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ATLAS SUSY Searches* -

95% CL Lower Limits

Selection Bias

ATLAS Preliminary

*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.

Status: Feb 2015 Vs=7,8TeV
Model &7y Jets EN™ [Larm) Mass limit Reference

MSUGRA/CMSSM 0 26jets  Yes 203 | &HE 1.7TeV  m(@)=m(g) 1405.7675

ad, §—qt) 0 2-6jets Yes 203 |§ 850 GeV m(E})=0 GeV, m(1* gen. g)=m(2™ gen. ) 1405.7875

e ay G—q¥) (compressed) 1y O-1jet  Yes 203 |@ 250 GeV m(g)-m{t}) = m(c) 1411.1559

S g i—aiby 0 26jets  Yes 203 | 133 TeV mE)=0 GeV 1405.7875

& 75 Goqqtt oqgWER 1epu 3-6jets  Yes 20 |& 1.2 TeV m(¥1)<300 GeV, m(*)=0.5(m(¥})+m(z)) 1501.03555

% 73, f,r—:qq(fr,ffv/w)f/? 2e.p 0-3 jets & 20 g 1.32 TeV m(F)=0 Gev 1501.03555

©  GMSB (/ NLSP) 1-27+01¢ 0-2jets  Yes 203 |& 1.6TeV  tang>20 1407.0603
u‘_g GGM (bino NLSP) 2y < Yes 203 |2 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
S  GGM (wino NLSP) Tep+y = Yes 48 m(E})=50 GeV ATLAS-CONF-2012-144

£ GGM (higgsino-bino NLSP) ¥ 1b Yes 4.8 m(¥))>220 Gev 1211.1167
GGM (higgsino NLSP) 2epu(Z) 03jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152

Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)=1.8 % 107 eV, m(g)=m(g)=1.5 TeV 1502.01518

Soy §-bbl 0 3b Yes 201 |Z 1.25 TeV m(¥1)<400 GeV 1407.0600

%E Gt 0 7-10jets  Yes 203 |B 1.1 TeV m(X".') <350 GeV 1308.1841

E Eo gty 0-1e.p 3b  Yes 201 | 1.34 Tev m(¥})<400 GeV 1407.0600

@ bk O-1e.p 3b Yes  20.1 z 1.3 TeV m(¥})<300 GeV 1407.0600

we Db, by ot 0 2h Yes  20.1 by 100-620 GeV m(¥})<80 GeV 1308.2631

E8 bbbtk 2e,u(SS) 03k Yes 203 |B 275-440 GeV m(F)=2 m(E]) 1404.2500
S8 i, bt 1-2e.u 1-2b Yes 47 | H 105167 Gev | 230-460 GeV miFT) = 2m(E]), m(E))=55 GeV 1209.2102, 1407.0583
H‘g Wi o wot or &Y 2e.p 0-2jets  Yes 203 |& 90-191 GeV 215-530 GeV mE)=1 GeV 1403.4853, 1412.4742
cQ §ii, .'i—»m O-1ep 1-2h Yes 20 |7 210-640 GeV m(¥})=1GeV 1407.0583,1406.1122

8,%‘5 i, B —ct) 0  mono-jetictag Yes 203 | & 90-240 GeV m( )-m(E))<85 GeV 1407.0608

T L& 77 (natural GMSB) 2epu(Z) 1b Yes 203 |#@ 150-580 GeV m(¥})>150 GeV 14035222

GG By, =i +Z Beu(Z) 1b Yes 20.3 3 290-600 GeV m(¥})<200 GeV 1403.5222

firlin, [N 2ep 0 Yes 203 |7 90-325 GeV m(¥})=0 GeV 14035294

X, )(. —Ev(t7) 2e,u 0 Yes 203 |4} 140-465 GeV m(¥1)=0 GeV, m(Z, #)=0.5(m (¥} )+m(¥})) 1403.5294

> g A’T)?g, | =TT 27 - Yes 203 {'f : 100-350 GeV _ n:l(,i".')=0_ GeV, m(, F)=0.5(m(,t:‘f]+mgf’|]}} 1407.0350

wE )’(*/?gazLy{Lf(w} EVELECPY) 3epu 0 Yes 203 {f,)fg 700 GeV m@rﬂ=m(ﬂj)_, mm’)fo‘ m(Z. 7)=0.5(m(¥5)+m(T0) 1402.7029
x1x1—owx. t 23epn  02jets  Yes 203 i 420 GeV m(FT)=m(F2), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029

X1Xq—)WX| th, h—=bb/WW/tT/yy ©HY 0-2h Yes 20.3 /f’f, X 250 GeV m(¥;)=m(¥3), m(¥})=0, sleptons decoupled 1501.07110

