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Summary of CMS SUSY Results* in SMS framework

SUSY 2013

CMS Preliminary

For decays with intermediate mass,

22 X TmvydoX M termediate = X.mmother (1 _X).m|sp
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*Observed limits, theory uncertainties not included
Only a selection of available mass limits
Probe *up to* the quoted mass limit

Mass scales [GeV]



ATLAS SUSY Searches*

- 95% CL Lower Limits

ATLAS Preliminary

Status: SUSY 2013 [Ldt=(46-229)fbr 5=7,8TeV
Model e T,y Jets ET™ [Ldib] Mass limit Reference
T T T T I T T T T T T T T I T T T T T T T
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 4.8 1.7TeV m(g=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM Tepu 3-6jets  Yes 203 |§& 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10jets  Yes 20.3 g 1.1 TeV any m(g) 1308.1841
S g, a—>q)?‘1’ 0 2-6jets  Yes 203 |§ 740 GeV m(¥3)=0 GeV ATLAS-CONF-2013-047
S 2z &—qal 0 26jets  Yes 203 |& 1.3 TeV m(E%)=0 GeV ATLAS-CONF-2013-047
3 £E, E—qaX ¥ —qqW*i1 Teu 3-6jets  Yes 203 |E& 1.18 TeV m(E9)<200 GeV, m(¥*)=0.5(m(¥3)+m(z)) ATLAS-CONF-2013-062
) gE, g—>qq(£’€/€v/vv)/\,’(1) 2epu 0-3 jets - 20.3 g 1.12TeV m(¥?)=0GeV ATLAS-CONF-2013-089
©  GMSB (/NLSP) 2eu 2-4jets  Yes 4.7 tang<15 1208.4688
‘D GMSB (/ NLSP) 1271 O-2jets  Yes 207 tans >18 ATLAS-CONF-2013-026
2 GGM (bino NLSP) 2y - Yes 48 m(E)>50 GeV 1200.0753
£ GGM (wino NLSP) Tepu+y - Yes 48 m(E9)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥3)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>10"* eV ATLAS-CONF-2012-147
&3 gﬁbE)?O? 0 3b Yes 201 |& 1.2 TeV m(E3)<600 GeV ATLAS-CONF-2013-061
> “E’ g—>t£€6 0 7-10jets  Yes 203 |& 1.1TeV m(¥) <350 GeV 1308.1841
R o £t 0-1e,u 3b Yes  20.1 g 1.34 TeV m(¥?)<400 GeV ATLAS-CONF-2013-061
S g—>th1 0-1e,pu 3b Yes 20.1 g 1.3 TeV m(¥9)<300 GeV ATLAS-CONF-2013-061
biby, bi—b¥} 0 2b Yes 201 | 100-620 GeV m(E2)<90 Gev 1308.2631
w e bib, b—thy 2e,u(SS) 03b Yes 20.7 by 275-430 GeV mm) 2 m(t9) ATLAS-CONF-2013-007
< S #H(light), fi—blT 1-2 e,u 1-2 b Yes 4.7 t 11 m(¥2)=55 GeV 1208.4305, 1209.2102
g g % (light), t1—>Wb)(1 2e,u 0-2jets  Yes 20.3 31 130-220 GeV m(/\.’?) m(%)-m(W)-50 GeV, m(F)<<m(¥7) | ATLAS-CONF-2013-048
8"8 t1 1 (medium), t1—>t)(1 2e,u 2jets Yes 203 |& 225-525 GeV mm) =0GeV ATLAS-CONF-2013-065
¢ 5 hti(medium), t1—>b)(1 0 2b Yes  20.1 i 150-580 GeV m(X1)<200 GeV, m(f)-m(¥?)=5 GeV 1308.2631
%3 111 (heavy), t1—>t)g Tepu 1b Yes 20.7 t 200-610 GeV mm) =0 GeV ATLAS-CONF-2013-037
5 & hh(heavy), fi—tl] 0 2b Yes 205 |& 320-660 GeV m(E9)= =0GeV ATLAS-CONF-2013-024
B Lk, hod 0  mono-jet/c-tag Yes 20.3 t 90-200 GeV m(%)-m(¥3)<85 GeV ATLAS-CONF-2013-068
# % (natural GMSB) 2e,u(2) 1b Yes 20.7 [ 500 GeV m(t?)>150 GeV ATLAS-CONF-2013-025
bb, boh+Z 3e,u(2) 1b Yes 207 |& 271-520 GeV m(F;)=m(¥9)+180 GeV ATLAS-CONF-2013-025
O RlLR, VAN, 2epu 0 Yes 203 |7 85-315 GeV m(¥3)=0 GeV ATLAS-CONF-2013-049
IS lexl ,)(+—>€v(€1/) 2epu 0 Yes 20.3 ):(* 125-450 GeV m(F3)=0 GeV, m(Z, #=0.5(m(¥; )+m(t3)) ATLAS-CONF-2013-049
= o )?1 X1, X1 >%v(19) 27 - Yes 20.7 | X; 180-330 GeV m(¥9)=0 GeV, m(z, #)=0 (m(}f)m(}‘f)) ATLAS-CONF-2013-028
w3 Xl)( —>€Lv€b€(vv) e E(v) 3epu 0 Yes  20.7 )gi)gg 600 GeV m(¥1)=m p\?S)N+ma(1)Oo m(,f7 #)=0.5(m(¥5)+m(¥1)) ATLAS-CONF-2013-035
X1X6—> Wx ZX& 3eu 0 Yes 20.7 /\:1/‘: 315 GeV m(X{):mpYz) m(Xl) 0, sleptons decoupled | ATLAS-CONF-2013-035
Xia—WXIhX; 1eu 2b Yes 203 | XK, 285 GeV m(¥;)=m(¥3), m(¥3)=0, sleptons decoupled | ATLAS-CONF-2013-093
B @ DirectiT i prod., long-lived %7 Disapp. trk 1 jet Yes 203 |X 270 GeV m(¥5)-m(E9)=160 MeV, 7(¥1)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R-hadron 0 1-5jets  Yes 22.9 g 832 GeV m(E9)=100 GeV, 10 us<t(g)<1000 s ATLAS-CONF-2013-057
6)'5‘ GMSB, stable 7, X1—>T(e ;1)+‘r(e ) 1-2u - - 15.9 10<tanp<50 ATLAS-CONF-2013-058
S 8 GMSB, X?—»yG long-lived X1 2y - Yes 4.7 0.4<7(¥)<2 ns 1304.6310
=l qq,X?—»qqy (RPV) 1 p, displ. vix - - 20.3 q 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(¥3)=108 GeV | ATLAS-CONF-2013-092
LFV pp—V, + X, V,—oe+pu 2e,u - - 4.6 A1,=0.10, 113,=0.05 1212.1272
LFV pp—¥; + X, vr—e(u) + 7 leu+t - - 4.6 A4,=0.10, A3(2)33=0.05 1212.1272
> Bilinear RPV CMSSM 1eu 7 jets Yes 4.7 m(g)=m(g), ctrsp<1 mm ATLAS-CONF-2012-140
i e W) K —eed,, e 4en - Yes 207 |X 760 GeV m({$)>300 GeV, 112150 ATLAS-CONF-2013-036
X1 X1 T S WL X 511ve, 619, 3@ u+T - Yes 20.7 Xf 350 GeV m(X1)>80 GeV, /1133>0 ATLAS-CONF-2013-036
£—qqq 0 6-7 jets - 20.3 g 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—tt, ti—bs 2e,u(SS) 03b Yes 20.7 g 880 GeV ATLAS-CONF-2013-007
N Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
-q:) Scalar gluon pair, sgluon—tt 2e,u(SS) 1b Yes 14.3 ATLAS-CONF-2013-051
“6' WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 | m(x)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
Vs =8TeV -1
- - full data 10 1 Mass scale [TeV]

