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Two big problems in particle physics

Existence of DM (serious problem)

Naturalness (Fine tuning in Higgs sector)

m%b,phys = mi,tree + 5mi ~ 1252GeV? ~ 10*GeV?
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Weak scale SUSY elegantly solve both problems
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perfect WIMP DM
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gauge coupling unification also suggests new states at TeV

new partner particle, same coupling by symmetry
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SUSY search results at LHC 13TeV with ~ 36 fb-1

_May 2017
zsw T™TT LA B | LI | |

May 2017

3 T ek okied

[ | ATLAS Preliminary 1s =13 TeV, 14.8-36.1 fo' | 8 1600} ATLAS pm"m,na,y 3b:e|s obspgccved 3

For maSS|eSS LSP S | G- i, Olopton, ATLAS CONF-2017.022 ] - Gt 15 = 13 ToV .o SS leptons expected -
@,. - g-.qu‘ OHepton, ATLAS-CONF-2017-022 4 , B"‘m’ ) — S5 leptons observed 7

2000 . G4 oW, 1-40pion, ATLAS-CONF-2016-054 A NO COﬂStralﬂt £ P 3B Run 1 expected 3

© [ — g-quwzlA 7-11 jots, ATLAS-CONF-2017-033 | 1400 Run 1 observed

9 » QRWZY . SS leptons, ATLAS-CONF-2017-030
3-» 1y . SS leptons, ATLAS-CONF-2017-030

LE

G-+ bby , = 3b jets, ATLAS-CONF-2017-021

N -
:,\-\ / » 30 etk ATLAS-CON yo2
) opons. ATLAS CONF 2017 030
o J '““.". o 1 v o5
‘/" *e
A

~2 TeV gluino excluded ™ &umm suscorzono LSP>1.2TeV

aal

. H : 4
Illlllllllll 3

xxxxx

1000 1200 1400 16m 18(XJ 20(XJ 2200 2400 26m

J s ol s s L 18 .
1000 1200 1400 1600 1800 2000

m(@) [GeV]
m(g) [GeV]
pp -1 T—t %S Moriond 2017 ) ‘ .
;‘ 900 L e L B |_ May 2017 ATLASPn.-imnary 158,13 TeV, 203361 "
~1 TeV stop excluded g ., CMS reimnay 35917 (13 Tev) - Y —
= - —SUS-16-033, O-lep (HT"™® - Expected 1 : P TE ——va 17 2 ATLAS CONF - -
£ - —SUS-16-036 0_|ep EMT )) =— Observed 7 nO ConStra|nt :‘IZM. * :f: v i-mnmgn?zﬂw s
& 700 ’ P (Mr — iy — v T ¥, 2x, ATLAS-OONS 2017008, wiv: 14070050
- =SUS-16-049, O-lep stop ] E [ via WV 2 arGv a0 S
o 16- . ] 1000 KT8 w v 15 o3, ATLASCONF 2017000, w0 1502.07182
600 —SUS-16-051, 1-lep stop ] L3 ——vey - -
 ovarr oo e 1| LSP>500GeV "1 ™ =& wimeomemrm v
SoOT . BOO-TH/T —— via /7, 2. ATLAS CONF-2017006
E »,’.’ E - LZ, vin | Sl 0w 508 0TS
400:_ "", _: m -~ 1.‘:'0-'"“7 emo z(—:)
300 3 - ‘
200F Al i
100F- =
N4 A N R L PR W [
200 400 600 800 1000 1200 800 i 1_%0(10 éZOO
m: [GeV] m( % T 4y ) [GeV]

_ . . ~600 GeV EWkKino (W/Z) excluded
Note: For enough massive LSP no constraints (highly depends on BR) 2



| ATLAS and CMS @ ATLAS+CMS

can be parameterized with

(ma,tan B)
— Light higgs coupling measurements already 2
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Null results from

