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Searching for new physics

Standard Model: remarkably successful
description of known phenomena, but
requires new physics at the (multi)TeV scale.

orce Carriers

Three Generations of Matter

/

Supersymmetry

o Introduce heavy superpartners, scalar
particles, light neutral Higgs
- More than100 parameters even in MSSM

R Monica D'Onofrio, LHeC MiniWorkshop

Extra Dimensions

- Large, warped, or universal extra
dimensions
o Might provide:
- Dark Matter candidate
o Solution to Hierarchy problem
o Unification of forces
o Searches for new heavy particles, black
holes..

Strong EW symmetry breaking

o Modern variants of Technicolor
o Might provide:
- Dark Matter
o Hierarchy problem
o Possibly search for composite Higgs,
new heavy vector bosons (Z’, W’...),
4th generation of quarks

Composite (SUSY) theories
Composite Higgs and top
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Outline

“The LHC is the primary machine to search for physics beyond the SM at
the TeV scale. The role of the LHeC is to complement and possibly
resolve the observation of new phenomena...”

LHeC CDR
» Overview of the New Physics program @ LHeC
Contact interactions, excited leptons, Extra Dimension
Leptoquarks
R-parity violation SUSY and other uncharted scenarios

Emphasis on complementarities with (High Lumi) LHC:
Implication of LHC findings for LHeC reach

How LHeC can complement and resolve observation of hew phenomena at
the LHC

Implication of LHeC PDF constraints for the LHC

Based on LHeC CDR studies (100 fb-1 @ 1033 instead of current 1034 expected)
and High Luminosity LHC studies made for ATLAS European Strategy document
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NP in inclusive DIS at high Q2

» At these small scales new phenomena not directly detectable may
become observable as deviations from the Standard Model
predictions.

» A convenient tool: effective four-fermion contact interaction

Observed as modification of the Q2

dependence > all information in 4-fermion interaction = M ~ A~
do/dQ? e

Also parametrized as form factors ><

A Compositeness scale

- LQ mass (>> /s) or

Modified Planck Scale in ED models . _ Tf JO#0; g=ud; e=11

jfﬂ“” =1, J_‘Lyﬂji +1),, _}_“R}r“fn + h.e.

T]{B}T]{q]
= all combinations of couplings 17, = 4m 81—‘5’

-

ab
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Quark substructure

» If contact terms originate from a model where fermions are
composite, scale proportional to composite object radius

fQY) = 1-20%@?,

6
do do M
d—Qg — in f?(@? f Q2

Radius (= distribution of EWK charge
within q) reach below 10-' cm

" gqqg contact interaction -

Aimye
oo &up, ri"r

L=48 "', T TeW [ATLAS-COMF-2012-038]
L8501, 7 TeW [1211.1150]
L=1.0 ", T TeW [1202.5520]

Quark radlus

LH.C

02

HERA B0 GeV
2ul0fb”

1.7 TeV | A

uutt Cl - S8 d»#?:ton +ijets +E. .

ATLAS and CMS constraints on
4-quarks Cl (expected @ few 10’s TeV for

14 TeV LHC - not directly related to EWK R)

GI A, X analysis, A+ LL/BJg
170, Xanalysis, A- LL/AR
C. I , up, destructve LLIM

G, py, constructive LLIM

C.L., single e (HnCM)
C.L, single p (HNCM)

C.1, incl. jet, destructive
C.L, incl. jet, constructive
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Interactions
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Contact interactions (eeqq)

» New currents or heavy bosons may produce indirect effect via new particle

exchange interfering with y/Z fields.

» Reach for A (Cl eeqq): 25-45 TeV with 10 fb-1 of data depending on the model

vV | |
1 1
F ——- nosys. unc. ! |

A [TeV]
g

—— 9% SYS. UG,

140 GeV 140 GeV

60 GeV
Zxify’

0l 00fb™

e, 7 TeW [ATLAS-COMF-2012-038)
¥om', T TeV [1211.1150]
=" |L=1.0M", 7 Te¥ [1202.5520]

A [TeV]

Similar to LHC

HERA 60 GeV 60 GaV 140 GeV 140 GaV
210 2o’ =i’ Zxioh’
TATaV A
138 Te¥| A (constructive int.)
17TV A

ATLAS and CMS constraints on
eeqq Cl (expected up to 30-40

TeV at c.o.m. 14 TeV LHC)

C.I. A, X analysis, A+ LL/RR
C.1. A, X analysis, A- LL/RR
C.1., py, destructve
Gl censiractive LLIN
C.L., single e (HnCM)
C.L, single p (HNCM)
C.1., incl. jet, destructi ‘
GC.L, incl. jet, constructive

™ ™\
Contact

inferactions -
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Cl at LHC and LHeC

» LHC: Variation of DY cross section for Cl model
Cannot determine simultaneously A and sign of interference of the new

o/ T

amplitudes wrt SM (g)

L DY at LHC, LL model 7 -

: A*=30TeV ;

4f  — A" =30TeV :

S — A" =20 TeV ;
10002000 30007 40005000

M, (GeV)

Ex: negative interference too
small to be disentagled

=)

=
w
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E

Asymmetry e- - e+

LHeC: sign ¢ from asymmetry
of /o, in e+p and e-p data
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High mass Drell-Yan

> | | E
Go Eo ]
10° il Top + Diboson
*2102 - data —;
g — ADD A;=3.6 TeV ]
w1 E

Both CMS and ATLAS
searching for deviations
in m(ll) tails

CMSZO12PreI|m|nary J'Ldt 205fb 4‘ 8TV

CMS-PAS-EXO-12-027
CMS-PAS-EXO-12-0317
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NNLO PDF/CT10 NNLO

» Non resonant searches for ED
(interference) sensitive to tails of DY
distributions thus to PDF

