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Higgs sector in SUSY

e The MSSM Higgs sector

— Constrained 2HDM (two scalar doublets required so that anomalies due to

higgsino superpartners cancel)

e The NMSSM Higgs Sector

— 2HDM plus a complex singlet scalar (no new mass parameters added to
the SUSY Higgs Lagrangian)

Critical experimental input

e An (approximate) CP-even scalar h exists with mj; = 125 GeV

e The couplings of h are SM-like (to within an accuracy of roughly 20%)



‘ Achieving a SM-like Higgs boson I

A neutral Higgs scalar is SM-like if the corresponding mass-eigenstate is
approximately aligned in field space with the direction of the doublet vacuum

expectation value. This is the so-called alignment limat

e In the decoupling limit, all but one of the scalar Higgs states are heavy, i.e. of
a mass scale M > v (where v = 246 GeV). In this limit, the remaining light
Higgs scalar is SM-like. Deviations from SM-like behavior are still possible
if light SUSY states exist, which can modify Higgs properties at one-loop or

lead to new decays (such as h — Y{XV).

e In the alignment limit without decoupling, h is SM-like but the other Higgs
scalars may have masses of O(v), and can therefore contribute new deviations
to the h properties due to new loop contributions (e.g. charged Higgs loops)

or new decays (e.g. h — aa).



‘ The alighment limit of the MSSM Higgs sector I

[reference: M. Carena, H.E. Haber, |. Low, N.R. Shah and C.E.M. Wagner,
Phys. Rev. D 91, 035003 (2015)]

Start with the the two Higgs doublet fields ®; (for ¢ = 1,2) such that
(®Y) = v;/v/2 , and v? = v} + v3 = (246 GeV)? and tan B = vy /vy, It is

convenient to employ the so-called Higgs basis of scalar doublet fields,

Hl _ (Hf) _ ’Ulq)l —+ ’UQCIDQ | H2 _ <H;_> _ —qu)l + Ulq)g |

(% (%

so that (HY) = v/v/2 and (HY) = 0. The scalar doublet H; has SM tree-level
couplings to all the SM particles.

The scalar potential contains the following terms of interest,

V3. +iZy(HH)? .+ [AZ5(HIHy)? + Zg(HIH)H Hy +-he] +.. .



In the Higgs basis, the CP-even neutral Higgs squared-mass matrix is

M2 _ Zl’U2 ZG’U2
Zev? mi + Zsv? ’
where m 4 is the mass of the CP-odd neutral Higgs boson A. The mixing angle

of rotation from the Higgs basis to the mass basis is oo — 3.

It follows that in both the decoupling limit (m g > my) and the alignment limit
without decoupling [|Zs| < 1 and m%; — Z1v* ~ O(v?)],

cos*(3 ) = G
— ) =
(m%; —m3)(m3 — Z1v?)

<1,

2,4
Zgv

m4; — Z1v?

< O(v?).

REMARK: Note the upper bound m7 < Z;v? on the mass of h is saturated in
the exact alignment limit.




The MSSM values of Z; and Zg (including the leading one-loop corrections):

3v2sthd M2 X2 X2
at =ity g [ (0e) + 2 (- )|

2 m2 ) Tz \ T e
3v?s3hy M?2 Xi(X:+Y) XY,
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where M3 = mgmg,, Xy = Ay — peotf and YV, = A, + ptan S,

The upper bound on the Higgs mass, m%b < Z1v?, can now be consistent

with the observed m; ~ 125 GeV for suitable choices for mg and X;. The
exact alignment condition, Zg = 0, can now be achieved due to an accidental

cancellation between tree-level and loop contributions,

, 3v2s3hi [ln ( %) N X(X;+Y) X}V,

Mz = G2 m? oM2  12M?

That is, Zg >~ 0 is possible for a particular choice of tan .



Bounds from the 125 GeV Higgs boson
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Constraints from LHC Higgs searches in the alignment benchmark scenario (with © = 3Mg).

Left panel: distribution of the exclusion likelihood from the CMS ¢ — 7

T+~ search and the

observed 95% CL elcusion line as obtained from HiggsBounds.

Right panel: likelihood distribution, Axgls obtained from testing the signal rates of the Higgs

boson h against a combination of Higgs rate measurements from the Tevatron and LHC

experiments, obtained with HiggsSignals.

From P. Bechtle, S. Heinemeyer, O. Stél, T. Stefaniak and G. Weiglein, EPJC 75, 421 (2015).



