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Higgs Discovery at LHC

* Mass of the Higgs is around 125 GeV

* Higgs is parity even and spin-0

* Higgs properties in Run-1 look “SM-like”
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Higgs Discovery at LHC

* Mass of the Higgs is around 125 GeV
* Higgs is parity even and spin-0
* Higgs properties in Run-1 look “SM-like”

Discovery of 125 GeV Higgs at LHC puts
constraints on the MSSM parameters.
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Direct Seftch

producing sparticles

at the colliders like LHC, ILC
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® first two generations of
squarks are > 0.9 TeV
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SUSY Flavor Violation

e |n exact SUSY, equal

1
MSSNI T ~~
masses for particles “=% = 3 (M9 + ];42WW ik ]‘lleB +ec)
and its super-partners. —(@a"QH, — da?QH, — éa LHq+c. : )
mr AT mQQ T mLL - umguT = dmgd =
e To realize in nature, — iy HIH, - mi HiHg— (OH H T c-c-) -

SUSY must be broken.

¢ 3 kinds of soft-breaking terms introduced in the Lagrangian.

e soft-masses and tri-linear couplings => New sources of flavor
violation. Flavor-changing neutral currents (e.g. b — sy, y — ey)
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Charge breaking constraint

Soft-breaking tri-linear term in the Lagrangian
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Charge breaking constraint

Soft-breaking tri-linear term in the Lagrangian
L —éa’[Hd + c.c.

In the presence of Hy, T, and [g
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Charge breaking constraint

Soft-breaking tri-linear term in the Lagrangian
L —éa’[Hd + c.c.

In the presence of Hy, T, and [g

V= H?JZ * MR‘MRP mTL‘TL

the CCB minima of the potential around the D-flat direction
Hal = fel = Hinl=a
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ReERNE: 4
meta-stability: '/V ~ Hj

S(¢] = 400

« Coleman etal.’77

meta-stability __————

Quiros ’94, Kusenko et al. '96, Carena et al. ’96



BR(T — uYy)

In the presence of A'2z and A's; the branching fraction is
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|
m f It home developers samples documentation

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models.

T — uy with 623 = 0.1

00

Higgs Physics Precision Electroweak Flavour Physics BSM Physics
HEP£fit can be used to study Electroweak precision observables The Flavour Physics menu in Dynamics beyond the Standard
Higgs couplings and analyze data are included in HEPfit HEPfit includes both quark and Model can be studied by adding
on signal strengths. lepton flavour dynamics. models in HEPfit.

e Flexible open-source C++ code to do calculations with various
observables in the SM and beyond:
e Simple user-defined models and/or observables
e Stand-alone or library modes to compute single observables.
e Optional Bayesian fitting framework to do global statistical analyses
(run-time optimized, parallelized; can be replaced by a different one)

For more details, look at the talk by J. de Blas this afternoon



- ? ) conl o Pyun —
0 - fﬁ&o\ﬂw,o.qo . o\. oosu m“o- ool
il \m‘ . .oo“ooo’ oohoooﬁo oo 3 . Je . V_
1 | s . ...... wt V..&.co R lnu/. O
¢ U A LA -’y e of ¢ o3& i
' ...lﬂ. v.hﬂo‘o.’o MO .o 000
n— v 'n, : lnw.v.ﬁ. “ -5 ’\r“o OO‘..Q’” 0.0 . e ® . . o9 [~l
Il.ia,c,‘ a.(w, Wooooo'o - VO, oo oooooo - m
0“ - ¢ l& .r L] \" . 00 . Iy - )
rpf.- ) : oooo o~o\ .. no. Qoo
: ..s | .’&o 000“00 oo * oooo Qe ooo
‘< % go ety - 4R
. It *e e ot e /
n_u..e, eoapah T e O
1‘4. .\ . - ‘~ .0. "”“... .. : .. e "
= ‘-‘ plod .“00... o, 0.. ® . .
| ” %o\ol\ooo ' ¢ V oo.o"o . oo ‘ .
. oooo KR $ R . .
| lnom .oo oo o ¢ o

