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Stop searches

Solving hierarchy problem requires top partner: stop SUSY: popular candidate
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Higgs mass receives quantum corrections of the order of highest mass s«

new particle, same coupling by symmetr
|:> New physics should appear around TeV scale to avoid bne tunir

curre nt StatUSBino LSP: tt+missing) CMS-PAS-SUS-16-028

11, production, L+ b1f 7. (s ci. /1 Wb, /113,  Status: ICHEP 2016 CMS-PAS-SUS-16-02
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Excess In stop search in ATLAS 1 lepon + Emiss?

ATLAS 1 lep stop search

rather large excesses found in three SR's

Signal region SR1 tN.high |bC2x.diag|bC2x.med| bChv DM low J DM high
(r;,m) 4, 217421 (Z4,>22)|(Z4.,22)|(Z2,=0)|(4,>1) | (Z4.2>1)
By GeV] 260 450 230 210 360 300 330
my [GeV] 170 210 170 140 200 120 220)
amy; [GeV] 175 175 170 210 140 170
Total background| 2443 |38+08 | 2243 134+£2 | T8L 1.8 15 4+ 2
Observed 37 ;5 37 14 T | 3 21
polo) 0.01%(2.2)) 0.26(0.6) | 0.004(2.6))( 0.40(0.3) | 0.50(0) |0.000 H 3)| 0.08(1.3)
NP (95% CL) %60 7.2 27.5 9.9 7.2 28.3 15.6

SR1: defined at 8TeV analysis and also found some excess at that time

bC2x_diag: 1007 i1 > b+ Xi decay and m

+ = 2M~0

X1

DM _low: the most significant excess ~ 3.3 sigma

Similar selection cuts. Note that they are NOT statistically independent.



DM _low at ATLAS

3.3 sigma excess observed : 35 observed foRlekpected

Aiming for simplified top-philic models. $
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Interpreting the excess bystop pair production

Simplified model based on simple BR assumption analyzed by ATLAS/CM

-» We consider a slightly complicated BROs wiidttural set-up
In this work, considering R-handed stops for simplicity (avoid sbottom limit

Only focus on DM_|low (we have checked the others also satisfied)

Signal region |20 upper|lo upper|central|lo lower |20 lower

DM _low 32.6 24.7 18.0 12.2 7.4

Constraints:other searches (we demand within 95% C.L. limit)

CMS boosted toprms-pas- sus-16-03bjtop-tagging
CMS hadronicicvs-pas- sus-16-0201conventional search in 0 lepton
ATLAS 1-lepton itselfatLas-conF-2016-0501the other signal regions.

not considered
ATLAS Olep: similar or weaker than CMS
CMS 1-lepton : similar to ATLAS 1 lep for the limit
ATLAS/CMS 2-lepton : weak
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Closer

look at DM low and other SROs

Common event selection

Trigger [ ET™ wigger
Lepton exactly one signal lepton (e, u), no additional baseline leptons
Jets at least two signal jets, and |Ad(jet,, F7***)| > 0.4 for i € (1,2}
- Hadronic 7 veto® | veto events with a hadronic  decay and m7, < 80GeV
' Variable | SR1 tN_high
Number of (jets, b-tags) (z4,21) (z4,21)
Jet pr > [GeV) (80504040) (120 805025)
ET™ [GeV] > 260 > 450
E‘}‘_‘r[GcV] - > 180
H}’:‘“‘; > 14 >
my [GeV) > 170 > 210
amty [GeV] > 175 > 175
topness > 6.5 -
my, (GeV) <270 -
AR(b,¢) <30 <24
Leading large-R jet pr [GeV) - > 290
Leading large-R jet mass [GeV] - > 70
AS(FT™, 2%large-R jet) - > 0.6
Variable @x.di@ bC2x_med bCbv
Number of (jets, b-tags) (24,22 (24,22 (22,=0)
Jet pr > |GeV) (70605525) (1701102525) (120 80)
b-tagged jet pr > [GeV) (25 25) (105 100) -
ET™ [GeV] > 230 > 210 > 360
Hm > 14 >7 > 16
mr [GeV] > 170 > 140 > 200
amp; [GeV) > 170 > 210 -
|A@(et,, FT)|G = 1) >1.2 > 1.0 >20
IA‘Uet,..ﬂl‘.“")l(i =2) >08 >08 > 0.8
Leading large-R jet mass [GeV] - - (70, 100)
_ M(p“;““.() | - - >1.2
' Variable | C M_low_> DM high
Number of (jets, b-tags) (z4,21) (4,2 1)
Jet pr > [GeV) (60 60 40 25) (50 50 50 25)
ET™ [GeV] > 300 > 330
HES > 14 >9.5
mr [GeV] > 120 > 220
amt; [GeV] > 140 > 170
min(AS(FT™, jet,)) (i € {1 - 4}) > 1.4 >0.8
A, 8) >0.8 -