Direct Detection experiments

10‘“ * — PMSSM10: best fit, 1o, 20
10—1%
indirect 10* XENON100 limit — '
' 10* AF= WX limit =
detection 9 E o~
—_— 10 . z
E 10% g
oH M E 10 +— LZ sensitivity __; 10— 1%
DM dir 7 a =z
d .eCt ® 10" . 1+— neutrino floor B
detection g .
10%® = 107"
10"9 .$ !
-50 l(,-—i? PP | PO aaaasl PRSP E T | P
10 10° 10" 12 10° 10° 10! 10° 10 10*
m,[GeV] WIMP mass [GeV /c?|
B staucoann, [ i coann. [ hfunnel Z funnel

log, , sy [cm”] B

-47_ o

- ¥ o~ .
: N . .
\ R Tyt A3
\ e Ny .- I,
\ No%, s\ .-
\ o \ .
—_— \'._ \‘{‘ A Y .
N\
> 1000 N\ i N\ NN
8 = \ A
- \ AT
\ \ NN,
L \ WA
.. B -48 . . N
\ ' PR .
-— r \ '
S *, \
3
- \
\-
= \

L L

og,y Osnp [em™

I

ogr < 1074 ~ 107%¢em?

Typically, spin independent cross section in MSSM
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Not yet fully excluded but remaining regions are
mainly pure states, blind spots, co-annihilation



No signature of SUSY anywhere yet

No evidence at LHC, Higgs measurement, Direct-Detection...

s it meaning weak SUSY dead? Maybe not.

Where to hide?
just heavy, just above the current search reaches

compressed spectrum - compatible to co-annihilation
- consistent to null DM-DD result if DM is dominantly Bino

RPV, Stealth SUSY . Fan, M. Reece, J. Ruderman]|

(9-2)u : Hint for low scale new physics?
a,(exp) = (11659208.9 + 6.3) x 107"

a,(SM) = {

(11 6590 182.8 + 49) % 10—10 |IK. Hagiwara, R. Liao, A. D. Martin, D. Nomura, T. Teubner]

(11 659 18(.2 + 49) X 10_10 [M. Davier, A. Hoecker, B. Malaescu, Z. Zhang]

at least three of B, H, i1, fir must be O(100GeV)



global fit with pMSSM11
Liklihood analysis of pMSSM11 [arXiv:1710.11091: E. Bagnaschi, et. al]
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interestingly, without (¢ — 2),, prefer lighter mass spectrum (heavy DM and compressed)

DM co-annihilation processes important. heavy or compressed spectrum favored: Is it fine tuning? g



Naturalness

— ESM — — ,LLQHTH U : only dimension full parameter ~ 100 GeV d=2

+ Lxin + gAuf’ny + yijﬁHfj + )\(I—[T[—[)2 d=4



Naturalness

— Loyv = — eAN’H'H

fine tuning

natural

Lkin

100GeV

gA,uf'V'uf

M : only dimension full parameter ~ 100 GeV

yij fiH f; + N(H'H)?
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Naturalness

— Loyv = — eAN’H'H

fine tuning

natural

Lkin

100GeV
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M : only dimension full parameter ~ 100 GeV
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Naturalness

— Loy = — eAN’H'H

fine tuning

natural

1 : only dimension full parameter ~ 100 GeV

r r 2
Liin + gAY f +yii fiH f; + N(H'H)
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Naturalness

_ LSM — GAQHTH U : only dimension full parameter ~ 100 GeV d=2
r r 2
Liin + A fYf + vy fiHf; + NHH) d=4
bi; Cij (7 wv | Cijkl ;7 = 7
+K(LH)(LH) + K(fi%vfj)G A2 (fifi)(fxfi) d>4
We cannot avoid (superficial) tuning!
fine tuning \/ A model can control both cancelations
(correlation in parameters modify fine tuning measure dep. on models)
[H. Baer, V. Barger, N. Nagata, M. Savoy]|
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Naturalness

— LSM — — GAZHTH 1 : only dimension full parameter ~ 100 GeV d=2
Liin + gAY +yij fiH f; N HH)? d=4

bis i ikl e s
+K](LH)(LH) + %(fi%vfj)G” | CKSZ (fifi)(feft) d>4

fine tuning A model can control both cancelations

(correlation in parameters modify fine tuning measure dep. on models)
[H. Baer, V. Barger, N. Nagata, M. Savoy]|

\/ We cannot avoid (superficial) tuning!