“ﬂ*...'. “... .. . I.7.
oooooo . 2 ooo o 0
e VO oo“ ”O .
" * ooo. .0. .
oo . ooooooo“ . o.o
. of . . hd .
’ -o ooo.o . .
%.0 oooo”o ° .
. 00”. . 06
. - N )
* .‘ ‘.. * * .O
o‘oo . “ . ., .
e 2 .
. o . .0 ™Y .
e
s
® e o ... LK) « *
e o » . oo -
o.oo . : .o. .o 5




o \O*o‘"...coonl o
. ...”.nwww..a R

ction

'.-|-"_-' -'-'- -
:
5

I .pr_01e

T |
\A" ~\‘\4 . i .
-

. Belle-

N

0.9
my [TeV]

0.8

0.7

0.6




- ‘II..conl . Jo. © PO
_— n - Ao“io”’ooqo ooo.oo oo\oo oosn m“o- ool pr—
d 1 0 o o.“ooouoooo.hoooﬁo oo‘h ooo o’ * 9 V
| n i 1 L ooo'oﬂo vocwo OoMo. Qootll ) mm
u —— c - “osaoﬂoo ‘ooﬂooo oMo ooo 0“0.0[
o . @ fiies o ] &
b _ l‘.i- ceteen ot Vel oooooo\ ¢ m
__ o S
wid e S Le e s 2
< QY O R
DA & . 400
B e ! | u-r “oooos ooOooooo . l‘ 3
r 1 N | . R . 0
| — AT eltein . .t
r \\.. N a e oou o o °°
w - l-mu‘-w. oooo oo P “ ° .
S A men Il
Y - n T SRR
... .‘ )%f..,. . ooo .o Oo ooo . ooo . 7
- . - _‘ ‘ unmoocoo”o 3 ouooo. . o I_Oo
e ear
. ooo . e 0000“ . o.
. ) ..wo . ’ e * )
L 4 . ooooo *
L oot ’ oo *
oo “ o”o. : . . 6
ol LY ‘o\o v 00
oh . oo e . . .
5 00 o”o oo ¥ 4 * . ‘ .
__ o... ....m. "%
( H]A . Qﬁo oooo ’
n . ® o.”o ., o *
a H oo.ﬂ. * F.e o’ -

.
e o ™ e o > . . —D
] coo .-m..-ﬂ‘ e 1 * 1. 1 2

5 T O
-] -]
Lo Lo

meta-stable



meta-stable

e P fad D) ': :‘o
B ey ity

N
I. ;‘".'!‘ . .g.

10-4 o e, e = :.. X




llllll




Conclusion

* Unlike the FCNC bounds, the strength of the CCB
and UFB bounds does not decrease as the scale of
supersymmetry breaking increases.

* meta-stability relaxes the bounds on the flavor
violating tri-linear couplings.

* Future flavor factories, e.g. Belle-1l will be able to
probe large factions of the meta-stable region for
A'zs.
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Summary of CMS SUSY Results* in SMS framework ICHEP 2014
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ATLAS SUSY Searches*