Likelihood analysis: allowed regions in the tan 3—m 4 plane
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Preferred parameter regions in the (M4, tan 3) plane (left) and (M4, pA;/M3) plane (right),
where MZ = mg my,, in a pMSSM-8 scan. Points that do not pass the direct constraints
from Higgs searches from HiggsBounds and from LHC SUSY particle searches from CheckMATE
are shown in gray. Applying a global likelihood analysis to the points that pass the direct
constraints, the color code employed is red for Axi < 2.3, yellow for Axi < 5.99 and blue
otherwise. The best fit point is indicated by a black star. (Taken from P. Bechtle, H.E. Haber,
S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein and L. Zeune, in preparation.)



Searches for new Higgs bosons to date

In the alignment/decoupling limit:

H A

Standard Model WW,ZZ2Z —
Decay Channels tt,bb, T, up vV
Y v v
Zh —

hh —

From Craig, D'Eramo, Draper,
Thomas, Zhang, 1504.04630
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Regime of low tanf3

The (heavy) Higgs mainly decays into tops
and EW-inos (in some specific scenarios)

» Tops, Gluon fusion production
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Craig et al, 1504.04630



Regime of low tanf3

The (heavy) Higgs mainly decays into tops
and EW-inos (in some specific scenarios)

» Tops, Gluon fusion production
4 . .
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Regime of low tanf3

The (heavy) Higgs mainly decays into tops
and EW-inos (in some specific scenarios)

SG, Kim, Shah,
Zurek, 1602.02782

» Tops, t associated production
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Regime of low tanf3

The (heavy) Higgs mainly decays into tops
and EW-inos (in some specific scenarios)

» Tops, t associated production
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» Tops, b associated production
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Better/complementary ideas?



Interpretation of the limits

: o . _ Carena et al, 1302.7033
Typically the cross section limits are interpreted in the

T — phobic

scenarios




Interpretation of the limits

Typically the cross section limits are interpreted in the

Carena et al, 1302.7033
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Interpretation of the limits

: o . _ Carena et al, 1302.7033
Typically the cross section limits are interpreted in the
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‘ The alignment limit of the NMSSM Higgs sector I

[reference: M. Carena, H.E. Haber, I. Low, N.R. Shah and C.E.M. Wagner,
Phys. Rev. D 93, 035013 (2016)]

Add a complex singlet scalar field S. The analog Higgs basis fields are:

h=+vV2Re HY — v, H =+/2Re HY, H® =v2(Re S —v,),
GEﬂIme, AEﬂImHg, AS=+2Im S,

Assume a CP-conserving tree-level Higgs sector. The symmetric squared-mass
matrix for the CP-even scalars in the Higgs basis is

/Zl’UQ Z6’U2 \/§'U [Cl + (Zsl + 2Z35)'Us:| \
M2 p— MZ + ZBUQ L |:CS + C’4 + 2(233 + Zs7 + ZSS)US:|
S 2\/5
(%
\ —C4 50 + 3(Cs + Co)vs + 4(Zss + 2259 + 22310)03)

where Mi = 2u(Ax + kvs)/s2p and p = Avs.



The coefficients of the scalar potential appear in the squared-mass matrix M?,

V3. iz (HH) + ..+ [LZ5(H H,)? + Zo(H H ) HIHy +hc] + ...
+8'S[ZaHIH, 4+ ... 4+ (ZuHIHy +h.c.) + ZuS'S]
n {ZS5HIH132 Vo ZgHIHLS? + ZHIHS® + Z0STS S? + Z,108* + h.c.}

+[CiH]H\S + ...+ C3H]H,S + CLHIH, S + C5(S'S)S + CsS° + h.c.].

Exact alignment occurs when M3, = M2%; = 0. That is,
Z6:O, Cl+(281+2285)1}$:0.

In the NMSSM, including the leading one-loop radiative corrections,

3v2sth? M2 X 2 X 2
2 2 1v2, 2\ 2 1v2,.2 Bt S t t
ZlU p— (mZ — 5)\ (¥ )C26—|—§)\ (Y —|—T lln (m—%> —|——2 (]. — 12 2)] y

T S S
3v?s%hy M2 Xi(X:+Y;) XPY,
2 2 112 2 Bt g At t t Xt
Z6V" = —52p {(mz — NV es — e lln (m?) TTomz 12M§] |



In contrast to the MSSM, in the NMSSM one can set Zg = 0 and obtain
my = 125 GeV, with only small contributions from the one-loop radiative

corrections. This leads to a preferred choice of NMSSM parameters,
A~ 0.65, tan 8 ~ 2

A =125 GeV
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The exact alignment limit also requires that M2%; = 0. In the NMSSM,

—2
MAS%,B n KS28
4112 2\

which lead to further correlations of the NMSSM parameter space. For example,

Aalt’ K = Aalt/z’

mp (GeV), tg =2, my, = 125 GeV
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Near the alignment limit, we have m4 ~ mp ~ M 4.



