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M_o ‘Ge\n

LESSONS FROM LHCS8

ATLAS Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: LP 2013 [Ldt=(44-229)fb" +5=7,8TeV
Model e[, T,y Jets ET™ [rdt[b™] Mass limit Reference
MSUGRA/CMSSM 1ep 3-6jets  Yes 203 |& 1.2 TeV any m(§) ATLAS-CONF-2013-062
MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 1.1 TeV any m(§) ATLAS-CONF-2013-054
e g3, G- g3 0 2-6jets  Yes 203 |§ 740 GeV m(¥})=0 GeV ATLAS-CONF-2013-047
£z g—»qqxﬁ’ 0 26jets  Yes 203 |& 1.3 TeV m(E2)=0 Gev ATLAS-CONF-2013-047
& 22 E—qdfi —>qu 7 Tepn 3-6jets  Yes 20.3 g 1.18 TeV m(¥3)<200 GeV, m(¥*)=0.5(m(t3)+m(&)) ATLAS-CONF-2013-062
% gg—)qqqqt’f(ft’)/\,/l/\,/l 2 e,u(SS) 3 jets Yes 20.7 g 1.1TeV m(¥})<650 GeV ATLAS-CONF-2013-007
® GMSB ({ NLSP) 2eu 2-4jets  Yes 47 tang<15 1208.4688
% GMSB (£ NLSP) 127 0-2jets  Yes  20.7 tang >18 ATLAS-CONF-2013-026
= GGM (bino NLSP) 2y 0 Yes 4.8 m(/??)>50 GeV 1209.0753
S  GGM (wino NLSP) Teu+y 0 Yes 48 m(¥3)>50 GeV ATLAS-CONF-2012-144
=  GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥?)>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
S5 g—>be 1 0 3b Yes 20.1 g 1.2 TeV m(X1)<600 GeV ATLAS-CONF-2013-061
3 2 goettd 0 i~ ™ “0Gev ATLAS-CONF-2013-054
g g—tih 0-1e,pu ATLAS-CONF-2013-061
o0 G pEey 0-1epu ATLAS-CONF-2013-061
biby, by —>bx‘1’ 0 ATLAS-CONF-2013-053
25 By by, by—>thy . 2. e,u(SS) ATLAS-CONF-2013-007
5 hhligh), F—bYT 12 e, u 1208.4305, 1209.2102
g._g F1 5 (light), f— bel 2epu m(t)<<m(@%) | ATLAS-CONF-2013-048
?S  ff(medium), t1—>bX1 2e,pu OGeV ATLAS-CONF-2013-048
'q:) E- %, 71 (medium), F —bY7 0 )=5GeV ATLAS-CONF-2013-053
S8 Hii(heavy), otk 1epu ATLAS-CONF-2013-037
2 S 4% (heavy) btk 0 ATLAS-CONF-2013-024
™S % (natural GMSB) 2eu(2) ATLAS-CONF-2013-025
bbb, both +2Z 3e,u(2) ATLAS-CONF-2013-025
[._ Rf._ N 2e,pu ATLAS-CONF-2013-049
>3 X;r/\,’l KT —Tv(£7) 2eu (m(/§+)+m(/\:(%)) ATLAS-CONF-2013-049
= /\,/1 X /\,/1 —Ty(1¥) 27 (M(¥1)+m(¥7)) ATLAS-CONF-2013-028
S Gy, GELGY) Beu S(m(EE)+m(E)) ATLAS-CONF-2013-035
e RSP 3eu sleptons decoupled | ATLAS-CONF-2013-035
o Direct ¥1 ¥ prod., long-lived ¥5 0 1 jet Yes 4.7 1<7(¥1)<10 ns 1210.2852
o ﬁ Stable, stopped g R-hadron 0 1-5jets  Yes 229 g 857 GeV m(¥3)=100 GeV, 10 us<7(&)<1000 s ATLAS-CONF-2013-057
= S GMSB, stable 7 1-2pu 0 - 15.9 5<tanB<50 ATLAS-CONF-2013-058
8’ @ Direct 77 grod stable 7 or {’ 1-2p 0 - 15.9 m(7)=m(?) ATLAS-CONF-2013-058
3 Q GMSB X1—vg, long-lived X1 2y 0 Yes 4.7 0.4<7(¥3)<2 ns 1304.6310
X1—>qq,u (RPV) 1u 0 Yes 4.4 1 mm<cr<1 m, g decoupled 1210.7451
LFV pp—¥; + X, V:—e +u 2eu 0 - 4.6 A41,=0.10, 132=0.05 1212.1272
LFV pp—¥: + X, ¥:—e(u) + 7 leu+t 0 - 4.6 A51,=0.10, 21(2)33=0.05 1212.1272
> B|I|near RPV CMSSM 1eu 7 jets Yes 4.7 m(§)=m(g), ctLsp<1 mm ATLAS-CONF-2012-140
& Xlxl xl —»le x1—>eey,,, euve  4dep 0 Yes 207 760 GeV m(P2)>300 GeV, 112150 ATLAS-CONF-2013-036
)(1 1,01 s WS W o 1ive, e, Beu+T 0 Yes  20.7 350 GeV m(¥%)>80 GeV, A133>0 ATLAS-CONF-2013-036
£—qqq 0 6 jets - 4.6 1210.4813
g—tt, ti—bs 2e,u(SS) 03b Yes 20.7 880 GeV ATLAS-CONF-2013-007
S Scalar gluon 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
= WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
O L L I L L L L L L L
Vs=8TeV 1071 1

