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Plan of the Talk :

@ Brief introduction to MSSM Higgs Sector.

@ Global analysis and available pMSSM parameter space.

@ Present status of MSSM from LHC Run-1 & RUN-II data.
o Conclusions.

Talk based on: R. K. Barman, B. Bhattacherjee, A. Choudhury, D.
Chowdhury, J. Lahiri, S. Ray [arXiv:1608.02573].
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What do we know about 125 GeV Higgs ?

ATLAS Preliminary Input measurements
my = 125.36 GeV - +ioonp
Hor = o Data consistent with SM
— hypothesis.
= hh_.l—'l
’—"_: 1 . .
Ko I @ This 125 GeV Higgs — SM
i Higgs 77777
’_:‘——w i
ENREN @ Room for New Physics —
“ ol P — Still 10 - 20 % deviation of
Higgs coupling from SM is
allowed.
\s=7TeV,454.71" -2 0 2 4
\s=8TeV,20.3 1" Signal strength (1)
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Higgs sector of Minimal Supersymmetric SM (MSSM):

@ minimality signifies that this model
contains only SM particles with their
Wassy = U Yo QHy — DY, QHy — EY.TH, + uf A, Superpartners and the minimum
number (two) of Higgs doublets.

@ Higgsinos are chiral fermions. Second

SuP;jield SUI(3) SUf)L U(_I%)Y (P:,;t',c_lljs) Higgs superfield with opposite
A, 1 2 1| (Ha H) hypercharge is needed to make the
theory anomaly free.
[ hg and H. — hiy @ After the EW symmetry breaking —
¢ hy ) “ n | We are left with 5 physical Higgs
_ N bosons:
(R (0
Hy = ( 7- ) » and H, = ( 70 ) : e Two charged Higgs bosons : H*,
d u

e Two CP-even Higgs bosons : h°
(lighter) and HO (heavier),
e One CP-odd Higgs boson : A°.
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MSSM Higgs sector:

At the tree level, the Higgs sector of MSSM is described by two
parameters :

@ xand 8

e a — mixing angle in the neutral CP even sector.
e tan 8 — ratio of the vacuum expectation values.

@ Or by pseudoscalar mass M, and tan 5.

M2+ M?

M2 W tan25

@ tan2a =
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MSSM Higgs sector:

@ Tree level parameters: (o and tan ) — (M4 and tan f3).

@ Related By: tan2a = MMt tan2p

2 2
MAiMZ

@ Radiative corrections to the Higgs boson mass matrix
involving various SUSY parameters can modify the tree level
value of « significantly.

M3+M2

MZ%—M2+e/ cos 2B

(corrections in the leading m,* - one-loop approximation)

4
3G _my

@ tan2a = tan 23, where € = N RTe log [1 + Mm—S;]

@ Global fit analysis considering various Higgs coupling
measurements may constrain the MSSM parameter space.
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Global x? - Experimental inputs from LHC RUN-I:

Decay Production § Production .
chanmel Mode ATLAS Mode CMS
ggF 1.327038 58 ggF
VEBF 0.8 VBF 158107 [5¢
” wh L0 40158 Wi 01624 [50
tth 160FET0[58 tth 2.69+251[50]
2 01251008
2z VBF +Vh 0264584 (60 VBF +Vh L70%22 1
ggF + ttle + bhh L6604 60 ggF + tih 0.807948 61
T7T jet
agF L0250 B2 VBF) | 0.7479% (63
r r— 'BF m0.53 . 57
WHHW VBF 12705 0604057
Vi 3071 (64 Vi tagged 039+ M7 i
Wh tagged 0567127 1
i Vh 051504 [65 10758 (66
g9F L9567 0.347100 (03
VBF(60%) + VAA0%) | 124405 [67) 107045 [
Tt

Vi tagged

+041 [pg)
0.947041 (i8]

A9+LO2 [y
—0.337 g [

o',-‘BF

B

e Signal strength uf = -
sm

Tism*
e | stands for production modes

e f stands for decay modes
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Inputs for Global x? analysis:

e Experimental inputs from LHC RUN-II

Decay || Production Production
chamnel|  Mode | ATLAS " Nfode oMS
g9F | 0.6240%[69] 99F | 0.775333(70]
VBF | 225%0%(69] | VBF | 1.61+09(70]
k&l tih | 02255 860) |tk L9LFE5[70]
Vh 0.30+]23[69] - -
99 | 13420860] | 99F | 0.96*019(71]
gz | ovBE | ssi3se) VBE | 0.67558(71]
_ _ Vh 1.8474-371]
N _ tth 8.41+15,07(71]
VBF | 39433 (2] | VBF | 3734 [13]
bb tth 21489 [74] tth | 20718 [75]
Vh 0.21%525 [76] - -

e Flavour physics constraints:
@ Br(B = Xs7)exp. = (3.32 £ 0.15) x 10™*
@ Br(Bs — pt i Jexp. = (2.8797) x 1079
@ Br(BT — 7t s )exp = (1.06 £ 0.19) x 1074
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MSSM parameter space scan:

600 GeV < M; < 5TeV, 600GeV < M, < 5TeV, 500 GeV < Mz <5 TeV
1 <tanf <60, 100 GeV < My <1 TeV, 100 GeV < pu <5 TeV,
600 GeV < Mi?l < 5TeV, 600 GeV < My < 5TeV,
600 GeV < Mal < 5 TeV, Mf?z = M@l’ Mg, = Mg, , M82 = Mal,
Aepr = Audyes =0, —10 TeV < Ap; < 10 TeV,
200 GeV < M < 10 TeV.

Qs,0i3,d3
@ we compute x? for all the scanned points, defined as: x? =>; (“A;“

@ 4 (11;) experimentally observed signal strength (MSSM) for a particular
production/decay mode i. Au; — experimental error.

@ contribution originating from different production mode: &; = > Tfﬁj

Consider altogether 49 data points.

@ A random scan for approximately 100 million points.
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Parameter space allowed in My - tanf3 plane:

60 e
P
1
(3
$
:
¢
40 -y
1 4
f e Orange points — Global fit
‘2‘ 8 without flavour physics constraints.
<
13
20 —i e Blue points — Global fit with
3 flavour physics constraints.
24
@ ¥
0
100 400 700 1000

M, [GeV]
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Alignment without decoupling:

1.60
1900
1.59F ]
[ 1| 1800 _
L 1 >
S [ % ] )
| 1.58F s 700,
Q. [ ° 7] <
; 600 S
157 500
: 1400
PRI R S S S N S S
156~ —"20""20 60

tan

Couplings (tree level) of the Higgs bosons (h, H):

ghvv =sin(B — ) gv
gHvy = cos(B — a) gv

8had = —(sina/ cos B)gr = (sin(8 — ) — tan B cos(B8 — a)) gr
ghuu = —(cos a/ sin B)gr = (sin(B — a) + cot B cos(B8 — a)) gr
8Hdd = —(cos e/ cos B)gr = (cos(B — ) + tan Bsin(B8 — a)) g
gHuu = —(sina/sin B)gr = (cos(B — o) — cot Bsin(B — a)) gr
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Alignment without decoupling:

1.60 ]
- I @ Alignment Limit : his SM
r 1159900 o
1.59’_ . ] like 1.e., 8hvv ~ 1 and
r 11 1800 _ SHVY ~ 0.
L >
N 158[ 1700 § @ Heavier CP even Higgs
Q. -600§ bF)son couplings become
[ highly suppressed.
L57F 1500 . .
i 1 @ In decoupling region,
I l l I400 Ma >> Mz, (B —a) ~ /2
13620 " "20 60
tan

@ Regions with light Ma (< 400 GeV) close to the alignment
limit is perfectly allowed by the current data.

e See Talk “Alignment in extended Higgs models” by Howard Haber.
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Bounds on heavy Higgses from LHC direct searches:

@ Neutral Higgs boson searches:

Search for H with ~ final states.

Search for H with WW, ZZ final state.

Search for H with hh (bf_Jbl_J, bby~, bETT) final states.
Search for H/A — 777~ final states.

Search for A withZh final states.

@ Charged Higgs boson searches

o Search for H* with 71, ¢5 final states.
o Search for H* with tb final states.

@ Bounds set by the ATLAS and CMS collaborations on the
masses and BRs of the neutral and charged Higgs bosons
from 8/13 TeV data.
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a Choudhury

Bounds on heavy Higgses from LHC direct searches:

Channel Experiment | Mass range (GeV)| Luminosity
ATLAS 8 TeV [7 90-1000 195203 b1
99— H/A = 1+7- ! .
CMS 8 TeV [79) 90-1000 19.7 iy
ATLAS 13 TeV [0] 200-1200 32!