‘ Phenomenological Implications of the NMSSM Higgs sector I

e Numerous H - HH and H — V H channels are kinematically allowed.
e The parameters 11 and M 4 are correlated by the alignment conditions.

e Typical values of |u| ~ 100-300 GeV yield chargino/neutralinos states that
are approximately unmixed higgsino (with mass ~ |u|) and singlino (with

mass ~ 2|k /\|) states. Thus, we expect significant branching ratios of

H,A— X"y, XXY, HE — ¥

e Imposing perturbativity up to the Planck scale implies that /ﬁgé)\.
Consequently, the singlino is the LSP (denoted as Y!). A potential decay
mode of the neutral higgsino is X5 — X" + h.
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Some thoughts on SUSY searches
with Higgs in cascades



squarks—> Higgs+X

 Model dependent, but BR(squark—>h+X) around 25% is
fairly common 1103.4138
Gori et al.
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Events per GeV

 Add Higgs tag to jets + MET search

Higgs in SUSY cascades: H—yy
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Higgs in SUSY cascades: H->leptons

* Multi-lepton + b reinterpretation also catches a lot of Higgs

signatures
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Events/10 GeV

CMS Preliminary, L=19.3fb™", /s =8 TeV

Higgs in SUSY cascades: H>bb
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Boosted H—=>bb
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Charged Higgs in cascades

 Many possibilities for charged Higgs production along with
jets and MET

pp—>§§ q(jagg — X27X37X4 + X
— X17X27X1 Hi X

Q — Q'H* with Q,Q =1,b
0107271
- ~ Datta et al

Gg— QQH* with Q=1¢,b

* Also mentioned by JiJi yesterday



NMSSM singlets in cascades

 Could utilize resonant
structure as additional
handle in jets + MET (+
lepton) events
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NMSSM Singlets in cascades

* Jets + MET + h,(bb) search HIG-14-030
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Higgsino LSP



Higgsino LSP

If LSP is pure Higgsino, will be very difficult to observe
as mass splitting between Higgsino states O(350 MeV)
* Not long-lived enough to see chargino and too soft decay

If M, or M, is O(TeV) mass B
splitting can be larger and
possible can see ISR+soft {
Last week showed splitting in
ATLAS pMSSM models 3
. See backy ) slides ot ——————
Now did a bit more systematic scan for LSP 100 GeV

 Trying to determine most relevant mass splittings/decays
« Use spectrum generator rather than reverting mass matrix:

m(Xzo)_m(xlo) VS M2

abs(m_chi_20)-abs(m_chi_10)
|
TP

M, 0 —C3 SW Mz  S3SWwmz
M- — 0 M, cgew mz  —SgCw mz
N —CcgSwmz  cgcw mg 0 — 1

SgSw MMz —SgeCw Mgz — It 0



Scan

* Use Spheno-3.3.8 to calculate masses and decays
 Cross-checked mass splittings against SoftSUSY-3.7.1

« Set u=x100 GeV, tanf3=10,20,30,40,50 and scan
M,=-4000:4000 GeV and M,=-4000:4000 GeV

e All other parameters at 5 TeV
abs(n1) : u=100, tanB=10
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— 1028 109.7 1096 1085 1094 109.4 109.2 1081 10B.7 1076 10751091 10951096 1096 109.5 109.51095 103.6

-4000 -2000 0 2000 4000




m(Xzo _m(X1O) [GeV]