Signal region DM.low DM high
(n;,ms) (24,21 | (2421)
4 i(b) try ¥
By GeV] 300 330
” Pt my [GeV] 120 220
- amy; [GeV] 140 170
X |
Total background‘ 1742 1542
§ Hb) Observed | 35 21
mlo) |0. (3.3 0.09(1.3)
N (95% CL) 28.3 15.6

The DM_1low and DM_high applies similar cuts except

a lower mp cut and a tighter A¢(E$ i”, ji) cut in
DM_low. Since no excess is observed in the DM_high,
hard mp events are not preferred.
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Bino LSP

assumption most commonly analysed

Bino LSP

t — We almost could reproduce
the CMS_hadronic, ATLAS llepton

t 100%
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Bino LSP

assumption most commonly analysed$ml \\\\\\\\\\\ jo1234
| "1 $%%& ()
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t 1009 =
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For points consistent in DM_low

ATLAS llep: most of the points inconsistent
but still some degenerate region surviving

CMS boosted top : very strong, almost all excluded
-» avoiding two boosted top required




Higgsino LSP

EWSB condition: 1001/23 456
Natural SUSY T T R
T W = gt log (2) | "1 $%6%8()
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@ th CMS_Dboosted limit shrinks : tt contribution suppresskd
bt b 1lep signal/constraints also shrinks : 1/2

— CMS _hadronic constraints remain strong : no suppressi



Higgsino + Bino LSP

one-step more decay will solve the problem

Higgsino-Bino
7000
j CMS_boosted
A tR 600 ------=---=- CMS_hadronic
, 7 ~‘://”
150 GeV|50~80% t 50~20% 50 Lo >
v " H g 40 e
770 2 el
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the more compressed, the more b-BRhanced

1. Still can find parameter space consistent witle signal at 2sigma level.

2. To explain the excess, a light stop is favored (600-850 GeVetter fine tuning



Higgsino + Bino LSP
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different mass parameters can be distinguished by the kinematics variable distrilsution
lower missing ET and MT is preferred lets see in future !



Dark matter abundance

LR Bino-LSP will overclose the universe
b { —» R-parity violation to give up DM
y HT —» slepton (stau) co-annihilation Im-5 GeV
HY,
100% (W 3. inserting slepton doesnOt change the topology
k-
Y Y BO E ~5 GeV y; tan! | %gy from H—- H — B

even for stau case,BR(HT — I') ~12 % fortan! = 10
~3% fortan! =5

Also the decay products would be soft.



