00750, model-1a)

Dark matter annihilation

to bring DM abundancedown
4 to the observed value

Initially DM in thermal
equilibriumwith SM, later it
y freezes out

Overproduces dark matter

. Co-annihilation:
(Unless large couplings)

X (=

We need a mechanism to

e /
reduce the DM relic density Jou 11L’
V/Z

Freeze-out temperature Tr ~ Mmp,,/25 /

Boltzmann factor exp (—ATM) - AM < mpy/25

We need mass splitting of 4% of mp,, !



SUSY at the LHC

® Pre-LHC: EW-scale SUSY theoretically well motivated BSM scenario:

hierarch}f problem, coupling unification, natural DM candidate...

¢ Post-LHC folklore: no EW-scale SUSY to be seen! \ Lightest SUSY
particle = ‘LSP’

® Only half true: most significant limits based on ‘classic’ large missing £ |

signal, requiring largish SUSY particle mass splittings.
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Mono-Mania (at the LHC)

Mono-Z ) ' Mgno-photon g Mono-jet
¢ ‘\.\‘f—/ R Y g \\e;‘;‘ »995*
[ - X
= @ = @ =
j= P o * \\‘
E q X q X
c
A
(&
T o
d .
§ q : Maono-Higgs
g . (I\ & _h q\ ’/,,
Tl s A »
& > (VAVAVAVAVAV Sy \\A AL
— » / = i \
E \,\ / »_‘ﬂ \'\
’ q X 4 ~X

-
o

-
—o

Model dependence é




SUSY at the LHC

L Such 'cornpressed STL.TSY’ scenarios not jus‘r dream‘r up to avoid limits.

® T]‘leoretically motivated by natu ralness, (g — 2) phenomenology, and

cosmological COIlSidE‘FaTiDIlS (CO&IlIlil’lilﬂinﬂ — correct Dl\ll abundance).

® II]C]USiVG Cross SETC.‘l'iOIlS not small (llp to ~ 1008 OF Fb) = huge IlllllleTI"

of events may be produced at LHC, but lost in BG.
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Motivation: photon-induced CEP

® Photon-initiated CEP of particular interest:

* Very well understood initial state, via equivalent photon

a[)pr()X]l]lat]Oll: (“TE-“ l-(no“-'n) EJ'.‘II FOl'lll Fac.tors

v/ N

1 - 2. 2
) = 5 [ e (e (1 ) Fe(Q) + (@)

2 2 4 2.2\ 2 4 2.2
. T; T qi, T ximy \q;, +Tim,

PhOtOll ﬂllX

* Low photon QQ = large proton-proton impact parameter

impact of QCD (‘survival factor’) small and under control.

—> LHC as a 7 collider! Clean probe of BSM
with EW couplings.




AFP

CT-PPS

vy collisions at the LHC

CD
Near beam
Process H Detectors
>
p
SOA%N P
H < \\.
4 )
pp — [ gl g +PP
Extensive Program 7 s p50 g
oy y— up, ee QED processes . O, tele ] )

oy y—> QCD (jets..)

oy y—> WW,..¥¥ anomalous couplings

ey y— squarks, top... pairs

ey y— Charginos, Sleptons, ALPS

® Other new BSM objects

Strong advantage-model
independent production
mechanism, accurate
mass measurement




[ PPk ] Diphoton X-Pair Production
¥y —= XX,

where X = W-boson, lepton, slepton, chargino...
@ If particle decays semi—invisibly, then additional information from tagged
proton momenta can be used to measure masses and discriminate BG.

1000 , — P
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01 L
I HKSS, arXiv:1110.4320 I m'™ [GeV]
@ Consider exclusive production of chargino pair X7 X7, decaying via

SET) = H0) +v@) + 15

electroweakinos

where the ;}3? is an LSP neutralino.

@ For cases that AM = M(K9) — M(_ﬁ[] is relatively small, can be difficult to
observe inclusively. (compressed mass BSM scenarios)
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Advantage of exclusivity &

com DFESSEd Mass

Outgoing proton 4-momentum

=1 -E_ 1=1,2

: n' measuredin FPD pi
B b measured
/ Lepton 4-momentum precisely in FPD
measured in Central detector
4 =0
Incoming photon I X1 4-momentum of system of
A-momentum can : 7 2 DM particles could be constrained
(in principle) be __ )E? from photon & lepton 4-momenta
measured via FPD L -<.
/
B ?
FPD measures precisely mass - M; — My 1
system. If mass splitting low

— FPD can give quite a precise hint
about 2mpy



CEP and SUSY

] Possibility of ~ 100 GeV mass s]epton/chargino production at LHC

begin swamped by huge inclusive BGs.