B3, 055 —int dep 0 Yes 203 |#, 620 GeV M) =m(EY), m(E2)=0, m(Z, 7)=0.5(m(T2)+m(E)) 1405.5086

Direct ¥1¥] prod., long-lived ¥7  Disapp. trk 1 jet Yes 203 | & 270 GeV m(F)-m(E])=160 MeV, 7(¥})=0.2 ns 1310.3675

.ng % Stable, stopped g R-hadron 0 1-5 jets Yes 27.9 g 832 GeV m(}ﬁ'):mﬂ GeV, 10 us<r(2)<1000 s 1310.6584

=G Stable g R-hadron trk * 7 191 | & 1.27 TeV 1411.6795

25 GMSB, stable 7, T (@ fitle. ) 120 2 S 194 |8 537 GeV 10<tanfi<50 1411.6795

S Q  GMSB, ¥ —yG, long-lived &) 2y - Yes 203 |& 435 GeV 2<7()<3 ns, SPS8 model 1409.5542
a3, X2 —qqu (RPV) 1 p, displ. vix ) : 203 4@ 1.0 Tev 1.5 <cT<156 mm, BR{u)=1, m(¥])=108 GeV | ATLAS-CONF-2013-092

LFV pp—ir + X, Pr—e(u) + 17 Tepu+t & = 4.6 Ay, =0.10, Ay2)33=0.05 1212.1272

~  Bilinear RPV CMSSM 2¢u(88) 036 Yes 203 |d@% 1.35 TeV m(@)=m(g), ctisp<t mm 1404.2500

O P W —eeh,, e, dep : Yes 203 |& 750 GeV m(P})=0.2xm(T), 212120 1405.5086

= BT, 8- wh v, etr,  Beusr 3 Yes 203 |4 450 GeV m(T)>0.2xm(F}), 24330 1405.5086
&—4qqq 0 8-7 jets & 20.3 g 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091

G0t [y —=bs 2e,u (SS) 0-3 b Yes 20.3 = 850 GeV 1404.250

Dther Scalar charm, z—c¥| 0 2¢ Yes 203 | 490 GeV : m(F))<200 GeV 1501.01325

=8 TeV -1
T BEEEN i o 1 Mass scale [TeV]
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WZ Selection —=

Dig fat jets J made out of two smaller
jets 5 with jet substructure techniques.
69.4 < my/GeV < 95.4 is called
a ‘W', whereas 79.8 < m;/GeV <
105.8 is called a "Z".

Global excess 2.50 in WZ channel.
(Local significance is 3.40). CMS finds
1.90 around 1.9-2 TeV in a boosted
search for WH — lvjj.
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Local significances: 2.60 (WW), 2.90 (ZZ), again: all

around 2 TeV.
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Analysis Detalls

Cambridge-Aachen jets: iteratively replace nearest
elements with their combination until all remaining pairs
are seperated by more than AR = /(Ay)? + (A¢)? =
1.2.

Jets then groomed to find 2 subjets: reverse pairwise
construction. At each step, lower-mass subjet is discarded,
the higher mass one being considered to be the jet until

/i = mm<pT<j1>,pT<j2>>ARgz’ ) S /o2

where my is the mass of the parent jet.

Ben Allanach (University of Cambridge) 7



Details |1

Selected pair of subjets is then filtered: subjets
reconstructed with R = 0.3 and all but 3 of highest
pr are discarded.

VY = 0.45 at subjets level to discriminate against soft
QCD radiation,

T T T T T T T T T T T T T T T T I T T T T T
ATLAS —— No boson tagging
\s=8TeV, 20.3 fb1 —e— WZ Selection

—— w/0 jet m cut

Ve —=— w/0 jet \fyf cut

Events / 100 GeV

—a- V- w/o jet n cut
_ /- trk
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m;/ GeV, jet 2

Overlap

= A+ B+C,

— C+E+F,

— B+ C+D+E,

— A+ B+C+ E+F,

— A+B+C+D+E+F

Summed
over 3
bins:  three
possibilities

Probabilities

105 — memmmmmpm . !
D+ E “— 77 ww
95 - me==de=e------ ! : Z7
B Y o : W2z
g0 R S WW + ZZ
WW ——» A B 5 WW+WZ+ZZ
70 — b mmm o ————— ’
| | | — m;/ GeV, jet 1
70 80 95 105
A B C D E F
noPs1l 6 5 0 4 0
Zb 2
ng 1 7 5 0 3 1
nobs3 g 8 5 0 2 2
‘SM
0 09 272 100 243 046 0.34
| W jettagonly W and Z jettag  Z jet tag only
true W 0.25 0.36 0.04
true Z 0.11 0.39 0.21

Ben Allanach (University of Cambridge)



Likelthood analysis

How may we take overlap into account?