CMS 13 TeV [1]

bh— H/A

ATLAS 8 TeV [75]
CMS 8 TeV |1
ATLAS 13 TeV (0]
CMS 13 TeV [81]

200-1200
100-3000

NTLAS 8 ToV [52]
CMS 8+13 TeV [83)
ATLAS 13 TeV [81

65-600
500-4000

pp — bH/ACH/A — 1) CMS 8 TeV 55 100-00
XTLAS 8 TeV (3] 300-1500
99— H > WHW ATLAS 13 'n»\"[\] 500-3000
ATLAS 8 TeV 50 300-1500
W S H oW ATLAS 13 '11»\'1\J 500-3000
99 H— 22 ATLAS 8 TeV 53] 160-1000
99— H— ZZ — (i0)(qq) | ATLAS 13 TeV [3) 300-1000
99 = H = 2Z = ({0)(w) | ATLAS 13 7oV [30) 001000
o Ho 27 ATLAS 13 ToV [0 502750
WW-/ZZ > H — ZZ__| ATLAS 8 Tev 53] 160-1000
woH 22 CMS 8 TeV [0 T50-1000
o H > WA CNIS 5 ToV (02 T50-1000
99 = H > Iih XTLAS 8 TV [03] 260-1000
b — H — hh - (h)(bb) | ATLAS 13 TeV [0 500-3000
op = H— hh = (7)(%) CMS 8 TeV [05
pp— H — hh— ()6 CMS 8 TeV 96
99— H —+ bl (Wh)(r*7-) | CMSSTeV [o7
99— A= Zh 5 (rr (i) | CMSSTev o7
99— A Zh - Gh)(1l) CMS 8 TeV 95
99 > A Zh > Z(r*r—) | ATLASS TeV [o0]
ATLAS § TV (0]
g9 A Zho Z0h) |l .N{‘
P Abb — Zhbh — Z(h)(%) |ATLAS 13 TeV [100]
pp = tHE=(H* > 750)+ X_| ATLAS 8 TeV (101 TS0-1000

pp > HE(HE - 750)

ATLAS 13 TeV [102]
CMS § TV [103]

2002000
200-600

b tHE(H® 5 1) ATLAS § TeV [101 200-600
qd — HE(H* > th) — (I + jets) | ATLAS § TeV (101 100-2000
a — HE(H® — 1) — (all had )| ATLAS 8 TeV (101 100-2000

pp — HE(HE 1) CMS 8 TeV [103] 200-600
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Bounds on heavy Higgses from LHC direct searches:

Channel Experiment Mass range(GeV)|Luminosity
g9 — H — ZZ({llvw) ATLAS 13 TeV [105] 300-1000 13.3 b1
99— H = ZZ(vvqq) ATLAS 13 TeV [106] 500-3000 13.2 fb~!

g9/VV — H — ZZ(blqq) ATLAS 13 TeV [106] 500-3000 13.2 fb~!
gg/VV — H — ZZ(4f)  |ATLAS 13 TeV [107] 500-3000 14.8 fh1
gg/VV — H — WTW~ (fvfr) |ATLAS 13 TeV [108] 200-3000 13.2 fb~!
g9 = H — WHW~(lvgq) ATLAS 13 TeV [109] 500-3000 13.2 b1
g9+ VV = H— WHTW~ ({vir)| CMS 13 TeV [110] 200-1000 2.3 th~!
pp — H — 7y ATLAS 13 TeV [111] 200-2400 15.4 fb~!

pp — H —~y CMS 13 TeV [112] 500-4000 12.9 b1
gg/bb— H — 777~ ATLAS 13 TeV [113] 200-1200 13.3 th~!
gg/bb = H — 747~ ATLAS 13 TeV [114] 90-3200 12.9 b1
gg/bb — H — bb CMS 13 TeV [115] 550-1200 2.7 bt

pp — H — hh — bbbb ATLAS 13 TeV [116] 300-3000 133 fh~*

pp — H — hh — bbr 7~ CMS 13 TeV [117] 250-900 12.9 fb~*
pp— tH*(H* — 7%v)+ X |ATLAS 13 TeV [115] 200-2000 14.7 bt
pp = tH=(H* = th)+ X CMS 13 TeV [119] 300-1000 13.2 fb~?
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Search for H* with 7 and tb final states:

10° T T 100 o T T
s s ey o i FUNATLAS 13 TeV (3.2 oy ===
€’ s. Limit yly =====
10! SRATLAS 8 TeV Obs. Limit ===~ 10t F MQ;&-S:[?..T_:V(“%&"@ .
2
Z10?
T @ gytng X mgtan B(1+vs) +
=10? _
g mycotB(1 — vs).
X
°|0'4
@ For small tan 8, H*
109 ) -
- exclusively decays to tb
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
My (GeV) My" (GeV)
o — —r—r——————————
! Moot AT(I‘_Qgﬂcxg:s. klm!l ----- ! ATLAS 13 TeV (13.2 fb') Obs. Limit ===~ @ For laige Vali‘les of tan oﬁ'
~--~C € s. Limit 0 points ~ ®
ol N s - poins Br(H* = 7%v;) ~ 10%.
2 2
20 - 210" . . .
o 7 @ Main production mechanism
z z +
B2k &jo2 pp — tbH™.
X x
o =]
0% F 10
oa,,
.
ol WS T ot
150 200 250 300 350 400 450 500 S50 600 200 300 400 500 600 700 800 900 1000
My (GeV) My (GeV)
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Search for H with WW, ZZ final states.:

100 Fr— — 104 T
ATLAS 8 TeV Obs Limit (ggF) ATLAS 13 TeV (3.2 fb°!) - v]
N 20 points @ ATLAS 13 TeV (3.2 fb!) - Ivlv.
10f S| ATLAS 13TeV (13.2 o) - ol
_ 1071 ATLAS 13 TeV (13.2 fb)) - lvgg —
2z 20 points  ®
i 10°
3
102
&
x
o
104
s 10
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
(a) My (GeV) My (GeV)
[ — o (e L e S T
ATLAS 8 TeV Obs Limit (ggF) " ATLAS 13 TeV (3.2 fb") - llgg ——
N 20 points  ® 10 ATLAS 13 TeV (3.2 b)) - llvw ====~
10 ATLAS 13 TeV (133 fb!) - livw
ATLAS 13 TeV (133 b)) - qquv =~
2 2 1000 ATLAS 13 TeV (3.2 b)) - llgg ——
& g ATLAS 13 TeV (133 fir!) - 4l ==
S N
N N
i 1
z -}
& &
x x
© °

o 106
200 300 400 500 600 700 800 900 1000 2000300 400 500 600 700 800 900 1000

My (GeV] My (GeV
(a) y (GeV) ® i (GeV)

o Due to alignment limit (i.e. (8 — )~ 5) — Br( — WW, ZZ) highly suppressed.

h LHC 13 TeV data
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Search for H with hh (bbbb and bbr*77) final

60 107

50
10°

40

nB

30

20

0 0
500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900
My [GeV] My [GeV]

@ oYL — the upper limits on oy x Br(H — hh — bbbb/bbr*77)
4b final state — 11.24 < oY% /opmssy < 7.92x 107 (ATLAS 13.3 fb~1 data).
@ bbrtr~ final state — 13.41 < oYt Jomssy < 1.71 x 108 (CMS 12.9 fb~?
data).
@ Br(H — hh) sizeable only for small tan 8 (< 5)
@ For My > 350 GeV, tt opens up and dominates.

@ bbyy channel will be effective for HL-LHC.
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Search for H — ~v, bb, tt A — Zh final states.:

100 T T T T T T T T T T T
. 20 points ~ ®
CMS 13 TeV (12.9 fb") Obs. Limit s points
ATLAS 13 TeV (154 fir!) Obs. Limit 10 CMS 8 TeV Obs Limit
102 20 points ~ ®
2 g
- =
= 104 s
- Tlo-
U [
= =
& 100 2
X go"'
© =]
108 - 10
ol

200 300 400 500 600 700 800 900 1000
My (GeV)

O(pp = H) x Br(H = i) [pb]
an

My [Gev] My [Gev]
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Search for H/A with 777~ final states:

60

: . 60 . .
ATLAS 8 TeV L] CMS 8 TeV .
ATLAS 13 TeV (13.3 fb'!) CMS 13 TeV (129 o)
50 [Roints allowed by H - T T 5 [oints allowed by H - " T
wh w0t
% st g wor
10 - 10
@ ®
0 0
0 200 400 600 800 1000 0 200 400 600 800 1000
My [GeV] My [GeV]
Q GHiyty = —(cosa/ cos B)gsm; BAfyfy = —(tan B)gsm.
@ For fixed a, both the couplings Hfsfy and Afyfy increases with tan 3.
@ tanj3 > 10, H and A decays to bb (~ 90%) and 777~ (~ 10%).
@ Production of H/A is also primarily controlled by tan 3.
@ Entire regions with tan 8 2 10 are excluded for My < 500 GeV.
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Search for H/A with 777~ final states:

60 102
50 b
40 - 10!
=
2
5
a 13
g 30r e
20 3 10°
10 |
0 107!