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



Why SUSY is not there?

® Perhaps SUSY scale is higher than we thought

but there are no 2-3 sigma indications at all

® How to hide (?):

make spectrum more degenerate

make SUSY scale higher and higher (and higher ...)
we haven'’t really looked at every single channel;

® find exotic productions / decays

introduce more parameters;

® weaken current bounds



Non-SUSY Searches

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

Large ED (ADD) : monojet + E.
Large ED (ADD) : monophoton + E.

T,miss

T,miss

LI
Mp (6=2)
M, (5=2)

ATLAS

Mg (HLZ 5=3, NLO) Preliminary

Compact. scale R™
M ~R™
Graviton mass (k/Mg, =0.1)
Graviton mass (k/Mpg, = 0.1)
Graviton mass (k/Mp, = 1.0) del‘ =(1-20)fo"
M, (5=g)KK mass I1s=7,8TeV
M,, (5=6)
My, (5=6)
A
A (constructive int.)
A (C=1)
2.86 TeV. Z' mass

L=20fb", 8 TeV [ATLAS-CONF-2013-017]

L=4.7 fb”, 7 TeV [1210.6604] 1.4Tev Z'mass

L=14.3fb", 8 TeV [ATLAS-CONF-2013-052] 1.8 TeV. Z'mass

L=4.7 fb”, 7 TeV [1209.4446] 2.55Tev. W' mass

L=4.7 fb™, 7 TeV [1209.6593] 430 Gev. W' mass

L=14.3 fb™', 8 TeV [ATLAS-CONF-2013-050] 1.84TeV. W'mass

660Gev 1 gen. LQ mass

685Gev 2" gen. LQ mass
534 Gev 3 gen. LQ mass

656 GeV t' mass

L=1.0fb™, 7 TeV [1112.4828]
L=1.0fb™, 7 TeV [1203.3172]
L=4.7 fb™, 7 TeV [1303.0526]
L=4.7 fb™, 7 TeV [1210.5468]

L=14.3 fb”!, 8 TeV [ATLAS-CONF-2013-051]
b _

720 GeV_ b' mass
] . .
790 GeV_ T mass (isospin doublet)

L=14.3 flf‘, 8 TeV [ATLAS-CONF-2013-018]