T

We likely just start to explore natural parameter space
(or we didn’t expect we have anything at such low scale )

Further tuning is welcome:

fine tuning found — more chance to go beyond
n{ natural parameter found — few chance to reveal underlining theory 99%71%
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Naturalness o
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What we expect next? ./ S
top contribution is the largest among ; H""g , H ””"'3)\
radiative corrections in Higgs mass _ U A2 I A2 T A2
872 6472 872
SN
wlightstop . b ~3.8% ~0.6% ~0.5%
We likely just start to explore natural parameter space
(or we didn’t expect we have anything at such low scale )
Further tgnlng S welcome: 194*99%
fine tuning found = more chance to go beyond I
natural parameter found — few chance to reveal underlining theory 99%%1%




Naturalness

/ top\ ( W,Z,’Y" \lji f -.l;igg; h
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What we expect next? N/ N
top contribution is the largest among , H 002 ~H -
radiative corrections in Higgs mass _ Sy A2 I A2 A2
872 6472 872
:' ij \‘
wlightstop . b ~3.8% ~0.6% ~0.5%
problem is the observed Higgs mass
before higgs discovery, MSSM successtully predicts
my S 130GeV unless stops are not too heavy
This is one of the collateral evidences of the SUSY
We likely just start to explore natural parameter space
(or we didn’t expect we have anything at such low scale )
Further tuning is welcome:
ning 12 1%*99%
fine tuning found = more chance to go beyond I
natural parameter found — few chance to reveal underlining theory 99%%1%




Naturalness

What we expect next?

top contribution is the largest among
radiative corrections in Higgs mass
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problem is the observed Higgs mass

before higgs discovery, MSSM successtully predicts

my S 130GeV unless stops are not too heavy

This is one of the collateral evidences of the SUSY

On the other hand, to obtain 125 GeV from the formula:

2 2
2 2 Mg

3 . X
my, :mzcos225+ﬁyt2mfsm25 [lOgW+X’? (1— 1—5)] + ...
t

We need heavy or light but highly mixed stops
5~ 10 TeV ms as low as 600 GeV
my, as low as 200 GeV

(or we didn’t expect we have anything at such low scale )

Further tuning is welcome:

We likely just start to explore natural parameter space

fine tuning found = more chance to go beyond
natural parameter found — few chance to reveal underlining theory 99%"1%

1 %*”99%




Naturalness

What we expect next?

top contribution is the largest among
radiative corrections in Higgs mass
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problem is the observed Higgs mass

before higgs discovery, MSSM successtully predicts

my S 130GeV unless stops are not too heavy

This is one of the collateral evidences of the SUSY

On the other hand, to obtain 125 GeV from the formula:

2 2
2 2 Mg

3 . X
my, :mzcos225+ﬁyt2mfsm25 [lOgW+X’? (1— 1—5)] + ...
t

We need heavy or light but highly mixed stops
5~ 10 TeV ms as low as 600 GeV
my, as low as 200 GeV

Further, light stops require some tuning
to avoid S,T,U and Higgs couplings constraints
to reproduce higgs mass — stop blind spot

R 1/2
Lor = (y.‘ g — ) H," 4", X[ = (m; — m;)
(Y £ i

[J. Fan, M. Reece, LT Wang]|

Nno one can guarantee next new physics looks no fine tuned

(or we didn’t expect we have anything at such low scale )

Further tuning is welcome:

We likely just start to explore natural parameter space

fine tuning found = more chance to go beyond
natural parameter found — few chance to reveal underlining theory 99%"1% 7
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Natural SUSY

EWSB condition:
mz 2 2 Byt 2 A
- = +m%y — —mjlog (—5
9 |4 H, — g2"% 08 (mtg)
- A '
higgsinos stop
e Higgsinos: dmi; = p
. 3 A
e Stops: émf, ~ —@yfmpr log 2—2 >
. : gz A2 2-1oop eff.
e Gluinos: dm2 ~ — 4;4‘ | M3)? (log a)

natural spectrum: light higgsino
light stop
not too heavy gluino

IM. Papucci, J. T. Ruderman, A. Weiler]
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natural SUSY decoupled SUSY

Higgsino-LSP preferable

200-350 GeV
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900-1500 GeV



Stop mass [GeV]

How natural? the current status of natural SUSY 7

larXiv: 1610.08059, M. R. Buckley, D. Feld, S. Macaluso, A. Monteux, D. Shih]
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: _ _ h
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woateyy. 1 heavy g imply heavy ¢ , vice versa

ol M,;\z:,‘,’, more natural neither ¢ nor ¢ observed than one observed
500 1000 1500 2000 2500 3000
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A < 10 still ok



Stop searches

Solving hierarchy problem requires top partner: stop
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Stop searches

Solving hierarchy problem requires top partner: stop
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CMS-PAS-SUS-16-049
CMS-PAS-SUS-16-051

current status (Bino LSP: tt+missing) up to ~1 TeV excluded ?