D

» For HL-LHC need to study in context with
experimental uncertainties (calibrations)
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HL-LHC: Dilepton Resonances

» Dielectron and dimuon channels explored for 14 TeV and

Phase | (II) luminosity:
Example from dielectron selection:

a 10°[F " ATLAS Prdliminary | . - g g T
£ 10° i i Ziy sl @ _rLdt=3ﬂIDCIfb'1 —+- Expactad limit
519 (Simulation) ) I L e 1 o B Expected+ 1o
10t L dt = 3000 fb £ ATLAS Preliminary Expected + 2o
105 o (Simulation) .
10t 102 Ll
10° {5 =14TeV
10° 10°
1 104
11}; 10°
10
10° 10°
10*
006 0.1 0203 1 2 34567 10755604060 50006060 70008060 30001 6008 1000
my [TeV] Mz [GeV]
model 300fb="  1000fb=" 3000 fb~
Zigpy — €€ 6.5 7.2 7.8 - Sensitivity up to about 8 TeV
F
Loy — MU 6.4 7.1 7.6
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Excited fermions oL
ST

» Can be produced directly if their mass is below the g
compositness scale F o~
- gauge interaction Lagrangian
gaus 9 g ‘ ) conventional reference point:
1 o T'-g a rpl A'u a 'f -r_ 1
£:£fﬁaw[gfgwp+ngm,+g.¢f__h > Gw]fi = ﬂ'ﬂ-F Ao

similar Lagrangian for 4th fanuly lepton: replace couplings by anomalous couplings

_ contact interaction Lagrangian conventional reference pomnt:
A=m, nq,=+1. 1.=0

4E - - - = r = .4 i =T E ﬂ_
L=750,3" 3, =0, By L+, £y 40/ Fy, fther@ e R) = 0~—5-
At the LHC: 5 " ATCAS Brdiinary T~ Obednia i -

. . . . ’32:- C L dt = T ExpectedJIrimit 7
Stringent limits, which only apply to 7 | / B B Epocsto
the contact interaction case & ol N

c SN T A=120TeV
expected limit (TeV) 2.28 2.13 NS \\ 1 - “
observed limit (Tev) 2.17 2.13 L SN SN N

m,. [TeV]
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Excited fermions 4

» For gauge interaction, LHeC cross g L
section much higher

eg o o <
» Very good sensitivity 0 LEP
f? — HERA: all channels
7 L LHC: evy+eey
> [ — HERA [(s=320 GeV) E .
S o LHeC {Js=758 GeV)
S LHeC {/5=1.4 TeV) < LH.O
= =1. )
b E ﬁ*‘-‘.}.m —— LHeC {/5=1.9 TeV) =107
10 & R LHC {/s=14 TeV) -
= h,_ ME' =A B
e\ T == w\f
E - i1
e "ﬁl w0 " LHeC: ey (s=758 GeV)
o '| SRR - LHeC: ey fs=1.4 TeV)
107 g '| " u - | I I—ILHeC ey I[\s 19Te\r'}
T 300400600 800 1000 1200140015001500
1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 1

200 400 600 800 1000 1200 gauge interaction e* Mass [ GeV ]
e* Mass [ GeV ]

LHeC could probe smaller couplings f/A
Exclusion f/A =1/M* > 1.2 (1.5) TeV for /s 1.4(1.9) TeV
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Leptoquarks (LQ)

» By providing both B and L in the initial state, the LHeC is
ideal to study the properties of new bosons with couplings
to an e-q pair

» Leptoquarks
Color-triplet bosons, couple to leptons and baryons of same generation

Can be scalar or vector

Masses at GUT scale, in various GUT theories as E6, some extended TC
models also predict LQ at TeV-scale

Also - squarks in RPV SUSY (see later)

In narrow-width approx,
. . . production cross section -~

< Lo Aq(z)

ol
=3

(a) (b)
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LQ production at LHC ad LHeC
» At LHC, mostly pair production (from gg or qq)

if X not too strong (0.3 or lower), cross section independent on A
Exclude up to 900 GeV for 1° generation

Expect to exclude up to 1.2 (1.5) TeV at 14 TeV 300 fb-! for scalar
(vector)-LQ
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‘,:AJ\.A'_L’I ] 1] . o i._? t_.i- : i._‘ '_.: 1-._‘ :;:n-
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ofthe LQ)-g-¢ coupling A — pair produchon abundant 01 e — :q,, =
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LQ production at LHC and LHeC
» At LHeC, single particle production

Probe LQ up to TeV scale

Sgalar LQ, 7.=0.1, single production

— LHeC,e"d (E, = 140 GeV)
10 g~ LHeC,e"d (E, = 140 GeV)

— 10 T T T T T3
"é 0% — LHeC,e"d (E,=70GeV) 3
© b LHeC,e d (E, = 70 GeV) ;

10 E

1

-1
10
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10 B
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2001300 600
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LH. O
; -« Tevatron 10"
j0 L LHC 100m™e —— LHeC, Ees 70 Ge¥, 28 1017
L —_— -
8L e"u coupling
L3
0.1 10- f ﬂ%\ t-chanhel exchange in
: / e*a” production

5 P pair production
[V

-¥ :
i = . A |

M, [GeV]

contact term for high mass LQ
= distortion of NC cross section
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LQ properties
» If LQ observed at LHC = At LHeC can measure fermion number,
flavor structure, chiral structure (from polarization of beam)
Ex.: Fermion number:

Parton density u,d >> ubar,dbar >
o(F=0) larger in e+p, o(F=2) larger in e-p

o_ —0_
e e

A=—<
o _+O
& [

< 0 for F=2
=0 for F=0

Fermion number determination

— T | T T T | T
L= .
: 10 25— —_— gli.z Ll}, =01 _E
o [-- , b
: - - - . -
c | _ ]
:-I: o ", b
D 10 b p— 3
T N
L LHC 300t T ]
i LHC, 1 abﬂ? T
—— LHeC, E,=70 GeV, 10 fb™" ]
------- LHeC, E,=70 GeV, 100 fb™" 7
— LHeC, E,=140 GeV,1ifb "
4| LHeG E;=140GeV, M0 fb”
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LQ mass (TeV)