3

i = ,LL;gM + Z EbijMji (1)
i € {A,B,C,D,FE, F}. b = {0.45, 0.47, 049}
are the totally hadronic branchlng fractions. s; =

{sww, swz, Szz} is the number of “truth” signal pairs.

M;; A B C D E F
true WW [0.063 0.182 0.132 0.018 0.025 0.001
true WZ 0.028 0.139 0.143 0.057 0.090 0.007
true ZZ [0.012 0.087 0.155 0.047 0.165 0.044

TABLE III. Probability of different diboson candidates from
a 2 TeV resonance being tagged in each signal region.

Ben Allanach (University of Cambridge) 10



Joint likelihood
p({nit{pit) = 1] P(ng|u;),

ie{A,B,C.D,E,F}

.
P(nlp) = ——
p({nObS&}’SWI/Va SWZ, SZZ) —

i eXp {_ ZzE{A B,C,D,E.F} ( P e Z biSiji)}
X
ObSa
a=1 HzE{AB c.D,.E.F} T |
nQbs,a

2

3
H ,UJ@SM_I_GZ[)ZS]M]Z
7=1

ie{A,B,C.D.E,F}
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Multi-dimensional likelihood

{nObSa

This is turned into a y? = —2log p( Hesww, swz, Szz)
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SM is 4.00 discrepant (local).
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New Physics Decalogue

e Require SM symmetry broken by A

e Sizeable signal=- D < 4 in production

e Integral spin j

e D<4=9<1

e j = 0 needs EW charge to couple to W/Z. But it would
get a VEV = m, too big

e EFT 5 = 1: gauge field with EW charge

e p~ 1=5U(2),xSU(2)g symmetric: 1 or 3.

e In universal limit, O(1) coupling to quarks is OK.

e (Non-uni coupings correct I'; and CKM unit.).

e Assume flavour-diagonal couplings to 2 light families

Ben Allanach (University of Cambridge) 14



1.0

=0 SU(Z)L HVT ’O,u

1 apv a a
_Zp,uyp a + (§mp =+ ZQmHTH)Pup H
—296“608 Mpy]Wb,u cv geabca Wa,pb,u cv
1 a
—I—(ngppMHT DMH + h.c.) + gquQLw“a QL

+9ipy Loy Ly, + .

0.8}

0.6

0.4¢

0.2}

0.8

This  model (‘HVT")
was initially considered

by

A RH

.0 0.2

triplet yields very similar
0.4 0.6 0.8 1.0
/% results.

Ben Allanach (University of Cambridge)
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Constraints

0.25

0.05

1-p
1 TATLAS W
CMS Vh

CMS W

0.8

0.7

EW precision: g,g, < 0.5 is OK.

Ben Allanach (University of Cambridge)
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R—Parity Violation

Allanach’s conjecture:

"Any excess can be explained with R—parity
violating supersymmetry.”

Ben Allanach (University of Cambridge)
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“The Last Refuge of The Scoundrel”

/ — / —
Wiv = XNjiiLi@i1D1 + Ay LoQu D
soft 77 o~
Lyy' = Ajaljlajip + (H.c.)
0.5 e
i [ ep |
Q_ jet 04* fepy *
q %(D v~ N/ |- frir |
- ~+ » -’.?\ — n
Gz H.e KNS A Wl
""" ; e VAR
,;“/ﬁ:;'\ ° 0.2 N
q %q - N
7 ) je _ .
1/ 0.1 \::?\
000 75 80 8 90 95 100

m[,/;,p[GeV]
No leptons in final state

Allanach, Dev, Sakurai arXiv:1511.01483
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Consistency

d(m?)gg/dln,u = —2|A;9|?/(1677) + ...

can turn smuon mass negative. Also, a correction to
quartic [; coupling may be non-perturbative from box with
smuons running Iin the loop:

1 Ao !
BN N =g ( m ) | (2)

e No leptonic/semi-leptonic states
e No WH states
e Could have a stau instead of a smuon

Ben Allanach (University of Cambridge) 19



Neutrinoless Double 5 Decay

Is banned in the Standard Model because it breaks
lepton number: Z — (Z + 2)e" e~ Present bound from

GERDA is Tlo/”2 > 2.1 x 10% yr. It should increase by a
factor 10 in the next year or so.

A,111
d€ = i = ur,
I
| e,
> €r.
Y
mj(.jzo
A
: > er,
| €,
|
d€ < ' > ur,

Ben Allanach (University of Cambridge) 20



Parameters and (g — 2),
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Other Models

e Other initial models: W' Z' models

e Vector resonances motivated by composite dynamics

e After the vectors (and our paper) came the scalars and
some spin 2 interpretations.