*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.
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READING THE TEA LEAVES

Tuned Electfbweé.k Scéle ,,:

Low-scale
 Flavor
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Data consistent with fundamental scalar Higgs.

Mass should be protected from Planck slop.

SUSY to the rescue!

WIMP dark matter.

Gauge coupling unification.

Little hierarchy problem changing our view of SUSY.
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SUSY MODELS

TeV scale SUSY
Model building challenges

W/Z
1) Flavor R

2) CP Violation
3) 125 GeV Higgs boson

Sparticles
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COMPLICATED SUSY

| : -

Required Setup

TIMOTHY COHEN [SLAC] 11 OF 54




ANOTHER APPROACH

PeV scale SUSY Wells [arXiv:hep-ph/0411041]

Decoupling solves
1) Flavor
2) CP Violation
Consistent with
3) 125 GeV Higgs boson
Also get

dark matter candidate +

gauge coupling unification.

TIMOTHY COHEN [SLAC]

Sparticles

W/Z

Some tuning...

but simple.
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SUSY BREAKING

lgnore preconceptions about fine-tuning.

Wells [arXiv:hep-ph/0411041]; Arkani-Hamed and Dimopoulos [arXiv:hep-th/0405159];
Giudice and Romanino [arXiv:hep-ph/0405159]

Explore “simplest” SUSY breaking scenarios.
Gravity mediation.

Assume SUSY breaking spurion is not gauge singlet.
Anomaly mediation and small A-terms.

Some examples since 125 GeV Higgs:
Arvanitaki, Craig, Dimopoulos [arXiv:1210.0555]; Hall, Nomura, Shirai [arXiv:1210.2395];

Kane, Kumar, Lu, Aheng [arXiv: 1112.1059]; Ibe, Yanagida [arXiv:1112.2462];
Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski [arXiv:1212.6971]
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ANOMALY + GRAVITY MEDIATION

Giudice, Luty, Murayama, Rattazzi [arXiv:hep-ph/9810442];
Randall and Sundrum [arXiv:hep-th/9810155] 1) Gravity mediatiOn fOr ScalarS'

4 il e gy
_ W 2) Anomaly mediation for gauginos:
1, | niggsmosimeavy Higgses
3/2 &Z bz
AP

bo < b1 < by == Moy < My < M3

b, 1 Wino or Higgsino LSP
wino 3) Giudice-Masiero m=i» 1~ ms/s
Wino LSP!

