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What exactly are we constraining”
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: ICHEP 2014 \Vs=7,8TeV
Model U, T, Y Jets E?'SS JL dt[fb™] Mass limit Reference
1 1 1 1 l 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 6,9 1.7 TeV m(G=m() 1405.7875
MSUGRA/CMSSM leu 36jets Yes 203 |@ 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10 jets  Yes 20.3 g 1.1 TeV any m(@) 1308.1841
RS aa. Q—>CP( 1, 0 2-6jets  Yes 20.3 ol 850 GeV m(¥)=0 GeV, m(1% gen. §)=m(2™ gen. &) 1405.7875
S o 9—>qu 1 0 2-6jets  Yes  20.3 g 1.33 TeV m(¥3)=0 GeV 1405.7875
& 0, G—aqa¥: —qoW=* 9 leu 3-6jets  Yes 20.3 g 1.18 TeV m(¥3)<200 GeV, m(¥*)=0.5(m(¥3)+m(G)) ATLAS-CONF-2013-062
9] 86, G—qq(ee/tvivw)ry 2epu 0-3 jets - 20.3 g 1.12 TeV m(t3)=0 Gev ATLAS-CONF-2013-089
L  GMSB({NLSP) 2eu  24jets  Yes 47 [ e tanB<15 1208.4688
k%) GMSB (£ NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 [s 1.6TeV tang>20 1407.0603
?:’_, GGM (bino NLSP) 2y - Yes 203 g 1.28 TeV m(t%)>50 GeV ATLAS-CONF-2014-001
£  GGM (wino NLSP) leu+y - Yes 4.8 m(¥9)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-hino NLSP) 4 1b Yes 4.8 m(¥9)>220 Gev 1211.1167
GGM (higgsino NLSP) 2eu(Z) 0-3jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(G)>10"4 eV ATLAS-CONF-2012-147
% 5 g—>bb)(1 0 3b Yes 201 |@ 1.25 TeV m(¥3)<400 GeV 1407.0600
S QEJ g—>tW5 0 7-10jets  Yes 203 |@ 1.1 TeV m(¥9) <350 GeV 1308.1841
3 5 0oty O-lepu 3b Yes 201 |@ 1.34 TeV m(¥7)<400 GeV 1407.0600
o) §—btr1 O-leu 3b Yes 201 |3® 1.3 TeV m(¥$)<300 GeV 1407.0600
bib1, plﬁb)?ﬁ 0 2b Yes 201 |b 100-620 GeV m(¥3)<90 GeV 1308.2631
o = Dbiby, biotiT 2eu(SS) 03b  Yes 203 |b 275-440 GeV m()=2 m(ty) 1404.2500
=.9 ff(light), fi—bk7 1-2ep 1-2b Yes 4.7 t 110-167 GeV m(t9)=55 GeV 1208.4305, 1209.2102
S S fifi(light), Wbk 2eu 0-2jets  Yes  20.3 f1 130-210 GeV m9) =m(1)-m(W)-50 GeV, m(fy)<<m(¥7) 1403.4853
9','8 tltl(medmm) t1—>w(1’ 2epu 2 jets Yes 20.3 fl 215-530 GeV m¥)=1 GeV 1403.4853
=5 Gi(medium), t1—>5;x1 0 2b Yes 201 |[f 150-580 GeV m(¥1)<200 GeV, m(¥1)-m(f1)=5 GeV 1308.2631
S5 hii(heavy), f-th leu 1b Yes 20 |G 210-640 GeV m(t1)=0 Gev 1407.0583
5 0 tltl(heavy)bt1—>t/\/1 0 2b Yes 201 |f 260-640 GeV m(¥1)=0 Gev 1406.1122
T ff, f1—cr 0  mono-jet/ctag Yes  20.3 f1 90-240 GeV m(f)-m(¥?)<85 GeV 1407.0608
f1f1 (natural GMSB) 2eu(2) 1b Yes 203 | 150-580 GeV m(¥1)>150 GeV 14035222
by, -t +Z 3eu(2) 1b Yes 203 | 290-600 GeV m(¥})<200 GeV 14035222
£|_ REL, R, I3 2eu 0 Yes 203 |7 90-325 GeV m(¥9)=0 GeV 14035294
- xlxl Xl —v(Y) 2eu 0 Yes 203 | i} 140-465 GeV m¥3)=0 GeV, m(Z, 5)=0.5(m(¥5)+m(t3)) 1403.5294
=9 XlX )(l —Tv(1V) 27 - Yes 20.3 :1: Y 100-350 GeV i Tg??):q GeV, m(7, 9):0.5(m@§i)+m()§2)) 1407.0350
w % X1X6—>£L vaf(vv) VL L) 3epu 0 Yes 20.3 ’\:i’)f 700 GeV mO(f)=m(X2)~,+m(X1)~:OO, m({,o 7)=0.5(m((T)+m(t1)) 1402.7029
X1X8—>WX Z)(6 2-3eu 0 Yes 203 |XK 420 GeV m(¥7)=m(¥3), m(¥1)=0, sleptons decoupled | 1403.5294,1402.7029
XX —WiThi leu 2b Yes 203 [XLH 285 GeV m(¥:)=m(¥3), m(¥3)=0, sleptons decoupled | ATLAS-CONF-2013-093
XaX3, X253 =Rl depu 0 Yes 203 |, 620 GeV m(¥2)=m(3), m(t)=0, m(, 7)=0.5(m(¥3)+m(t})) 1405.5086
© © Direct ¥1¥1 prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |i; 270 GeV m(¥5)-m(¥3)=160 MeV, 7(¥$)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped § R-hadron 0 1-5jets  Yes  27.9 832 GeV m(¥3)=100 GeV, 10 us<7()<1000 s 1310.6584
DT GMSB, stable 7, )?(1’_>%(é f+ren) 12p - - 15.9 = 10<tanB<50 ATLAS-CONF-2013-058
8 g GMSB Xg—n/G long-lived X(l) 2y - Yes 4.7 0.4<(¥3)<2 ns 1304.6310
- dd, X1—>qq,u (RPV) 1 u, displ. vix - - 20.3 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m({})=108 GeV | ATLAS-CONF-2013-092
LRV pp—v; + X,V —eu) + 7 leu+t - - 4.6 311—0 10 /11(2)33—0 05 1212.1272
> B|I|near RPV CMSSM 2eu(SS) 0-3b Yes 20.3 1.35 TeV m(q) m(g), crsp<1 mm 1404.2500
& ereepet SWES, ¥5 e, eude 4eu - Yes 203 )g 750 GeV m(TD)>0.2xm(T5), A1 20 1405.5086
Xl)(l Xl —WK7, X -1V, €777 3eu+t - Yes 20.3 Xf 450 GeV m(X1)>0 2xmE1), A133#0 1405.5086
g—qaq 0 6-7 jets - 20.3 g 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—fit, fi—bs 2eu(SS) 03b Yes 203 |@§ 850 GeV 1404.250
. Scalar gluon pair, sgluon—qq 0 4 jets - 4.6 | sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—tt 2eu(SS) 2b Yes 14.3 sgluon - 350-800 GeV 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

