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o ouine &

+ The LHeC and FCC-he - see yesterday’s session
o LHeC CDR published in 2012

+ High PT BSM physics

o LQ, contact interactions, compositeness, heavy/excited fermions, anomalous
couplings...

o Supersymmetric signals:
« RPV, BSM Higgs decays, improved precision
o composite Higgs
o expect many new bounds and potential discoveries from LHC
— improve on sensitivity, better potential in some cases

+ BSM Higgs and EWSB
o for SM Higgs, — see M. Klein’s talk earlier in this session
o Vector Boson scattering
= anomalous couplings?, CP properties

Most resulks showin are Pretiminm:;:
continuing studies to get better precision on
otential discoveries and constraints on BSM wmodels
Detector performahte simulation in progress — see P. Kostka's talk

very forward boosts abk FCC-he

GrAzuelos—ECC Wesk 2015 Washington D.C.




LH.C Introduction: BSM physics

+ LHC is/will be the main discovery machine
o LHeC/FCC-eh has potential for improving, or possibly discover new phenomena

= improved o pdf's (especially gluon)
— higher precision from measurements performed at LHC

= cleaner environment than LHC — better S/N

+ Since LHeC CDR...

o Strong LHC constraints on new physics up to ~ 1 TeV
=>» window of discovery at LHeC remains open only for specific channels
= FCC-eh energy offers more potential

o Higgs has been discovered !!

= Naturalness problem:
quantum corrections must be fine-tuned to explain the low H mass
— is the Higgs truly the SM Higgs boson ?
— need to study deviations from SM
— expect new physics at TeV scale, but expect deviations to be small

o strong dynamics: composite Higgs, technicolor

Higgs as a PGB,
rich new phenomenology: p-like diboson resonances, vector-like quarks

o SUSY
= strong bounds obtained on MSSM and possibly some simple extensions
= need to explore extended SUSY parameter space

o FCC options
o higher energies: greater window in TeV region
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Common Quantum numbers and interactions of e’s and g’s:
same electric charge, EW interaction, 15t of 3-flavor generations
— suggest some fundamental symmetry, or common compositeness
— |leptoquarks? excited fermions?
— new heavy fermions? vector-like fermions?

Leptoquarks

« E6 GUT, technicolor, Pati-Salam model: predict new fields, possibly having both B and L
quantum numbers

squarks decaying by R-parity violation Py = (-1)3B-L)*2s

WRPV_A' LQD =>{e +d—>li—e +d

k™1
e +u—d—e +u

LQ’s can be scalar or vector, Fermion number 0 or 2 = Buchmdller classification
at the LHC: pair production is essentially insensitive to LQ-g-e coupling A

* single production suppressed by dependence on A e* et
at LHeC: single production, sensitive to A

LQ

d d
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LHC Present LHC bounds (G

CMS Preliminary /s =8 TeV 19.6 fb
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95% CL limits
= CMS eejj + evjj (Obs.)

0-3 «as CMS ejj + evjj (Exp.)
0.2 — CMS evijj (Obs.) B L He C _
7. === CMS evjj (Exp.) A | |
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M

FCC 175 GeV

1st generation Leptoquarks, for p =1: .

ATLAS and CMS (20 fb~"): note : sensitive to A < e =+4ma =0.312
my, <~ 1000 GeV PAS EXO-12-041

can expect ~ 1.5 TeV (pair production) with full

elimina
luminosity at LHCI4 Pr r

Study tn Progress
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+ Quantum numbers and couplings:
o Fermion number:

= can be obtained from asymmetry in single LQ production, since g have
higher x than g

= at LHC: very poor asymmetry precision achievable in single LQ production

A o_-o,. (> 0 for F=2
- o_+0, |< 0 for F=0
o Sspin

= at LHC, pair production of LQ-LQ leads to angular distributions which
depend on the g-LQ-LQ coupling

= may need to look for spin correlations X -
= at LHeC, cos 0* distribution is sensitive to the spin s q
= vector leptoquarks can have anomalous couplings /
q

o couple chirally (i.e. to L or R but not both) ?