With Higgsino thresholds ==» M3 ~ 6 x M

Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski [arXiv:1212.6971]
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HIGGS MASS
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| i (mh T 20‘)

L

172.3 GeV < m; < 174.1 GeV

(mt T 10‘)

. “
" n
. -
n -
» %
- -
= . .
. -
- n
. s
- =
% -
- w
% =
- [
n =
. ~
- Y
L] w
“
-
"
w
n
%
%
3
%

10° 10107 108 10”2 1019
mf [GGV]

Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski [arXiv:1212.6971]
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mzl=Imyl=3TeV, |m; =10TeV

neuwiron Kaon
EDM mAXIng

m Lxin g

|
107

mg=mj=|y| (TeV)

Altmannshofer, Harnik, Zupan [arXiv:1308.3653]
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Where has simplicity led us?

1) A thermal wino relic with a 3 TeV mass
or
Allow non-thermal/subdominant winos.
2) Gluino with a ~ 16 TeV mass (likely displaced decays).
3) Scalars a loop factor heavier with O(100 TeV) masses.

No problems!

How can we test this model?!?
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WINO DARK MATTER

Introduce an electroweak triplet fermion X,
with the Lagrangian:

L= Lsm+Xx (1D + M) x

In components:

TIMOTHY COHEN [SLAC] 19 OF 54



Electroweak symmetry breaking splits
chargino and neutralino.

In pure wino limit (with M, = 2 TeV)
0 = 0.1645 4 0.0004 GeV

to two-loop order.
Ibe, Matsumoto, Sato [arXiv:1212.5989]

What about tree-level mixing?
p o~ mgo ~ O(100 TeV)
Leading splitting operator is dimension 7:
Os ~ x*x° (H'T*H) (H'T°H)

Implying § ~ 0.17 GeV is a robust prediction.
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OBSERVING WINOS

Colliders:
(don’t) see missing energy
———————ee
SM DM
Direct
Detection:
see nuclear
recolls
SM DM
t—

Indirect Detection:
VO o Sl i eE see cosmic rays 21 oF 54



WINOS AND DIRECT DETECTION

Hill and Solon [arXiv:1111.0016, 1309.4092]

No tree couplings to the Z or the Higgs

Leading process at 1-loop:

1047 cm?
almosttoosmallt . ||
to observe

27N, 20

140 160 180 200
mh(GeV)
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OBSERVING WINOS

Colliders:
(don’t) see missing energy
———————ee
SM DM
Direct
Detection:
see nuclear
recolls
SM DM
t—

Indirect Detection:
VO o Sl i eE see cosmic rays 23 oF 54



WINOS AT COLLIDERS

Ibe, Matsumoto, Sato [arXiv:1212.5989]

LHC searches for charged stubs in the tracker

—

15

10

‘\
[| &
2

0.5

1 0.4

1 0.3

7 TeV with 5 fb™
ATLAS [arXiv:1210.2852]

—

New limit using 8 TeV with 20 fb" extends to 280 GeV
ATLAS [arXiv:1310.3675]

|\ |
i\

1701 e
two-loop
...... one-loop === |
150 200 250
rnc:hargino [GeV]
108 GeV
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OBSERVING WINOS

Colliders:
(don’t) see missing energy
——
SM DM
Direct
Detection:
see nuclear
recolls
SM DM
G

Indirect Detection:
TIMOTHY COHEN [SLAC] See C03m|C rayS 25 OF 54



SOMMERFELD ENHANCEMENT

Non-perturbative effect at low velocities

>

..'

X’ a
W, Z, vy
0
X 5

W, Z,y
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COMPUTING CROSS SECTION

Hisano, Matsumoto, Nagai, Saito, Senami [arXiv:hep-ph/0610249]
Take non-relativistic limit and assume s-wave.