Ty ry =0 % o0 T o0, T =t Staws: May 2017 =
L1, producton, t, )le']‘.‘l,, sCy /1 aVlb‘)rl' W17, e . ~ A~ .

. 1 ! y wised September 201 ~0
,x!’rlvx*r’Irr11jrrrt]r-rr]17rrllrrrrnv‘v}*rr[ 1n;1r[rx: pPp >tt, tetx.l Moriond 2017

%‘ 700 ;._ ATLAS p'eliminary = 1 3 Tev . ';‘ 900 : T | T T T | T T T | T T T | T .II T | T T T :
9_ [ BB i-wey 0L 26.1 1b ' [CONF-2017.020) N 8 800: CMS Pre/iminary 359 fb (1 3 TeV) ]
EZN [ —_— ;. 1 l:. %v »Wbo lJ i.. »btr l: 1ILIS1 1D : [CON" 2017 O'Jl'] o _o'v_ : _SUS'1 6'033, O'lep (H_In_ﬂss) Expected :
600}~ Wi -t% /i WBE /TbIrE 2L 38.1 i [CONF-2017-034] 1< - —SUS-16-036, 0-lep (M..,) — Observed 7
L. B i-cf Monojet 3.2 16" [1604.07773) g 700 ’ 2 =
 —— |s-8TeV, 201’ A0 1 [1506.08616) C —SUS-16-049, 0-lep stop ]
500 _ 600 —SUS-16-051, 1-lep stop ]
- — Observed imils »_--» All lmits at 95% CL E —SUS-17-001 , 2_|ep sto E
4001 500~ —Comb. 0-, 1- and 2-lgp stop / —
u - M) s t‘\
n 4001~ A
300} - L o \ .
i 3001 8,2 | =
200} - 04 B .
N 200 — ?: "/ H -]
IOOi :_ P ‘.” :
i 100f e'}
- =/ : :
b 0 (R 1o T TR NN TR NN N N M AL r
200 400 600 800 10 1200

my [GeV]
At the search frontier, additional care must be taken

K very heavy region: boosted top reconstruction /

compressed region: mono-jet, soft-leptons




Stop searches

Solving hierarchy problem requires top partner: stop
' t \l
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At the search frontier, additional care must be taken

\ very heavy region: boosted top reconstruction /

compressed region: mono-jet, soft-leptons
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What changes with a boost?

roughly speaking 1 TeV stop provide 500 GeV pT tops

With a boost, jets from top decay start to be overlapping

At LHC

Cone size 04

— pT > 2mW/0.4 ~ 400 GeV
pT > 2mt/0.4 ~ 900 GeV

more reasonable to consider fat-jet

and distinguish from QCD jets

using jet substructure

|J. M. Butterworth, A. R. Davison,
M. Rubin, G. P. Salam]

-~ g ~
92
R ~ 2m/pT ¢
_ ” Y

" Zjet

Z

mass drop <

P
=

. m; 2> M1, Mj2 (dCC&y)

| How to distinguish?