- 95% CL Lower Limits

ATLAS Preliminary

Status: July 2015 Vs=7,8TeV
Model &MY Jets ET™ [Laim™ Mass limit [W5=7TeV| +5=8Tev Reference
MSUGRA/CMSSM 0-3e.u/1-27 2-10jets/3b Yes 203 | 4% 1.8 TeV m(§)=m(z) 1507.05525
4q, G—q% 0 2-6jets  Yes 20.3 q 850 GeV m(¥)=0 GeV, m(I* gen. g)=m(2" gen. q) 1405.7875
@ 33.G-4N (compressed) mono-jet  1-3jets  Yes 203 |4 100-440 GeV m(g)-m(¥})<10 GeV 1507.05525
5 74, q—)q([[‘{[v/yv))(l 2e,u(off-z) 2 Jgts Yes 20.3 q 780 GeV m(¥))=0 GeV 1503.03290
= gﬂqul 0 2-6jets  Yes 20.3 g 1.33 TeV m(¥))=0 GeV 1405.7875
O 33, 3oqelt —»qui)(l O-leu  2-6jets  Yes 20 |2 1.26 TeV m(¥})<300 GeV, m(¥*)=0.5(m(¥})+m(z)) 1507.05525
ﬁ 28, 8—ag(Ll/tv/w)E 2en 0-3 jets . 20 |z 1.32 TeV m(¥})=0GeV 1501.03555
= GMSB (¢ NLSP) 127+0-1¢ 0-2jets  Yes 20.3 14 1.6 TeV tang >20 1407.0603
8 GGM (bino NLSP) 2y - Yes 203 |& 1.29 TeV ¢r(NLSP)<0.1 mm 1507.05493
?é GGM (higgsino-bino NLSP) Y 1b Yes 203 |2 1.3 TeV m(¥})<900 GeV, cr(NLSP)<0.1 mm, ;<0 1507.05493
=  GGM (higgsino-bino NLSP) Y 2jets Yes 203 |% 1.25 TeV m(t))<850 GeV, cr(NLSP)<0.1 mm, ;>0 1507.05493
GGM (higgsino NLSP) 2e,u(Z) 2 jets Yes 20.3 4 850 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'72 scale 865 GeV m(G)>1.8 x 107* eV, m(g)=m(g)=1.5TeV 1502.01518
S35 82— be 1 0 3b Yes 20.1 g 1.25 TeV m(/Y|)<400 GeV 1407.0600
82 a3 gy 0 7-10jets  Yes 203 |& 1.1 TeV i) <350Gev 1308.1841
3 £ 88, §—1iX) 0-1e,u 3b Yes  20.1 4 1.34 TeV mw,)<400 GeV 1407.0600
% gz, gobily Olew  3b  Yes 201 | 1.3 TeV mii)<300 GeV 1407.0600
©£§ bbb ﬁb)(, 0 2b Yes 201 |B 100-620 GeV m(¥})<90 GeV 1308.2631
8] bibi, b aﬂ(, 2e,u(SS)  0-8b Yes 203 | b 275-440 GeV m(i)=2 mm’) 1404.2500
§€ i1, h—bXT 1-2e,pu 1-2b Yes 4.7/203 | & \ 230-460 GeV m(¥;) = 2m(}), m(e))=55 GeV 1209.2102, 1407.0583
= g i, t|—>Wb)(1 or it} 0-2e,u 0-2 jefs/1 -2b Yes 203 Zl 90-191 GeV 210-700 GeV m(t))=1 GeV 1506.08616
S5 n - -t 0  mono-jet/c-tag Yes  20.3 |7 90-240 GeV m(7)-m(¥})<85 GeV 1407.0608
< O difi(natural GMSB) 2e,u(2) 1b Yes 203 |7 150-580 GeV m(¥})>150 GeV 14035222
NB b, hoh +Z 3e,u(2) 1b Yes 203 |@ 290-600 GeV m "‘.’)<zoo GeV 1403.5222
2en 0 Yes 203 |7 90-325 GeV d )=0 GeV 1403.5294
2e.p 0 Yes 203 |} 140-465 GeV m(¥)=0 GeV, m(Z, #)=0.5(m(¥; )+m(X, ) 1403.5294
o XXX Stv(an) 27 - Yes 203 |#&f 100-350 GeV m(y)= 0 GeV, (7, 7)= 0.5(m(¥} )+m(E))) 1407.0350
=3 )?fx a[va]_[(vv) VL) 3ep 0 Yes 203 | ¥LA) 700 GeV m(E5)=m(¥3), m(©)) )0, m(Z,7) 5(M(EF)+m(E)) 1402.7029
w.s )(,)( Wizt 2-3epu  O-2jets  Yes 203 if,i/g 420 GeV ma. )=m(E3), m(¥?)=0, sleptons decoupled | 14035294, 1402.7029
XbXGaWthXI, h—bb/WW/tt/yy &HY 0-2b Yes 20.3 /\:’I, Nl 250 GeV m(¥i)=m(¥3), m(¥})=0, sleptons decoupled 1501.07110
XS, 05 -l dep 0 Yes 203 |[Xp 620 GeV mE9)=m(¥3), m(¥})=0, m(Z, #)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. Tepu+y - Yes 203 |W 124-361 GeV cr<tmm 1507.05493
Direct X1 ¥, prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 | X} 270 GeV m(¥;)-m(¥})~160 MeV, 7(¥})=0.2 ns 1310.3675
= Direct ¥1 | prod., long-lived ¥;  dE/dx trk - Yes 184 | ¥ 482 GeV m(¥E)-m(¥})~160 MeV, 7(¥5)<15 ns 1506.05332
Q g Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 I 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584
= G Stable g R- hadron trk - - 191 | & 1.27 TeV 1411.6795
E’ s GMSB, stable T, Xl—n'(é [1)+r(e w 1-2u - - 19.1 e 537 GeV 10<tanB<50 1411.6795
S, Q GMSB )(1—>yG long-| I|vedX1 Y - Yes 20.3 X 435 GeV 2<1(¥))<3 ns, SPS8 model 1409.5542
2z, Xlaeev({e;tv/yuv displ. ee/ep/pp - - 20.3 ‘6 1.0 TeV 7 <ct(¥))< 740 mm, m(3)=1.3TeV 1504.05162
GGM gz, ¥|—>ZG displ. vix +jets - - 203 | X 1.0 Tev 6 <ct(¥))< 480 mm, m(z)=1.1 TeV 1504.05162
LFV pp—¥: + X, Ve—ep/et/ut et Ut - - 203 | 1.7TeV  45,,=0.11, di32/133,233=0.07 1508.04430
Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 203 |42 1.35 TeV m(g)=m(z), ctosp<1 mm 1404.2500
TR, X = WA, X —eev,, euv, deu - Yes 203 |XF 750 GeV M(EY)>0.2xm(F}), 1121%0 1405.5086
S 0L oW e e, 3eu+T - Yes 203 |y 450 GeV m(P))>0.2xm(¥}), 1133 %0 1405.5086
Q2234999 0 6-7 jets - 203 |2 917 GeV BR(1)=BR(b)=BR(c)=0% 1502.05686
= 3 [ 0 67jets - 203 |& 870 GeV m(T))=600 GeV 1502.05686
88, g—hit, fj—>bs 2e,u(SS)  03b Yes 203 | & 850 GeV 1404.250
i, 1—bs 0 2jets+2b - 20.3 A 100-308 GeV ATLAS-CONF-2015-026
717, fi—obt 2en 2b - 203 | 4@ 0.4-1.0 TeV BR(7i —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, E—m\_’lf 0 2c¢ Yes 20.3 @ 490 GeV m(¥})<200 GeV 1501.01325
L L L L L MR | L L L L L
107! 1 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.
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® The Standard model has