EN
— 1.01 096 091 0.84 075 0.62 0.43 041 052 2.44 554 337 270 236 247 2.04 194 187 1.82
4000— 147 143 107 101 091 079 0.60 0.28 035 2.28 569 3.53 2.86 253 233 220 241 2.04 1.98
L 138 134 128 122 142 1.00 0.81 0.49 044 2.06 589 374 3.06 273 254 241 231 225 249
- 166 1.62 157 150 1.41 128 1.09 077 044 1.78 616 4.01 334 3.01 282 2.69 250 2.52 247
L 205 2.01 196 1.89 1.0 167 148 116 053 1.38 6.53 440 3.73 340 320 3.08 298 291 2.86
2000— 264 260 254 248 239 2326 2.07 175 142 0.9 740 497 431 398 379 366 3.57 3.50 3.45
L 3.62 3.58 3.52 345 336 324 3.05 273 240 049 8.05 594 528 495 476 463 454 447 442
— 558 553 548 541 532 520 501 469 407 216 995 787 722 690 671 658 6.49 642 637
| 41.5911.54 11.4911.42 11.3311.20 11.02 10.71 10.09 8.9 15781379 13AT12.86 12.6712.55 12.47 12.41 12.36
L 41281132 11.3711.43 11.5111.63 11.81 1210 12.69 14.45 6.81 897 063 996 10.1510.28 10.38 10.45 10.50
— 597 6.01 6.06 613 621 634 652 683 743 037 146 363 430 463 483 496 505 512 518
- 414 418 423 430 439 451 470 501 562 7.49 0.39 1.79 247 2.80 299 342 322 329 334
2000 321 325 330 337 346 3.58 377 4.08 470 6.58 133 085 1.53 186 2.06 219 228 235 2.40
- 264 268 273 280 2.89 3.02 3.20 352 444 6.03 191 028 096 129 148 1.62 171 178 1.83
L 226 230 235 2.42 251 2.64 2.82 344 176 566 230 041 057 0.90 140 123 133 1.40 145
- 198 203 208 245 2.24 236 2.55 287 349 540 258 039 029 0.63 082 096 1.05 142 147
4000 178 182 187 194 203 216 235 266 329 5.20 279 0.60 0.08 042 062 075 0.84 091 097
— 162 166 171 178 187 2.00 219 250 343 504 296 076 0.08 025 045 058 0.68 0.75 0.80
L 149 153 158 165 1.74 187 2.06 237 3.00 4.92 340 0.89 0.21 042 032 045 055 0.62 0.67
B | | | | | | | | | | |

| |
-4000 -2000 0 2000 4000



m(X1+)_m X1O) [GeV]

EN
— 0.41 038 035 031 026 049 0.08 -0.09 040 115 349 191 146 1.24 141 103 097 0.93 0.89
4000 047 044 041 037 032 025 044 -0.03 0.01 1.04 354 197 151 130 147 109 103 0.99 0.96
L 0.55 0.52 049 0.45 0.40 033 022 005 -0.14 091 361 204 159 138  1.25 147 441 107 103
— 0.65 0.63 0.60 0.56 050 0.43 033 045 047 0.73 370 244 169 1.48 135 127 121 147 114
L 0.80 0.77 074 070 0.65 0.58 0.47 030 -0.03 0.49 183 228 183 1.62 149 141 135 131 1.28
2000— 1.1 098 095 091 0.86 079 0.68 051 049 0.4 402 248 204 182 170 162 1.56 1.52 1.49
L 134 132 129 125 120 143 1.02 085 053 -0.33 433 281 237 245 2.03 195 190 1.85 1.82
— 197 194 191 188 1.82 1.75 1.65 148 146 0.31 490 341 297 277 2.65 257 251 247 2.44
- 348 346 343 340 335 328 348 3.02 272 1.90 6.24 484 444 424 443 405 400 396 3.93
- 570 572 574 576 579 584 591 6.04 630 7.21 440 493 543 523 530 534 537 540 542
— 336 337 339 342 346 351 358 372 400 498 199 254 275 2.86 293 297 301 3.03 305
- 241 242 244 247 251 256 264 278 3.07 407 140 158 179 190 197 202 205 2.07 2.0
-2000— 189 191 193 196 200 2.05 243 227 256 3.58 182 1.06 127 1.38 145 150 153 1.56 1.58
- 157 459 1.61 1.64 1.68 173 181 195 235 337 207 073 095 1.06 143 148 121 124 1.26
L 135 137 1.39 1.42 146 151 150 174 203 3.06 224 062 073 0.84 091 0.96 099 1.02 1.04
- 120 121 123 126 130 135 1.44 158 1.88 2.91 236 074 057 0.68 075 0.80 0.83 0.86 0.88
4000 108 109 141 144 148 124 132 146 176 2.80 245 0.83 0.45 056 0.63 0.68 071 0.74 0.76
— 0.98 1.00 1.02 105 1.09 144 123 137 1.67 2.7 252 0.89 043 046 053 0.58 0.62 0.64 0.66
L 0.91 092 095 097 1.01 1.07 115 139 159 264 258 095 048 039 046 051 054 0.57 0.59
B | | | | | | | | ! | | |

|
-4000 -2000 0 2000 4000



(m(X1+)_m X1O))/ m XQO -Mm X1O))