Ben Allanach (University of Cambridge) 22



Local p

ATLAS Run | Excesses

L IR Y I B Y I B L I e B B B B B B LI 100 WJs2013
E —— WZ Selecti E FToT T ' ' Coror ' ' ;
oL ATtAS seeen 7 " ratios of LHC parton luminosities: 13 TeV /8 TeV | /
= Vs=8TeV, 20.3 1+ IR WW Selection = I ;‘
1 e ZZ Selection ] /
e — e gg_ /
] I — -_——-— ]
1075 T a9 Y,
E E N T qg /‘,
= JeoZ 10¢ 7 .
0% NI ]
- - E
10° ¢ 3=
10 =
et e e RS Rt Z4
I 1 I 1 | | | 1 1 1 I 1 1 1 | | 1 1 | 1 1 1 | | 1 1 | 1 1 1 | | 1 | —T 1

|14OO 1600 1800 2000 2200 2400 2600 2800 300C
m; [GeV]

ATLAS claims 2.5¢ including LEE from all channels.
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Run Il Search: ATLAS 13 TeV 3.2fb~! [vJ

—e— Data 2015
—— Fit bkg estimation
Fit exp. stats error

ZZ selection

‘\HULI IIHIIII{ \IIIIIJIJ [ ERE|

)
P I T 1

1600
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> 10°E T w
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o [ = -1
8 1l Vs=13TeV, 321
B =
c -
I%’ 10 =
i3
10 .
_ 2}
3 o
-2 ;—
1000 1200 1400
> 103§ T T T T T T T E
& E ATLAS Preliminary —e— Data 2015 =
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Lﬁ 10 ? E
= _
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CMS 13 TeV 2.6 fb!: lvqq + 4q exo-15.002

2.6 b’ (13 TeV)

10

T T T T IS L R L L L L L L L L B B
- CMS : ’ = = ]
" Preliminary | — . Asymptotic CL Observed .

SEEEES  Asymptotic CL_ Expected o

oo o T B

Ggsy, X BR(W — WZ) [pb]

1.5 2 2.5 3
M, (TeV)
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Run ll: 2 TeV HVT In Trouble

pp-2W'-WZ, my=19 TeV

“hadronic. | Run Il constraints on HVT
20+ ,
35t ATLAS J MET ——

> £ 55| CMSInuqgqg: WW+ZZ+WZ
: 15! ; CMS JJ
e contmond| > 25
p— . T 1 m i
E = > 15

5| ; 10 t

-

O 0

But note: sneutrino is OK because of its hadronic-only
decays

Ben Allanach (University of Cambridge) 27



Di-Photon Explanation

A 750 GeV resonant sneutrino with a coupling to quarks:

Wrpy = Ny L1Q1D1 ﬁ%%fxg — Ausslilsth + H.c.

q .
. TL{{{VV\/\/\.:'Y
I/i 7/ [
—————— « X
N I
_ TR~ !
q ‘VVVV\/"}/

We shall need the staus heavier than 750 / 2 GeV.

Ben Allanach (University of Cambridge) 28



a2md A | A2 1/2
_ - 4 -\ _ w "', 133 -4 W
F'ww = I'(;, = WTW™) (09403 g S0 0 (1 m2 )

F|? 4m2  mi F.G 6mZ  mj 8m2  mi
><|:‘ ‘ (12_ i 41)_‘ ‘(8_ 21_|_ 47,>_|_‘G‘2(16_ 2@+ 41)]?
2T= miy My miyy my

Branching Ratio

10—8_ g S
10™ 10° 0.001 0.010 0.100 1
|Aj11]
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Parameter Space
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Summary

e Heavy vector triplets explanation of ATLAS Run | di-

boson excess Is ruled out by Run |l searches involving

eptons

e RPV explanation of di-boson excess is alive still because
it only predicts hadronic channels

e RPV explanation of di-photon excess works fine and
requires: a 750 GeV sneutrino and staus around 375-385
GeV.

e Can the RPV explanations be joined up into one
explanation?

Ben Allanach (University of Cambridge) 31



“The road of excess leads to the palace of wisdom.”

William Blake, The Marriage of Heaven and Hell

Ben Allanach (University of Cambridge)
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Hint of new particle at CERN's Large
Hadron Collider?