® Exclusive photon-initiated production a natural mechanism:

* Well understood, Illodel-independent signal Ccross section.

*x [rreducible WW BG can be controlled. No need for large
missing F | .
* Proton tagging: can reconstruct mass of central system from

protons alone (‘missing mass’). Crucial handle for BGs.

® But, how feasible is this in high pile-up environment?

P p p p

—
e TR e

USUAL SUSPEETS

AVALIER
APPROACH I

|
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M;, Mgo) = FAVN GeV
Classes of Background h)l(mm)

. (Mj. Mgs) = (300, 280) GeV
® Takc SlEPtOl’l Pﬂil’S FOI" concreteness. Slgnal SE]ECtiO[]:

= -/ 1 7
* Low AM s — two relatively low p| 5 < PTiyly < 40 Gel
0 3

leptons, with low my; , in central detector. 2 <myy, <40 GeV
* Two proton hits in AFP/PPS ( ~ 220m) 7,05 < 2.5 (4.0)
acceptance. 0.02 < 61,2 < 0.15

® \Vhat are bﬂC.l{g'l*Dlll]dS?

* [rreducible CEP of W pairs.

* Reducible semi-exclusive production ((7/~...) with proton from

dissociation system giving hit in forward proton detector (FPD).

* Reducible pi]e-up bacl{ground: conicidence of non-diffractive

event with hits from independent diffractive events.

* Rcalis‘ric analysis must considcr all thrcc. '

13



[ME- =120-300GeV, AM = M;— Mo = 10—20 GeV. ]

Major backgrounds

N vy =W W~ =1"v+1 v

®  TLow mass 7y — [*]- production
Semi-exclusive process with proton from (SD,DD) dissociation detected in the FPD.

B Semi-exclusive QCD-initiated BGs due to low-pt ( mainly c-quark) jets,

with SD and DD followed by proton hits in the FPD.

®  Coincidence of inelastic lepton pair production with two independent
SD/DD events from the PU interactions that mimics the signal.
(danger for other New Physics searches with <1 fb)

® 17, dimeson, vector resonances etc...

14



Semi-exclusive production

¢ Exclusive lepton pair production: FPDs require ) z IR0 GeV

‘rhrough acceptance n proton momentum loss £, while centrall}r we

require M < 40 GeV = not a BG.

® What about semi-exclusive produc’rion? Proton from dissociation

system = lower momentum fraction = largerf , can be in FPD.

e
¢ What is probability, Pspper, of § > Strue

proton from SD giving FPD hit?
e Take two independent methods:

* Anal}rtic Regge-based formula.

* From P}f’rhia MC samples.

® Give similar small probability Psp, =~ 0.7%, but G“L’D > O'( B

relevant mass regions => this is not small enough!
15



Semi-exclusive production

e How can we reduce this BG further? Range of cuts:

* Asymmetry in SD topology: to give elastic proton in FPD, lepton

system needs larger rapidity = require 77 = |, +m,|/2 < 1.

*x Events with dissociation will have larger proton Pl (on SD side),

and larger acoplanarity Df IEPTDH pair. Require:

Central: Aco =1 — |Ady,|/m > 0.13 (0.095)  for 71, 15| < 2.5 (4.0)

FPD: PT proton < 0.35 GeV

® [mpact on Signal and BG evaluated using
approx. modification to SuperChic MC, to
include dissociation.

¢ Also consider BG from OCD-initiated
CEP off&rJrff_, but find is much smaller.




Pile-up Background

® Relatively low p| leptons are produced copiously at the LHC:

inclusive cross section for plL > 5HGeV 1s about 10 nb!
® Main sources: deca}f of D mesons, W bosons, and pion/kaons.

® Such an inclusive event can coincide with hits from unrelated

diffractive pile-up events in FPDs, mimicking signal.

(c) ND+SD+SD

central detector

FPD | —=»—e { o—e | [PD

central detector

R. Staszwksi, J. J.

Chwastowski, arXiv:1903.03031

Background rejection using ToF

17



Pile-up Background

e Generate dominant source of background, inclusive jet production

with Herwig/Pythia. Cross section ~ 10 mb, i.e. ~ 14 order of

magnitude higher than si

® [mpossible to
generate event sample
to evaluate effect of all
cuts = consider three

fﬂCtO[’iZE‘.(l ClaSSE‘.S OF

cuts:

o

onall

Forward proton detector acceptance

0.02 < & 5 < 0.15

P1.proton < 0.35 GeV

Di-lepton system

H < PTiy,19 < 40GeV

|?},;1,52| < 2.5 (4.0)

Aco =1 — |Ady,y,|/7 > 0.13 (0.005)

2 < my, < 40GeV

L\R[h , Jz) > 0.3

|T}'I1 - r‘Wc| < 23

n=|m, +ml/2<10

|pr, | — |pTis|| > 1.5 GeV

Winiss > 200 GeV
No-charged

(No activity around primary vertex)

No hadronic activity

Zz-veto

18



Pile-up Background

¢ First question: rate of fake double-tag events coming from pile-up

i FPD acceptance ?