= could be probed by measuring sensitivity of cross sections to polarization
of the electron beam

o generation mixing ?
- does LQ decay to 2" generation?
o BRto neutrino, good S/B in vj channel

e, u, =S, —=>vd,
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LH-.C Contact Interactions FEC

New physics at a higher scale A > \/;
seen as an effective 4-fermion interaction
AT (o) -uia).

£ 2A2J‘u.7 9

J,(lf &0 =1 fLyﬂfL + 75 fRYﬂfR +h.c.

= all combinations of couplings #,, =9;“1,”; q=u,d

L@, mass >>\/;

Planck scale (M S) of extra-dimensional models

compositeness scale I >[<

present LHC constraints on scale of ggqll contact interaction:
~15-26 TeV (ATLAS)

— up to 40 TeV at 14 TeV LHC

>
]

1
sensitive ko fermion radius form factor: f(Q") =1- g<7'2>Q2
1079=1072° m at LHeC (FCC)
do dcr

hc ) SM
= 15x10™fm iQ° o’ £ (@)
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(WS Scale of contact interaction at Future Colliders ((GGE=D)]

300 TeV
Reach for
A (Cl eeqq):
VvV
200
HERA
>
E e vV

25-March-2015

HERA 680 GeV 60 GeV

2x100” 2c1000b™

LHeC: see CDR 2012

150

FCC-he

LL

100

< LHeC =

A* [TeV]

20

HERA 60 GeV 60 GeV
2x10m” 2x1001"

G. Azuelos - FCC Week 2015 - Washington D.C.
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LH.C Excited fermions (G=D))

- Excited fermions could be produced directly if their mass is below compositeness scale
Assume spin = %2, L, R doublets

. . . 1 —. T " ' or A’a u
- gauge interaction Lagrangian = ﬁfﬂgﬂv [gfjaww +g'fB,, +g,f 7G,w]f,;
i i i ar . .
- contact interaction Laarangian /= o 3.3
€ /e/< jﬂ=’7L t?Ly‘qu-I-n}, f;yﬂf;+77;:’ f;}’”fL+h.c.+(L<—>R)

—

ol .
>

P N

N at LHC
==10"K == LEP af 0.J.P. Eboli, S.M. Lietti, P. Mathews,
: - —— HERA: all channels '=
% P\ LHC: evysooy / Phys. Rev. D 65, 075003 (2002)
O I ixr=v, i )
e Y Y S
s- 3 i ": o "
Y= 10 —_! : .“" -
3 T — LHC could Fm«be up to 1-2 TeV
" forf=Ff'=1,A=m, (0rf/A=1/m*)
! e e
. ,5‘51 T Lhec: &y (/52758 Ge) 0. Cakir, A. Yilmaz, S. Sultansoy,
107 e T LHeC: ey Ns=1.4 TeV) [10 PR D70 (2004) 075011, _
- —— LHeC: ey (s=1.9 TeV) || - A. Belyaeyv, C. Leroy, R. Mehdiyev,
v b b wn b by bvwr Powa by a i 1 EurPhySJC41,sOZ’1_10(2005)
200 400 600 800 1000120014001600 1800
e* Mass [ GeV ] e-p colliders could extend sensitivity to f/A
T. Nguyet Trinh and E. Sauvan, and mass reach to < c.m.
1st ECFA-CERN LHeC workshop (Divonne, 2008)

http://indico.cern.ch/conferenceDisplay.py?confld=31463
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LH.C Heavy fermions/ colored bosons (GE=DD))

heavy leptons:

« vector-like leptons: left and right chiralities have same transformation L,N
properties -
« predicted in GUT theories (Eg) or in Composite Higgs Models 7,2,W
« couplings:eEZ,vEW,eEH; vNZ,eNW,vNH 2 \\
p

» Majorana Neutrino Production in an Effective Approach
(L. Duarte et al. 1412.1433)

SM background from py = £"+3j+v pe —e +3j+2v, N e N

able to discover Majorana neutrinos up to 700 GeV (for E, = 50 GeV) W
vector-like quarks? ud d, ud d,u

 single production of top partners, e e N — £ + jets
sensitive to couplings: ¢QZ,qQ W, qQH;
(coupling to light quarks) z
q Q

diquarks

« predicted in superstring inspired E6 and composite mode
« could carry charge 1/3, 2/3, 4/3 and be scalar or vector

* in gp production _
M Sahin and O. Gakir, arXiv:0911.0496 Ly = (9.,Q;i%,Q, + 9,505d, ) D@ +hec.