1 -2

' 0 -
) £ “

o
pr/

z distribution

decay
(unpolarized)

0 A A A A
0 0.1 02 03 04 05

200, C dz db

P - R
T z 0

q

J1

J’z\%‘

mj ~ Mj1 > M;j2 (QCD)
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— ' JHEP 1010:078,2010. arXiv:1006.2833 [hep-ph]
H — - | OpTagger Algorlth m I'T. Plehn, M. Spannovfgk;,VMT, D. Zerwaej) P

1. define fatjet C/A, R=1.5 to capture 200 GeV tops mj >> mjy, mp (decay) |« | mj ~ mj; > mj (QCD)
2. look for subjets by mass drop py P .
: %)m 2: keep % jet 2 throw away
. . . = . Voo T | jet 1: kee
3. select paring with filtered mass closest to top mass  * t&) et I: keep @ R
filt
mjj; —me| <25 GeV N —
4. mass ratio check (top kinematics consistency) Lo N6 0\
le &1 &)
3 subjets: P1,P2,P3 — 1M12,1M13, 1123 o = £0.15) (a,0= Fasdanda)

2 w2 o a2 2 2 :
m; >~ Migg = Miy + Mis + ms5; — 2D mass ratios

mMog

myy/m,

0.6

0.4

02}
m19 i

| u
O0

arctan m ,/m, arctan m,;/m, arctan m,,/m,

W mass condition |m;;/mi23 — my /my| < 0.15 10




Stop searches

Solving hierarchy problem requires top partner: stop
’ t \l
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CMS-PAS-SUS-16-049
CMS-PAS-SUS-16-051

current status (Bino LSP: tt+missing) up to ~1 TeV excluded ?

1, production, L b11 5 /T c 7 /T WDE /T 17, Status: May 2017
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At the search frontier, additional care must be taken

K very heavy region: boosted top reconstruction /

compressed region: mono-jet, soft-leptons




Stop search (compressed region)

current status

11, production, L b1 7, /TscF, /s WDE, /T 17

Stawus: May 2017
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Mono-jet search

simple strategy
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however, the same signal expected for whatever with a degenerate spectrum

} essentially ET
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D3,
ISR jet
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soft jets

5% \b%% g <X
0\0&0% soft jets J
ISR jet

} essentially ET

gluino, squark, other simplified model, for whatever sensitive hupsarivorgdii4002893.0ar 15
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(ATLAS-CONF-2015-062)
(1605.03814)
ATLAS-CONF-2016-078

MOoNo-jet search

aq production, B(q — q 7. )=100% gg production, B(g - qq X, )=100%
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however, the same signal expected for whatever with a degenerate spectrum

g

- X ~ X )
%%/,/' q soft jets %%%/g Soft jets

} essentially ET } essentially ET

s Y -

%%a, | soft jets J %‘%&% g soft j>e<ts J
ISR jet ISR jet

gluino, squark, other simplified model, for whatever sensitive hipsaivorgpd14092893.008 15


http://arxiv.org/pdf/1409.2893.pdf

MonNo-jet search

Once we see the signal, advantage turn out to become disadvantage

we propose an interesting process to solve this degeneracy
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SUSY ttH ProCess t* tilg D. Goncalves, K. Sakurai, MT arXiv:1604.03938]

. . .. of #I3Tev ' T T —]
in Natural SUSY (light higgsino + stop) 107 | | 3 3 PGt xap) |
z‘ 10°) p; o e 14TV |
[ , L | =— 13 TeV ]
%, 4L i N ] RN L i
dddgd% SUSY 1071 ~L0_ | == 8Tev|]
] 7 e
: A V) PO R SN RS S S B
T © : | | | | | | |
. R
S T
t 10° |
top yukawa is large, 3body production is not so small 107}
1072}

~ 7 . : . 2 1 1 i i i i ]
o(t*th) provide direct measurement of the coupling 200 250 300 350 400 450 500 550 600

same relation between tt and ttH (tt for top mass, ttH for top yukawa.) ' & GeV]

v I'rH, Q)31 in super potential

— ythiLutLa yttRiLqu

Non trivial relation due to SUSY, this measurement could be the first confirmation of SUSY

o(t*t) only probes gauge coupling (not necessarily from SUSY) just QCD gauge principle can explain
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M O n O _tO p i n CO m p ressed StO p |D. Goncalves, K. Sakurai, MT arXiv:1604.03938]|

consider compressed case

my ~ 1y -0

|
|
9999’ TR

soft jets

often considered in top flavor violation models J. Andrea, B. Fuks, F. Maltoni
mono-top with no flavor violation, by kinematical suppression