4000

2000

-2000

-4000

061 061 062 064 066 071 0.B4 246 091 072 .58 0.54 054 0.54 0.54 054 055 0.55 0.55
0.59 0.60 060 061 063 066 0.74 116 1.07 0.74 0.57 0.54 0.54 054 0.54 0.54 054 0.54 0.54
0.58 0.58 0.5% 05% 061 0.63 068 086 1.66 076 .57 0.54 053 053 053 054 054 0.54 0.54
0.56 0.57 057 057 058 0.60 063 072 351 079 .56 0.53 053 0.53 053 053 053 053 0.53
055 0.55 055 056 056 057 059 064 099 0.86 .56 0.53 053 052 053 053 053 053 0.53
0.53 0.53 054 054 054 055 056 059 071 106 .55 0.52 052 052 052 052 052 0.52 0.52
051 052 052 052 052 052 053 054 0.5%9 8.6 054 051 051 051 051 051 051 0.51 0.51
049 0.49 049 049 049 049 049 050 052 0.74 .52 0.49 0.49 0.4% 0.49% 043 048 048 0.48
042 042 042 042 042 042 042 042 043 048 0.45 0.43 043 043 043 042 042 042 0.42
0,39 039 039 03% 039 039 039 040 040 043 038 037 037 038 038 038 038 038 0.38
045 0.45 045 045 045 045 046 046 047 051 0.53 0.44 044 044 044 044 044 044 044
047 0.47 043 048 048 048 048 049 050 0.54 229 048 046 046 046 046 046 047 047
0,49 0.49 049 049 049 049 050 050 0.52 0.58 077 053 0.49 048 0.48 048 048 048 0.48
0.50 0.50 050 050 050 051 051 051 053 0.57 0.69 0.66 051 0.50 0.50 049 049 049 0.49
051 051 051 051 051 051 052 052 0.54 058 067 216 055 052 051 051 051 051 0.5
052 052 052 052 052 052 052 053 0.54 059 0.65 077 0.84 055 053 052 052 052 0.52
052 052 053 053 053 053 053 054 055 059 0.64 0.668 097 0.5% 0.56 0.54 054 053 0.53
053 053 0583 053 053 053 054 054 055 0.6D .64 0.65 171 067 059 057 056 0.55 0.55
054 0.54 054 054 054 054 054 055 0.56  0.60 0.63 0.63 087 0.87 0.64 060 0.58 0.57 0.56

| | | 1 | | | 1 | | | | | 1




Mass Ratio

3.5

Mass Ratio vs y °
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4000

2000

-2000

-4000

1

—e'vy.°) [%

295 264 227 1.85 137 092 2545 2529 16.22 14.58 19.04 20,08 17.77 15.4013.82 12.69 11.86 11.21
378 344 302 253 195 1.29 24 14.26 14.4918.85 20.0218.87 16.5614.99 13.88 13.04 12.40
498 4.59 413 356 287 203 110 26.29 11.74 14.38 18.59 19.9020.12 18.0116.48 1538 14.56 13.92
674 631 579 514 433 331 203 0.99 8.46 14.2418.24 19.69 20.06 19.85158.41 17.3416.54 15.92
9.39 8.92 835 T7.63 671 549 386 1.76 4.41 14.0517.76 19.3019.85 20.04 20.10 15.9519.19 18.59
13.4813.00 124011.65 10.65 9.29 T.35 449 0593 2521 13.8117.07 18.6219.32 19.6619.85 19.9520.01 20.05
19.64 19.40 18.8518.15 17.1915.86 13.84 10.55 4.78 13.47 16.09 17.47 18,20 16.6418.91 19101923 19.33
16.66 18.94 19.0419.16 19.3219.52 19.78 20.05 16.62 1.93 12.9914.73 15.6616.21 16.5616.80 16.9817.11 17.22
14.50 14,63 14.6914.75 14.8414.97 1518 1554 16.35 19.09 12.3013.03 13.3713.56 13.6813.77 13.8313.88 13.92
12.5212.51 12501249 12.4812.46 1243 12371227 1201 13.4012.96 12831277 14731270 12.69 12.67 12.66
14.8314.80 14.7614.71 14.64 14556 14,43 14,22 13.83 12.93 18.77 16.88 16.25615.95 15771566 15581562 1547
17.3317.27 17.2017.11 16.99 16.82 16.57 16.18 1544 1375 16.7519.93 19.4219.06 18.8518.69 18.58 18.49 18.41
19.1019.05 18.9818.89 18.7618.58 18.29 17.60 16.62 14.44 19.3014.66 18.63 20.11 20.086 20.04 19.99 19.96 19.92
19931991 1987 19.81 19.7219.59 19.36 1591 17.668 14.99 18.50 8149 12.5214.67 1598 16.87 17.5017.97 18.34
20,03 20,12 2041 2010 20,07 20.02 1990 19,57 16.64 1544 17.91 555 B35 10.44 11761266 13.3213.81 1420
17461747 17871838 19.07 20.02 20.09 19.93 19.16 15.81 17.49 818 557 750 8.75 9.62 10.2610.75 11.13
14691521 15.6216.16 16.87 17.86 19.35 20,07 19.51 16.11 1718 989 360 547 661 742 8.03 549 B.86

