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Leptoquarks - Introduction

* Leptoquarks (LQS) are
hypothetical particles
carrying both baryon and
lepton numbers

Predicted by many theories
beyond the SM - GUTs,
compositeness models...

* Couple to leptons and
quarks of a single

(§0

genera'l.lon Model parameters
. M, LQ mass
* Dominant processes for LQ P R

pair production at LHC - herg  La-LQcoupling
gluon_gluon Fus'on & quark_ LQs can be scalar* or vector
antiquark annihilation
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Search for LQ1, LQ2

LQ + LQ — /ljj Final State LQ + LQ — /vjj Final State

* Search for pair production of first & second
eneration LQS in “di-lepton+di- Je’r and
“lepton+di-jet+missing Et (MET)" final states

= B =1 for lljj final states
* [ =0.5 for | v jj final states

CMS Preliminary \s=8TeV, 19.6 fb" CMS Preliminary (s=8TeV, 19.6 fb”

- Data %
SN Zfy 4+ jets s Zly +ets
t t+jets

M ° t + jets
O r J J a n a y S e S . ther Background Other Background

v ~ Unc. (stat + syst) f - Unc. (stat + syst)
v, Mi, My

——1Q, M =500 GeV ——1Q, M =500 GeV
v Stl= pr (L) + pr(l2) + pr | £l
(Jl) + PT (JZ) ] 000 1500 2000 S:I(:( ;o?gt;%%oe{aoo 1600 1800 2000

FOr IV JJ ClnClIYSQSI imi = ,19.6 fb’ imi \s=8TeV, 19.6 fb"

Hﬂffjf\\ W+jets
#2 ti+jets

Events/Bin
Events/Bin

~ Unc. (stat + syst)
—— LQ, M =500 GeV

v MET, My S
v ST =pr(l) + MET + pr

(Jv) + pr (j2)

Events/Bin
Events/Bin

500 1000 1500\ .. 2000 2500 3000 200 400 600 800 1M (']>OO 1200 1400 1600 1800 2000
LV
s [Gev] M"' [GeV]

LQ1 - EXO-11-028 - 7TeV CMS data, 8TeV resulfs about to come LQ2, EXO-12-042 with full 8TeV CMS data
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LQ1 & LQZ2 Limits

EX0O-12-042 with full 8TeV CMS data
19.6 fb”

EXO-11-028 with full 7TeV CMS data
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95% CL limits
= CMS pwjj + uvijj (Obs.)
==» CMS pyjj + uvijj (Exp.)
— CMS uvjj (Obs.)
--- CMS uvijj (Exp.)
— CMS uijj (Obs.)
--- CMS pwijj (Exp.)
ATLAS, 7 TeV, 1.03 fb™
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195% CL limits
== CMS eejj + evjj (Obs.)

— CMS evijj (Obs.), 5.0 fb!
|— CMS eejj (Obs.), 5.0 fb'!] N B
1000 1200
M q (GeV)

©20 ATLAS (Obs.), 1.03 fb'!
T ]

();:::;;lllllllll | |
300 400 500 600 700 800 900
M, (GeV)

Scalar LQ2 with mass below
1070 (785) GeV are excluded
for B =1 (0.5) at 95% CL

Scalar LQ1 with mass below
830 (640) GeV are excluded
for B =1 (0.5) at 95% CL

"Searches for Leptoquarks, Extra Dimensions, and Dark Matter - Lovedeep K. Saini ( KSU, Manhattan ) - LHCP 2014




Search for LQ3 (—t 1)

EX0-12-030 with full 8TeV CMS data

* Search for scalar LQ3 pair each decaying fo top + T

CMS Preliminary, {s=8 TeV Il W+jets

Bl Z/y*+jets

B tt+jets

| WW/wWz/zz

I thw
Rare SM
QCD

—— Data (19.5/fb)

pi-rl_i«ﬁijE,
1 —
pET ST eT b

(f € {6, M, T})

Require same-sign (SS) x4 T, + X final state

CMS Preliminary, 's=8 TeV Il W+ijets

© 5 =pr() + pr(T) + pr(J) + MET, S > 400 GeV Cl.
* Njets >1, Z-veto, My (i, MET) > 40 GeV S

—— Data (19.5/fb)

* event centrality: average absolute 711 of all es, us, TS in

the event.
v LQ3 dominant in central region
v search split in two channels (<0.9, >0.9)

Final cuts on S; and p;(7,) are optimized for each LQ3

400 600 800 1000

Mmass hypo’rhesis. (GeV)
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Search for LQ3 (—b 1)

EXO-12-032 with full 8TeV CMS data

Search for scalar LQ pair each decaying fo b and T
=2/3 or 4/3, B=
One T decay leptonically (T ,) & other hadronically (T ,)

Require two jets, at least one tagged as b-jet
M(T,,J)> 250 GeV

v minimize difference b/w mass of T and one jet and the mass

of the light lepton and the other jet

= p; (1) + o (T h) + p; (j) + P: (b-jet) CMS Preliminary, 2012
19.7 fb”, Vs =8 TeV