® Crucial element 1s use of fast-
timing detectors: reject events
where FPD arrival time does

not match W'ith cen‘rral vertex.

® Suppresses BG significantly.
Precise amount sensitive to
ile-up, /¢, and timing
&

precision.

-
|

107"

1072

Fraction of double-tagged PU events per BX

Single-Tag Prob™ = 0.8 %

L1
1 IIIIIII| 1 IIIIIII|

Fake Double-Tag

107 E
E ~=== Prppy 10 ps (2 o cub J
T ] F T I B B
0 20 40 60 80 100
No. of PU events per BX
PyTHIA 8.2 Herwic 7.1
() pU (1) pU
10 50 10 50
Fake DT 0.0048 0.105 0.0123 0.222
ToF rejection 18.3 13.7 17.5 11.3
Prpp 26 x1074 [ 7.6 x1073 || 7.0 x107% | 2.0 x102

19



No Charged Cuts

¢ Inclusive dilepton production will typically have many additional
charged particles associated with interaction vertex, while for CEP

TllE'.SE'. are EleEfllt.

¢ ‘No-Charged’ Cuts: veto on additional tracks and vertices within

Imm of central vertex. Leads to sizeable BG rejection.

Pno—ch {ﬂ'}P{:"
0 | 10 | 50
CEP cc 3.5 x 1077 2.9 x 1077 1.7 x 10—
CEP gg 3.3 x 107 2.8 x 1077 1.6 x 1072
Incl. jets (|| < 2.5) [[ 5.2(2.0) x 107" | 4.4(1.7) x 10~ | 2.5(1.0) x 10~*
Incl. jets (|n] < 4.0) |[ 1.7(0.7) x 107" | 1.4(0.6) x 10~ | 0.8(0.3) x 10~ '

Table 7: The no-charged rejection probabilities as a function of u for e and gg CEP, and inclusive ND
jet production. The numbers in the first column were obtained at particle level and then used to calculate
the numbers in the other columns using eq. 2 and P, _,.;, probahlities from table 1. The inclusive jet
events were generated with PyTHIA 8.2 (HERWIG 7.1).

¢ Additional cuts on dilepton system included, e.g. isolation

requirements to remove decays J[F\I”'C)I'll D mesons etc.

VAV



- > 100 GeV from
Eve nt SEIECtlon the LEP constraints

Compressed mass scenario - difference between slepton and DM candidate mass, 4M,
issmall  <m;>~AM - aimis to keep <m;;>low - 2 <m;; <40 GeV

N In(D)] < 2,5, cutson n(l;) —n(l,) (tosupress BG)
m pr(l) >5 GeV (trigger conditions)

pr(1) <30 GeV (in order to supress the WW BG)

vy — WHW = with W — (v
m requirement of no additional tracks with pt > 0.4 GeV at |n| < 2,5)

®  both protons detected by the proton taggers ( with FT)

®))
@)Io

= sleptons-quite small cross sections ( 0.01 -0.3 fb), +hostile PU environment )

" chargino pair production-extra factor of ~25 suppression @

Calculations: SuperChic, analytical, PYTHIA 8.2, HERWIG 7.1 (quite reasonable agreement)
R »



Results

(M;, Myo) = (120, 110) GeV === (M;, Mzo) = (300,280) GeV

In| <2.5

In| <4.0

Event yields / (1) pU Event yields / (1) pu

£ = 300 th~1 0 10 50 £ = 300 b~ 0 10

Exel. sleptons || 0.6—3.9 | 0.5—3.3§] 0.3—1.9 Exel. sleptons || 0.7—4.3 0.6—3.6

Excl. IT1™ 1.4 1.2 0.7 Excl. ITI— 1.1 0.9

Excl. KTK— ~ 0 ~ 0 ~ 0 Exel. KTK— ~ ~ () ~ ()
Excl. W~ 0.7 0.6 0.3 Excl. WTW— 0.6 0.5

Excl. ¢¢ ~ 0 ~ 0 ~ () Excl. ez ~ () ~ () ~ ()
Excl. gg ~ 0 ~ 0 ~ () Exel. gg ~ 0 ~ 0 ~ 0
Incl. ND jets ~0(~0) | 0.1(0.1)§] 1.8(2.4) Incl. ND jets ~ 0(~ 0) | 0.03(0.05)4] 0.6(0.7)

® Final signal yield- handful of events.