1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1
full data 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.




What exactly are we constraining?
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List of DD operators...

—ffective operators
q X q X

q X q X

9e9x  _ 9q9x _ 1
MQ_Q%I‘ o M2 o M*2

- Integrate out the mediator

* Reduce parameters to 1M, , M., for each operator



—ffective operators

Left with a small ‘lbasis’ set of operators

Most common operators are for Dirac fermion WIMPs:

scalar mediator-like coupling D1 = -4

E (xx)(qq)
vector coupling D5 ]\;3 (XY x)(@7.q)
axial-vector coupling Bi= J\;f (XY x) (@77’ 9)
gluon initial state Py

s 00 (GG



Search channels

- The most generic search channel is
Missing energy + jet(s): DM production
inferred by non-zero transverse
momentum sum

- Other channels can be important but
they are more model-dependent



qgqg — XX —ffective operators O qg—sxx

ATLA ls=7TeV, 4.7 fbX 95%CL - ATLAS \s=7TeV, 4.7 fb™, 90%CL
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g WIMP mass m [ GeV ] WIMP mass m, [ GeV ]



—ffective operators for direct detection

- Note that the ‘usual’ direct detection constraints on os and
osp are a constraint on some, not all effective operators
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—ffective operators

q X

K|

Qtr

9¢9x  _ 9q9x _ 1

MQ_Q%r = M2 . M*2

Qtr < M — \/gquM*




Rescaling operator constraints

- For a given choice of v/9¢9x, only use events that satisfy

Wit = \/gquM* Z Qtr

Qtr=(gqu)%M*




Rescaling operator constraints

 For a given choice of v/9¢9x, only use events that satisfy

i= \/gquM* Z Qtr

'S‘ 1_'_ I I I I . | I I. I T | . I .I I I | I I T T T I_
@ - ATLAS Simulation Preliminary =
= 0.8 I —
0.6 N
- DS -
0.4 Vs =8 TeV _ 1—]
m, = 50 GeV _['-‘ZOfb -
miss Mta”d ngp :
0.2 ET™® > 400 GeV S
ET™ > 600 GeV — ---- -
ET™ > 800 GeV — === 7]