Example: Spin singlet neutralino-chargino system.

Want to solve

Mass splitting

Potential matrix index structure:

1 = neutralino + neutralino; 2 = chargino + chargino
TIMOTHY COHEN [SLAC] 27 OF 54



COMPUTING CROSS SECTION
Boundary Conditions:

¥;(0) = 05
and

outgoing wave [above threshold]

i(00) = . |
exponentially falling [below threshold]
Hard
Sommerfeld matrix:  s;; = 1;(c0) | annihilation

matrix

- ° ] RS : e = *
Cross section: ;v =c; » si; s}
7,3
c = 2 (1) foridentical (distinct) particles.

Index structure: 1 = neutralino + neutralino; 2 = chargino + chargino
TIMOTHY COHEN [SLAC] 28 OF 54



SOMMERFELD RESONANCE

Resonant enhancement:
mass splitting >~ binding energy

Position of resonance sensitive to mass splitting

Assume only EW contribution to splitting

N
Loop factor aw my = agy Mo “Rydberg”
times W-mass constant

(M2)res ~ - ~ 2.4 TeV
077

TIMOTHY COHEN [SLAC] 29 OF 54



THERMAL WINO

0.15._ .................................
) 0.10}
é _ QPlanck h2 L 5%
0.05_-
O =515 20 25 30
M2 [T@V]
Planck Collaboration [arXiv:1303.5076]
Mass of “thermal wino”: (Mz),, . ~3.1 TeV
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SOMMERFELD ENHANCEMENT

| Thermal
Wino

Hisano, Matsumoto, Nojiri [arXiv:hep-ph/0307216]
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INDIRECT DETECTION
H.E.S.S. Line Search

H.E.S.S. Collaboration [arXiv:1301.1173]
Ground based imaging atmospheric Cherenkov telescope

Search in 1 degree region at galactic center (plane excluded)

Assuming NFW profile

E - ---- Bekg. P(x) simulated line (E =2 TeV)
- F — Bckg. G(x) !
NE — Bckg. sum *
3
E
] >
2 4l e e
107 F e
g B / . 1
/
- /
/
/
B /
/
10-5 |_/111[ 1 1 I |
1 10 E, (TeV)
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INDIRECT DETECTION

Fermi Stacked Dwarf Limit
Fermi Collaboration [arXiv:1108.3546]

10 Milky Way satellite galaxies
24 months of data

Marginalizes over profile uncertainty

TIMOTHY COHEN [SLAC] 33 OF 54



CONSTRAINTS

See also Fan and Reece [arXiv:1307.4400]
|

2 2
Thermal (0 h* = Qpmh
————————— _
FermipTo2'H \
\
AN
10722} < £
i 10—23 N<
e
E 24 \\ =
S0 N &
10—25

=260 . . o :
OTTTTOSTTTO 1s 20 25l H.E.S.S.
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CONSTRAINTS

See also Fan and Reece [arXiv:1307.4400]
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CAVEAT: HALO PROFILE

Burket (10 kpc)

10
g
+ 107!
=
S 10—3
Burket (0.5 kpc)
1074
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USING CTA

Bergstrom, Bertone, Conrad, Farnier, and Weniger [arXiv:1207.6773]

Dark Matter Fraction

ek e e e
= 3 3 3
AN W (\®) —

Burket (10 kpc)

10

Burket (0.5 kpc)
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Results use Sommerfeld enhanced tree-level
hard annihilation cross section

What is the impact of including NLO
corrections to hard annihilation cross section?

O;V — C; E S Fjj’ S;-kj/
353’

Subtlety in order to not double count.
Hryczuk & lengo [arXiv:1111.2916]
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CAVEAT: NLO

O'WJF%YZ % [cm3/s]
-
S
N
~N
~

Factor of ~ 4 reduction for thermal wino.
Large logs: breakdown of perturbation theory?