¢ Irreducible WW BG under control. Most significant BG from pile-

up, with dilepton production + dissociation a close runner-up.
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Future Improvements

® What improvemen’rs migh‘r we expect in the future?

* Cut on distance between secondary and primary vertex:

reduce BG from decays of heavier particles (dominant part of

inclusive BG).

* Improved ToF resolution in FPDs (ToF rejection increases

linearly with decreasing resolution).

* Radiation hard ZDCs with timing to suppress proton

dissociation BG.

* Add timing info to central detector - considered for HL-
[LHC upgrades at forward rapidi‘ry, and envisaged b}r CMS

centrally.
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Journal of Physics G: Nuclear and Particle Physics

PAPER
Can invisible objects be 'seen’ via forward proton \,O
detectors at the LHC?

V A Khozel2, A D Martin® and M G Ryskin-2
Published 7 April 2017 » @ 2017 0P Publishing Ltd
Journal of Physics G: Nuclear and Particle Physics, Volume 44, iNumber 5

gD

pp — p+ invisible + p,

An attractive idea, but huge backgrounds caused by soft proton
dissociation, photon bremsstrahlung and PU (at high lumi)

@

Measurementsat low lumi (i ~ 1 )with  ‘veto’ detectors (like ZDC and FSC/ADA/ADC)

p—p+7v, N'"—=p+~vand N*" — p+7° p—prtmT

24



DM searches with AFP (exclusive YY)

Q Signal (WIMP itself): massive, neutral, weakly interacting particle | KMR, J.Phys. G44 (2017) no.5, 055002
a Signal with AFP: p(AFP) + invisible(Central Det.) + p(AFP)
- Xx-section ~ fb

do/an, (mb)

3 Backgrounds from neutral particles (escaping CD): N*— p+r’—3p+2y
1) Bremsstrahlungp—-p+y SN
2) Dissociation p = N*= p + % = p + vy L " bremstr.

3) Resonance decay p— N—-p+vy

W '._. p -3 p_l_T

Suppressed by vetoing using ZDC or using LHCf (see next slide). y
But the fate of LHCf at HL-LHC unclear. =
Suppression to ~nb level needs:

- ZDC coverage to be increased to + 1.5mrad

- ZDC to have > 5 rad.lengths (photon detection efficiency > 99%)

dN Y nw,r
d Backgrnund from charged particles (escaping CD):. w60 /\ Bgd taming difficult:
4)p-p+uim [ - ZDCs/Calo need to be
S upgraded

Suppression to ~nb level needs: |'

- Calocoverage 5.5<n<95 ‘“‘ Sie

- > 5rad. lengths | li
:; 1

BEp— e

- Low pile-up needed

. i Ly - }
08/12/2017 M. Tasevsky, Future measurements with AFP, LHC Fwd Physics WG meeting
25



SuperChic 3 (Plug)

® Key element in this analysis - SuperChic MC.

» OQCD-induced CEP.
e A MC event generator for CEP

3 Photoproduction.
processes. Common platform for:

» Photon—photon induced CEP.

® For pp, pA and AA collisions. Weighted/unweighted events (LHE,
HEPMC) available- can interface to Pythia/HER\VIG etc as required.

BUPOFTNG 1§ OB DY Feein ge, 1FFF Duram

SuperChic 3 - A Monte Carlo for Central Exclusive Production

EBuperChic i3 a Forran based Momle Carly evert gendratns for eomral excdusive piodection in proan and heawy on

 Homa rnllminng. A minga af Stardar Modal inzl states e mplamantan, in mnst cases with min cnesltions whaera

= Code rbawart, §nd a Lilky dilerential reatment of he soll sSurvival lador is aven, Arbitriry user-dilired histograms anc

s Rrleonces cuts may ba made, as wall as unweighted even's i the HEPEVT, AEPMC end LFFE farmeats, For furthar information
o Cordace Sl T il Taual

ik Sealy s t

LEEEL LR L]
P

Azt of relerences sar be rosnd hare and the code is awai dabic here

P

WU ETu '
L mpagy:]
F

E “_
wrigy

Corsments to Lucian Farlanc-Lang < lacian harand-lena (a1 phvsics oxac.dk »



CONCLUSIONS

e Have discussed pc:)ssibili’qyr to search for compressed SUSY scenarios via

exclusive photon-initiated produetion at LHC.
¢ Highly attractive proposal, as very hard to probe via inclusive channels.