E_ =140 GeV

101k

LHC luminosity (fb ™)
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R-parity violating SUSY

Squarks in RPV models could be an example of ‘Leptoquarks’

= R-parity =

('1 )3(B'L)+ZS (R =1 for SM particles, -1 for MSSM partners)

If not conserved (RPV) > different terms, couplings constraint by proton decay

L-number violating terms

LEk ‘Qjﬁﬂ>)\ kUchDc

AL =1, 9 A couplmgs, 27 )\’ couplings

Plethora of new couplings, only partially constraints (m/100 GeV)

bilinear terms

B-number wnlatmg terms

NijkLiL;Ey )\"ljkLleDk A’ijLQQjDk AgjkLng_Dk
weakest 0.07 0.28 0.56 0.52
strongest 0.05 5..1074 0.06 0.11
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Various
constraints on
RPV scenarios

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)

MSUGRAICMSSM : Olep + s +E; .., § =4 mass
MSUGRAICMSSM : 1lep+s+E ... =g mass
P Pheno model : 0lep +'s +E. ... Gmass  (m@ =2 Tevignt ;) ATLAS
% Pheno model : 0lep +'s +E. ... Gmass  (mig)=2Tev gty Preliminary
5 Gluino med. (G- ): 1lep+]s+E, ., Gmass  {miy,)< 200 Gev,mfi') = fimy iz
8 GMSE“% NLSP) :21ep (0S) +5+ - ., gmass fan< 19
2 B(TNLSP): 1-21+ 5+ Er La207 06 B TeV [1210.1344] 140TeN. G Mass  {and> 1)
E GGM {bino NLSP) : 'ﬂr + E it gmass (m')= 50 Gev) _ 4
2 GGM (wino NLSP) :y + lep + E §mass Ldi=(4.4-20.7)fh
g T.miss -
£ GGM (higgsino-bino NLSP) : ]r+b+ET gmass  mip’)> 220 Gev) E: 7 8TeV
GGM (higgsino NLSP): Z +jets + E; ., g mMass  mif= 200 Gav) '
........................................... Q.ra.\f.i.ﬁn!).k?!?....mf?nqjer.t.E.r.m.s... Fescale o) 'ey
€08 G-obb7, :Olep+3bys+E ., Gmass ()< 200 Gev
S g—pttx 2 Sé -lep + (0-3b-)'s + £ [Loa07 15" 8ol (ATLAS GONR:2bT5007] S00GeV| §mass  (snymi) B TeV, all 2012 data
a3 gty 0lep + multifs +Ep g Mass  {mfy;)< 300 Gev) B TeV, partial 2012 data.
B _Gotly Olep+ 3y +E, . gmass - ini <200 Gev)
bb bl—ybx D lep+2-bjets + £ } € bmass miz )< 120 Gev) _
4 5 bb b 7 2 éS -lep + (0-3b-)'s + Erms L=207 f", B el [ATLAS-CONF-2013.007] 5 4306V bmass  imii)=zmiEy
58 tt{llght) t—;b‘x‘ 121ep (+bjet) + E_ .., tmass  mi)=55Gev
;ji—g tt {medium), t—;bx’ 1 Iep +hejet+ £, LT nTew (aTLAS CONR.a01.08M 160410 GeV| | Mass (mii)= 0 GeV.mi3 ) = 150 Gav}
.2 tt {medium t—;bx 2lep+E, . |10 BTev [ATLAS CONF.2012467] AR t mass  (mip) = 0 Gevmipmi ) = 10 Gev)
% g tt {heavy} t—;tx 1 Iep +bjet+ Erm: Le20.7 ", B TeV [ATLAS-CONF-2013-037] 200-610 GeV/ t_l'_nass (miy )= 0y
g it (heavy). =t 0 Iep +6(2b-Yets + £, |Le205 1" B ToV [ATLASCONF.2013.024] 30660GeV| tmass  miy)=0)
™8 1t {natural GI\hSB} Z(=ll} + bjet + E | Le207 5" B TV [ATLAS.CONF-2013.028] s00GeV | tmass  (m(y')> 150 Gev)
Tmiss = -
........................ b Lotz 20 + Jlep+biet + £ |Lmatstanprasconansens . S0GeV| 1, Mass )= mi) + 180Gev)
L, |—>Fx 2lep+ Erms LedTHb", 7 Tel [1200.:2884) [EsaesGaY | mass {mu y=0)
n 08 ol (0): 20ep +E. |Larmtoviianameg L Ho3M0Ge 1& Mass  (mfi ) 10 Gevmild )= i)+ miz )
u% 2 )E =Ty} 21 +E Faise | L20T B ToV [ATLAS-CONF-2013.028) 100-330GeV. . Mass (miiy < 10 GeV,m{z i) = m&f}*m&'_‘:l:l:l
e x )(2 — IL\"ILI \"\"1) ) IWJ dlep+E _ Le0.7 ft", B TeV [ATLAS-CONF-2013-038] iel:lmau\lf xi mass {mu'; mu ymii )= 0miii) as above)
........................................................ ) 'x Z'y 1 3lep+E, sish. Le20.7 16, B ToV [ATLAS-CONF-2013038] 15 GeV x Mass  mf;)=mfi,)mi}= 0. sleptons decoupled)