TIMOTHY COHEN [SLAC] Hryczuk & lengo [arXiv:1111.2916] 39 OF 54



Wino dark matter is well motivated.

(Resonant) Sommerfeld enhancement is important.

Indirect detection places strong constraints.

Thermal scenario: probed above 1.6 TeV;

Gluinos below ~ 10 TeV!

Non-thermal scenario: probed full mass range.
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Want to study the following collider scenarios:
Know we get
14(ish) TeV LHC with 300 fb”

(50 mean pile-up)

Probably we get
14(ish) TeV LHC with 3000 fb™

(140 mean pile-up)
Will hope for
33 to 100 TeV proton collider with 3000 fb"

(140 mean pile-up)

TIMOTHY COHEN [SLAC] 42 OF 54



THE NEXT PROTON COLLIDER?

even better

LEGEND
=== LHC tunnel

----- HE_LHC 80km option
potential shaft location

100 km tunnel: CERN versus China?
100 TeV needs 16 Tesla magnets (100 km ring)

Current technology ~ 11 Tesla

TIMOTHY COHEN [SLAC] 43 OF 54



A MONTE CARLO CHALLENGE

Generate top backgrounds:
ONLO (pp = tf) = 0.8 nb

Require factor of 10 MC more than expected events

L =3ab*
10x o X £ =2.4x 10

Each event ~ 1 kb

24 Terabytes for tops (per pileup setting)

Need new Monte Carlo approach!

TIMOTHY COHEN [SLAC] 44 OF 54



AFTER MANY MONTHS...

Avetisyan, Campbell, TC, Dhingra, et al [arXiv: 1308.1636]

*(é)1012§l—|||||||||-|1|||||||| |||I|H|_IIII|IIII|IIII|III—4§
5 . b 300 fb tt 0-0.6 TeV E
m 107 E Bt 0.6-1.1 TeV

1oL J4TeV, 0 PU Bl i1.1-1.7 TeV ;

1-1 event generation

B it 1.7-2.5 TeV
Bl i 2.5-100 TeV

10° —e— |nclusve tt —%

107 =

6 __
10 Our methods

10° E

. —]

10° | | ;

10* events

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
H. [GeV]
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SIMPLIFIED MODELS
We have backgrounds

What should we do with them?

Want to assess reach of future machines

Want transparent results

Want to study all kinematic regions

Simplified Model Decay channel

Gluino-neutralino with light flavor decays g —qqXx;

Squark-neutralino qd—qX]

A

Gluino-squark with a massless neutralino g — (q 7X1/q E*) g — (q Xi/q E)

Gluino-neutralino with heavy flavor decays g—ttx)

(Assuming prompt decays)
TIMOTHY COHEN [SLAC] 46 OF 54



JETS + MET

Preselection

e zero selected electrons or muons

° E'r}liss > 100 GeV

e at least 4 jets with pr > 60 GeV

Search strategy
EFss//Hp > 15 GeV'/?

The leading jet p; must satisfy pr=“" < 0.4 Hy

E&I_Inss > ( Eé“mss)optimal

Hr > (Hr)optimal

TIMOTHY COHEN [SLAC] 47 OF 54



JETS + MET

/5 = 14 TeV pp— 33— (qax3) (¢qx3)

w100 L o T o = O, o e L Y A S B =
= s pp—GG—>Cli, AT, W W/Z+jets T 2 108 = pp—0G—>Ca, o, . W/Z+ets =
= tt = O #

O'C) 7§ \s=14 TeV I Single-t = CYC) 10 Eg \s=14 TeV I Single-t EE
.= 10" £ 0 extra int/Xing [ ] VBFW/Z = = 107:? 0 extra int/Xing [ ] VBFW/Z =
= 6L — m§:500 GeV . > 6F —_— m§=500 GeV =
o 10° = —— m=1255 GeV T o 10F —— m.=1255 GeV E
O o5 —— M =2489 GeV 4 O 5L —— m;=2489 GeV =
o = —— m,=3489 GeV 3 o = —— m,=3489 GeV =
S 10°E T 210°F E
S~ = - S~ - -
8 10° = 210°F =
S 102k 1 $ 1m2E 5
S 10° 120k E
ol (0] =+ W o1op E
151 E e E
107g | | = 10 = :