LHeC reach excluded
vector and scalar diquarks can be distinguished
by the angular distribution of their decays

25-March-2015 G. Azuelos - FCC Week 2015 - Washington D.C. 10



BRY  7op quark FCNC coupling (G

- t b
{O' tF* +h.c. > A
\W—|—

>|“
=

t
£NC =

Using yp option, with simple cuts, can reach better limits on /A than LHC

note: k/A =0.01< BR(t— uy) ~2x10™° 0. Cakir and S. Sultansoy, PL B685, 170 (2010)

95% C.L.
1
” SO0 [ E
c i >

0.035 | 95% C.L. —

C 90% C.L.

[ 68% C.L.
0.03 |

10"
0.025 | L=10m"
0.02 |-
0.015 |
102
0.01 | - @
oo0s | - 100 fb-!
0005 001 0015 002 0025 0035 0035 004
K, 10-3 1 Lol
K -3 -2 -1
u 10 T 10 10
K /m
LHeC

C. Schwanenberger at DIS2014
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LH.O Wtb anomalous couplings FEE

J.A. Aguilar-Saavedra, NP B812 (2009) 181

g - - Zg L Guqu -
. =_$b v (V, P, +V, P, ) tW, —\/Eb 2 (9,P,+9,P,)tW, +h.c.
N V7
RH vector LH & RH tensor
~ 1
2 L
) L
T o8- ———
0-5:— LHC combination preliminary V=1,V _=0
~ \/s=7TeV, L _=35pb'-2.2fb
04— o= P 682 cL
02f | Jos%cL
oL * SM
ATLAS-CONF-2013-033/CMS PAS TOP-12-025 N A
S. Dutta et al., arXiv:1307.1688 0.2
-oi:llllllIIlIIIIlIIIIIIIIIlIIIIlIIIIIIIIlI
4 -03 02 -01 0 01 0.2

0.3 0.4
Re(g,)
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LH.O Wtb anomalous couplings FEE

£Wtb =

_%gyu(

R

RH vector

95% Limit for hadronic
mode, ok LHeC, wikth
varying levels of assumed
Sjs?emaﬁéc error (1-10%)

ATLAS-CONF-2013-033/CMS PAS TOP-12-025
S. Dutta et al., arXiv:1307.1688
C. Schwanenberger at DIS2014

see also: I.A. Sarmento-Alvarado et al., 1412.6679

» LHeC provides a cleaner environment than LHC

*+ better assessment of V,, (or better sensitivity to
higher dimensional operators (V))

* small improvement on VR, poorer sensitivity for gR

* significantly better lepton-quark contact interactions

25-March-2015

J.A. Aguilar-Saavedra, NP B812 (2009) 181

VP, +V,P,)tW -

J2

Re(g,)

I

. . Gﬂv
“9p Mq" (gLPL +9g,P, ) tW, +h.c.

A

LH & RH tensor

o.sf— e
06— LHC combination preliminary V=1, V=0
0 VS=7TeV, L, =35 pb™-2.2 b Pos: oL
E | Jos%cL
0_\> * SM
-0.25— =
G R R ¢ B R R R

0.3 0.4
Re(g,)

Comparison of LHC and LHeC for tensor component

* based on asymmetry of distributions of kinematic
variables

 similar sensitivity with leptonic mode
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LH.O Higgs: present status FEC

Today, the Higgs boson looks very much like the fundamental BEH scalar
of the SM — expect small effects, if new physics is present

Best fit o / O, > averaged over different channels:

1.00£0.09(stat.)+0.08-0.07(theo.)+0.07(syst.)

1.18 £ 0.10(stat) £ 0.07(expt) £ 0.08(th.)

Couplings consistent with SM predictions:

A or (g/2v)'?