2 Large ED (ADD) : diphoton & dilepton, m, ,,
S UED : diphoton + E i
2 sz, ED : dilepton, m,
QE) RS1 : dilepton, m,
3 RS1 : WW resonance, m; |,
© Bulk RS : ZZ resonance, my;
£ RS g, — tf (BR=0.925) : tT — l+jets, m_
w ADD BH (Mg, /M,=3) : SS dimuon, Ny, ..
ADD BH (M, /M =3) : leptons + jets,Xp
Quantum black hole : dijet, F (mii
""""""""""""""" gqqq contact interaction =y (m.)
) qqll Cl : ee & uu, r#r”
uutt Cl : SS dilepton + jets + E; .
Z' (SSM) : mg,,
Z' (SSM) : m,
N Z' (leptophobic topcolor) : tf — I+jets, m
W' (SSM) 1,
W' (= tq, g =1) imy,
W', (— tb, LREM) :m |
Scalar LQ pair (8=1) : kin. vars. in egjj, evjj
g Scalar LQ pair (5=1) : kin. vars. in uujj, uvjj
T Scalar LQ pair ($=1) : kin. vars. in tj, tvjj
. , 4 generation - t't'— WbWhb
=X 4th generation : b'b' — SS dilepton + jets + ET -
é’ g_ Vector-like quark : TT— Ht+X
.............................. Vector-like quark : CC,m, o
) Excited quarks :y-jét resonance, m" ,
E IS Excited quarks : dijet resonance, Pﬁ”
<& Excited b quark : W-t resonance, m
= 3 7T Wit
Excited leptons : -y resonance, m
"""""""""" Techni-hadrons (LSTC) : di I'épiéh',h'v'e'e,'ur '
Techni-hadrons (LSTC) : WZ resonance (M), m..
o Major. neutr. (LRSM, no mixing) : 2-lep + jets
_q:’ Heavy lepton N* (type Il seesaw) : Z-l resonance, m,,
35 H™* (DY prod., BR(HE’—>II)=1) 1SS ee (up), m

Color octet scalar : dijet resonance, m;
Multi-charged particles (DY prod.) : highly ionizing tracks

L=4.6 fb”, 7 TeV [ATLAS-CONF-2012-137] 1.12TeV. VLQ mass (charge -1/3, coupling K ,q =v/mg)
g* mass

q* mass

b* mass (left-handed coupling)

I* mass (A = m(I*))

p,/wy mass (m(p /o;) - mm;) =M, )

p, mass (m(p,) = m(r;) +my, m(a,) = 1.1m(p.,))
N mass (m(WR) =2TeV)

N* mass (IVeI =0.055, IV“I =0.063, IV | = 0)

I mass (limit at 398 GeV for uu)

Scalar resonance mass

mass (Iql = 4e)

I’I‘IaSS
11 1 111

*Only a selection of the available mass limits on new states or phenomena shown

10°
Mass scale [TeV]

107" 1 10



® What are current LHC bounds on (flat) ED?

® |s KK-photon dark matter ruled out?

® |s Universal Extra Dimensions still alive?



® My response was:
® Why do you ask me!
® |am notin CMS or ALTAS collaboration
® | did not make these models anyway

® | am working on something different these days...



Short Answers

MH=126 GeV and relic abundance disfavors 2UED (6D) with
minimal mass spectrum

MUED (5D) is very constrained as any other models
* Rinv > 1.2-1.3 TeV from tri-lepton search (8 TeV)
* Rinv < 1.5 TeV from relic abundance

There are ways to introduces more parameters
* brane-localized terms and fermion-bulk masses

« MUED exists in various event generators: CalcHEP, PYTHIA,
MG/ME, Herwig, Sherpa, etc

 For NMUED, coupling and mass spectrum can be modified



Outline

+ Universal Extra Dimensions (TeV ED)
* basic review
 collider and dark matter
« 5D and 6D
 current LHC bounds (2012)
« Beyond Minimal Model (2013-2014)
* more parameters
 AMS-02 data (positrons)
» exotic signatures?
* (no gravity in this talk)



If there are extra dimensions...

* Energy-momentum relation in 5D.

E? =p. +p2 +ps, +m’ E*=p2 +p2 +p2, +pi+m’

e |f an extra dimension is a circle,

O OO

\_ 2T
2R = 2\ 2R = B 2rR = 6\ B

_27rn_n
n py_ZWR_R

2
n —
E?=p2 4 p2, + 02, + 5 +mE =5 4 M

R2 ]\4%:\/%7””2



A Scalar Field in 5 Dimensions

* Action for a scalar of mass m

M,N =0,1,2,3,5= pu,5,
gun = (+———-)
aM: (8u>85)

S = / d*zdy [0y ®* (x,y)O™ ®(x,y) — m*®* (z,y)®(z, y)]

« ASSUME an extra dimension is a circle (.5,),

2R : .
( ) 2T R Opm = / dyexp (z(n m)y)
0 R

« Compactify ED (integrate out unknown coordinate)

O(x

2

S = Z /d4 [ugb )0y ( )—(—+m)¢2<w)¢n(x)] m, = /% +m?



Problems with circular ED

No (two components) chiral fermions in D > 4.
SO(1,3) ~ SU(2) x SU(2) ~ SO(3) x SO(3)

Each gauge field has 5 components, (G,.(z,v),Gs(x,y)

What particle corresponds to this 5-th component?

