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® Natural Supersymmetry and the Muon Magnetic Moment

Paul Padley, KS, K. Wang (ongoing)

® CMS Leptoquark Searches and a Connection to Dark Matter

F. Queiroz, KS, A. Strumia (2014)

® CMS Dilepton Excess: SUSY or Exotics?

A. Alves, B. Allanach, F. Queiroz, KS, A. Strumia (2015)
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Supersymmetry
and
Muon Magnetic Moment



® Muon Magnetic Moment

—_ e —_
® H = -8B , U = —1S
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® (-factor
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e g = 2 tree
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° a“ — (g_Z)/Z 'Y

o a, a = > 30
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® Muon Magnetic Moment

Joew (M2 ~ 106 MeV )’

® Aa, ~
’ 16 1r° (A%
® Aa, ~ EW contribution
new
u particle u
° gnew R gweak Lnew § Dnew
. A = 100 GeV -d

® SUSY (similar to WIMP arguments)

Kuver Sinha Syracuse University



® Muon Magnetic Moment
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® SUSY contributions
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1“ ]_67T m~ m~ Ml M1 B
Hr ~ Hg

e Small 4, M, enhance AX}~ contribution

Vu

e Either left or right smuon has to be light
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® Small #.M, enhance

ATLAS Preliminary

contribution

20.3 b, /s=8 TeV

Status: Feb 2015

< 600 ~
[0) - — %3 via L/ ¥, 3L, arXiv:1402.7029 - - - - Expected limits
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il P o— %3 via T/ V., 3L, arXiv:1402.7029 .
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e Small #,M, enhance A _ contribution

1 Vu
. pp H 2] + E 1 O \7 T T T T | T T T ‘ T T T ‘ T T T 7‘
I S 99% Wino, 1000 fb™, 14 TeV -

- 99% Wino, 500 fo”, 14 TeV |

8. 99% Wino, 100 fb™, 14 TeV

® 2 VBF tagging jets,
b-veto, I-veto, central = , .

jet veto 2 

0200 400 600 800 1000
-0
m(E’) [GeV]

S/VS+B
T
|

@ L ~ O(400)GeV, 50, 1000fb "

Cut and count, shape analysis
Dutta, Gurrola, Kamon, KS, Wang, Wu (2013)

e U ~ O(125)GeV, 1% systematics

Cut and count Berlin, Lin, Low, L-T Wang (2015)
Cirelli, Sala, Taoso (2014)
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® Either left or right slepton has to be light

- - - = 3077
® Reinterpret for Higgsino $ | atas = Ooencainn 1102)
LSP
M, E
@ — ~ 1, tanB > 10 E
M,
~/ ~O E
[, >1X, Br~100% -
~ 0:|....|..‘.|\...|...‘|.€.".’2‘[?\....‘
f\\l/ N I Xli‘ Br ~ 30 % 100 150 200 250 300 3\:>TC})|‘1+ [G.e{‘;?o

Eckel, Ramsey-Musolf, Shepherd, Su (2014) ATLAS, dilepton, arXiv: 1403.5294

e Extra 30% gives little more reach = """
e Near special points, branching may drop

® Be conservative, use Bino limits
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® Either left or right slepton has to be light

VBF

AM m; msp 2-muon final state 1-muon final state Combined

Cross-section Significance Significance| Cross-section Significance Significance | Significance

GeV] Ifb] cC Shape [fh] CC Shape | CC Shape

25 135 1101 0.0014 1.33 1.75 0.0021 .75 126 [1.63 232

15 135 120  0.0021 2.06 2.60 0.0020 1.03 1Al | 246 316

10 135 125 0.0019 2.06 2.01 0.0044 1.76 203 1204 449

5 135 130 0.0004 0.30 0.49 0.0036 145 222 | 150 208

15 125 110  0.004 2.44 3.06 0.0035 131 182 12098 375

© pp — Ll jj Iv]

® 2j+21+E., 2j+1l1+E,

Fraction of Events [ 5§ GaV
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® b-veto, 2 tagging jets, 2 central leptons, Z-veto

® CC, profile likelihood analysis of p_(u)

Dutta, Ghosh, Gurrola, Kamon, KS, Wang, Wu (2014)
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® Natural SUSY: light Higgsinos, light stops