O R R S S K S S TN T N SR TR S S SN SR SR S S R N

1 iz 2 2.5 3

ATL-PHYS-PUB-2014-007 \ 9smom

ATLAS + Busoni, De Simone, TDJ, Morgante, Riotto
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Rescaling operator constraints

F1028 L 1 T TP 1 L 1 IT]III 1 1] 1] II'II[ F1026 I 1 T T rirra 1] L} 1 ll]l‘l 1 L} 1} IIIIII
£ ATLAS 90% CL mm DAMA/LIBRA, 30 £ - ATLAS 90% CL — COUPP 90% CL
2. 10k 4 D1: 78q is=8TeV, 20.3fp" ~ EECRESSTI 20 L, 1028 k- g D8: 7y v*xay 1°q 15=8TeV, 20.3fb" — SIMPLE 90% CL
(1 CoGeNT, 99% CL M — PICASSO 90% CL
S + D5y 0@Y,  + Cl:yaq W CDMS, 1o S v D9:%0""x0,,9 I Apvsed oy g
b 10'32 + DI1:XG G 4 C5:4"G, G &5 COMS, 20 b 10'30 B — - truncated, coupling = 1 P R =
(&) uv (10 CDMS, low mass (&) lceCube W'W 90% CL
© — - truncated, coupling = 1 — LUX 2013 90% CL & - - - truncated, max coupling —CMS 8TeV D8
1 034 - - - truncated, max coupling — Xenon100 90% CL 1 0-32
A ' — CMS 8TeV D5 B
o o W - CMS 8TeV D11 o E
o 10 . o 10 -
o . c
(@] -38 Y o -36
o 10 W, O o 10
g - ?~::""'l'_-i- ......... —g \\A e
; o -38 :
g 10 40 g 10 3 \ <
(ol o -, PR e’ )
= 10 S e A e e e oy
; ....... ; MM"""""‘"--" .-—-‘-’
| B " c——— 10
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Eur. Phys. J. C (2015) 75:299
ATLAS + Busoni, De Simone, TDJ, Morgante, Riotto



SO what now?
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Classification of simplified models

- There are many simplified models to choose from and they can
be organized in a logical vvay he mest |mportant features are

- —— e ———————
— —_— ___ ________ — —— — - - — p— _— —_—— _— ’177\\\
\
\

_— e~ —— = _— = — — = - = T ——

it DI\/I IS neutral th|s deflnes most features of the model




he usual suspects

F

X

q
“Higge portal” “Squark-like” “Z-prime”

- Each is associated with a particular UV-completion



Simplicity

- Even then there are choices to make - for example, for 1s¥2, there is a
choice of vector or axial-vector couplings

LD 9 Z, (¢t XY x+C5 X7’ x)
+qu (c} @y q+ch vy )

- Z aZ,,(cy Iy l+cy Ivy°1)
l
- Including couplings to both quarks and leptons, up to 28 free

parameters, even in such a simple model!

- Necessary to make simplifying assumptions to keep the number of
parameters small



Simplicity

For 1s¥2 (£'):
|. Direct detection constraints: c4y=cx=0

] | " LD 932, (X5 X1 YPX)
ll. Dilepton constraints: g =0 | |

[1l. Minimal Flavor Violation:

Jq equal for each quark

{mDM, W ety ViR QSM} — {mDM, Med, gDM-GSM, gDM/gSM}

Even with these simplitying assumptions, a full scan over the
4D parameter space can be computationally prohibitive



Parameter space

Benchmark
coupling

3-D sean

19.716 ' (8 TeV)

< (% . " i ¥ Only 2 parameters to scan

(3 ;:MiPrzhmanary < Ms:ca: :L:C::f:y‘.” S

EE 800 | m_' 2 =g : : :

- 3 P v Easier comparison between
- experiments
< Semi-arbitrary choice of coupling
&K Less comprehensive: Difficult to
500 1000 1500 .

cms-pas-exo-12-055 n_ (Gev translate to other couplings

— Vi Easy to interpret

200l  Vs=8TeV |
gq/gDM :1 11.45
o racos | | | " More comprehensive

< Approximations become necessary -
Important to avoid regions where
these break down

0.75

0.5

95% C.L. upper limit on /g, gpy

JHEP 1506 2015)-142 | pW%2°

S :TDJ,Nordst(om : e, 1l
100 200 300 400 500 600 < Difficult to compare results

mpy [GeV]




Rescaling relations

{mDM, Med, 9DM, QSM} — {mDMa Mmyed, gpM-gsMm, QDM/QSM}

For each { Mpm, Mmed; 9o/gom}, Simulate signal cross section Gsm for
a range of gq.gom, compare with the experimental limit ojim

Value of gqgom Where 6sm= ciim defines the constraint on gq.gowm.