100 200 300 400 500 600 700 800 900 1000
My [GeV]

@ Most promising channel.
@ 0.03 < 04 (ATLAS 13.2 b 1) /omssm < 2.58 x 10°.
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M, — tan 5 plane sta

60

50

40 |

30

tan B

20

0 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000

M,[GeV]
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Future prospect for H — hh — bby~ final states:

@ Single H production cross section can be up to two orders of
magnitude larger compared to the direct h pair production.

@ It can also have non-trivial effects on the self coupling measurement
of the 125 GeV Higgs. B. Bhattacheriee, AC, arXiv:1407.6866.

@ BR(H — hh) is substantial only for

2 smaller values of tan 5.

@ The most dominant production
mechanism — ggF.

tanB
-
S

@ Events with two b-jets, two photons and
no isolated leptons are selected.

20 Points  *
H — hh sensitivit .

0 1 1 1 I
150 200 250 300 350 400 450 500 550 600

My (GeV) o Mb[),y,y = My £ 50 GeV.

@ Reconstruct two higgs from bb and ~~.

B, Bhattacherice, A Chakraborty, AC, @ Low tan 3 (< 10) regions are expected to
] be probed at the HL-LHC.
arXiv:1504.04308
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Heavy Higgs decay to SUSY states:

@ Heavy Higgs decaying to Electroweakinos.

() 2 (b)
0.8 =
= 0.1
4
06 '1-: 0.03 ATLAS 13 TeV limit
o) -S
) H = non-SM(ino) < 0.01
3 04 HoT'T §
’ H o bb @
»
o2 =~ 0001
: ] withino modes @
=)
withgut ino modes .
0 0.0001
10 20 30 40 50 60 5 10 15 20
tanf tanB

@ Ino decay modes relax the limit on tang.

@ Limit on M4 — tan 8 plane depends on Ino states (especially with the
position of NLSP).

@ Heavy Higgs to stops/sbottoms — tit; or by by also could be the
dominant decay mode.
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@ Global fit analysis using LHC 8+13 TeV data and flavour physics
constraints.

@ Low My, and high tan 3 regions are excluded due to B — pu ™
Bt — 7t constraints.

@ The regions with low M, and low tan /3 are not favoured by the
Br(b — sv) constraint.

@ Signal strength measurements are in favour of the alignment and
decoupling limit. Not always forced to be in the decoupling limit.

@ 10 - 20% deviations from the SM expectations are also observed for
various Higgs signal strength variables.

@ The direct searches with H — WW, ZZ ~~ final states are not
effective to probe the relevant parameter space.

@ Upper bounds derived on H/A — 777~ are found to impose the
most stringent bound.

@ Wait for more data !!!
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Back Up
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Effect of Run-l and Run-Il data on global fit:

e Without any flavor constraints.

Py

nB
n B

nB
T -
PR —

L N 0 L L 0 L L
100 400 700 1000 100 400 700 1000 100 400 700 1000

Mj [GeV] My [GeV] Mj [GeV]

(a) Only 13 TeV data - brown points (left panel).
(b) Only 8 TeV data - green points (middle panel).
(c) 8 + 13 TeV data - orange points (right panel).

For 8+13 TeV data and flavor constraints fit See Page 10
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Correlations of various Higgs signal strength variables:

.
H'vBF+vh

[
W ggF+ith

= =
= =
g 7
d, i
@ a
<~> u—>
3095 =

f _ f _
WegFith Wogrih

@ Red points — Fit with Run-I data
@ Blue points — Fit with combined Run-I & Run-II data
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SUSY QCD corrections:

@ In an effective Lagrangian approach :
o 1 i A T
Lypp = _\7577; <1+A,,> (_;2?3) (1 B tanﬁtbana) bbh

@ Loop corrections (in powers of astan f3) involving heavier sparticles
can significantly modify the b quark mass and it's Yukawa coupling

from its tree level predictions.

0.6

Br(h = bb)

-0.5 0.5 1.5
Amy,
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Heavy Higgs decay to sbottoms:

1 T I I : ‘ .
L H=4TeV, tan B=10 1
P=6TeV, tan B = 10 e ]
i PU=3TeV.tan =20 — ]
5
e
T o0l
= i
= i
0.01 !
=20 -15

A, (TeV)
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