® Stop-assisted chargino/neutralino production bounds

e
— Observed limits ==== Expected limits 25,
All limits at 95% CL
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® Natural SUSY: light Higgsinos, light stops

® Stop-assisted chargino/neutralino production bounds

-
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tan =10, M,=2pu tan =40, M,=2pu
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tan =40, u=2M, MF%M
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Blind spots/Crevices

~y

i > b(x®) —>blv(vl) >blvX°

Competitive

M,~750GeV ,u~3TeV

M ,~m; coannihilation

Acceptable b-jet
efficiency even in
compressed regions?
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Status: Feb 2015
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0~

o Spectru m < l*,*ﬁw* : ls‘.a‘.“j: ety
O e v ]
éx' B T-tx 1L[1407.05: 1L [1208.2590]
Particle Mass (GeV) Br

t 348 38% (blire), 62% (blve)

¢ 302 100% (£x9)

'R 594 100% (€xY)

X1 269

® Preselections
e 2leptons p; > 10 GeV « 2b-jets p;, > 30 GeV

= ibv % 0.15~ o fobvibly —
) 0.1 T - bvl, blv B 3 : ‘ | ) :
(u\% i , ///// Hejets ] g 0.1? %/////% fi+jets |

p.(b)

Kuver Sinha Syracuse University



® Leptons

® b-jets

Fraction / 0.05

® Cutflow

p,(l,) < 50 GeV,

pr(b,) < 60 GeV,

p-(l,) < 25 GeV

pr(b,) < 40 GeV

7
77 7777 T =

7 7 ttrjets
) Tz

T >bvi,blv ]

Selection Signal Background
Preselection 7.4 16888
Lepton pr 1.2 3251

Pr/M.s; > 025 3.1 1697

b-jet pr 0.8 87.5

MT> < 290 0.74 66.9
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® Mass reach

100, —

- —— 5 o -

Ecixr 90;_ —*—36_;
' 80F —
= - ]
[ 70 =
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< 60:— E
P50 300 350 400

m;

e Systematics + Shape Analysis

® O(100) GeV reduction in mass reach for 3 percent
systematics
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® Muon magnetic moment

« Slepton searches, dilepton channel tanf ~ O(10)
>

« Chargino searches, trilepton channel tanf ~ O(40)

S

e« Stop-assisted production: most of parameter space
will be probed

« Compressed stop decay through off-shell chargino

« Close out remaining parameter space

A stop discovery would make life much, much simpler
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® Until that happens, crucial searches:
« Pure Higgsino/Wino

 Pure slepton, compressed

« Compressed stop searches
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CMS Leptoquark Search



Queiroz, KS, Strumia (arXiv: 1409.6301)

CMS First Gen Leptoquark Search

= g RS B = g i A L B
= LT —+ o . B o
- ATLAS exc liskon [1.03 ", 7Ty
g JQ g L0 w I10F %cmu;;mlm'lmw = g ..m‘"d"“’"}‘ 1'-1"‘-'
- é 3\ ) CMS eachesion (195 Th', 3 Tev) - o
,r L K o [ - E
p - 1E % -~ Expris 05% CL. apger Bl & C
. . - E —n— Oterved 95'% CL upger lim E F =
= - &\ I
. - o'k \ 1w e
q & Mg o9 ~T0 3 o
3 TR} — = — -0« P N : 3 i i
# 2
| . ' T
) E E 5
8T} ! ] i\ ]
L] 3 1
: g . 10 E Y e E
9 DO — = - =T 7 I §——— - =~ —-I b

g
2k
g

My (GeV)