Introduce “Orbifold” (manifold with fixed points)

S/ 7,

brane brane
— ‘

bulk

Zz



A Scalar Field on an Interval

Action for a scalar with potential V

Shutk = / d'z /O " (%8M¢8M(b — V(qs)) dy
Variational principle leads to 55 = 0
o i [ (- i)
5= [t [ dy[ 0,0"03 ~ 550 - aqbaécb]
Keep the boundary terms when integrating by parts
5= foe [ oworo= - orac]
Bulk EOM and boundary terms

6M8M¢ — _g—g Neumann BC 9,¢| =0 H(z,y) = \/71TR{ +JZH ”RgJ)}




Standard Model on S /%5

1 [ 1 MN L aMN_lGA GAMN}’
LGauge = §/wRdy{_iBMNB _4WMNW T

L ! 2_ L rwe — cowe)’?
Cor = 5 [ du{-gp 0B, — OB - 5 (W — o)

1 ("G — §a5G§)2} ,

28
Lieptons = %/Zdy {iL(z,y)TY" Dy L(x,y) + iE(z,y)T" Dy E(z,y) }
LQuarks = %/_Zdy{iQ(fE,y)FMDMQ(JJ,y)+iU(fE,y)FMDMU(93,y>
—I-Z'D(:U,y)FMDMD(x,y)} ,
Lyukawa = %/_Zdy{AUQ(%y)U($,y>iT2H*(w,y)+AdQ(a¢,y)D($,y)H($,y)

ALz, y) Bz, y)H(z,y) }

Lo = 3 [ o (D) (DY B+ 52 H ) )

1
2



(2) + V2 Hy(x) cos()

n=1

oy

o0

BB(CU) — \@Z B (x) cos(n—ég)

3
u‘
—_

R)

+ PrQ(z) sin(

ny
= —) 4+ Pruf(x) sin(

O +i% 9 Bur ) Ely) |

2

On + 98" Was + %9 Bur) L(w.y)

(
(

= <8M—|—zg3 GM+192 WM+Z g1 BM
<(9M+%93 G +i2 91 BM) Ulz,y)
<

Onr + g Gar +i%2 9§)B )D(z,y)-

) Q(z,y)



1 TR
3 /—TrR dy COS(%) COS(%)

1 TR
5 /WR dy sin(%) sin(%)

I l
5/_WRdycos(%)cos(%)cos(%)

1 [ l k
5/ﬂRdyCOS(%)COS(%)COS(%)COS(%)

1 [ I
5/ﬂRdysin(%)sin(%)sin(%)sin(ﬁ)

5 [ dvsin(HsinC) cos(h)

2) n R R R
%/iidysin(f)sin(fy)COS(%)COS(%)
[y

%/T:; dysm(%)sm(n—}g)sm(%)

%/:Z dysm(%)COS(%)COS(%)

%/_:: dysm(—)cos(n—}%y)cos(%)(?()s(%)
%/:}Z dysm(%)sm(%)Sln(%)COS(%y)

5l,m+n + 5n,l+m + 5m,l+n ;

_5l,m+n + 5n,l+m + 5m,l+n ;

5k,l+m+n + 5l,m+n+k + 5m,n+k+l + 5n,k+l+m + 5k+m,l+n + 5k+l,m+n + 5k+n,l+m )

_5k,l+m+n - 5l,m+n+k - 5m,n+k+l - 5n,k+l+m + 5k+l,m+n + 5k+m,l+n + 5k+n,l+m )

_5k,l+m+n - 5l,m+n+k + 5m,n+k+l + 5n,k+l+m - 5k+l,m+n + 5k+m,l+n + 5k+n,l+m .



KK states after Compactification

« Each SM particle has an infinite number of KK partners,
with mass Vs

« KK particles have the same spin as SM particles.

* There are TWO Dirac KK fermions for each SM fermion.

Q U A
L R L R A, As
s N e T
e e =
AN I SN VSN



KK states after Compactification

SU(2) Symmetry SM mode KK mode
0. (@) Ur @ Uh@
k doublet = (x) = L n(r) = "
Quark double qr() ( Dy (z) ) 7(z) ( DMz) )’ Qr(x) D(z)
_ [ velx) niy— [ Vi) niy_ ( Ve(T)
Lepton doublet | Lo(x) = ( Ey(z) ) Tz) = ( Ei(z) ) L} (x) = En(x)
Quark Singlet ug(T) u'h(x), ul}(z)
Quark Singlet dr(z) d(x), d} ()
Lepton Singlet er(x) e (x), el (x)
KK Fermions Is | Y | Q=13+ % Q U
Quark | U, = Up(z) + Up(x) %1 % : L R L R
Doublet | D,, = D}(x) + Dj(x) | —5 | = —1
Quark | u, = u}(z) + u}(z) O2 % %3 £ 2 n=3 2 =
Singlet | d, =d}(z)+dj(x) | 0 | —2 —3 VN VN
Lepton | v, = v¥(x) + vi(z) > | -1 0 n=2
Doublet | E, = Ep(x) + Eb(x) | 4| -1| -1 <. nol —= X
Lepton | e, =¢€l(z)+ eh(x) 0 | —2 —1
Singlet no KI% smgletRV - | - - \—/r ; énzo



KK states after Compactification

 All vertices at tree level satisfy KK number
conservation.

0 0 1 1
m+ntkl = 0,
1 2 2 0
: : : : m+ntk+l = 0.
1 0 1 2
« KK parity, (-1)" Is always conserved even at higher
order.