Rescaling relations

If we know how osim varies with gq.gom, We can
simulate for one value of gq.gom, avoiding the full scan

Osm Fixed Mpu, Mmed, Qq/QDM 2
| OsmX (gq.gDM)

-

|



Rescaling relations

(

S ggg]%M/FQS it M > 2Mmpwm
§ ggg%M if M < QmDM

/5 =8 TeV
9q/9pm =1,
fL dt =10.5 b1

1515
JHEP 1506 (2015) 142
TDJ, Nordstrom

myy [GeV]

100 200 300 400 500 600 100 200

300 400 500 600
m [GeV]




Problems with the width

- The standard Breit-Wigner

, , Breit-Wigner /A,
propagator with on-shell width, Kinetic ° J \ =
ABW It Kl — e Fos/M=0.4
8 N M2 i ZMFOS ; : * Ui/ M =0.6
as used by generators, only PR iicunn
valid forI' « M. - —

- Restrict parameter space to regions where I' < M.

Current strength of constraints give I'/M ~ 0.5;

In the transition region, rescale by the ratio of the BW and kinetic
propagators after convolution with the PDF

fxl To BB 53 AKinetic
fiBl po IR ABW
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1.04 2500 g.q /gDNI =.1
/ L dt=20 fb !
2000 . s 9 .

- =
N ~l
o (6]

95% C.L. upper limiton /g, g,

O
—

500

100 200 300 400 500 600 700 800, - ] D
o [GV] sz (axial)
v v T £ZUUU
Vs =8 TeV
9ol Iom.=1/2 11.47

/ L dt =20.3 fb "

100 200 300 400 500 600 700 800
mpy [GeV]

1500

o
N
&)

O
3y

p -—
N
O,
95% C.L. upper limiton | /g, g\

500

o
—

- .

1 b ¢ 1
400 600 800 1000
iy [GeV]
Vs =8 TeV

!lfr/ gom=1/9
8 /L dt =20.3- fb™

100 200 300 400 500 600 700 800
mpy [GeV]

3
—

=) [=) = ey
& @ o R
95% C.L. upper limiton /g, gi

O
—

0
2.32
is L
=
c
O
0.75 =
@
&
0.5 5
-
O
0.25 2
')
<D
0.1
0



M, .q (GeV)

Search channels

- To be comprehensive, study other search channels

jet

q X
Z/
q X
2000} |
1000} 19" /M, 0q >0.5 23?éf§£3?

q leptons
YA
Z/

q B
2000¢
1000 P97 /M g >0.5 710,07+

7
s

200F 0.76] | 0.65 0.76 | 0.65 1.10 /3.20

0.74 0.65] 1 2.22 3.47 /,9.20 /
s s/

L

10f 0.58 0.89 ;3.14/5./06/

s Z ///////

1} 1.02 859-,10.29,79.89
I / '

s ST OB LT
m, (GeV)

100 0.57 4 0.59 71./3i74./29§
el -

Vs

100 300 1000

1s¥2 (axial) - Similar results for 1s'2 (vector)

1 2000}
1000

200
100

20t
10

q

hadrons Y

i s

oooooo

/ 1/.8/0 7 ? 2.50
////////////

oooooooooooooo

ooooooooooooooo

ooooooooooooooo

ooooooooooooooo
ooooooooooooooo

ooooooooooooooo
ooooooooooooooo

ooooooooooooooo
ooooooooooooooo

ooooooooooooooo

1000

95% CL upper limiton /9,9,

=
N



esting the approximation

0.20
- Does the rescaling relation still hold? s e
0.15¢ m, = 1000 GeV, x = 0.005
262 /Tog if M > 2
T X gquM/ OSs 1 > Z2MDM 5 0.10 sV model, M__, = 500 GeV |
2 9 . g mono-jet channel
959DM it M < 2mpm
0.05}

- Only if the kinematic distribution of =~ "™ 10 350" 200 2% 500 350 400

Missing E; (GeV)

missing energy is independent of o TR ERT T
the width e
5 5 3ilte, — e
gDng 3 010l tS model, M, ., = 500 GeV |
O- O( ’ £ mono-jet channel
(s — M?)2 + M2I2’ :
0.05}

0.0 ‘ ‘ ‘ ‘ ‘ ‘
%O 100 150 200 250 300 350 400
Missing E; (GeV)



Comparing to other constraints

- Difficult to compare multiple SM SM
constraints in 3D parameter space!