Particle theorist Ben Allanach gives his reaction to yesterday’s seminar, where
ATLAS and CMS reported on what we have (and have not yet) learned from a
year of the highest-energy particle collisions ever achieved

© Not that event. Photograph: Fabrice Coffrini/AFP/Getty Images

Ben Allanach
Wednesday 16 December 2015 09.26 GMT

o o o ° @ A Savefor later <. Shares g Comments
220 36

I’ve just finished watching the ATLAS and CMS experiments give their end of year
seminars, presenting some analyses of data taken this year at the highest collision
energy, 13 TeV. Being a “beyond the Standard Model” theorist, I was most

theguardian
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750 GeV Di- Photon

CMS Prefiminary 2.7 fo™ (13 TeV, 3.8T)

10*

> =
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~ = t1o :>j 102 Spin-0 Selection -
< F t2c S s=13TeV, 321" -
m B — —
= 10 = —
C — — =
S 10¢ = -
> - - -
L - = =
'E 38T 10 .
E o = ! | ! | ! ! g
[ , . | § 155 E
s F 1 ' 2 10 + =
3 LT L e © E_ =
¢ " % I ‘} * 3 35 l ‘LH : W
= ke, ey Tt E o if ]
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n—wualnag: Run |

CMS Prellmlnaly _ 33fb (13 TeV)+197fb (8TeV) o

| ! ‘ ' : % 1 §_ Oc E
_____________________________ < S =
o - of -
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O — .
_______________________________ - C 26 7]
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8 TeV Data from Moriond
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CMS 8413 TeV
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Cross section

6 CMS Preliminary 3.3fb" (13 TeV) + 19.7 fb™ (8 TeV)
-
g
< 5
Ry Spin-0
—— Combined
4r — 8TeV
_ —— 13TeV
31
2
s
0 : 1 1 1 1 1 1 | 1 1 ! |
0 2 4 6 8 10

gl3TeV B (fb)

Ben Allanach (University of Cambridge)



Parameter Space: S2
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arameter Space: S3

Allanach, Biswas, Mitra, h(londal 2014
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CMS Excesses

The anomalies were all in 20 fb~! of data taken at 8 TeV.

e One anomaly was in a Wy search
e Two anomalies in a search for di-leptoquark production
NB We often deal with invariant masses, eg

M = (p(l) + p(ls) + p(j1) + p(j2))"
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CMS Wy Search: 2.80

19.7 b (8 TeV)
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Wr: Inferred Limits

19.7 o (8 TeV)
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e e
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A Wgr model with reduced couplings could explain it
Deppisch et al, arXiv:1407.5384; Heikinheimo et al, arXiv:1407.6908;
Dobrescu et al arXiv:1408.1082; Aguilar-Saavedra et al, arXiv:1408.2456.
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Wr Search Important Features

e No excess in 1177

e The excess is at invariant masses of 2 TeV: this is
consistent with a particle of mass 2 TeV decaying into
eej7. There were 14 measured events on a background
of 4.0 & 1.0.

e Of these 14, 1 was a same-sign pair and 13 were opposite
sign. Standard Model backgrounds:

J b v
U tWéqt
u 9 7EI/VE_
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CMS Di-Leptoquark Search

Assume that L() — €ej or vj.
g LLQ g ~LQ
,// %@\ ////
22 g \\ \\\\
g \\TQ g NI
9 OO0000000 — - — —-LQ ¢ AQ ¢ ———t - >~ - -1Q
‘ ,
(Lo >mmw/ !
| g \\
§ IO ~ — 1T 4 "N i ——L -~ -1g

Figure 1: Dominant leading order diagrams for the pair production of scalar leptoquarks.

The signals they go for then are:

e cejj 2.40: St > 850 GeV, M. ;155 GeV, mm”” > 360
GeV

o cvjj 2.60: St > 1040 GeV, M.;ib555 GeV, 1 > 145
GeV, Mr(ev) > 270 GeV
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Proposal: W = )|, LQd°

2 TeV left-handed selecton which decays via the \|;:

u e d v d° €(v)
/ L 17 / N\ 7L(eL)
A1y u e M- =% " e A= == o€ &
0 . .
ds (1 uy, d° s Xt uy, d° d T oL | Mg

2 2 2
mz = mg; + My, cos2p

Resolves W, di-L() anomalies

Ben Allanach (University of Cambridge)
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Wr Mass Distribution

1000

100

No. of events/(0.2 TeV

M_.. /TeV

eejj
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Neutrinoless Double Beta
Decay

Is banned in the Standard Model because it breaks lepton

number: Z — (Z + 2)e” e~ Present bound from GERDA

IS Tl% > 2.1 x 10%° yr. It should increase by a factor 10
in the next year or so.

>‘111
de <

I » — er,

mx ¢ \°

| €r
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Other Constraints
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Neutralino mass matrix

In the basis [—z’é, —iW3, Hy, I:IQ]T

M, 0 —MzCaSw  MzSaSw
0 M, MzCaCy  —MzSECW
—MzCaSw  MzCaCW 0 — L
MzSgSw  —TMzSaCw — 14 0
Mass eigenstates are labelled X%, x5, X3, X! in increasing
mass order.