0 1000 2000 3000 4000 5000 6000 0 500 1000 1500 2000 | 2500
H; [GeV] E™* [GeV]

Dominant background:
W/Z + jets (@ 14 TeV
tt @ 100 TeV
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OPTIMAL CUTS

;I | | | ~I~ | _,LO I_NOI | | | | | | _
2 19 pp—GG—>qdx, 90y, -
g n m~o=1 GeV _
= X

S - 100 TeV, 3000 fb” "I
5 - —— 33 TeV, 3000 fb" L
O 10 —

— 14 TeV, 3000 fb™
—— 14 TeV, 300 fb’

5 I —

i miss

B ET _

O i |\{“\\”‘|”“ I I | I I I I | I I I I | |
0 S) 10 15

m, [TeV]
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RESULTS

| | 1 2 T T T | T T T | T T T
> - ~~ —0 0 -
@ - PP—09—qax,qax, -
"o 10~ 5odiscovery —
S - —— 100 TeV, 3000 fI?'1 -
~ = 33 TeV, 3000 fb’ ’ .
8 14TV, 3000 fb" - Exclude 13.5 TeV glUan!
[ —— 14 TeV, 300 fb™ i .
6 E (with 60 events)
4 =
o 1 s B ]
: 12 " PP—0g—>qax,qax, ]
ok e | ) Ter | 95% CL exclusion |
0 2 4 6 12 E B 100 TeV, 3000 fb” _
m, [TeV] 10 — 33TeV, 3000 fb’ _

— 14 TeV, 3000 fb
— 14 TeV, 300 fb™

Discover 11 TeV

gluino!

10 15
mg[TeV:
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RESULTS

- pp—§9,99.99

% T
d B i
& 20— 5 o discovery ]
- = 100 TeV, 3000 fb™ . : .
B _33Te\e/’ 3000 fb ™! ] EXCIUde 17 Tev glUan,
15~ —— 14 TeV, 3000 fb" . |
§— 14TeV, 300 i ~ 15 TeV squarks!
10 -
5E-o | - = S
: 1 @  pp—gdg9ad )
oL o | N R = 20— 95% CL exclusion —
0 5 10 15 20 _ S i 100 TeV, 3000 fb” i
m, [TeV, - —— 33TeV, 3000 b .
15— = 14 TeV, 3000 fb’ —
[ =—— 14 TeV, 300 fb™ i
10F -
Discover 15 TeV gluino; : :
13 TeV squarks! SIS :
. I | ]
Oo &ls 10 1|5 2|o
mg[TeV:

TIMOTHY COHEN [SLAC] 51 OF 54



Interested in the reach of future colliders.
Simplified Models well suited to this task.
Overcame Monte Carlo challenges.

Among first realistic projections for 33 TeV and 100
TeV machines.

With 100 TeV, can discover 11 TeV gluinos.

Implications
Thermal winos below 1.6 TeV implies
gluinos below 10 TeV

Direct test of “simple” scenario!

TIMOTHY COHEN [SLAC] 52 OF 54



|y T~ o Ty
. - .9’"-‘ ”"“M:‘-'
B i — ; _ \ S y g L

- - - d \ >

Pl e il
‘ -

-l e @~
e

~ -
= - - R - - o et e

TIMOTHY COHEN (SLAC) 53 OF 54



Models of heavy SUSY are compelling.
Need concrete experimental tests.

Demonstrated wino dark matter can be
probed with data.

Computed mass reach for future collider
experiments.

Anticipating improved limits (discovery?) for
winos using CTA!

Tons of interesting new physics questions to
consider for proton collisions at 100 TeV!
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