Dlrectx pair prod AMSE )2 long-lived ; x '
Stable §, R-hadrons : low p, [:‘qr
GMSB, stable T : low
GMSB, ¥ —an non- pomtmg photons
ST L F"\"f""hﬁliii”¥x"i:' —e4|l resonance
LFV : pp—¥ +X,V —e(1)+ resonance
Blllnear RFV CMSSM Tlep+T7)s+Eq
xx x _’W?r x —ERV, UV ‘dlep+E
4, —mv ew 3Iep+ 1t +ET|r|55
- qqq 3 -jet resonance pair
Gt fobs : 2 §5-lep + (0-3b-)'s + E_ .. |07’ aTey ATLASCONF 2015007
................................................................................................... R e

Scalar (t;JIuon 2-jet resonance pa|r
WIMP interaction (D5, Dirac %) : 'monojet’ + E

L=20.7 fi" B ToV [ATLAS-COMF-2013-036]
L=20.7 fi" B ToV [ATLAS-COMF-2013-036]

T.miss

RPV

[GeEsTEe sgluon mass

:( mass {1=i)=10ns)

g mass
{5 < 1anfi < 20)

{04 = ﬂjg'_':l < 2ng)

{ mass

T mass
. mass
{1 mm = &1 < 1 m,§ decoupled)

v, mass 1, =010.4,
V. mass (i, 010470 08)
q gmass e, <1mm)
760 GeVl x Mass  {mfi)= 300 Gev.h, > 0)

30Gev| § mass {mu):-BDGe\-'J. L2 0)
§ mass
80GaV  § Mass

{any mit)
{inel. limét from 1110.2693)

| IVI‘ &1cale {m, ‘slncev |.rTunr:|aer|evfnrnaj

005}

107

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are chserved minus 1o theoretical signal cross section uncertainty.
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SUSY and RPYV scenarios

» Still, several final states to
explore:

LSP no longer stable
Can be something like

X

couplings!

U I
\\‘\1:;'.'- J i,('_l rT
\‘< ., T
pE
i T
Vi 1 - o

Monica D'Onofrio, LHeC MiniWorkshop

resonant ¢ production

Result:

[ Operator

L1LoFE,

LoL3E3
Ltef)l

LuQ1D1

-- RPV SUSY under-constrained
although several searches in

progress

-- limits depend on couplings
assumptions
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SUSY @ LHeC: RPV scenarios

}nﬁkL;Lij-F }x;j;rf_;@jﬁk +/\,}‘kﬁf LUk

T

» For squark production:
A’ couplings relevant in e-p production

» Decays: direct or via cascade

@ For couplings of em. strength (Aj;1, Aj;; ~ 0.3)
o M, .:> 275 GeV at 95% CL.

u.c.t

] Ma,g B :_> 290 GeV at 95% CL

g 1 ——FI .
U E- E 1 |U|1=nr||lr:ln-ed MISM I
Current limits up to HERA mass-bound <
Strong lepto-quark constraints from LHC 107
to be taken into account if RPV~100%
Cascade decays (via RPC vertex) lead to more T ar o1 B
----- " " e anpag
complex and under-constrained signatures 107 EN 300 < ;1 <300 GeV
E e s 70 = M = 350 GeV
Reach up to 1 TeV with LHeC N Mot 90 0¥
Feasibility of these searches will depend T I e
on LHC findings (useful in case of evidence ©) 100 150 200 qu::: [GeV]
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Lot of efforts
on RPC
scenarios

Strong
constraints on
first (and
second)
generation
squarks and
other scenarios

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)