 Observed
L
B W/Z + jets

. Other

— Signal M =500 GeV
La

—_
(*))

S; distribution used to extract limits

| puChannel || v, Channel
tt (irreducible) 66.7 £12.6 105.6 == 18.1

Reducle | 1170150 | 17530
Z(ll/tT)+ets 75+4.64+0.2 214+74+49

Singlet 173 +2.8+4.7 16.0+=28 =44
26 £05=x=0.8 41+06=%13

Ev_kents_L/ GeV
N N

—

TotalBkg 2114:|:54:|:2342949:I:79:I:391

Signal (500 GeV) | 51.6 £1.3+5.3 57.7+14+59
Signal (600 GeV) | 17.7+04+1.6 201 =0.5x=1.9
Signal (700 GeV) 6.2 0155 7102163
Signal (800 GeV) 23+01=x0.2 27=x01=x0.2

800 1000 1200
S; (GeV)
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EXO-12-030 with full 8TeV CMS data

CMS Preliminary, (s=8 TeV

—e— Observed Limit (19.5/fb)

---- Expected Limit

B Expected 68%
Expected 95%

2
- OLQSXB = Otheory (B=1)

200 300 400 500 600 700 800
LQ, Mass (GeV)

-1/3 LQ3 decaying to top

+tau with mass below 550

GeV excluded at 95% CL
( 582 GeV expected)

LQ3 Limits

EX0O-12-032 with full 8TeV CMS data

CMS Preliminary, 2012
19.7 fb™, (s =8 TeV

— o, x B?, B=100%
-+ Expected limit
- Observed limit

19.7fb™, Vs =8 TeV
I Expected, LQ —bt
@1 Observed, LQ —br
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[]1Observed, LQ —tv
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LQ3 decaying to b+tau
with mass below 740
GeV excluded at 95% CL
( 754 GeV expected)

Limits for LQ3
search as a function
of BR and mass are

calculated too
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DarK Matter - Introduction

= Strong astrophysical evidences for the
existence of DM

* No unambiguous direct detection so far N

3.6% INTERGALACTIC GAS

* Needs independent verifications from various -
astrophysical and non-astrophysical
experiments.

* Colliders provide an alternative way of nlrect Deteer
searching through DM production DM SM
* Signal characterstics: S
v large missing transverse energy (MET) from production of DM [
particles recoiling against X (=gW/Z,7 ) 2
* Effective theory approach (EFT) used 3
v/ assuming inferaction mediated by a heavy particle with a
mass M, scale of the process M* or A, and coupling g, DM SM
and gq =S
v express limits In terms ot DM-nucleon cross-section, then Collider

compared with constraints from direct and indirect
experiments.
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Mono-jet

EX0O-12-048 with full 8TeV CMS data

Large missing transverse energy recoiling against a high pT jet

\
(d@

One jet with pT > 110 GeV and allow an additional
jet (pT > 30 GeV) provided A ¢ (j1, j2) < 2.5

Veto event if has third jet with pT>30GeV

Veto event if has isolated leptons with pT>10GeV
(20GeV for taus)

= Several signal regions with increasing MET thresholds

v MET > 250, 300, 350, 400, 450, 500, 550 GeV
MET > 400 GeV used for limit

&)

N
€0

- Z—vv
CMS Preliminary [ ] w—w
Vs =8TeV - i
det=19.5fb'1 o
[ Jaco
[ z-mr
ADD M,=2TeV,5 = 3
DM A =892 GeV, M =1 GeV
Unparticles du=1 T,A =2TeV

—@— Data

Events / 25 GeV

&)

ERVSS (GeV) — > 250 > 300 > 350 > 400 > 450 > 500 > 550
Z(vv)+jets 30600 = 1493 12119 £640 5286 £323 2569 £188 1394 +£127 671 =81 370 £ 58
Wets 17625 + 681 6042 £ 236 2457 =102 1044 £ 51 516 + 31 269 +£20 128 +£13
tt 470 = 235 175 £ 87.5 72 £ 36 32 16 13 = 6.5 6 + 3.0 3+15
Z(0)+ets 127 £ 63.5 43 £ 21.5 18 £9.0 8 +4.0 4£20 2+1.0 1£05
Single t 156 &= 78.0 52 +26.0 20 = 10.0 7 3.5 2+1.0 14+05 0x0

QCD Multijets 177 +88.5 76 £38.0 23 £11.5 3+£15 2+£1.0 1+0.5 0+0
Total SM 49154 +-1663 18506 =690 7875341 3663 =196 1931 £131 949 +83 501 459
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

®)
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©
(a)]

400 500 600 700 800 1900 1000
ETSS [GeV]
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Mono-photon

EXO-12-047 with full 8TeV CMS data
Large missing transverse energy recoiling against a high pT ¥