CMS-PAS-EX0O-12-041 eejj final state

[ Mo | LQSignal | Zt]ets | tt (from data) | QCD (from data) | Other | Data | Total Background | Significance |
Presel - 10538.4 £ 358 | 1566.6 +29.2 1087 £0.10 3038 L£74 12442 12419.6 £ 46.8 MNA
300 13560.2 £ 80.1 4622 +74 7243+198 5.282 £0.052 621446 1244 | 1253.94 4 21.67 £ 30.08 (syst) 0.0
350 64739 £33.3 3321+62 352.0+£138 3.215 £0.036 377 L36 736 72510 £ 15.57 + 24.99 (syst) 0.0
400 30893 £15.0 2032 +£48 153.7 £ 9.1 1.696 £0.023 238129 389 38240 £ 1072 £ 15.00 (syst) 0.0
450 15081 +£7.2 1129+ 35 869+ 69 0.890 £0.016 11.8 4+ 2.0 233 21244 £7.99 £ 13.33 (syst) 0.0
500 7674+ 36 665+ 2.7 47.2 £ 5.1 0.485 +£0.011 74+16 148 121.61 £ 5.96 £+ 6.03 (syst) 1.8
550 4105 £ 1.9 374121 2584+37 0.2758 £ 0.0084 37 £1.1 81 67.24 + 4.40 £ 3.39 (syst) 07 )
600 2357 +£1.0 222+16 142+ 28 0.1527 £ 0.0065 312+1.00 57 39.66 + 3.35 £ 2.42 (syst) 21
650 125.85 £ (.58 140+1.2 54417 0.0760 £ 0.0040 1.05 £ 0.47 36 20.49 + 2.14 + 2.45 (syst) 2.4 )
700 72BE£033 8.16 £093 43415 0.0448 £ 0.0029 021 +012 17 1274 £ 1.80 &+ 215 (syst) 0.9
750 43,10 £0.20 4.88 +0.69 1.55 +0.90 0.0258 £ 0.0023 0.078 £ 0.038 12 6.53 £ 1.13 £ 1.09 (syst) 16
800 2617 £012 293 +052 1.04 +073 0.0193 £ 00022 0.078 £ 0.038 7 4.06 £ 0.90 £ 0.89 (syst) 1.1
850 15978 £ 0.072 234+ 048 052 +052 00111 £0.0015 0.042 £ 0.028 5 291 £0.71 £0.71 (syst) 0.0
Q00 98130044 1.23+036 052 +052 0.0069 £ 00012 0.022 £0.020 3 177 £ 0,63 £ 0.37 (syst) 0.0
950 6.086 + 0.028 0.89 -+ 0.29 0.00°F1 | 0.00451 +£0.00085 | 0.022+0.020 1 0.9127}% %’; +0.27 (syst) 0.0
1000 3.860 £0.018 0.56 £0.22 0.00° EE 0.00374 £ 0.00082 | 0.0025 £ 0.0025 1 [.567 " 3251 £ 0.17 (syst) 0.0
1050 | 2576 +0.011 0.56 +0.22 0.00° H,; 0.00374 + 0.00082 | 0.0025 +£0.0025 | 1 0.567 ;hlé;} + 0.17 (syst) 0.0
1100 1.6936 £ 0.0072 i bl e e = -! el 0.17 (syst) 0.0
1150 | 11272 £ 0.0047 leptoquark mass hy p-crl:he515 under consideration. In both channels, a significant excess is D’bﬁ 0.17 (syst) 0.0
1200 0.7498 £+ 0.0030 served in the final selection optimized for leptoquarks with a mass of 650 GeV. The excess in the 0,17 (syst) 0.0

evjj channel in particular makes it impossible to exclude leptoquarks with a mass of 650 GeV
and £ < (L15. However, limits may still be placed with 95% CL on first generation scalar lep-
toquarks with masses less than 950 (845) GeV, assuming § = 1.0(0.5). This is to be compared
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Queiroz, KS, Strumia (arXiv: 1409.6301)

CMS First Gen Leptoquark Search

L0

Lo —_ 03 b, TTeN
q L T P ) = E ' TV
p . - ":{ £ 1 i
1 . : - B F I|1_|“=d|.\|
’ " l} v | .I!' il
v “ . q{ﬁ;ﬁg} . :\\ % CL upper limi
- o d
M - 1 S 3017
g 02 . ;i3 10 E relimprcary S
F E

W s T

3 T — — - —L0 « AQ g - 0 :
! P 107 P
! i Eo TERb
ST ! . ]
| N 10°E
1 LR £ ’:’sa
7 T § ——— — e — T} E EheE

9 TR0 — — — -1 » Bl | & .k
I'I"H[H] 400 500 600 TOO B0O 500 100011001200 IDJI):: 400 500 TOO 800 900 10001 100K 200
My (GeV) My (GeV)

e 2 1- i) (ph

® 550 GeV LQ (ee]))
e NLOQCD o = 43 fb

Kramer, Plehn, Spira, Zerwas (1996, 2004)

e Cut efficiency 49%

« Expected events @ 20 ifb: 411

« Observed excess over background: 14

e Branching ~ 15%
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@ Backgrounds: Z/W+j, tt+]