13.0913.42 13831437 151016.12 17.66 2012 19.74 16.36 16.9511.20 3.08 4.05 508 582 638 6.82 747

11.64 11.98 12391293 13.66 14.70 1627 15.687 19.90 16.56 16.7612.27 397 3.04 398 4685 547 557 500

1 | | | 1 | | | | | | | |




BF(x,>—e’ey,’) [%

EN
— 093 0.85 0.7 0.66 053 037 018 024 3.44 407 394 370 346 328 342 290 274 2.62
4000 121 143 103 091 076 057 033 0.07 040 3.29 406 396 377 357 341 329 320 340 2.98
L 161 152 142 128 141 0.88 0.58 0.24 1.09 405 397 3.82 368 355 345 337 331 3.26
— 248 2.09 197 182 163 137 1.01 051 2.44 404 397 387 377 368 361 355 350 3.46
L 3.01 291 279 263 243 245 173 141 021 1.56 402 395 3.89 3.82 377 372 369 3.66 3.63
2000— 337 334 330 324 346 305 293 233 096 0.50 398 3.90 3.85 3.82 379 376 374 373 374
L 350 3.49 3.48 3.46 3.43 338 331 344 2.80 391 380 375 372 370 368 367 166 3.65
— 330 330 3.29 328 3.26 324 321 346 3.03 2.54 372 360 3.53 349 346 345 343 342 342
L 271 271 271 270 2.69 2.68 267 264 2.58 2.4 107 292 2.86 2.83 2.82 2.81 2.80 279 2.79
L 3.66 3.66 3.66 3.65 3.64 3.63 3.62 360 3.56 3.49 405 390 3.83 3.80 377 376 375 374 3.74
— 399 398 398 398 3.97 397 396 394 392 3.87 1.87 403 4.06 406 4.05 4.04 404 403 4.03
- 402 402 402 402 402 401 401 399 397 3.93 046 2.66 3.60 3.81 3.88 392 3.94 396 3.97
-2000— 392 393 393 395 396 3.97 399 400 399 3.95 158 073 2.06 2.81 3.22 335 3.44 350 355
- 370 372 375 378 381 3.85 3.90 395 398 3.96 286 040 0.91 154 196 2.25 246 2.62 2.74
L 3.40 344 3.49 354 360 3.68 377 387 396 3.96 140 002 035 082 147 143 1.62 176 1.88
- 3.05 345 323 329 338 348 362 378 392 3.97 164 047 041 041 069 091 1.07 120 1.31
_AQ00|— 258 267 279 294 345 3.30 346 3.68 388 397 377 037 0.02 020 040 0.58 072 0.83 0.92
— 221 231 242 258 278 3.06 332 357 3.85 3.97 185 0.59 0.1 0.08 023 037 048 058 0.66
L 193 202 243 228 248 276 349 347 381 3.97 390 079 0.06 0.03 042 023 032 040 047
B | | | | | | | | | | | | |