I L T I
MSUGRAICMSSM : Olep + s +E; .., § =4 mass |
MSUGRAICMSSM : 1lep+s+E ... =g mass
P Pheno model : 0lep +'s +E. ... Gmass  (m@ =2 Tevignt ;) ATLAS
% Pheno model : 0lep +'s +E. ... Gmass  (mig)=2Tev gty Preliminary
5 Gluino med. (G- ): 1lep+]s+E, ., Gmass  {miy,)< 200 Gev,mfi') = fimy iz
3 GMSB“% NLSP) : 2 lep SOS}US +E. g mass  {iand < 15)
2 B(TNLSP): 1-21+ 5+ Erm= La207 06 B TeV [1210.1344] 140TeN. G Mass  {and> 1)
E GGM {bino NLSP) :yy + E gmass (m')= 50 Gev) 4
3 GGM (wino NLSP) :y +lep+ £ " §mass Ldi=(4.4-20.7)fh
IS GGM (higgsino-bine NLSP) : ]r+r:-+ET'"== Gmass  (mg")» 20 Gev) 5=7.8TeV
GGM (higgsino NLSP): Z +jets + E; ., g mMass  mif= 200 Gav) §=f.cle
........................................... Q.r.f“..".’.m”.'? .':?R....W.?F'.QJ?F'..T. E s Fscale ni@=107e)
N 2 —>bbz Olep+3bs+E. .. gmass  my) =200 Gev)
L3 g—>ttx 2 Sé -lep + (0-3b-)'s + £, | Le207 0" B 7ol [ATLAS.CONF.201%007) W0GN. §Mass  jawymiy )y B TeV, all 2012 data
a3 g—m 10lep +mulis +E; gmass (i) = 300 Gev} _
B _Gotly Olep+ 3y +E, . gmass - ini <200 Gev)
bb bl—ybx D lep+2-bjets + £ } € bmass miz )< 120 Gev) _
4 5 bb b 7 2 éS -lep + (0-3b-)'s + Erms L=207 f", B el [ATLAS-CONF-2013.007] 5 4306V bmass  imii)=zmiEy
58 tt{llght) t—;b‘x‘ 121ep (+bjet) + E_ .., tmass  mi)=55Gev
;ji—g tt {medium), t—;bx’ 1 Iep +hejet+ £, LT nTew (aTLAS CONR.a01.08M 160410 GeV| | Mass (mii)= 0 GeV.mi3 ) = 150 Gav}
e g tt {medium t—;bx 2lep+E, . |10 BTev [ATLAS CONF.2012467] AR t mass  (mip) = 0 Gevmipmi ) = 10 Gev)
2w it {heavy), t—>tx 1 Iep +het+E, , |Le207 i B TeV [ATLAS-CONF.2012.007] 00610GeY| T mass  (mp)=0)
2 it {(heavy), t—;tx 0 Iep +6(2b-Jjels + £, |L=205 " B Tew [ATLAS CONF.2012.024] 30660GeV| tmass  miy)=0)
™8 1t {natural GI\hSB} Z(=ll} + bjet + E | Le207 5" B TV [ATLAS.CONF-2013.028] s00GeV | tmass  (m(y')> 150 Gev)
T.miss = -
........................ b Lotz 20 + Jlep+biet + £ |Lmatstanprasconansens . S0GeV| 1, Mass )= mi) + 180Gev)
L, |—>Fx 2|ep+ETms LedT o 7 TV [120:2884) PEEEEe | mass {mu;- o)
s 08 ol (W) 2lep+E,,,, |Learm e iz L 110340 GeV 1& Mass  {my )< 10 Gevmiif )= Hmfy’ ) miz
u% 2 )t —m' (W):21+E Faise | L20T B ToV [ATLAS-CONF-2013.028) 100-330GeV. . Mass (miiy < 10 GeV,m{z i) = m&f}*m&'_‘:l:l:l
G i )(2 — II_VlLl \"\"1) IV |[WJ dlep+ E L=207 ", B ToV [ATLAS-CONF-2013.035] iel:lmau\lf xi mass {mu'; mu ymii )= 0miii) as above)
.......................................................... x Z‘x ....?’..I.?P..T.E.rm B L2007 ™, B TeV [ATLAS-CONF-2013-038] mm\r ?C mass {miy = mu 3.mii )= 0, sleptons decoupled)
o Dlrectx pair prod AMSE )2 long-lived ; x x mass {1 =1fi)<10ns)
23 Stable §, R-hadrons : low B, iy { mass
5E GMSB, stable 7 : low p Tmass  (s<unps )
3 2 , GMSB,3 x * 4G non- pomtmg photons §.mass  dexezng
= ¥ Gmass  {fmmece 1 m,§ decoupled)
—EHLT V. mass 1, =010.2,7005)
LFV: pp—¥, +x v, —e{u)+t resonance i?'l mass (i, =b10. A_;m-num
. Blllnear RFV CMSSM Tlep+T7)s+Eq G=gmass fer,, <1mm
& x x x —)W%‘r x —ERV, UV tAlep +E_ L |Le20T " B TeV [ATLAS-CONF-201-036] T80 GeV' x mass {mii ) 300 eV, k= 0)
x1x1, _._,x —m\" ew 3Iep +1t+ Erms Le0.7 ft", B ToV [ATLAS-CONF-2013-036] 350 GeV ?C mass {mu ;aBDGevJ. 20
g— qqq 3 -jet resonance pair § mass
___________________________ goit Tobs 2SS ep + 03b)is +E, foammmturaimisconeasan WGl Gmass oy
) Scalar %Iuon 2 jet resonance pa|r Led B b, 7 TeW [1210.4826] [T G| sgluon Mass el iimit from 1110.2693)
WIMP interaction (D5, Dirac ) :‘'monojel’ +£_ IVI‘ §1ca|e {m, < B0 Ge, lmil of < 687 GaV fnr na] |
’ R | l [ |
-1
10 1 10

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are chserved minus 1o theoretical signal cross section uncertainty.

Monica D'Onofrio, LHeC MiniWorkshop

Mass scale [TeV]

4/18/2013



RPC scenarios: strong production

i~ . ~ ~0
gg production; §— q g7,

T T T | T T T I T T
1400 —ATLAS Preliminary

=——— Observed limit (+1cp.0)

m [GeV]

- J- Ldt=58 f51, =8 TeV = === Expected limit (+10,,,)

» Strong constraints on gluino (1.4 TeV) ¢
and Squark masses (up to 1.6 TeV) 1200 __O—Ieptoncombined Observed limit (4.7 fb™', 7 TeV)

. . 1000 [~ -

under certain assumptlons C ]

800 — —

15t and 2"d generation squarks s E

degenerate o E

Compressed scenarios difficult 200 [ ,, =

B i llononon Jlononon (L oo (GEEER -:’:".‘.' | N

200 400 600 800 1000 1200 1400
m; [GeV]
4g productlon qa q x ga q q x m;=0.96m,
; | T I T T T | T T T | T T | I T ]

B 1400 —ATLAS Prellmmary ,,,,,,,,,,, — — . . . 10 —~
g — served limit (+1652°" 1 > L | -~ .. | I ife)
| S Opserved imi (100mn) © 800" pp-3 33 qx m(@>>m(@ il 2
1200 [ Ldi=581 is-8Tev L beceimtioy =~ [ mmea- Expected Limit +1 6 exp. °
[ 0-lepton combined P B N ] 7001 oNLO*NLL +1 5 theory 1 7 °
- - E - _ - - e
1000 - 6001 CMS, 1.7 fb”, Vs = 8 TeV A3 E
C _ - (- ©
800 [~ . 500 -1 &
- - L | - =
600 — — - 4000 — 310" d
» : . i ‘ 2 =
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200 4 = 200 102
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SUSY @ LHeC: RPC scenarios

» Selectron-squark pair production

Current LHC slepton
» From last workshop: limits: 250 GeV for

m(LSP)<50 GeV

tan =10, M, = 380 GeV, 1 = -500 GeV

1000
900
800
700
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400
300
200

cinpb,e p

Squark mass (GeV)

Pair production via
o *  T-channel exchange of
"

PR S ] an .
200 300 400 500 600 YOO 8OO 900 1000

Selectron mass (GeV)

| T T YT FYRTE PRTR PRUTE ATRTATANI L.