® Cuts = 10 5

 Preselection with 1 veto =t =

= ]Dg— _E

« Invariantmass m, > 155 GeV z | ]

° Scalar Sum Of pT for e mlu S0~ {GE"'I.'] |LQMI Eaﬂselectmlz v
and two leading jets

S; > 850 GeV T G rama Sy o

s -

min . %105_ 3

« m,; (LQ mass reconstruction) ; I :

m," > 360 GeV S | 0]

107G 1500 2500

m{j" {Ge"l.':l [LOM= Eitr'l] selectm |
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® Scalar LQS Buchmuller, Ruckl, Wyler (1986)

leptoquark leptoquark SU(3) x SU(2) x U(1)

notation couplings representation of LQ
Ro RaoQe, RoLu (3,2,7/6)
R RoLd (3,2,1/6)
S S1QL. Syue (3,1, —1/3) Sl QQ’ 51Ud
Ss SaQL (3.3,—1/3) 5,00 _
S1 Side (3,1, —4/3) et
S,uu

TABLE 1. Interaction terms for scalar LQs allowed by symmetries. Note

that all the LQ candidates have L = —1, B=1/3, B— L = 4/3.

e Proton decay prefers doublets
Arnold, Fornal, Wise (2013)

L D Lgpy —)\?EEQEQTGL%-

Kuver Sinha
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s (H) Q,u

® Doublets need Z, T
1 . |
L(R3) D> Egﬂbdﬂmdfﬁﬂﬁ(HTRQT)EQ-&Y = T
- ) o & 5 t 5.\ aBy g %l

L(R2) D + g% ufgadhs(H Ry )e™

ﬁ(ﬁg) = %{]ab“%a(i‘.?%(ﬁgﬁfﬁgw)fa'ﬁw ;
e R = (321/6) engineer decay to dark matter

X = (1,3,0)_ i

( ) dark sector with Y =0
S =(1,1,0)_
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® Matter content R, = (3,2,1/6)

>
|
—
Lo
-

« Dark Sector

Il
—~
=
=

-
~

e Lagrangian
lj_? »T j 1 . D l ' or
® L D) L-Sﬂ.f —)\d {'[RRQ EL-L — Th;—bQ“{RQ — \—hﬁ,SLW(H
Ay 112
° A1 ~ lTeV, h ~ 1

. LQ

MET + jets

<
|
l:\
“H
-]
°
<

= (1,1,0)_
= (1,3,0)_
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e Triplets: ruled out by indirect detection

Scalar Triplet DM Fermion Triplet DM
104 4 10° o
— Result ) o
= Fermi-LAT Bound ) = Fermi-LAT Limit
A - m— Result
W 03| .
] w T
8 3 1024 -
o e 93 T
5 5 —"
Eoe- : e
>
b B ##_'_,..--""'
10. 1 | T I | T 101 T T T T T T T T
200 400 600 800 1,000 102 10°
ms [GeV] M. (GeV)

e Singlets: will be ruled out by direct detection

Singlet Scalar DM

']E'-:l—E
0

3 =

< —
1':"-'—5
107 T T T T T T T T T T T T S U . .

. 10° 10! 107 10°
Kuver Sinha M, (GeV) yracuse University



@ W, search: pp—W,—eN, —eejj

2.80 excess Bai, Berger (2014), Dobrescu, Martin (2014), etc.
Br(B— K p )
Br(B—Kee)

Schmaltz, Hiller (2014)

® LHCbanomalyin Ry= =0.745

@ IceCube neutrino flux
Barger, Keung (2013), Dutta, Gao, Li, Rott, Strigari (2015)

e CMS dilepton edge anomaly

Allanach, Alves, Queiroz, Sinha, Strumia (2015)
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CMS Dilepton Edge Anomaly