* New vertices are basically the same as the SM
couplings (up to normalization factor).



Overview on UED
Universal: all SM particles in flat ED (no gravity)

1/R(GeV)

The simplest model: S1/Z2 (5D)

KK tower after compactification with n/R 800

KK-parity: (-1)”

— all SM particles (zero mode) are even

— level 1 KK particles (n=1) are odd

— level 2 KK particles (n=2) are even -
— electroweak precision constraints are avoided App|th(zoo)z

* new contributions are loop-suppressed
— the LKP Is stable and a DM candidate

S'/Z,

brane brane
— o
bulk

7 Appelquist, Cheng, Dobrescu 2001
2




« Two parameters: R, Lambda (cutoff)

M (GeV)

More on UED

« Minimal UED: mass splitting be generated by radiative
corrections (assuming no boundary terms and no bulk masses)

« Short RG running leads to compressed mass spectrum

650

600

850

500

i

Qu,d L,e

(a) 1

tl ,tz

by.by 74,7V,

650

600

- 550

- 500

650

M (GeV)

650

600 -

950 -

500

- 600

o7 =

- 550

- 600

1/R =500 GeV

Cheng, Matchey, Schmaltz, 2002



More on UED

Two parameters: R, Lambda (cutoff)
The same spin: SM and KK partners

Larger production cross sections (compared to SUSY
productions), i.e., KK gluon, KK quark productions

Decay products are softer

4 leptons with large branching fractions
02053 14, Cheng, Matchev, Schmaltz

g R [+ T

50
Tevatron




AR

- LHC @ 7 TeV: MUED reach for 3-lepton signature

Current bounds from LHC

Belyaev, Brown, Moreno, Papineau 2012

45 LHC @ 8 TeV: MUED reach for 3-lepton signature
40 f”l”'§50' """"" LI S | A A R N 2 40 i'l”§'5"' """""""""""""" |
B 95%Ch i} n 95%CL
3 i pi e 35
SRR B O L | R P E
30 ==2M o e 30 = =5 i
—=5" —et087
25 1o el A 25 20t i
- R L o 3
2 /.) """ e e """""""""""""""" 20
F LA A | B
15 — L I e i N 15 I
A T I
10 — Lo e S 10
5 C [ ‘ Lo ‘ ‘ ‘ 5 C [ ‘ ‘ ‘ | ‘ ‘
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
R(GeV) R'(GeV)

« Collider and low energy experiments provide lower bound

on KK scale

(1/R)

« Minimal UED (2 parameters) is very constrained
« Cutoff dependence is logarithmic



~ mass splitting

AR

between the states

ATLAS limit (dimuon)

Universal Extra Dimension

40

[} | I{Tog ™ r 1 rTos T T T Tos T T Tperop T T 1 |1 6 1 T 1 T 1
T\ ATLAS Preliminary I'—dt=20-1 fol, Is=8TeV -
35 \ dimuon signal region === Observed limit (x105"%) —
— A B
- ey - — - Expected limit (+10,,,) ]
0 \:i O\ el —
=\ Texpected ]
251 V. )\ P i
:“. ~ ~ ~¥ N . :
20 - “ S~ “a |
- \ observed .
- \ —
- [} —
15 — b ]
| \ ]
- \ _
10 ? 0 I‘l 0.4 0.5 0.5 0.7 %
:‘ “““““““ //I :
5 - g /// =
1 1t““‘l L1 .‘fTO . 1+ 1 409, 4, 06, + , 08, 4+ v 08, v v , 0F

700 800 900 1000 1100 1200 1300
1/R [GeV]

~ mass of the KK photon

Numbers give 95% CL excluded model cross sections [pb]



SUSY is an ED theory

« SUSY is an extra dimension theory with anti commuting coordinate

(2", 0) = ¢p(z") + Y™ (2")0a + F(2")070,

SUSY UED
Field d(xzt,0,0") d(zH, y")
Symmetry Supersymmetry 5D Lorentz and gauge symmetry

(broken by compactification
and boundary interactions)

Component fields

(SM, Superpartner)
® in terms of 6 and 6~

(SM, KK partners)
® in terms of bases

(exp(y), cos(y), sin(y))

Spins

differ by 1

same spins

Leys

[ d0do™S[®(x, 0, 67)]

J dyS[®(z, y)]

Discrete symmetry — DM

R-parity

KK-parity = (—1)"

# of parameters

many (soft terms)

many (boundary terms)

5 in MSUGRA 2 in MUED (R, A)
Gauge bosons maybe KK partners of SM gauge bosons
Renormalizability Yes No




SUSY vs UED

« SUSY-like cascade decays at the LHC from the first KK modes.

q
SUSY: q
—————— ~0 (* (near)
UED: & (F (far)
o X5
 Distinct feature: 2nd KK modes. Y1
fo
v Vs
fo

Figure 3. The effective foVy' fo KK-number violating coupling on the left is generated at

one loop order from the one loop diagram on the right.



Spin and Couplings of Dark Matter:
Why is it difficult to measure them?