Cross-section sizeable when
IM <1 TeVie. if squarks
are “light", could observe
selectrons up to ~ 500 GeV.

- Cou | Eer The
0 LHC slepton sensitivity
. - Possible information on
| | s |

200 300 400 500 600 700 800 800 1000 couplings by playing with
Selectron mass (GeV) e+/e-/L/R
Are the current constraints

really strong enough?

wooE T T T T T T T T

900
800
Too
600
500
400
300
200

cinpb,e’p

Squark mass (GeV)
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Non-degenerate 15t and 2"d generation squarks

» Review of current constraints on usual assumption on mass
degenerate of 15t and 2" generation squarks:

A M A M
— (a,d)r, (&,8)r .
= 8 dof R 1 squark limits
(fJ.J)L. R, (;'p. * 10 ' ' ' ' T ' ' '
(¢,8)L., CR. SR dp, 5g
o 1k E
UR, CR 3
Vertical splitting, | 1l N |
Fully degenerate still MFV & no problem! — 1077¢ SN E
102ECMS oy o \‘3*’ —
F CMS jets + MET W oS
Will depend on LHC boundaries on [ ATLAS jets + MET
these scenarios - might be hard 10500 400 600 800 1000
considering the increasing trigger my [GeV]

thresholds in MET and jet pT
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LHC - LHeC interplay for SUSY

» If no evidence for RPC SUSY is found in Run I, sparticles
might become out of reach for LHeC

» Still, interplay in terms of PDF quite relevant

» Based on results shown for ES document and ATLAS
Phasell Lol

» Strategy:

Consider three benchmark kind of processes: squark-
gluino, stop,chargino/neutralino production

» If No deviations from the SM observed in 300/fb

Extension of sensitivity (mass & cross section reach) with 3000/fb

» Deviations from the SM observed in 300/fb
Signal characterization with 3000/fb

Monica D'Onofrio, LHeC MiniWorkshop 4/18/2013



Search for squark/gluinos

» Select events with high pT jets, high MET and HT
Sensitivity expressed as 95% CL exclusion limit and 5c discovery

» An increase of integrated luminosity from 300 fb-! to 3000 fb-" improves
the sensitivity to sq/gl by approximately 400-500 GeV

» Decay chain might be complex, including Z or Higgs - exploit m(bb)

Squark-gluino grid, m __=0. v5=14 TeV

S 4000 ! T nbamee | 2 Higgs boson in complex SUSY
B I ; * 1 dscovery mach . = H : i
8 - ', : s o 14 & decay chain can be identified
e B Y i H NN 3000 % sxdusion 255 L ] )
E 3500k \ 1 % ———- 300%" exclusion 35% cL_] = 10 Ve 14 Tev
B 1 3 TR T I RIS I IL L LN EULILILE IR
N 1 A E - ATLAS Preliminary (simulation) s
- - 3 : -y :
3000F 4 3107 % - _
— 1 E : tf nad-tauhad) :
B . ] Eﬂ_— I:Isfm.ﬂllep’.n:-q:c : ]
2500F «=xy =5 10° E i WA s S
B ? ] 4{::— | L ct = 2000 f&” —:
2000 - 5 10° F e os0cey
- ATLAS Prefiminary (simulation) ] 3 EERs 1
N T ST T S TN T T NS S S __ e Y il e e it ol ,‘_._,.‘_
15DGEQDE 2500 3000 3500 4000 10 % 50 100 150 200 250 300 350 400
rnﬁ [GE"‘."'] Mgy
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Strong production

» xsection ~ 2.5 pb for m =1000 GeV, ~ 0.01 pb for m(squark,
gluino) = 2 TeV - clearly, high stats samples are needed.

10°

101

o (pp — 8&/qq/qa/ag + X) [pb]]

Vs =14TeV; mz = m; i

mSUGRA reference point:
mO0=650, m1/2=975, xs 1.1E-05 nb

10 NLO+NLL i
1 7] 2400
% \
10-1 TN § ——
#2000 g; By )
102 B N RS =t
600
1073 {1 0 g
- \ i, -
1074+ . Gq 1 moor 2
[ ] el ? g ff
1075 | - . N £
00 [ ~ = =|
1 | 1 1 Ir - 7{2’ == X
500 10600 1500 2000 2500 3000 me
m [C;C-‘er] 400 - //__"’ R e
Ko —_—— ’

o

Decay chain might be complex, including Z or Higgs
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Gluon distributions

now

then

High x: xg and
valence quarks:
resolving new high
mass states!

Gluon distribution at Q%= 1.9 GeV? Gluon distribution at Q? = 1.9 GeV?
9 2 3 r AT
HLO POF 85% CL)
i 1.8 — ﬁ
é‘;’v‘, CTi0

g 1'5 iy HMPDFZ 1 g
o™ - aE=nog o

1.4 5% HERKPOFLD
E 1.2 E
= =
=] a
o o8 s
E 0.6 o

@
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x

Figure 4.17: Relative uncertainty of the gluon distribution at Q% = 1.9 GeV?, as resulting from an NLO QCD
fit to HERA (I) alone (green, outer), HERA and BCDMS (crossed), HERA and LHC (light blue, crossed)
and the LHeC added (blue, dark). Left: logarithmic , right: linear x.
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Importance of PDF

» If we see deviations from SM, will be important to characterize the
physics underneath. First studies on the case of strong production
M.Kramer 2011)

2.5 T | |

1.25 T T

pp— 99 + X L, L PP At X ]
5 | o/omsTw i T/ oMSTW
V5 =14TeV L5 /5 =14 TeV )

1.5 |

105 MSTW
) = —/'7/
1
MSTW]|
0.5 | CTEQ| 1 0% MSTWIT
1 1 1 1 1 G-g 1 1 1 1 1
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
mg [GeV] mg [GeV]
— driven by gluon pdf at large x — driven by valence quark pdfs at large x