Measurement Fit—ome2e_gft5Teas
passed almost all the i85 Bt e
experimental tests m,[GeV] 91.1875+0.0021 91.1874
over decades. r,[GeV]  2.4952+0.0023 24959 m
Op.g[Nb]  41.540+0.037  41.478 mm—m——
: R, 20.767 = 0.025  20.742 M
® In spite of these successes o 0.01714 = 0.00095 0.01645
SM has quite a few A(P.) 0.1465 + 0.0032  0.1481 |mm
Shortcomings, I|ke R, 0.21629 = 0.00066 0.21579
: R, 0.1721 £0.0030  0.1723
® Neutrino mass I\ 0.0992 + 0.0016  0.1038
® Dark matter AC 0.0707 + 0.0035  0.0742
A 0.923 + 0.020 0.935
® b
B_aryon asymmetry of the A, 0.670 = 0.027 0.668
Universe A(SLD)  0.1513:0.0021  0.1481
® Fine tuning .... sin“0r'(Q,,) 0.2324 +0.0012  0.2314 |
m, [GeV] 80.385:0.015  80.377 mm
_ r,[GeV]  2.085=0.042 2.092
® To address these issues SM  m Gev;  173.20=0.90 173.26 |
has to be extended. SR EE R

® Many possible extensions are proposed, like SUSY, Composite
Higgs, Extra Dimensions ...



Supersymmetry

quarks Higgs bosons squarks higgsinos

, K

| | | > ,Hu

SUSY

—

leptons gauge bosons sleptons gauginos

® Symmetry between fermions and bosons. One supersymmetric
multiplet for every standard model particle.

® |[n conserved SUSY particles in a multiplet share the same
couplings and masses.

® To realize in nature SUSY must be broken.



Advantages of SUSY

% protects the Higgs mass by introducing a new physics
scale.

% calculable and thus in principle, predictable.

% provides a viable Dark Matter candidate if R-parity is
conserved.

* lightest Higgs boson can be SM-like in regions of
parameter space.

% unifies the SM gauge couplings.