Decays into/from neutralinos are affected by their
composition.
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tan 8 = sg/cp is the ratio of the two Higgs VEVs.

Ben Allanach (University of Cambridge)
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Three Neutralino Scenarios

e S1: M, = M; + 200 < u. B LSP. é can decay to X5 Or
X . Predicts R = 0S/SS = 1.
©S2: M, < u < M,. B LSP, but increased BR for
| — Y. Predicts R = 1.
e S3: M, < M;. W LSP. [} — X7 but X7 decays via
11 too. Predicts R = 3.
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Branching Ratios

Ben Allanach (University of Cambridge)
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Parameter Space: Sl

s " " The red triangle here will be
covered by GERDA Phase-lI

Ben Allanach (University of Cambridge)
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Event Numbers

Channel s+b| b+o, |Data
eejj(Mrg = 650 GeV) 41.5 |20.5+3.3| 36
evjj(Mrg = 650 GeV) 33.9|7.5+1.6 | 18
eejj(Mrg = 700 GeV) 32.7 |12.7+£2.7| 17

Wr(1.6 < Meej;/TeV < 1.8)12.4(9.6+3.8 | 10
Wr(1.8 < Mee;;j/TeV < 2.2)|26.0 | 4.0+£1.0 | 14
Wgr(Meejj/TeV > 2.2) 2.6 |2.2+1.8| 4

Signal model point: S2 with \};; = 0.175, m; = 2TeV
and M, o = 900 GeV.

Ben Allanach (University of Cambridge)
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ATLAS On-Z Analysis

observed 29
background 10.6£3.2
number of sigma 3.0

s (95% CL) 7.1-31.8

ET > 225 GeV, Hy > 600 GeV, 81 < m”/GeV < 101,
OSSF leptons, pr(ji2) > 35 GeV.

CMS sees no excess, but has different cuts: OSSF,
8l < mu/GeV < 101, pT(jl,Q) > 40 GeV,
F./GeV = [100 — 200, 200 — 300, > 300].
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Have to check on a model-by-model basis whether they
are compatible

Ben Allanach (University of Cambridge) 58



Combhined Constraints

A

1400 AH““I‘“IL I(vullu:l;nd. I(mklr: 2015

800 7 ATLAS stop L100

1300 + £
1200 | -~

5

— 1100 | %
c 3
. 1000 9
IS 2
g 900 F 3
=

=

my < Mgy

700 F o

600

1 1 i 1 1 0
200 400 600 800 1000 1200

e (e ma (6] G (Barenboim et al also had this interpretation
in arXiv:1503.04184).

1 1 1 1 1
200 400 600 800 1000 1200

Less’ than 6(7) events for tan 8 = 1.5(30).

IBCA, Kvellestad, Raklev, arXiv:1504.02752
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CMS ("l jjF, 2.60 Excess

Search in my: for Opposit

e Sign Ssame Flavour leptons

(either e or ). Demand K, > 100 GeV.

The dominant tt background produces e*u* at the same

rate as OSSF (eTe™ or
measure th

pn ) and so it is used to
e background.

Background estimate: 7304
measured: an

Ben Allanach (University of Cambridge)

-40 events, but there were 860
excess of 130155
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Explanation: Supersymmetry

e

QL X2 qu Xl
O

Figure 1: Feynman diagram for the golden cascade decay:
opposite sign same flavour leptons (OSSF)
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A Sharp Invariant Feature

200

150 [—

100 [
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my;; Distribution

19.4 b (8 TeV)
| . 6ata ]
—Fit
~FS
DY ]
Signal 1

SF central leptons _

Ben Allanach (University of Cambridge)



Edge Interpretation

my

R
GeV
200 150 100 50 0
2007 IR

Al S\

%150
. My,
\100—
N GeV

\ 50

Ben Allanach (University of Cambridge)

The signal rate

determines mg,
my* = 784 = 14
GeV we fit to
(mig—m%)(ml@—mi&))
T

We  choose myj, My
then vary M; in order
to predict the correct

my Sometimes,
M, > Mo.
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Example Spectrum
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FIG. 4. Example signal point that fits the central CMS rate
and edge inferences: My = 300 GeV, my,, = 200 GeV, mg =

1050 GeV. Prominent decays with branching ratios higher
than 10% are shown as arrows.

Ben Allanach (University of Cambridge)



LHC Constraints

We shall see squark masses of around a TeV being
predicted.