Direct detection

Higgsino-Bino
LR
Y HY
70
HY 5
14 e N
00l .;'x;‘\”""a' {‘\\ .
. /\\‘ 10I:ﬁll=|ver '
v y [0 / have to be mixed 100 i,
9 — (sin B % cos ) sin Oy ( Mz ) . .
V2 ant 500

the more compressed Higgsino-Bino will give the more mixing in LSP

= the Higgsino-Bino mixing would make LSP sensitive by Direct-Detection

(might be able to probe them in future)
However, sign(M_1/mu)<1 has blind spots, where no constraints applied



Other possiblilities

Model | LSP comments
2 A B
Yt EE AN B | /I
tR C | W |Not favored by right hand stop decay
v HT stop_R no coupling to wino, mixed stop case would be
70
H 1,2
W Model | NLSP | LSP comments
D | H | B
' ‘ 70 E | H | W |busmalerwsr
similar to model B LSP Wino mass >270 GeV(8TeV)

interesting depends on mix Long-lived chargino search
multilepton?

-
oo
?‘,

similar to model A

S
=1
ol

similar to model B




Summary

We recast the signal regions reported by ATLAS and CMS for the extended stop mot

To explain the excess by stop production, we need a natural SUSY framework,
and the stop mass is just around the preferred redimm the fine-tuning view point.

1. we can find parameter space consistent with the signal dewél

2. light stop is favored (600-850 GeV) better fine tuning

3. inserting slepton doesnOt change the topology, slepton co-annihilation works
4. future dark matter direct detection experiments might be able to also probe then

5. other variants might be also interesting/good enough

Let® wait for new data!



Supersymmetric ttH production

In collaboration with Kazuki Sakural and Dorival Goncalves
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Stop search

Solving hierarchy problem requires top partner: stop SUSY: popular candidate
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Higgs mass receives quantum corrections of the order of highest mass s«

new particle, same coupling by symmetr
|:> New physics should appear around TeV scale to avoid bne tunir
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11, production, L+ b1f 7. (s ci. /1 Wb, /113,  Status: ICHEP 2016 CMS-PAS-SUS-16-02
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Natural SUSY

natural spectrum: light higgsino and light stop

EWSB condition: : :
. Higgsino-LSP preferable
mz 2 2 3yt A?
——Z ~ |u|* + m3;, — =“tm?log (—)
2 v 82 m? 1 O O | +
4 A ,, 11,12, 1 degenerate
niggsinos stop
Bino LSP Higgsino LSP
t — F_
t 100% t 50% |b 50%
r Y __ I::I-_ E}mo soft to observ
5 O

BR has info In stop/neutralino sector
depending on decay mode, search strategy differs



Natural SUSY

natural spectrum: light higgsino and light stop

EWSB condition: _ _
, \ . Higgsino-LSP preferabl
Tz lu|? +m% — Sy —~Lm?log (—5)
2 v 82 m* 1 O O | +
4 A ,, 11,12, 1 degenerate
niggsinos stop
_ SOOCMSMMW 129 fb" (13 TeV)
(E‘ TOODP_OI:):e:,ed b:r NLO+NLL exclusion 10 % nggSInO LSP
_ _ e 600 - Expected = 1 and: 20 _— -.g ]
bb + missing : i tf —
(sbottom search): 1] ®
. o t 50% |b 50%
estimate - ‘IR |
my Z 800GeV '°°§ - (;c; I_-II-_()E“OO soft to observ
&go 400 500 600 700 800 900 100011001200 10° % H H
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BR has info In stop/neutralino sector
depending on decay mode, search strategy differs "



Natural SUSY

natural spectrum: light higgsino and light stop

EWSB condition: _ _
; Higgsino-LSP preferabl
mz 2 2 3y} A?
—y Xkl mi, — gamilos (D7) 0 |0
Y A ,, 17,15,!17 degenerate
niggsinos stop

Moreover,consider higgsino and stop naturally degenerate



Natural SUSY

natural spectrum: light higgsino and light stop

EWSB condition: _ _
; . s Higgsino-LSP preferabls
Z 2 2 Yo 2
——— |/1.| +mHu — —zmz log (—2)
S Ty T 12,119,171 degenerate
niggsinos stop