CMS Dilepton Edge Search

Central Forward
Observed [SF) B0 163
Flav. Sym. [OF] 72227 £ 155313210
Direll-Yan 82126 1L7+14
N] Z 2 Total estimates 730 440 157 £ 16
Observed — Estimated 130 iﬁ & :"
MET Z 150 GeV Significance [ir] 26 0.3

2 oppositely

signed leptons CMS PAS SUS-12-019
. CMS Preliminary 19.4 fb (8 TeV) 0, CMS Preliminary 19.4 fb™ (8 TeV)
T T | T 17T | | | T 17T | T T T T T 1771 |_ _| T | T T | T 17T | T T | T T T 7T 17 1T°1 |_
mf_ i 4 Data _f 1aof— ¢ Data
ool || —Fit 1o —Fit
< ‘Idlilf— |‘ ~FS —f . 1403— —
& 1203— | ee—|—uu ~DY —f S 1203— €[J+H€
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‘_'; 1D|:|:— —: E 100:— _:
é 8O Tw é 80 Jo
W sk —E.. - '503— e
10 5 408 A
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:..I 1 l--l"‘l.I ] ll1'--|._]..| 1 | 1 1 1 ] | ] 1 1 _i. - i
3 . . . . - 3
2 o MMWM_ 30
Iﬂ:— + ‘} + {' E fﬂj
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m, [GeV] m, [GeV]
Kuver Sinha Syracuse University



e Lagrangian
lj_?' NT j' 1 N o l ' ~ 1
* LD Lsu—AjdpRzely ——hiSQxRa — —hiSLxH
Ay 112
e A, ~1TeV, h ~ 1

. LQ

MET + jets

* CMS l+l—jj]77/T « CMS e¢j, ev]j
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e Cuts
e 2O0OSSF leptons p, > 20GeV Inn < 1.4
e >2j with p, > 40Gev In n < 3.0

® Selections
. 2j with E, > 150Gev OR 3j with E, > 100GeV

10 1:_ m; = 500 GeV i
Mg = 160 GeV
m, = 140 GeV

Events /20 GeV

1 (

0 50 100 150 200 250 300 350 400 450 500
MET [GeV]
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e Cut-flow Table

P (mp,,ms, my, hi fAq) Selection Signal (fb)
L
preselection 138.3
A ¢ (450,200, 170, 0.025) Cut (2) 373
Cut (i) 0.7
20 < mee < 70 3.3(103)
mee > 100 1.7(34)
preselection 07.2
B : (500,200,170, 0.012) Cut (1) 2632
Cut [ 1) 10.7
20 < myge < T0 52(101)
myge > 100 2.1(41)
preselection 111.7
C' o (B00, 160, 140, 0.006) Cut (1) 16.8
Cut (i) 89
20 < mee < T0 5.10100)
mge > 100 0.98(19)
preselection 103.4
Iy : (500,190,160, 0.010) Cut (1) 290
Cut (1) 13.4 )
20 < mpe <= 70 6.5(126)
gy = 100 2.5(48)
preselection 36.9
E : (b50,200,170,0.007) Cut (i) 159
Cut (1) 8.5
20 < mee < T0 A1(79)

mee > 100

1.6(31)

Events | SCweV

} Dhata

— 548
- I
— Iy

-—--  Gignal/C

50 100 150 00 250 300
MG |

Model e p-value

A 40.1 0.04(1.87)

B 445 0.10(1.30)

C 432 0.07(1.50)
SUSY  38.1 0.02(2.19)
Background 59.0 0.53(0.08¢)




Bhaskar Dutta, Teruki Kamon, Nikolay Kolev, KS, Kechen Wang, Sean Wu

T, production, -t %, / T— Wb,

Status: LHCP 2013

;‘ _I T T I | T I T I | | I T T | T T I T | I T | I | I T T I
q') — - - - B
Q) B ATLAS Preliminary Lyx=20-21fb"'\s=8TeV L, =4.7fb"\s=7 TeV
S - EmoLi-ty OL CONF-2013-024 OL [1208.1447]
e L emiLT—ty 1L CONF-2013-037 1L [1208.2590]
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[ = Observed limits e Observed limits (-1o,,.,) === Expected limits
250—
00— & S L T T (
150—
100—
I 7/
— 7
1
B 1
B |
50— !
— !
I
|
I