* Missing energy signatures arise from something like:

( 15
23 ° (=3

« Several alternative explanations:

S | Spins D C B A Example

1 | SFSF Scalar | Fermion | Scalar | Fermion | ¢ — \5 — € —\}
F'S| Fermio cala I 10N Scalan Q= Zyg — [ — vy

3 FSEF\ Fermio calar I Vector q — Zy — ) —m

1 | FVFS | Fermio wcto I Scalar g — Zy— L —
FVEV | Fermio to I G —Zy— L —m

6 | SFVI Scalar I t I

Burns, Kong, Matchev, Park 2008
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taken from Felix’s talk



crions:

”oup ing vs. mass proje

| | | IS « T
200 £ Wide resonance / T
1.00 - / -
0.50 ]
- _
— 020 B w‘“ ]
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0.10 ~10dels e |
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0.05 i |
- 300 ! 7
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002 B Js tang a,}/uTaG;Laq 3ab !
100 200 500 1000 2000 5000 1x10* 2% 10
14 and 33 TeV 95% C.L. exclusions,
statistical uncertainties only MG‘ (GEV) Yu 2013

taken from Felix’s talk



Lambda*R

Current/projected bounds on
level-2 KK gluon

Kong,Yu 2013
. )\A 2
SU(3)c gauge boson  Quark (wp)  igs 3" sk n (4) [P (3o + g3 — Hod)
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Level 2: KK (dilepton) resonances
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Datta, Kong, Matchev 2005



Level 2: KK (dilepton) resonances
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Belyaev, Belanger, Brown, Kakuzaki, Pukhov, 2012



Data Fit with MUED vs SM

Excluded at 95% CL

There is no hint on MUED from
the Higgs data ...
The fit of the SM if perfect :-(
But SM does not predict DM!
The fit of MUED is good as well

SM  MUED

l l ] ]
600 800 1000 1200 1400

1600



KK

B wWWM—— v—>—f
Af Af
B'wWW—<—Tf B <« T

Figure 4: Feynman diagrams for B BM annihilation into fermions.

B' WWWW—>--¢ B ->--¢ B 0
[ [ /1/
Ao Ao <.
I I . *

B' WWW - <~ ¢ B -<-¢ B S0

Figure 5: Feynman diagrams for B BM annihilation into Higgs scalar bosons.

0 5 T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
o045 ]20) YS) annihilation (tree; w/o FS level 2) /

' al)y ) annihilation (1-loop; w/o FS level 2)
b0) Coannihilation (tree; w/o FS level 2)
b1) Coannihilation (1-loop; w/o FS level 2)
c0) Coannihilation (tree; w/ FS level 2)
c1l) Coannihilation (1-loop; w/ FS level 2)
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Belanger, Kakizaki, Pukhov, 2010
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KKDM in non-minimal model

e The change in the cosmologically preferred value for R™* as a result of varying
the different KK masses away from their nominal MUED values (along each line,
th S 01) (Kong, Matchev, hep-ph/0509119)

500 700 1000
R™! (GeV)

2000

e In nonminimal UED, Cosmologically allowed LKP mass range can be larger
— If A = mlm_—;nﬂ is small, mp i p is large, UED escapes collider searches
— But, good news for dark matter searches



KK Dark Matter: complementarity

®  Treat the LKP mass and mass splitting as free parameters.

® Gives a better chance for the LHC, and direct detection.

5 5
1071 3
g 5} 5f
~ [ [
s
T
51072 | - | :
< : ' ]
5 5r \
; 1%: 10%: \
IG—B LIPS EFEPEEPE IS IPITT PRTT] PR e | T A MEEFEEPE P EPEFEPEE B P RET PP e e e T (P
100 200 300 500 700 1000 2000 100 200 300 5007001000 20003000
m., (GeV) my, (GeV)

® Yellow: 4 leptons plus MET at 14 TeV LHC with 100 fb-|

. Arrenberg, Baudis, Kong, Matchey, Yoo 2013
® Green: relic abundance



How Many Extra Dimensions “?

AANANA A A2 AR L4,

Br (B — B{y) = by, ~ 34.0%

_) = bg. ~ 21.3%

Iy

Dobrescu, Kong, Mahbubani, 2007

e Extra “spinless” states: GH, ZH, WH, BH

e KK photonis a not DM and decays to spinless photon via 1-loop 2
body or tree-level 3 body decay (with vanishing BC at cutoff scale)



olpp > nl + B+ X ) (fb)

Multi-leptons from 2UED

104 —
Ch 0 N e n >
103 f- " - == n = E
10° —3
10! |- —
LHC
100 1 1 | 1 | |.\|'\.| | 1 1 1 re | 1 1 1
250 500 750 1000 1250

R™! (GeV)

1
1500

0<n+2m<8

®  The number of multi-lepton events at
14 TeV LHC

e No acceptance cuts



olpp > nl+ my + B+ X) (fb)

Leptons and Photons from 2UED

104 T T T T T T T T T T T T | T T T T | T T T T
E ~~
- n=2 m=1 é
3 L\ |
1°§\ ———-n=23 m=1 3 &
\ +
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10° |~ N - 4
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N o~
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N g
1L ~ |
10 ~ 3 +
~ ]
N
A ~ a
= ~ - E o,
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~
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® The number of lepton + photon events (14 TeV)