— sizeable uncertainty ~ +25% for m ~ 1 TeV — small uncertainty ~ +5% for m ~ 1 TeV
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PDF for gluinos production LH.0

» Example: gl-gl production (assuming m_gl = m_sq)
IGIuimI:n Pairl PrndtTlctinn PDF Uncertaint

3.0
— CT10
— MSTW2008
2.5M — NNPDF21
— HERALD
50l| — ABKMOg
— | HEC

15

1.0

Ufﬁmsnm

0.5

0.0

LHC (14 TeV) [arXiv:1211:4831+5102]

_1‘5.5 ll.{} 115 ZI.D 215 31{} 35 4.0 4.5 5.0
M, = M, [TeV]

Figure 5: Calculation of gluino pair production in NLO SUSY-QCD using Prospino [16] and assuming squark
mass degeneracy and equality of squark and gluino masses for illustration. The error bands are around central
values (solid lines) and correspond to the uncertainty quotations of the various PDF groups. The red band
of uncertainty for the LHeC corresponds to the statistical and systematic errors including their correlations

as treated in the NLO QCD fit described in the CDR.



Impact on discovery/exclusion reach

» PDF uncertainties impact discovery / exclusion reach:

Total yields

Shape variations on discriminating quantities (in progress)

Squark-gluino grid, m __ = 0. WJE =14 TeV

S oqp00FT T T T 7T T s 300 " dtscovery reace ' —| W E
S r || T " — 300%" discovery neach : N —
oy C II \ ARLLIE e e 11]_2‘:
E 35[]1;1:_ ||‘ \ * ———- 300 exciusion S5 L _| E
C B . il
3000F \ . 430
25[]1}:_ \ "'l-q...z ?E “Tj-
2000 1 5 10°
- ATLAS Prelfiminary {simulation) ] 3 E
15008 R | LN

5500 40
m, [GeV]

Caution: very very preliminary,

mostly as illustration

(UL for gl-gl courtesy of G.Redlinger)

[ T N T T T O T (N
2000 2500 3000

Impact on discovery/exclusion contours
under various PDF hypothesis in progress

10%
10

1

107!

107 g,

LHC @ 14 TeV 3 ab-1, M(squark) > 4 TeV

Exclusion

— () (MSTWOR)

CT10 up
ABKM09 down

MSTWO08
equivalent to
LHeC PDF

o(EE)(CTI0 up)

o(EE) (ABKMO9 down)

IIII‘
—

Note: impact of PDF uncertainties on SM background also not negligible
However - mitigated by usage of Control Regions and semi data-driven estimate
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Summary and outlook

» LHeC provides complementarities to the LHC SUSY search
program in the twenties

|deal to search and study properties of new bosons with couplings
to electron-quark

Direct searches for Cl, excited fermions, leptoquark, RPV SUSY,
RPC SUSY in specific scenarios such as compressed, non-
degeneracy for squarks

Interplay with HL-LHC to constraints on PDF crucial for model
testing in case of observed deviations = an independent precision
measurement of PDFs will be important for an efficient use of

the high luminosity for setting reliable high mass limits

Monica D'Onofrio, LHeC MiniWorkshop 4/18/2013
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PDF for LHC

rise, strongly towards the edge [Vs)x > 1.

Monica D'Onofrio, LHeC MiniWorkshop

_ ATLAS
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Other properties of LQs

» Spin:

LHC: LQ-LQ leads to angular distributions depending on g-LQ-LQ
coupling

LHeC: cos6* distribution of LQ decay is sensitive to spin

scalar : flat do/dy
vector : do/dy ~ (1—y)’ [y = %(1 +cos 9*)]
NC:~y~

» BR to neutrinos (good S/B for v-q)

» Coupling measurement, once spin and charge is

determined .
c .~ (2J + 1),1-
prod

Monica D'Onofrio, LHeC MiniWorkshop 4/18/2013
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LQ isospin family

» Classification used here (BRW framework)

F =2 | Prod./Decay | f3. F =0 | Prod./Decay | S,
Scalar Leptoquarks
L3Sy | epup —e u | 1/2 | 53810 | ept, —e @ | 1
ERplUR — € U 1 eglip — €™ U 1
Y35, | egdp —e~d | 1 | 238, | egdp—e~d | 1
3Sy | epdr—ed| 1 | 238, | efdr—=ed| 1
1/3 — -
5, | e up e u | 1/2
Vector Leptoquarks
V3V, )y | egdr, — e d | 1 23V | epdp —ed | 1
e dp —ed | 1 edp—e~d | 1/2
V3V, o | egur — e u | 1 °3Vy | egar —e u | 1
1/377 - — 5,317, — —
Vije | e ur =€ u 1 PV | e tip — e T 1
283vy | epdp—=e~d | 1/2

Table 5.1:

Monica D'Onofrio, LHeC MiniWorkshop

Leptoguark isospin families in the Buchmiiller-Rickl-Wyler model.
toquark, the superscript corresponds to its electric charge, while the subsecript denotes its weak
isospin. . denotes the branching ratio of the LQ) into e + q.

For each lep-
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Squark mass splitting

» Large splitting is possible (A. Weiler)

Seiberg & Nir
1
(05 )MM = Z[(KM)M(KM) Jﬁmz
'5' o

mixing / misalignment between
SM Yukawas and squark mass matrices

If by symmetry: K;; ~ diagonal => O(l) mass splitting

allowed!

u, aligned «<——> d; aligned Gedalia et. al
Eo G%ﬂa Iigne [ a |gne
g > Example:
_a' So Ei Mgluino = [.3TeV
X o mq; = 550 GeV
S Moz = 950 GeV
g 000t
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B7

20121

nomina
uminasity

LHC: The Roadmap to 2030

» ESPP-Cracow meeting:
LHC after 4th JULY

LS1
INCREASE

ENERGY TO
13-14 TeV

LS2

secure L~ 10%**and
reliability
Aimingat L™ 2 1034
Start LIU

LS3 : HL-LHC
New IR

levelled L™ 5 1034
Experiment upgrades

LHC has still only delivered a small
fraction of the effective parton-
parton lumi—2discovery physics
programme just getting started!