Squark-gluino-neutralino model

2800 T T T L A L IS B
() reliminal H = m(x,) = 0 GV Observed limit (+10.5'7]
%2600 \ 1\\ = m1;?;=oeev Expected limit (+15,,.) ]
7] — m1i‘:;:395 GeV Observed limit

- m&:’; = 395 GeV Expected limit
\ — m&f; = 695 GeV Observed limit
s ., = maj‘) = 695 GeV Expected limit
i 7TeV (4.7fb") m(;) = 0 GeV Observe

N AR | [ P S A A
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Other Constraints

We shall see squark masses of around a TeV being
predicted.

0.45 ‘ ‘ . |
ATLAS jets pTmiss ————
0.4 CMS jets pTmiss -~ |
0.35 | /
o3| ff e ]
%J 0.05 L ‘ ~ |
EE 62 i £ ooo;s'ep“’"
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Viable Parameter Space

mg./GeV
m../GeV Allanach, Kvellestad, Raklev, 2014 . . St
1000 Asnossmrmeoe sgfie) 1000 e RTLAS s pTries 2000
Fails ATLAS jets pTmiss Fails ATLAS slepton
Fails ATLAS slepton . 1800 B 1800
800 | — [ " |
1600 1600
> ]
E 600 r 18 1400 8 1400
< -
E_CE 400 , 1200 1S i 1200
1000 1000
200 | i |
800 800

0 — 600 0 ‘ Pr— 00
0 200 400 600 800 1000 0 200 400 600 800 1000

mxg/GeV mxg/GeV

Parameter space fitting the central rate edge
measurement.

Constraints from ATLAS and 4-lepton I/ searches
currently underway
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g — 2), and Dark Matter

2
Qh2 = 0.1198 =+ 0,008652% ~ 13 x 10710 (100 GeV) tan 3

1000 h, K \I tad, Rak\ev 2014 MSUSY
Fa|ls ATLAS jets pTmiss 1000 Alanach. Kefesias, Ray, 2014 ‘ 1/24(g- %/10
Fails ATLAS slepton 0.25 Fails ATLAS jets pTmiss
800 | -C"".I g Fails ATLAS slepton
K 800 | 40
0.2
>z 600 a
S X 0.15 % 600 30
= o
£ 400 | i
01 € 400 | 20
200 +
0.05 200 | 10
0 1 L L 1 0
0 200 400 600 800 1000 200 4 800 1000 0
m5/Gev 00 400 600

(29,54 §.8) x 10710
- -
Xi 7 L0

~
Xi [T 2! 2.
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CMS 4-lepton £
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Allanach, Kvellestad, Raklev, 2014
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ATLAS Disagrees
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Kinematical Distributions: LQ

30 Allanach, Biswas, Mitra, Mondal, 2014 1 llanach, Biswas, Mitra, Mondal, 2014
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Cascade Decay

l+ [~ p’g —
0 7 py:t — |é qu i/
X = 2 2,
’ LY (1) \7 X1,2 —X1 2’ ]—?X(f,z
Work in

The invariant mass of the l*l pair is
my; = (p+ + 0= )" (P + D= = i + D= + 20+ - P
— 2|Z_?l+||2_?l_‘(1 — CO5 e)é 4‘]—?l+“]—?l_"

Momentum conservation:

igﬁ+g+zg p_+po=0.

Energy conservation: \/mx82 + ]QX(Q)]Q =m;+|p,.|,
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. Similarly [p,_| =

m

2—m

2

X7

QTnl~

74



Statistics

b + o}, background events:

(

_ Be—(0-0)?%/203) vph ~ 0
0 Vb <0

\

Marginalise over b to take confidence limits:

n!

_ o0 _ e_nea:pngggp
Pl bo) = [ dbp(b. ) |
0

The CL is then P(n < nops|Nerp, b, 0p).

Ben Allanach (University of Cambridge)
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Simulations

e SUSY spectrum modified to iterate and
hit the edge measurement

e Sparticle decays

e LHC signal events

e Backgrounds CMS

e Dark matter and anomalous magnetic moment of the
muon

e All linked together with the SLHA.
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A New Leptoquark Model

Does not lead? to proton decay, and has:

e Ascalar Ry = (3,2,1/6),
e A scalar S =(1,3,0)_
e A dark matter fermion y = (1,1,0)_.

M GOy — STy T+
A i X L2 A2 iX
BR(Ry; — 1j) ~ 15%, BR(Ry — S%jx — jE7) ~ 25%,

BR(Ry — S*jx — ITjE; ~ 65%.

L= —)\ﬁljcﬁzégd}% + he —

2
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Production at the LHC

Ben Allanach (University of Cambridge)
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Constraints on the masses

o j /1 searches imply M.+ M, > 300 GeV for LQs around
500 GeV.

e To get the my spectrum right in the CMS [Tl jjE
excess, mg — m, ~ 20 — 40 GeV.