10

102

- CMS

" Preliminary

19.7 fo" (8 TeV) + 5.1 o (7 TeV)

— CMS-PAS-HIG-14-009

== 68% CL
—95% CL
---SM Higgs

T
= (M, ¢) fit E
» —68%CL |
—95%CL | |
1 1 1 1 IIIII 1 1 1 1 ||||I\\\HHH|HHH
1 2 345 10 20 100 200
mass (GeV)

expect improved precision, using LHeC pdf's

25-March-2015
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CMS-PAS-HIG-14-009

ATLAS-CONF-2015-008

ATLAS Preliminary _°((‘°;§,as';3,c,) Total uncertainty
— — O\theory
my = 125.36 GeV — o(theory) +iconu
H - yy 5 =
= 147028 [ e ; HH :
M= oos|i08 : H |
H - zz* R ; ——
+010 : :
h= 146530 e | i
H - ww* fgiigllllglllln-—c"'é""
+017 . .
- +0.24 |-0.14 . == :
u_1'18_o,21 to0 i HH i
H bb 0%
- - 0,633 4 ——
H =009 0|82 [ |
H-> 1t tgg -
+020 .
b= 14855 A | N
H - pu s :
_ .0 737 |7 :
w=-0.7771s i i
H—>Zy -z
_ 5 7+46|-13
n= 2'7—45 11‘)':1« i i
Combined "ot : 't
_ +0.15 |“010 ; '
p=1180 o L
| | |
\5=7TeV, 4547 fb" -1 0 1 2 3

Signal strength (u)

Vs=8TeV, 203"

ATLAS-COM-CONF-2015-11

Washington D.C.



LH.C CP properties of Higgs boson

LHC has shown that the discovered Higgs boson is consistent
with O+ state, but: are there small additional dimension-5
anomalous couplings to the vertex H-W-W 2

T (p_,p,)e, (P e, (p,)

FW=QMW(— uv 1 [ pp. g pvpf)+’il'8wp0p_pp+a])
7oA / !

SM CP-even CP-odd

azimuthal angle distribution between

E ;55 and forward jet is sensitive to CP nature
T. Plenh et al., arXiv:hep-ph/0105325

0.06 -

0.04

with so fb1, sensitivity up to
LY 008 and M ¥ 02

0.02

Normalised Cross-section/bin [arb.unit]

S. Biswal et al., arXiv:1203.6285 and update
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+ VB Higgs production with BSM decay
o explore RPV cases € (polarised v, E7™) e (polarised) °
H — x/x, — 3737 (resonances)
o need to understand background...
+ Vector Boson scattering at high mass:

Mmass dependence OfCI"OSS Sectl'on Charged Current Neutral Current
o anomalous TGC, QGC couplings in VVV, VVVV ? e e O
Awt AW
.T. Cakir et al, 1406.7696: NN\ ——
“ e . L Lo
—  sensitivity comparable to LHC Aw e
(——t——’ =ty

o Is unitarity restored only by Higgs? are there new resonances ( CH model) ?
= expect below ~ 2-3 TeV
eq—=e (qQWZ, (vgWZ
— look for deviations from SM predictions.:

= high background from QCD diagrams at LHC,
absent at FCC-eh

= challenging at LHC if no lepton trigger is used,

Wiz

Wiz

and because of pileup

25-March-2015 G. Azuelos - FCC Week 2015 - Washington D.C. 16



Vector Boson Scattering S

m(WZ2Z), background
y(Z), 2 TeV resonance : :

10_2 T T T LI B I T T T I LI I LI B UL
8_0.10_7 — 1 T 1 I LI B I T T T I L I I T T T l T T C .
- 1 St ]
6.0-10~7 — - 1073 —
-~ i i g 5 -
g - e :
3401077 — | a8 L i
2 i i &
o . 1 g 1074 - —
g _ i g = 3
o F 3
.% - - 7] 5 - ]
2.01077 |~ — L ]
: ' U HU]MHH 14, .3
o 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 11 1 1 1 1 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 :
-5.0 —2.5 0.0 25 5.0 7.5 10.( 0 500 1000 1500 2000 2500 3000
y mij
X-sect = 1.106E-05(pb) AVG = 2.584E+00 RMS = 1.293E+00 | X-sect = 1.020E-01(pb) AVG = 4.472E+02 RMS = 2.786E+02 |
Tot # Evts = 10000 Entries = 10000 Undersc = 0 Over Tot#Evts = 10000 Entries = 5626 Undersc= 0 Over
L . . ' '
PT’Q Ly LV\OL\"j ,