Spinless Photon Dark Matter

Mgy (GeV)
B - Wz 10001?0. _ .2?0. _ .3?0. _ .4?0. _ -5?0
. ii i _
By Wtz 800 L ]
By /,h By g h By h %\
g By + ~ E o0} 0h® < 0.094 y
B g, B et h By “h &
Bp t B t By oo 7 400 .
h< 4+ ™ + M [ Oh® > 0.128
By f Bp- t Bp - ——t 200 s
1(;0I - I2(I)O IB(I)OI - I4(I)0I - I5(I)0I - I6;)0
e R™' < 600 GeV R (GeV)
e Light higgs requires light KK particles

_ _ Dobrescu, Hooper, Kong, Mahbubani, 2007
— large production cross-sections at the LHC/Tevatron

® Oblique corrections: Rinv > 900 GeV

® Relic abundance: Rinv < 600 GeV
e MH =125-126 GeV



Many Variations

MUED: Minimal Universal Extra Dimensions (cf. mSugra)
2UED: Two Universal Extra Dimensions (cf. GMSB)
nUED: non-minimal Universal Extra Dimensions
® boundary terms

SUED: Split Universal Extra Dimensions (cf. Split SUSY)
® bulk terms

sUED: UED with singlet extension

NMUED: Next-to-Minimal UED (cf. pMSSM)
® (with boundary and bulk terms)

Many others with larger gauge groups (cf. SU(2)L x SU(2)R )



Next-to-Minimal UED

Flacke, Kong, Park 2013

L
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NMUED

Flacke, Kong, Park 2013
fermion bulk masses Mg v p.1.E

boundary gauge parameters rqg, w,rB
boundary Higgs parameters rg,7,,7)

boundary fermion parameters rqu.p.L.E

boundary Yukawa couplings r\v.p.e

® To avoid tree-level FCNC, set all M and r flavor blind --> 19.
e For r, # ry, bulk VEV and boundary VEV different.
® To avoid KK mode mixing, set all r's the same.

e Assume universal bulk masses --> two extra parameters in
addition to R and Lambda (cutoff)



Fermions
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m,_ (GeV)

NMUED: tree-level spectrum

1000 [

— T ] 160 T B I T I S | M
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BDDj _ __mu{#]-:l} . _
T T 1.00 |-
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L=pi*R/2
o “r’" decreases masses of KK bosons and KK fermions
o “mu”increases masses of KK fermions (demand: mu < 0)
Flacke, Kong, Park 2013
e No loop corrections --> no dependence on cutoft



Couplings
Sef 2 / d'wigh b A / dyfst £y " fo 1 U+ (8(y + L) + 0(y — 1))
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NMUED: couplings (mu<0)
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W’ in UED

I T T I
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CMS PAPER EXO-11-024 | L=4Tf"" | 30°F cusrm "
Co\l104 Ns=7TeV = W-v
Models and interpretations 10 e =L
e W — W’ interferences considered (left-handed W) I%102 E?‘Yf‘}

e UED: Wy, (n=2,4,..) (coupling to SM fermions) 10

¢ Data
—wW (mw,=2.3 TeV)

Lepton channels £ = e, u (+ ET')

10" I3
» W boson transverse mass reconstruction 102 I 3
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Flacke, Kong, Park, 2013 PLB

MH=126 GeV in UED
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Exotic T Tbar resonance

103 .

: —_
2o, CTEQ6L, QCD scale=Mg_ /2

o(pp~G3+X) (fb)

10~1 L L

800 1000 400 800 800 1000
Mg, (GeV)




Summary

MH=126 GeV and relic abundance disfavors 2UED with minimal
mass spectrum

MUED is very constrained

— Rinv > 1.2-1.3 TeV from tri-lepton search (8 TeV)

— Rinv < 1.5 TeV from relic abundance

NMUED introduces brane terms and bulk masses

— More parameter space, and hence tension reduced

— Can accommodate Higgs in broad parameter space

— Positron/antiproton data disfavors universal parametrization
— dijet+positron data indicates more complicated structure

— MUED exists in various event generators: CalcHEP, PYTHIA,
MG/ME, Herwig, Sherpa, etc

— For NMUED, coupling and mass spectrum can be modified



Why Consider Exotica?

Some exotica aren’t really all that exotic
Urgent — real possibilities for 2015-77?77?
You have the potential to advance science

Would experimentalists have thought of this if you didn’t do this work?
— Witten

...and you might actually advance science

Never start a project unless you have an unfair advantage.
— Seiberg



e |t's fun

If every individual student follows the same current
fashion ..., then the variety of hypotheses being
generated...is limited. Perhaps rightly so, for possibly the
chance is high that the truth lies in the fashionable
direction. But, on the off-chance that it is in another
direction - a direction obvious from an unfashionable view
... - who will find it? Only someone who has sacrificed
himself...l say sacrificed himself because he most likely
will get nothing from it...But, if my own experience is any
guide, the sacrifice is really not great because...you
always have the psychological excitement of feeling that
possibly nobody has yet thought of the crazy possibility
you are looking at right now.

— Richard Feynman, Nobel Lecture



Back up



SUSY vs UED

« SUSY-like cascade decays at the LHC from the first KK modes.

* Distinct feature: 2nd KK modes...



Spin and Couplings of Dark Matter:
Why is it difficult to measure them?