Production

- Intercept shows the boundary where
one constraint becomes stronger
than another, indicating the region
where each class of constraints
performs best

DM

—— relic density

log.. | Mmed 3 1000 - - - - direct detection /7? 6.417
E10 GeV 72/(“1“//1,,——____,7*____ — o //////

1

0.61

_ T

0.14

L




Comparing to other constraints

- Direct detection assumes a |local density and velocity
distribution as input

dR d
P [ ) T
dER ™MpMIT N |1T]>Vmin dER

- Relic density constraints assume DM is a thermal relicis
sensitive to number of annihilation channels and relative
contribution to total relic density

4.8 x 10710 GeV 2
Qprih2 ‘

- Each constraint has strengths and weaknesses, so
together are complementary, but compare with caution

<O_U>total ==



Consistency

- The simplified models we've been using are not designed
to be UV-complete

- Does it matter if the simplified models we’re using are
ohysical?

Signals and constraints can be overestimated if we get
this wrong;

Some models are not just be incomplete, but wrong



Consistency

, : SM SM
- We focus on axial-vector 1s¥2 (Z£7),
because it ‘hides’ from direct detection
- Violates unitarity when mpu » Mmeq,
greatly enhancing the cross section ¥ =
.  Suffers anomalies!
i4n 2000{ Axial-vector - —471
I3 E %% Unitarity violating! ~ *” > %
11 & iy B S 1 2
1085 -~ 085
0.6 £ E o6 €
05 5 g O-SE‘{
0.4 § - 0.4 S
0_3C'; 0.35\2
o.2§ 0283
0.1 0.1
0.0 1 o 10 100 1000 0

m. (GeV)



Building a natural, consistent axial 1s?2 (£’)

- cosB U(1)s.L+ sinB U(1)y is guaranteed anomaly-free, so use this as our U(1)’

- This fixes the charge of the left- and right-handed SM fermions under U(1)’

SU3)|SU2)|\U(1)y|U(1)p—r U)
£;
v
]': 1 2 —% 1l —%cos@—sin@
4
(EZR) ¢ 1 1 1 +1 cosf + sin 6
i 3 o I RS +3 | goosf + §si
‘ 5 3 5 COS —|—381n9
dy,
(uiR)C 3 1 —% —% —%COSQ— %sin@
(dzé)c 3 1 % —% %6089— %sin@

- If L and R fermions have different charge, 8
Higgs must be charged to maintain gauge invariance ygL i b/ R

_|_
¢0

1
= cos

N —
)




Dilepton constraints

Induced lepton coupling il . ek o

subjects this model to | / !

stringent constraints from Z’ i”[

decay to dileptons | \ \
" \

q [~

A ‘| i
- ' -1
K factor = 1 |

111111111111111111111111111111




Suilding a natural consistent axial Z

- MixXing results in a mix of terms - no pure axial-vector term!

SM fermion f| coeff. of g fZ'f

coeff. of gz f24'vs f

3 : 1
leptons —5 cosf —sind —z cos
. 1 1 1 1
neutrinos | —zcosf — 5sinfl| 7 cosf + 5sind
5} 1 1 0
up quarks | 15 cosf + 3sin6 7 COS
1 1 1
down quarks | —15 cosf) + 5 sin6 — 2 cos 6

4

o+ X X7 7" X)
+947,, (¢, gy q + ¢ ¢v*v°q)

i DgXZ;L(c

- Induces a range of DM scattering operators,
not just the ‘usual’ og and osp.
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lceCube: Using annihilation to probe scattering

It is difficult for DD experiments to compete with
LHC constraints on these models

Solar neutrinos provide a unique window on DM
scattering

DM accumulates in the sun
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Conclusion

- Effective operators remain a useful benchmark for DM
searches at the LHC if used and interpreted with caution

- Simplified models are the natural next step. The size of the
parameter and model space present some challenges
which can be overcome with careful application of
constraints and approximations

- The consistent use of simplified models is important and
presents interesting phenomenology!