typical cross sections for 2 TeV resonance (c,=0, c,=1, g,=3, 120GeV x 50 TeV)
Heavy Vector Triplet model, D. Pappadopoulo et al., JHEP 1409 (2014) 060, 1402.4431

= highly dependent on acceptance and performance of detector)
- LHCI14: S=0.121b Byep=4.2pb Bgy =300 fb
= FCC-eh S=0.011b Bew =100 fb

low cross section, but kinematics of signal distinct from background
need v. good detector performance

possibly use hadronic decay of W and Z (boosted, high mass object)?
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PDF impact on searches

» For SUSY: Searches near HL-LHC kinematic boundary may ultimately be limited
by knowledge of PDFs (especially gluon at x 2> 1)

»  Example: gluino production at HL-LHC
’ ATL-PHYS-PUB-2014-010

C T T T m
#00 [~ ATLAS Simulation Preliminary T~

e o [la.m.m-’ﬂ.uvw

== f - >100% PDF uncertainty - Dependency on discovery potential and
exclusion limits at 300 and 3000 /fb for 14 TeV c.o.m.

IGIuinlo Pair Production PDF Uncertain

T hermiz008 Gluino Pair Production
SH 1
gy " R s || == %710
20H — ABKMO9 ‘ - Central value LHEC = MSTW2008 — MSTW2008
Effect could —LHEC g —  ABKMO9
be up to 1 TeV E ) — LHEC
(v}
@ 0 ;
\5 = "1 At spread:400 Gev .
© § 10"} 3000 o ._
A Min, spread; 600 GeV s
10’
LHC (14 TeV)
—0.5F 10° 20 25 70 L L)
18516 15 20 25 3.0 35 40 45 50
' ' ' M= M T ' ' ' : also NNPDF3.0
M, = M, [TeV]

1410.8849

Monica D'Onofrio, ICFA 2014, Bejing 28/10/2014
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]
. hh ee he

SUSY-RPV A,

LH-O

R-parity violation =» squark production (similar to leptoquarks, with generation mixing)

stop ¢ ; 045} !
T A, <0.03 b 0.40 3 ; ——1,,=0.03
SRR 100 GeV 0.35F §ommmm =001
Bl 233 also strong bounds from BB0v & 030 3 !
d b - 0.25f ]
d(p2) b(p4) Barbier hep/ph-0406039 o 0.25 : !
X 020F :
W Hong-Tang et al., ® 015 ]
arXiv:1107.4461 F !
0.10 - '.'
* semsitivily up to 700-g00 GreV with 0_05;.
400 - .500. - .600- - .700

Just 1 £b%, but expect comstraints from LHC, of
* Very promising with high lumi, ~ 100 fb 100 200 300  4C
The lighter stop t, mass M (GeV)

* reqiires good b-tagging efficiency
|yjet| < 4.9,

p5>20 GeV, pi>20 GeV, |y| <32,

sbottom
e e 16
; lepton-flavor-conserving process M o150 Gev (@
___:___ under single coupling dominance P ms:=50° GeV
hypOthGS]S e SM background
o If
’ br >® L
u u A113 <0.02m % 0.8-—
also strong bounds from BBO0v S
arXiV: 1401.4266 i P
Barbier hep/ph-0406039 04f  Fe=50GeV
< 100 fb-1 needed for 1 TeV o2l .
RPV sbottom 8s discovery T
03 5 T [ 2 3
Ye
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LH.O SUSY - RP conserving @F=))
+ G4 production e 4
o constraints from LHC : )
. forlarge Am(£-x/)>100-150GeV ~ § e
— expect low p; leptons U <
- low Am(g- x,)constrained by monojet analysis
+ EWK SUSY |
o Via Vector Boson Fusion
ep— X X:JJs
~0 i*
L 4w

1

|—> j j (Very SOft) diagram 1 QCD=0, QED=4

— high background...