* Missing energy signatures arise from something like:

( 15
23 ° (=3

« Several alternative explanations:

S | Spins D C B A Example

1 | SFSF Scalar | Fermion | Scalar | Fermion | ¢ — \5 — € —\}
F'S| Fermio cala I 10N Scalan Q= Zyg — [ — vy

3 FSEF\ Fermio calar I Vector q — Zy — ) —m

1 | FVFS | Fermio wcto I Scalar g — Zy— L —
FVEV | Fermio to I G —Zy— L —m

6 | SFVI Scalar I t I

Burns, Kong, Matchev, Park 2008



What is a good distribution to look at??

Invariant mass distributions!

Advantages: well studied, know about spin.

For adjacent SM particles

dN

dm’*

2 4
=a,+a,m +a,m +...

— Plot versus m?2!

— For an intermediate BSM particle of spin s,

the highest order term is m#s

— For non-adjacent BSM particles, there are

log terms as well.

Disadvantage: know about many other things
(hidden in the coefficients a), not all of which

are measured!
— Masses M,, Mg, M, My (X,y,2)

— Couplings and mixing angles (g, and gg)

— Particle-antiparticle (D/D*) fraction (f/f*) (f
+f*=

1)

q
[o] o (&7
- r '.'[. o e n);}’;
- ”"_ B -..-_‘
e, my,
'n "/n' R
tany, = — tan gy, = — tan = —_—
! f;!_ ‘1.
S | Spins D C B A
|
1 | SESI Scalar Fermion Scalar Fermion
2 FSES Fermion Scalax Fermion Scalar
3 | FSFY Fermion Scalax Fermion Vector
| FVI Fermion Vector Fermion Scalar
5 “VE\ Fermion Vector Fermion Vector
y | SFVE Scalar Fermion Vector Fermion




What is the relevant question?

* Given the data, which spin configuration gives a good fit for
arbitrary values of the yet unknown parameters?

— fix mass spectrum
— let spins, couplings, mixing angles, particle/antiparticle fraction f, etc. to float

* Previously people had asked: Given the data, which spin
configuration gives a good fit for fixed values (the true ones) of the

yet unknown parameters?
— They fix: everything but the spins
— Then let spins to float
« What is wrong with the latter approach?

— It's the wrong chronological order
— To measure the chirality of the couplings, we will probably need to measure
the spins first

— It's not a pure spin measurement, i.e. it is a spin measurement under certain
model assumptions which still need to be verified experimentally



How do we do it?

« Separate the spin dependence from all the rest
— Parameterize conveniently the effect from “all the rest”

IN )\ _F,,(m)+aF,, (m*)+BF,,(m®)+y Fy, (m)
dm’ }S ’

Measure both the spin (S) as well as all the rest: o, f,y

(()\)

(ll HI) T(l) = COS )rh ~“T a
3(Pe. pp) = COS 20, cos 2, = (f — f)(()x 20, COS 2¢,
Y(PasPe) = €08 2pa COS 20, = (f — [) cos 2pq COs 2¢,
| | ‘ q
‘”1{ ,)I ‘('[‘i
tan @, = = , tan ¢ : Lan @, = =———
ll[_. ‘1)[ ([




What is the method?

 Construct and then fit the three invariant mass distributions to

IR W B dN ~(00), . 9 e0) -
LT (mipx,y, 2 ((lm- ) = Fgs (Mmgx,y,z -|—./:\ a (2 2,y,2) .
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Coupling measurements

* The fitted values of alpha,

'1 | —
beta, gamma represent ar| = —= (l + = vaih
measurements of certain Ve |
combinations of couplings I —

o ap|l = —=[1F=Vai
and mixing angles NG
* The sign ambiguity 1 I
corresponds to the chirality br| = 7 (l + > Vv ass
exchange 1 1
Il)[l| — —_)(l :FA—\/(L)"“.
\,-'_ !
’”I, — ”HI . e 1 |+ [ 1
( = — —_—
: V2 f—1a
|/')11 — [)H’ ) | | |
A=—=(1F——=—
] V2 ( T [ a

cp| < |cr|.



Does this really make any difference?

* Yes! Dilepton invariant mass distribution. Data from SPS1a.

Athanasiou, Lester, Smillie, Webber 06 Burns, Kong, Matchev, Park 08
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« Easy to distinguish! « Difficult to distinguish!



Does this really make any difference”

* Yes! Lepton charge (Barr) asymmetry. Data: “UED” with SPS1a

mass spectrum.
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With Infinite Statistics

Burns, Kong, Matchev, Park 08

« Separate the spin dependence from all the rest
— Parameterize conveniently the effect from “all the rest”

(sz\‘— =F,, (m2)+0LFS.a(m2)+[3FS.B (m2)+yFS.Y (m”)
dm” | ’ ’ ’ ’

« Measure both the spin (S) as well as all the rest: «, [,y

Data Can this data be fitted by model

from || SFSF | FSFS [ FSFV | FVFS | FVFV | SFVF

SESF yves 10 10 no 10 10
—— —

FSFS no yes I( ma;\'l)D no no no
—— q

FSFV no ves ) yes no no no

: . e~
FVFS 10 10 10 ves QM\I)) 10
P — :
FVFV 10 10 10 w' ves 10
SFVF 1no no no no 1no yes