¢ However, important to consider all sources of backgrounds n pile—up

heaxy nominal LHC environment.

e Possible to bring the backgrounds under control, at the price of a limited

significance S ~ 2, B ~ 2 events for 300 fh!

® But not the end of the story- only a first study, and many potentia.l avenues

for improvement to explore.

® Ongoing work: more complete treatment of proton dissociation 1n

A

SuperChiC. Sta.y tuned!
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Inclusive slepton searches

Slepton: spin=0 partner of lepton

- decays to fermionic DM + leptons with BR=100%

July 2019
— 600 | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | ILIyIr T T
= . ]
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. . — C B i T s 070 2rhadronic /=7 CONF-2019-018 1
ISR jet (for trigger purposes) T i | iﬁ";m‘;;;;c: - LEP jir excluded ]
J { & [ —— Observed limits _
| --- Expected limits
P : . 2 _
Both -n DM particle 300 1 A
- L1 - i & _
protons candldafce.. o00F 13 TeV 2L 0 jets g
break -~ 7 Large missing Er i @‘\ &
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up P :t 100 f- W -
1‘ detector dg’ :
' 0 N : 13|TeV 2T Oljets B | | | ]
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dependent Central detector

ATLAS SUSY Summary plot

Y Institute of Physics
o of the Czech
’ Academy of Sciences

Marek Tasevsky DM searches with forward protons at LHC 30



do/dm, [fb/GeV]

W pair production

* EXClUSiVE‘. V‘\H .\;\f giVE‘.S same dilEPtOﬂ Sigﬂﬂl.

e But much larger ﬂ-ﬂv — ﬂ-fy mass difference: cuts on

lep‘rons and ‘missing mass effec‘rively suppress this BG.

Signal: Winiss > 2Mg,  BG: Wihies > 2M,, ~ 0

C . S‘ 1 E
- Superchic 2.07 K : Superchic 2.07
: & 10’k
B = g & Excl. sleptons, (ml,mxu):(200,190) GeV
102k E.'E 10_2;_ o Excl. sleptons, (ml,mx?):(200,180) GeV
C ke E %%, * EXCLWW
= ‘s @] e *s
- ma”““ e - .-‘t._
L Sous,,, . 1073 3 aq O
*9 E
1073 107
- 2< m; < 40 GeV
5, 1 0—5 E_ lepton P > 5 GeV e D$
L1 | |*| 11 | 11 1 Pﬂl 1 | L1 | | 111 | L1 | | 111 : | | | | | | | | |
0 20 40 60 80 100120140160180200 Coovv bovrbvvenbevrr bvvrr b bevrr brvea b b
0 100 200 300 400 500 600 700 800 2001000

Di-lepton mass m [GeV]

W iss [GEV]

L ASidE‘.: COIlSidEFEd more COI]]P]E‘TE HPPFOHCh based on max.

kinema‘rica“y ﬂ”OWGd A[f‘ ﬂirio . Ollly l]]ild il'l]pFOVE‘.l'l]ellf secen.



AFP, CT-PPS

P,

At large masses Yy takes
over , KMR-02

P.
= T e T
——
0.03 < &< 0.15 E : B :
Ly SN e 25mm E
& 04F =
M ~200- 2000 GeV 8 oaf [// E
8 F [/ -
§ 02\'_— : & =
< E [/} :
0.1_— ¢ (g, -
G: l':l':. gifloa g o 3 g oy g} gl g g gt gn g §ooyggif og :
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e Tag and measure protons at +£210 m: AFP (ATLAS Forward Proton),
CT-PPS (CMS TOTEM - Precision Proton Spectrometer)

e Sensitivity to high mass central system, X, as determined using
AFP/CT-PPS: Very powerful for exclusive states: kinematical
constraints coming from AFP and CT-PPS proton measurements
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Courtesy of Marek Tasevsky

HL-LHC

Currentanalysis: u<50: only ToF with o, = 10 ps: S/B~1
p>50: additional time information from the central detector necessary and/or g, ~ 5 ps from ToF
The effect of the time information from central/forward main det. needs to be studied in more detail:

- Forspecial type of events with only two tracks (di-lepton system)

- Forrealistic assumptions about the primary vertex reconstruction (n,,, dependence, vertex merging
in luminous region)
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