1
-4000 -2000 0 2000 4000



4000

2000

-2000

-4000

BF(x,>—e™vx,™) [%

0.53 0.52 0.1 050 048 047 048 1.3 084 111 0.22 047 059 0.65 0.68 070 0.69 0.68 0.68
0.72 0.711 070 069 067 065 0.63 083 082 119 0.25 052 066 0.74 079 0.82 0.84 0.85 0.B5
0.99 0.9 097 096 094 091 089 092 135 129 0.28 059 076 0.86 092 096 099 1.01 1.03
138 1.3 1.37 136 135 132 129 126 209 1.3 0.33 0.66 088 1.00 1.07 113 147 1.20 1.22
198 193 1.98 198 198 196 1.94 1.90 199 1.37 0.39 080 1.03 147 1.26 133 1.38 142 145
235 239 244 250 2459 272 301 301 294 176 0.49 097 1.22 138 149 157 162 1.67 1.70
266 270 275 282 292 306 329 370 501 483 0.67 1.22 1.50 1.67 1.78 1.86 1.92 196 2.00
294 297 3 306 343 323 339 367 434 B.ES 1.03 1.69  1.97 243 223 230 235 239 2.42
3.69 371 373 376 380 3.85 393 406 433 513 210 276 303 345 323 328 33 334 336
091 092 092 092 093 094 095 096 0.98 0.95 0.19 060 OF2 097 099 081 082 0.83 0.83
0.51 0.52 053 054 055 057 059 0.62 0.66 0.67 0.068 0.20 0.26 030 033 035 036 0.37
041 042 043 0.44 046 048 051 055 081 0.63 0.04 040 044 04T 049 021 0.22
0.35 036 038 039 041 044 048 054 061 D62 002 005 008 040 042 043
031 032 0.M 036 038 042 047 054 062 0.63 0.03 0.4 0.05 0.07
0.27 023 030 033 036 040 046 0.53 0.63 0.64 0.03
0.23 025 027 030 033 038 044 053 084 0.65

019 021 0.23 026 031 036 043 0.53 085 065

046 048 020 0.23 027 034 042 0.52 0.66 0.66

013 015 047 020 024 030 041 0.52 066  0.66

1 | | | 1 | | | | | | | |




Backup



PMSSM scan

 ATLAS did scan over 19-parameter pMSSM in Run-1
e Published in JHEP 10 (2015) 134 [ arXiv:1508.06608 ]

* About 300k pMSSM models generated after pre-LHC
SUSY constraints (see backup for details)

e Generation done by T. Rizzo, M. Cahill-Rowley, J. Hewett
and A Ismall

« Use SoftSUSY 3.4.0 for spectrum generation
e SUSY-HIT 1.3 for SUSY decays with some corrections

* About 40% of the models excluded by ATLAS Run-1

* All models and whether they are excluded available on
HEPDATA:

http://hepdata.cedar.ac.uk/view/ins1389857

» Used these to look at typical Higgsino mass splittings
and decays when LSP is predominantly Higgsino-like


http://hepdata.cedar.ac.uk/view/ins1389857
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m(x,’)-m(y,°) for M,>3000 GeV
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m(x,*)-m(y,”) for M. >3000 GeV
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m(x,*)-m(y,”) for M_>3000 GeV

m(x,")-m(x,°)
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ct for y.*
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ct for x,°
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Decays of y°

For low Am, x_° also mainly decays
through vy instead of Z* (so no leptons)

BF(,°—%,"+7)

gam

BF chi_20 to_chi_10

0.4

0.2

o]

abs{im_chi_20)-abs{m_chi_10)

m(x,")-m(x,’)



PMSSM Scan Parameters

e Using a 19 parameter pMSSM as basis model
* No CP violating parameters |
« Minimal flavor violation Eéi"sct’;aﬁgés'cs
 Degenerate 1st and 2nd generations sfermions
« Lightest sparticle (LSP) is a neutralino
e R-parity is exactly conserved (LSP is stable)

» Sample parameters uniformly over wide range (up to 4TeV)

Higgs sector parameters: Squark/gluino mass parameters:
1 <tan B < 60 0.2TeV<M,<4TeV
0.1TeV<M,<4TeV 0.2 TeV < m., =mg < 4 TeV
Neutralino/chargino mass parameters: 0.2TeV <m=m_, <4 TeV
4TeV<u<4TeV, |u>80GeV 0.2TeV <mg=m_ <4 TeV
-4 TeV <M, <4 TeV 0.1 TeV < m., < 4 TeV

-4 TeV <M, <4TeV, |M,|>70GeV 0.1 TeV<m_ <4 TeV
0.1 TeV < m . < 4 TeV

Slepton mass parameters:

0.09 TeV <m =m <4 TeV Trilinear coupling parameters:
0.09 TeV < M=M < 4 TeV -4 TeV <A <4 TeV

0.09 TeV<m_<4TeV -8 TeV <A <8 TeV
0.09 TeV <m_, <4 TeV -4 TeV <A <4 TeV




Non-ATLAS Search Constraints

* For each point evaluate whether it is a “viable” model

 Model has to be theoretically “sound”
 Model should not already be excluded by other measurements

Low energy constraints:

gu — 2 :—1_'?? . 4_38] x 10—9 *3c union of theory and exp. meas.
BF (b — sv) 0.269 : 0.387] x 10—

BF(Bs — i) 1.6 : 4.2] % 10—Y +2¢ union of theory and exp. meas.
BF(BY — tvs)  [64:161] x 107

LEP constraints:

Dinvis. (Z) < 2MeV Invisible width in addition to neutrinos
Ap (—0.0005 : 0.0017]

Charged sparticles > 100 GeV Raised to 103 GeV for ,* in most cases
Higgs mass constraints: Higgs mass range was set at end of 2013
-m,( h) | 24—128 GeV Uncertainty is set by theory prediction
Dark matter constraints: Relic dark matter density from Planck
Relic density Qh2 <0.1221 only used as upper limit (use +20)

Direct S| < 4% LUX Allow other DM component than LSP
Direct SD, p < 4x COUPP

For direct detection use factor 4 looser limit
to account for nuclear form factor uncertainties

(also scale down by LSP relic density/DM density)

Direct SD, n < 4x Xenon



Sampling by LSP Type

* |n total 500 million model points were generated
and 311,209 viable models selected

o Simulated )

LSP type Definition Sampled Weight
Number Fraction

‘Bino-like’ N#, > max(NZ,, N3, + NZ,) 480 x 10° 104,201 35% 1/24

WA o 2 2 2 2 o

Wino-like N{i5> > max(Njy, Niq + N14) } 20 x 106 { 80,239 26% |

‘Higgsino-like'’  (Nig + N7,) > max(N7,, Ni5) 126,769 39% |

Total 500 x 10° 311,209

* Models split by the dominant component of LSP
* Bino-like LSP suppressed by relic density constraint
as most models have low annihilation cross section

« Oversampled by factor 24 to get similar samples of each

e |In combined plots later, the Bino-like LSP models are
weighted down by 1/24 to restore uniform scan prior



Fraction of Models Excluded

Analysis All LSPs | Bino-like | Wino-like | Higgsino-like
0-lepton + 2-6 jets + i 32.06% 35.56% 29.65% 33.46%
0-lepton + 7-10 jets + EAliss 7.82% 5.59% 7.63% 8.01%
0/1-lepton + 3 b-jets + E]ﬂfﬁss 9.03% 5.98% 7.17% 10.30%
1-lepton + jets + EMiss 7.99% 5.47% 7.47% 8.40%
Monojet 6.93% 14.61% 6.32% 7.06%
SS/3-leptons + jets + EMiss 2.43% 1.65% 2.35% 2.51%
Taus + jets + Eifiss 3.04% 1.30% 2.96% 3.14%
O-lepton, stop 9.34% 7.58% 8.26% 10.08%
1-lepton, stop 6.06% 3.62% 5.23% 6.66%
2b-jets + EMiss 3.69% 3.37% 2.95% 4.17%
2-leptons, stop 0.23% 0.38% 0.33% 0.17%
Monojet, stop 3.11% 11.27% 2.48% 3.23%
Stop with Z boson 0.32% 1.01% 0.23% 0.36%
th+EM stop 5.30% 1.86% 4.28% 6.06%
Ch, electroweak 0.00% 0.00% 0.00% 0.00%
2-leptons, electroweak 0.47% 0.91% 0.17% 0.64%
2-taus, electroweak 0.05% 0.06% 0.00% 0.07%
3-leptons, electroweak 0.34% 2.02% 0.39% 0.25%
4-leptons 0.53% 1.13% 0.55% 0.49%
Disappearing Track 11.41% 0.39% 29.91% 0.08%
Long-lived sparticles 0.06% 0.09% 0.02% 0.08%
H/A — 777~ 1.85% 217% 0.87% 2.46%
Total 40.60% 39.59% 45.43% 37.58%




	HiggsinosAgain.pdf
	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

	KITP2016.pdf
	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9

	KITP2016.pdf
	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9