O Accelerator timescale
driven by several aspects:

o

Radiation damage of

13-14 TeY collision energy

splice
consolidation

ttton collimators,
R2E projesct

papenment beam
pipe

—_—

N |
100-200 ftb'1/3yea [s e

Lower emitt
2015 2016

i~ ector

lngCS
int 4

SUppPrassio

dispersion

N\

collimation

R2E project

expenment

B
250-600 ftb-1/3years
+ higher intensity

r

HL-LHC
instellation

expenment
upgrade,

Figure 1: LHC baseline plan for the next ten years. In terms of energy of the collisions (upper line) and of
Iuminosity (lower lines). The first long shutdown 2013-14 is to allow design parameters of beam energy and
lnminosity. The second one, 2018, is for secure luminosity and reliability as well as to upgrade the LHC
Injectors.

Monica D'Onofrio, LHeC MiniWorkshop

700 ftb1/yea

LHC components

o R&D and construction
of LHC upgrades

o Required schedule of
detector upgrades

o Long Shutdown (LS)
periods to install upgrades

o Possibility of an HE (High
Energy ) LHC still under
discussion
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Searches for SuperSymmetry

e Very stringent constraints from LHC on strongly produced sparticles (15t, 2
generation squarks, gluinos) = can be quite heavy (multi-TeV)

» Direct production of 37 generation squarks and weak gauginos is becoming

accessible as the amount of integrated luminosity increases (low cross
sections)

» If No deviations from the SM observed in 300/fb

Extension of sensitivity (mass & cross section reach) with 3000/fb

» Deviations from the SM observed in 300/fb
Signal characterization with 3000/fb ‘

* Determination of masses by measuring endpoints of visible
mass distributions

* Measurement of couplings and spin (via angular analysis)

Monica D'Onofrio, LHeC MiniWorkshop 4/18/2013
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Third generation

» If sq/gl are not found < 3 TeV

.
o~

o
Tooa0%
~

Still the stop (and possibly sbottom) are among the most
important SUSY particles to be found!

At 14 TeV, stop cross section ~ 10-20 x xsect @ 7 TeV

| Mass | MSTW2008 | CTE6.6

0% F
10% F
107 —
10t F
100k
1ot —

1072 —
| VS = 14 TeV

L o NLO+NLL (pp — tultrl + Xj [pb]

1[}—3 1 1 1 1 1 1 1 1

100 200 300 400 500 600 TOO 500 900 1000

mg, [GeV]
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400 GeV
600 GeV
1 TeV

2.34pb
0.24 pb

C0.008 pb>

-
~

2.19 pb
0.23 pb
0.008 pb

4 of lumi @ 14 TeV

For 300@:};/
@ 600 GeV: 720 x 103 events

@ 1TeV: 24 x 103 events

* Analysis < 1% efficiency
* Acceptance depends on the decay mode

4/18/2013
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Stop analyses

Events/10 GeV

» For stop - t+LSP: 1-lepton + MET + jets
»  For stop—> b+chargino (C1 into W+N1): 2-lepton (+MET,jets)

0  Discriminant: MET, MT2

% 1000
LI LILBLIL LILILIL IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII m g[][]
10° i
=— 5 Background (top and W palr) § qu a00
1 DE -Im-.' — siop,charg.LSP ITl.EIEEi 600,580,1 GE"M"E_ _Ilr[][]
-. = gtop,charg,LSP mass: 500,480,1 GeV 3
o |
! D4 ° ATLAS Prelimi Simulati E‘ i
. I- re |m||:i:1;[:;:|u =13} E 5[][]
10
" 400
10° 300

200

10 ﬂ L
AN EREEEERERINEE R NEENEN AN 1[][]

0 50 100150200250300350400450500 .
mT2 [GeV]

:I T | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT I:
—_ ATLAS Preliminary (Simutation) Js=14 TeV =
o 0% e, = G (0> estn ) s S
C = 300% dsoeryreach ity b (M- m = 20 GeV): 2epton fep) 3
E_ [ -I:-flrll s I EE-TTRY, AT R I _E
E_ -~ d ""f RIS ! fl"'rt _E
— -~ q,lllllul'.‘ ' -
- e a0t . -
— rﬁ-r-:}rf f%;l{ % ]
— "... -
- 5 ! .
1 1 I 111 1 I 11 11 I 11 :II' 1 I 1111 I 1 11 I 11 1 I 'i 11 I:i I 11 1 IE
400 500 600 700 800 900 1000 1100 1200
m; [GeV]

O Anincrease of integrated luminosity from 300 fb-1to 3000 fb-1improves the sensitivity to

sq/gl by approximately 200 GeV

o0 Can do more adding shape discriminants and / or boosted top reconstruction
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ATLAS  Preliminary (simulation)
—— 7 + {t background
—=— =50 Gev,ag]+ /%% = 400 GeV A

Weak Production

I T TTTITH

Events / 45 GeV

10 —— ¥, =50 GeV,jﬁT:’jiz:TOG Gev_E

» As for light stop, light gauginos well § e e
motivated by naturalness e : i_‘ i E

» Rare process - LT ]
@ 500 GeV chargino / neut 2 mass, F ] 'LI‘—‘ 3
expect ~ 6 x 104events for 3 ab"’ " .

. . 700 400 600 ~ 800 1000 1200 1400
» Direct access to weak gauginos Missing E_ (GeV)
Mass hierarchy via kinematic edge
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