combine mono-jet & mono-top allow to access
both stop mass 17 and higgsino measure J.
(% 15 m.=342 GeV
= m,=334 GeV| S
: b large K 1/boost needed 3
1:?3 . i '----ml_ladronictop .
5|0 e S — Top Tagging (HEPTopTagger)
S Gy B
I | B
L T .
10-2;|" L leptonic mode: ff-partly cancel by v
[ leptonic top | .
g hadronic mode: K fully usable
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t —> interesting signature: mono-top

essentially E T

* soft-activity might be able to use
[A. Chakraborty, S. Chakraborty,

T. S. Roy 1606.07826]
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O =Sy

light stop, light higgsino naturally initiate b — s+

[H. Baer, V. Barger, N. Nagata, S. Michael, PRD 95, 055012 (2017)]
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s oo e et -- We should have observed
A some deviation m; < 500GeV
= < 15<a<w and if not tuned.
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—~\WIkino as thermal relic

Size of acceptable fine tuning is subjective, 10TeV SUSY still successtully solve

the gauge hierarchy problem of ~ 107°" tuning
An attractive point of SUSY is neutralino thermal relic DM, which can provide an upper bound.
: : . cf) squark co-annihilation: 3 TeV
bUre H|ggsmo - 1.1Tev stop co-annihilation: 6 TeV
pure Wino : 3 TeV  with Sommerfeld Enhancement gluino co-annihilation: 8 TeV

if all particles decoupled other than B, W, H , we can parametrize model with (M7, M, 1)
and obtain “Relic neutralino surface” to satisfy Qth — 0.12

pure Higgsino DM

DMDD Sl constraints

4 '
tan =10

(CCCTCT NN
M,[TeV]

M2 [TCV]

my, + psin28

-4 - ) u[TeV] Spin-Independent

[om= o107 | €10 [ = 0 [[e10" @10 || <10 cm?]

pure wino, higgsino, wino-bino mixture remain
mass difference always small

Mg = g = g Am < 30 GeV

| 50 || =90 GeV X8 X0 5 1T 2

M] [TCV]

A= <2 || @10 [ <00 || @
[J. Bramante, P. J. Fox, A. Martin, B. Ostdiek, T. Plehn, T. Schell, MT]




—\WKino search strategies at LHC

Am =myrsp — MLsp

more compressed

Am > my, mwy Hr + 3¢ X2 = X1Z, X7 = i
ISR 2‘|‘€SOft xS = xVte~ via Z* 424/;
] —I_ ET _|_ [Z. Han, G. Kribs, A. Martin, A. Me‘non] |
For the same trigger ISR jet pT, BG is more boosted. _
OQGGV < Am < mw ISR soft [J. Bramante, A. Delgado, F. Elahi,.A. Martin, B. Ostdiek]

i —+ ET —+ g —+ Y [C. Han, L. Wu, J-M. Yang, M. Zhang, Y. Zhang]

ISR .
] -+ E T (mOﬂO-Jet) too soft decay products

v Am < 0.2GeV | Disappearing tracks —I—jISR + H7 | longlived v

Main targets: 1.1TeV Higgsino, 3 TeV Wino, but even with 100TeV collider would be difficult
WOUld be Covered B|nO_W|nO m|xed case [J. Bramante, P. J. Fox, A. Martin, B. Ostdiek, T. Plehn, T. Schell, MT]

Tracker upgrade and aggressive analysis at HE-LHC might reach 1.1 TeV pure Higgsino by DT

[H. Fukuda N. Nagata, H. Otono, S. Shirai, arXiv:1703.09675 |
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Events

Data /Bkg

Data / Bkg

(post-tit)

-\Wkino search via loop at HL-LHC

E . . v g . T v |S. Matsumoto, S. Shirai, MT, arXiv:1711.05449|
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Summary

Naturalness: we probably just start to explore the natural parameter space finally
not surprising either we find/don’t find SUSY soon

lots of opportunities at LHC
important targets :

scalar top = important to check the coupling relations
(SUSY relation from superpotential, tg)z )
boosted technique
degenerate region — mono-jet, mono-top for additional information
b—sy

EWkinos — being thermal relic set upper bound, require co-annihilation partners

degeneracy — soft-leptons, mono-jet, long-lived particles
(disappearing track, displaced vertex)

loop correction possibly detectable at HL-LHC

Anywhere SUSY below Planck scale better than no-SUSY, thermal relic set upper boung3