200 T
5 150+ 1
(5] S+B 1
Q I 1
2 FS
100 ) 1
a2 Iy el
g e 1 ]
> = Si
m ]
50+ 4
-
[ RS iSSP SRR L Y St 5ot § rat » x = 3 1
50 100 150 200 250 300
ulGeV]
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Dark Phenomenology

DM stability is guaranteed by a discrete Zs. x has a
significant pseudoscalar coupling to the Higgs, resulting in
a dominant spin-dependent scattering cross-section.

1 1
L = X(i/@—Mx)X‘F—(vh-F—hz)

A 2
XX cos§ + Xiysxsin] +
Direct searches (eg LUX) imply that m, > 100 GeV is

allowed for sin®¢ > 0.7 and A =1 — 5 TeV. We pick
m, ~ 140 GeV.
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B Meson Rare Decays

e FCNC decays loop suppressed and rare in the Standard
Model
e New heavy particles in could appear in competing

diagrams can affect the branching ratio and angular
distributions
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RK: 2.6 0

_ BR(B* = K*p* )

Ry = Ry = 0.74570990 + 0.036
BR(B — Ktete™) 0.074
Bt . “ 7 " 7KJr 151~ li,—«
\NW_*_Z,OA:.H;H\< e 0»;_ 4 I SM _
HHfer 0 e g

Ric(SM) = 1.00

Indicates lepton flavour non-universality
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B() K*ll

_ i _ AN AN |
b r T 5 N & Q\
B\ z

WA B \
o
Zot,'?ﬂ'l-< NRATR
. —

7

Decay fully described by three helicity angles Q= (8¢, 05, ¢) and ¢> = mfw
;dS(F + f) = i [5(1 —F) sin? O + F1, cos? 0k + (1 — F1) sin® O cos 26,
AT +1D)/d¢2  ad 32 4 4 E

— I, cos? O cos 20, + Ss sin? O sin? 6, cos 2¢

+ S sin 20 sin 260, cos ¢ + Sy sin 20k sin 6, cos ¢

e %Apn sin? O cos 0, + S7 sin 20 sin 0 sin ¢

+ Sg sin 20 sin 20, sin ¢ + Sg sin® O sin? O sin 2¢5}

Ben Allanach (University of Cambridge)
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SM Predictions

—+— Data
3 — . —

1 |

5 20
q2 [GeVZicY]

P =
Ss//Fr(1 — Fp),
leading FF

uncertainties
cancel.
Tension
already in
1 fb~! and
confirmed
in 3 fb!

last week
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New Physics: Effective
Operators

by I4 _b‘_._‘iJr SL P
Coro= X E LQ z
SL L % S — '/L, , b, wt

L = Cy(5:7"dr) (Ind) + Cro(5ry"br) (Iyysl) + - -

Fitting many operators to 76 B—physics observables, a
non-zero fit to CY is preferred at the 4.30 level.

-
» Hadronic effects like charm loop o
are photon-mediated = 550

Y
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» How to disentangle NP <+ QCD?

» Hadronic effect can have different
» Hadronic effect is lepton flavour (— Rk!)

Ben Allanach (University of Cambridge)



CMS h — Tu: 2.60

There is no lepton flavour violation in the Standard Model, so you should see none

of these decays®. Various models use flavour symmetries, but also 2 Higgs doublet

models (2HDM) work.
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B Meson Rare Decays

e FCNC decays loop suppressed and rare in the Standard
Model
e New heavy particles in could appear in competing

diagrams can affect the branching ratio and angular
distributions

Ben Allanach (University of Cambridge) 88



RK: 2.6 0

_ BR(B* = K*p* )

Ry = Ry = 0.74570990 + 0.036
BR(B — Ktete™) 0.074
Bt . “ 7 " 7KJr 151~ li,—«
\NW_*_Z,OA:.H;H\< e 0»;_ 4 I SM _
HHfer 0 e g

Ric(SM) = 1.00

Indicates lepton flavour non-universality
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Decay fully described by three helicity angles Q= (8¢, 05, ¢) and ¢> = mfw
;dS(F + f) = i [5(1 —F) sin? O + F1, cos? 0k + (1 — F1) sin® O cos 26,
AT +1D)/d¢2  ad 32 4 4 E

— I, cos? O cos 20, + Ss sin? O sin? 6, cos 2¢

+ S sin 20 sin 260, cos ¢ + Sy sin 20k sin 6, cos ¢
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+ Sg sin 20 sin 20, sin ¢ + Sg sin® O sin? O sin 2¢5}
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