Moreover,consider higgsino and stop naturally degenerate

Bino LSP stop-coannihilaitor Higgsino LSP
t:- RNV
t—— g ke | b1007%
' L t! 100% + O3 O%Hoosoftto observe
B I_T].I_TZ

essentially we cannot observe any stop decay produc;t#s



Stop search (degenerate)
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current status

t1, production, t—» bff 7 /t—cX /t—»WbZ /t—t%  Status: ICHEP 2016
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today's focus: degenerate mass spectrul
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mono-jet search: sensitive to this region

soft jets
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mono-jet search

simple strategy = BG: Z+jets

%da%% ’,"’ t- soft jets
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mono-jet search .

t1, production, t.-> ¢y
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however, the same signal expected for whatever with a degenerate spectru
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2, %d% soft jets

gluino, squark, other simplified model, for whatever sensitivgarogpinanzees 0t g,


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

(ATLAS-CONF-2015-042

mono-jet search (1605.0384
ATLAS-CONF-2016-078

aq production, B(q — q 7. )=100% gg production, B(g - qq i(,]):mos/"
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however, the same signal expected for whatever with a degenerate spectru
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http://arxiv.org/pdf/1409.2893.pdf

mOnO'jet search also sensitive for degenerate stop




SUSY ttH process t' th}

[D. Goncalves, K. Sakurai, MT arXiv:1604.0393

L . . 106 13TV [oaaa0 )
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can access to stop/neutralino mixing information

direct measurement of the coupling
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SUSY ttH process t' th}

[D. Goncalves, K. Sakurai, MT arXiv:1604.0393

- . _— 109 tPISTeV. o, o )
motivation: Natural susy (light higgsino + stop) D I A GL R R

10° g oo 14 TeV
top yukawa Is large, 3body production is not so smalhgs [ Neg o |/ 1BTev|

| : ‘ : 3 ==  8TeV |
__10° dnsTevNio T

mﬁﬁﬁb@\ 12 9999} .....
45666 Seo

direct measurement of the coupling

2 | | | | | | | ‘
200 250 300 350 400 450 500 550 600

m%l [GGV]
same relation between tt and ttH (tt for top mass, ttH for top yukawa.)

can access to stop/neutralino mixing information

interestingly,! (¢,¢" (1)(2)): no dependence on stop mixinékg

yi TrHuQsL in super potential — tRAytL, tRhytL  (6in*!e+cos’ e =1)

but depend on neutralino mixing matriXN 14, No4 (fzu in x{,x5)

measuring! (it" 7, )= R! toaccess LSP nature
(! +: pure higgsino limit) higgsino measure: R ~

A\l "4
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soft jets
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New signhature: mono-top

my

consider even degenerate case

me

ISR jet(s)

g
I\

mono jet + F;{n»

7

h e
,
,

+ soft

-
-~
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~
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-
..
~

mono top + E',m“ + soft

[D. Goncalves, K. Sakurai, MT arXiv:1604.0393

essentially £ 1

soft jets

Interesting signature: mono-tog

often considered in top flavor violatior
J. Andrea, B. Fuks,F. Maltoni

mono-top with no flavor violation,
kinematically suppressed

combine mono-jet and mono-top allow to acc
both stop mass Tlgand higgsino measure R




inViSibIe StOp decay [D. Goncalves, K. Sakurai, MT arXiv:1604.0393

c i o —
t 8 l mT=317GeV ErT—" 8 mT1—317GeV —am_=ace)
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e 3
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© E .
: :
> Z 1,
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p_, [GeV] th _ Tf
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.Tb.. W ' m! 15GeV ''m, ! 6GeV

T
' (”) true for higgsino

* soft-activity might be able to uge. Chakraborty, S. Chakraborty, T. S. Roy 1606.078265*



Search strategy

[D. Goncalves, K. Sakurai, MT arXiv:1604.0393

focus on easiest channg|,(+ E

Process o || Baseline
tt 831 pb|| 206 - 10°
tW 71pb|[26.2 - 10°
tZ 0.88 pb|[22.8 - 10°