IIII|IIII|IIII>RIIW|IIII|IIII|IIII|III
\ @
S

300 400 500 600 700
mg [GeV]

Top Squark Searches Using Dilepton Invariant Mass Distributions and Bino-Higgsino Dark Matter
Phys Rev D.87.095007 [arXiv:1302.3231]
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~G.oal: (GeV) 4
t decay ——— dark matter sector 2500 4 — . 2
in a scenario: . ~ (B+H) g

500 4

Motivation:
Light 7. and IlghtH «—— Naturalness
%, ~ (B-+H) +— Correct relic density

~

Since if x, ~ H —— small relic density

175 4
Composition of X?
in our light slepton case 164 4-
144
[ Higgsino
M Bino
113 4

- 54
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~0 ~0
X2 %3 almost degenerate edge —
20 K3 g - i M”g AM_mf(g_mi?
t > %+t (39%) T

(GeV) ¢ N N N _ i, N
2500 | 0.3 Xaa = X1+ I+ (100%, via & or i)
I —
500 - —
Opposite-Sign
Same Flavor dilepton
175 4+
164 4
poo— =74 —"——q P
144 4
13 4+
1 55
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Final State: . _ .
21+2j+1Db+large MET  Dominant SM BG: # 7 + jets 30 ifb
MET > 150 GeV N N L
H:> 100 GeV Xo o X, F I+ LHCS
OSSF (e"e”™ +p-pu")
i1, and 17+ (0—4) jets
> 400 - : _ _
8 ; _,r, OSDF (e"n" +pe”)
o 300 R N, 7,77 and 17+ (0—4) jets
~ 200F _. f
o | i : OSSF — OSDF
- o N
8 1003 N rireseresseressessssresseressernsseenssennsaren .
O Rl G g : BG data simulation:
A T A T EEN : MadGraph + PYTHIA + PGS4
0 50 100 150 200
: Signal data simulation: :
M, (GeV) : :
I : ISAJET + PYTHIA + PGS4 :
Aclear egde around llIIIIIllllllIIIIllllllIIIIIIIIIIIIIIIIIIIIIIII5I6II'
AM:mio—mw: 63 GeV'.
2 1 56
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The edge shifts with A M:m;((z)_ m;(? : 30 ifb
30520 F 4+ T (100%, via & or i) LHC3
L enn memememe= AM =53 -
%.) My e — AM=63 -
8 i . = W
O = = 200 =esemeeaa = —
E I l
= l
| -
@) i
0 50 100 150 200
M, (GeV) ;
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30 fb' luminosity, 8 TeV

> 0LAM=63 . M= 390

o UYL M: = 440

O M, = 500

© 1 |1 M. = 550

T 50

_'(L) B

c

3 ok

O I -
0 50 100 150 200

M, (GeV)

distinguishable edge, for 1M ; < 550GeV .

Kuver Sinha

30 itb

LHCS
N
20GeV <M, <70GeV "~ N N,
ms; Signal | Background | significance
(GeV) (Ny) (Ng) (s)
390 212 1392 5.3
440 180 1368 4.6
500 117 1354 3.1
550 78 1348 2.1
600 o5l 1345 1.4

significance ~3 g , for M; = 500GeV .
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a m 113 GeV AM=MmM m AU
~ _= e o ~ — ~
X1 o A LHCS

— T . (a)x;~ B, need coannihilation.
Masses | B |H | QK| s Comments a low p; lepton—s small significance.
(GeV) (%) | (%) (30 fbt)
AM=160 Mainly Bino DM
m;=123 | 96 | 4 [011| 044 (Coannihilation)
m;=500
AM=63 Bino-Higgsino DM (b)%\~(B+H) and light [ ,
My=144 | 72 | 28 |0.11| 3.1 | (Light slepton scenario) — edge around AM .
m;=500
AM=62 Bino-Higgsino DM
M;=4000 | 67 | 33 |0.11| 1.1 | (Heavy slepton scenario)
m; =390 (c)x)~(B+H) and heavy I,

Z—11—— small significance.
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e Conclusions

* Run Il will tell us a lot about supersymmetry
as a solution to the muon g-2 anomaly

 Surprises may come from exotic searches

e CMS LQ search: a connection to dark matter?

Kuver Sinha Syracuse University