One energetic photon with pT > 145 GeV within || < 1.4442

* Veto events with leptons and significant hadronic activity
* MET > 140 GeV

* A ¢ (photon,MET) > 2

CMS Preliminary Ys=8TeV,L=19.6fb ' CMS Preliminary {s=8TeV,L=19.6fb ™

Process Estimate
1 viet, W(uv), vy, Z(ly 1 vHiet, W(pv), vy, ZaDy

== ocp " , ] bl Z(— vi)+7~ 344.8 + 425

Wos ev ¢ . Cd wo ey
E‘z‘f:'«/ = B W(— fv)+~ | 1025 £+ 20.6
ﬂ§§¥+ADD(N1 ey, ey T - SMEADD 2T, W — ev 595 + 55
“E jet — v fakes 454 + 13.9
Beam halo 24.7 £ 6.2

Others 35.7 +£ 3.1

Total background | 612.6 + 63.0
630.0

Events/GeV

200 300 400 500 600 700 800 7900 1000 . 200 300 400 500 600 700 800 900 1000
P! [GeV] Er [GeV]
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Mono-X (results)

EXO0-12-047 with full 8TeV CMS data
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Extends the limits for M, <3 GeV - Stringent constraints by colliders

which remained unexplored by direct over the whole mass range
detection experiments
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Extra Dimensions - Introduction

* Non-SUSY solutions to the
hierarchy problem: extra
dimensions (ED)

v ADD: SM particles are confined fo
4D subspace (brane) gravity
propagates in additional dimensions
(bulk). Its 4D projection is weak.

v Signature:

® mono-X from direct graviton
production

® enhanced high mass di-object
events (virtual graviton
exchange)
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ADD with Mono-jet/photon

EXO-12-047/48 with full 8TeV CMS data

CMS Preliminary 2012 ys=8TeV,L =19.6 fb™

0
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CMS Preliminary

CDF
JL dt=19.5f", {s=8 TeV

CMS Monophoton, Vs = 7 TeV

w

CMS Monojet (LO) 8 TeV

—— CMS Monophoton, ys = 8 TeV
CMS Monojet (LO) 7 TeV, 5 b P Vs
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Limits on Mp as a function of extra
dimensions, compared to LO results from
similar searches at the Tevatron and LEP
along with the CMS 7 TeV results.
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Limits on the order of 3-5 TeV, lower for larger number of EDs
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https://twiki.cern.ch/twiki/bin/edit/CMSPublic/TeV?topicparent=CMSPublic.PhysicsResultsEXO12047;nowysiwyg=1

ED with di-leptons

EXO-12-027, EXO-12-031 with full 8TeV CMS data

* Enhanced non-resonant dilepton production

*Best S/B ratio in high mass tail of dilepton
spectrum

* Single bin counting experiment with
Bayesian approach (Optimized lower mass .
threshold of MIl > 1.8 TeV) gominant%M a VirtuaIGI Virtual ¢

background qqg-annihilation gluon fusion

Model Parameters:

L. p CMS 2012 Preliminary Ldt=20.6fb" \s=8TeV
CMS 2012 Preliminary Ldt=19.6fb" Vs=8TeV i

GRW (Giudice, Rattazzi, Wells)

A 8l (neof2) Mp™ ™
T T T 2nen2c, \neo—2

—— Data
’ T Di n
-I Zly — ee 3 - op + Diboso
u) L
B (i and Diboson - data
] Jets(data) —— ADD A;=3.6 TeV
—— ADD, A;=3.6 TeV .

Ar  Controls phenomenology

A\ Ultraviolet energy cutoff
nep  Number of extra dimensions
Mp Reduced Planck scale

HLZ (Han, Lykken, Zhang)

Nep — 2
/\Af — TM;:HLZ

500

M, [GeV]

Ms  String Scale
nep Number of extra dimensions
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ED with di-leptons

EX0-12-027, EX0O-12-031 with full 8TeV CMS datc

CMS 2012 Preliminary Ldt=19.6 fb" Vs = 8 TeV CMS 2012 Preliminary Ldt=2061f" Vs=8TeV
i —95% CL Observed Limi ' :
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I - \ Atlas ee+up+yy(7TeV,5.0fb™)
V5, Y — = CMS ee+uu+yy(7TeV,2.0fb™)
i ' & i CMS yy(7TeV,34pb™
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Observed combined limit on 05 <
0. 12 fb at 95% CL

Observed limits on cross-sections are translated to
exclusion limits on ADD model parameters

*  Translating in GRW limit (combined ee & uu limit)
At > 4.15 TeV

*  translate info HLZ by
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Conclusions

* Full 8TeV CMS data has been analyzed for most of the
searches.

* Huge improvements on the known limits of LQ pair production,
dark matter and extra dimensions, have been made. These
results are the most stringent fo date.

Searches for all three LQ generations with different channels
are shown (LQ1 8TeV results not public yet) .

* Dark matter searches target lots of different ISR objects -
sensitivity to different operators in EFT enhanced -competitive
with direct searches - especially these collider DM results
are relevant at low DM mass and for spin-dependent
interactions.

Search for extra-dimensions in different possible signatures
show no sign for its existence.

* But stay tuned - more results are on the way - 13 TeV
collisions about to start !

(S0
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Thanks ...
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