W +bb ||7.65pb|[1.82-10°

BG total | 903pb|| 226 - 10°

BP(317,309)|| 23.7fb 5883
BP(317,272)|| 30.8fb 6522

) Baselinny =1 ny =1 n; <3

(pr.; > 30GeV)
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focus on easiest channel,(+ £+ ) Baselines =1 n, =1 n; <3

Process o || Baseline
tt 831 pb|| 206 - 10° ———"
tW 71pb|/26.2 - 10° — T (Am=45GeV)
tZ 0.88pb|([22.8 - 10° *

W +bb ||7.65pbl|[1.82-10°
BG total | 903pb|| 226 - 10°

Arbitrary Unit

BP(317,309) || 23.7 b 5883

BP(317,272)|| 30.8 fb 6522

consistency check with top kinematics

to reduce non top BG (Wbb)

55. T q .
combinatorial BG 0 100 | 200 300 400

My < 150GeV




Search strategy

[D. Goncalves, K. Sakurai, MT arXiv:1604.0393

focus on easiest channel,(+ £+ ) Baselines =1 n, =1 n; <3

Process o || Baseline|my¢ < 150 '§'104 IIIIIII 1 _ 13TeV LHC
tt 831pb|| 206 - 10°| 165. - 10° g """""""" arep
tW 71pb||26.2-10°| 20.7-10° =, 5 T %
tZ 0.88pb||22.8-10%| 21.6-10° é‘l W,
W +bb |7.65pb|[1.82-10°| 1.51-10°] T 7
BG total || 903pb| 226-10°| 41.1-10°| 10 7 " Tl it
BP(317,309) || 23.7fb 5883 5491
BP(317,272)|| 30.8fb 6522 5491
S\ S 102!|| ------ i
0 100 200 300 400
m; [GeV]
mt > 100Ge\

m,, [GeV]

Mp < 150GeV

reject events only Er from W: 2£(tt, tW ) left))



SearCh Strategy [D. Goncalves, K. Sakurai, MT arXiv:1604.0393

focus on easiest channel,(+ £+ ) Baselines =1 n, =1 n; <3

Process o || Baseline|mpe < 150 |m7r > 100

— 5107 ,,,,,,, — tty(Am=8GeV)
tt 831pb|| 206-10°| 165.-10°| 17.7-10°| < El 16 total —am=dscey
tW 71pb|(26.2-10°| 20.7-10°| 1.68-10°| EI10°F - ™ I .
tZ 0.88pb|[22.8-10°| 21.6-10%| 7.3-10° S0 - L | & g
W+bb |[7.65pb|[1.82-10°| 1.51-10°| 42.3-10° & LHC 13TeV
BG total || 903pb|| 226 - 10°| 41.1-10°| 19.4-10° %104 - L — 3000 b
SSPPE! R i
BP(317,309)|| 23.7fb 5883 5491 3387 I0F T L=
10? (m=317GeV) 9 s
BP(317,272)|| 30.8fb 6522 5491 3123 F
10 .................. ___l_l_
;é;_ W 13TeV LHC 1 R - _I
£ - P B PR BT T
Bl g & 0 200 400° 600 800
E. [GeV]
wiivig N require high £+ > 450GeV
T TG e 6 0o BG from back to back(2/)
My < 150Gev  my > 100Ge\ P71 partly cancel

))



SearCh Strategy [D. Goncalves, K. Sakurai, MT arXiv:1604.0393

focus on easiest channel,(+ £+ ) Baselines =1 n, =1 n; <3

Process o || Baseline|mpe < 150 |m7r > 100 SR1
tt 831 pb|| 206 - 10°| 165.-10°| 17.7-10° 463.3 1
tW 71pb|[26.2-10°| 20.7-10°| 1.68 - 10° 308.5 for 3000fb -

tZ  ||0.88pb||22.8-10°| 21.6-10°| 7.3-10° 26.1 (5/\/375/3)