25-March-2015 G. Azuelos - FCC Week 2015 - Washington D.C.

20



LH.C Conclusions FCC

« Exotica and BSM physics
« High mass leptoquarks at FCC-he, with sensitivity to coupling
 lepton-quark compositeness: sensitivity still at LHeC
« anomalous top couplings
* Higgs couplings need to be measured with high precision
» coupling to gauge bosons HWW, HZZ. measure and probe
anomalous couplings
« High precision measurements of proton (and nuclear) structure are
the main goals of LHeC and FCC-he
* improve dramatically precision of LHC and HL-LHC searches and
measurements

higher sensitivity in all channels ab FCC-he

Studies ongoing: a Lot remains to be done

25-March-2015 G. Azuelos - FCC Week 2015 - Washington D.C.
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+ LHeC Baseline Design: 60 GeV x 7 TeV, Vs=1.3 TeV

Vv

Total circumfrence - 9km

o should be synchronous with pp operation of LHC /P_(-_Lf\
o L=10%*cm=2s7,:Q? .= 10°GeV? 10° < x< 1,K \

o 10-100 fb-'/yr, 0.1-1 ab™1 total \
o Linac-Ring (LR) option: now baseline design
= energy recovery LINAC (ERL)

= possible polarised e (up to 90%), y beam, using Compton Back-
scattering, but low luminosity for e*

= eventually possible Higgs factory yy collider

+ FCC-he
o 80-100 km tunnel infrastructure in Geneva area
o 80 (pol.), 120, 175 GeV x 50 TeV — s =2.8, 3.5, 4.2 TeV

o colliding beams from FCC-ee and FCC-hh yields
FCC-he luminosity of about 2x1034 cm-2s-1
at E_=80 GeV and 2x1033 cm2s-! at 175 GeV;

from F. Zimmermann, FCC Study Kickoff meeting, Feb 2014, Geneva
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Il 6 —
[ % 10 E nuclear DIS - F, , (x,Q%
g B Proposed facilities:
~ 105 _ LHeC
G U E | emc

Fixed-target data:

2
I Illllll

e-Pb (LHeC)
(70 GeV - 2.5 TeV)

—
<
I Illllll

2
I IIIIII|

O’ (Au, b=0 fin)
1 0 = ’ ﬁn e_Au A H'c) /
- (10 GeV,<100 GeV)J
_ perturbative //
1 = 7 » / [l

10
Ellllllll | llllllll L1t IL.I/‘/T"-'f‘,l/-llllll || lllllll | lllllll |
10°® 10° 10 10°® 102 10" 1
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FCC-he detector layout

» Longer than LHeC in p direction (x 2 for calorimeters to contain showers)

» Same or slightly longer in electron direction (about 1.3 for 120 GeV)
All Numbers

Muon Detector

sSolenoid

Alessandro Pollini and Peter Kostka
https://indico.cern.ch/event/282344 fsession/15/contribution/100/material/slides/0. pdf

Monica D'Onofrio, DIS2014, Warsaw 4/30/2014
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y(z1)

8'0o10_7—|lll]lllillIllIlIll

6.0-10~7

2
~2

4.0-1

sigma (pb/bin)

2.0-10~7

LI B I T 1T

X-sect = 1.106E-05(pb) AVG = 2.584E+00 RMS = 1.293E+00

Tot # Evts = 10000 Entries = 10000 Undersc = 0 Over

y(w+1)

6.0-10~7

4.010~7

(pb/bin)

2.0-10~7

sigma

X-sect = 1.106E-05(pb) AVG = 2.591E+00 RMS = 1.299E+00

0 Over

Tot # Evts = 10000 Entries = 7506 Undersc =
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Tot # Evts = 10000 Entries = 5626 Undersc= 0 Over
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X-sect = 1.020E-01(pb) AVG = 4.472E+02 RMS = 2.786E+02
Tot # Evts = 10000 Entries = 5626 Undersc= 0 Over
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