W +bb |7.65pb|[1.82-10°| 1.51-10°| 42.3-10° 5.9

BG total || 903pb|| 226 -10°| 41.1-10°%| 19.4-10° 803.8

109

BP(317,309) || 23.7fb 5883 5491 3387 (3.8.0.13)

60.2

smaller cross sectiot
better significance
(better efficiency)

13TeV LHC

Arbitrary Unit

o " 2 i : H -
300 400 10°0=""T00 200 300 _ 400
m,, [GeV] m; [GeV]

mMp < 150Ge\ mr > 100GeV Er > 450Ge\

))



SenSitiVity [D. Goncalves, K. Sakurai, MT arXiv:1604.0393

using best SR with bestS/v/B with S/B > 0.1
450 T T T T

450 —
20 sensitivity fort @13TeV 3ab ! S ’
7
400} B I R=0.50751 7
400} . . & ]
Monojet exclusion @ 13TeV 3fb-1 7
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[ ] ATLAS (5,—b%?) by
, o
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up to 380 GeV sensitive

new mono jet data out (13TeV 3ft
finally up to 500 GeV

[M.Low, L.TWang JHEP08(2014)]
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finally up to 500 GeV

[M.Low, L.TWang JHEP08(2014)]

L-handed stop case almost the sa
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[D. Goncalves, K. Sakurai, MT arXiv:1604.039¢

helicity structure In stop sector

| (f1¢" {5y} o dependence on stop mixing;

L-handed stop -> R-handed top produced

1 dI 1
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sensitive for L-R, oré’g more prominent in boosted regime)..



Had rOniC Channel [D. Goncalves, K. Sakurai, MT arXiv:16161¥9]
large Emiss, large boost needed -> Top Tagging (HEPTopTagger)

top-tagged jet

MET 10 = g g4aé | = /B, A48

HEPTopTagger

obvious advantage of hadronic mode

hadronic top

e
ff ~ 30%

e

tagging effciency

larger branching ratio ~ 67%

.................................................
.............................................................




Had rOniC Chann6| [D. Goncalves, K. Sakurai, MT arXiv:16161¥9]

large Emiss, large boost needed -> Top Tagging (HEPTopTagger)
another (and essential) advantage of hadronic mode

;_000 _hadron:'c..n.loge" i %‘ Inf=3 42 GeV
3 9 m,=334 GeV
— e
hadronic mode: ! 2 _
BErfully usable 500 ~in r ] hadronic top
' S| B=107 'k — [
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leptonic mode: T | Lo 0 200 400 600 800
grpartly cancel byr  soolc

¥r.p;, [GeV]
leptonic K7 rapidly drops

(solid blue 1line)

Even after top-tag, hadronic wins
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Had rOniC Channel [D. Goncalves, K. Sakurai, MT arXiv:16161¥9]
large Emiss, large boost needed -> Top Tagging (HEPTopTagger)

450
ng = 0, top-tag, prs > 200 GeV, E+ > 300 GeV %R@ 13TeV 3ab~! N
b-tag in tiag (70%, 1% %3 combinatorial) . //®
n; =0 (pTJ > 30 GeV, |7]_-," < 2.5) | 20 hadronic ((Q?w\
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o ke
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hadronic mode sensitivity higher than leptonic mode
very generic statement N the reason why fully hadronic mode set strongest li

It would be more true at 100 TeV collider X



Summary

Boosted objects ubiquitous at LHC and more at 100 TeV
boost helps to solve combinatorics, restrict kinematics
jet Is not massless, jet substructure nowadays understood analytically

lots of applications for new physics searches, as most sensitive phase
expected to have large boost

Natural SUSY: light stop, light higgsino! degenerate: mono-jet signature
mono-jet signature cannot identify the produced particle

We propose mono-top signature vial~  for additional informati
We can probe LSP nature (higgsino component), stop mixing throﬁ%@h

hadronic mode sensitivity higher than leptonic mode
very generic statement N the reason why fully hadronic mode set strongest |
It would be more true at 100 TeV collider, boosted objects help a lot !
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