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OUTLINE

Searches for BSM Higgs

searches for new Higgs bosons (neutral and charged)
anomalous Higgs (125 GeV) decays

Searches for Higgs pair-production
resonant and non-resonant
and interpretation

guiding paradigms: 2HDM, 2HDM + a scalar Singlet, Higgs portal to a Hidden
Sector

Based on results of data analyses from ATLAS and CMS with
LHC pp collisions at 13 TeV (+8, 7 TeV), typically ~36 fb-1
In @ some cases full Run2 statistics: 13 TeV, 139 b1
selection based on results issued in the ~last year (others in backup)
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(GENERALITIES OF BSM HIGGS

ATLAS Preliminary o interval —em Any extra scalar ?
Is the 125 GeV {s=13TeV, 36.1 - 79.8 fb" 5 o interval ——
my, =125.09 GeV, |y, | <2.5
bos|f)|'n the?SM 2 | coupling 7 a compelling
199S : Ky modifiers  —e :
e r constraint:
. t _ e .
Why a so simple .scalar oL s custodial SU(2),
sector along witha ™° | DR i.e. p~1
complex fermion  ** | -
sector ? oo | -+
A R -+ any scalar multiplet
B BSM ,
L must satisfy I(1+1)=3Y?2/4

Dark n latter the easiest solutions:
C t H \ 2HDM is ’ N
ompositie niggs N visble SU(2) doublet with Y=x1

anomaly cancellation and S S and or
m to q=2/3 and q=-1/3 quarks U Y\

SU(2)singlet with Y=0

i theoretically
PQ axion models —  wer o+ b+
CP violation sources- / motivated D — ; D5 ¢0
Baryogenesis > ), ;

many tree-level or loop-induced CP violation sources 3
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2 HIGGS DOUBLET MODELS

Type | 1 X Y
or lepton-specific or flipped
() u V u V u
gives mass to
all fermions d ¢ d ¢ d
MSSM
a few parameters: 2HDM is
viable
_ . and
tanl = vo/vs ratio of vevs theoretically
X mixing angle of scalar bosons well
motivated
q)_' ¢2 h mn < Mmy H A
scalar scalar pseudo-scalar

S. Spagnolo/ BSM Higgs and 2Higgs searches

Yukawa couplings
depend on
tanp and cos(x-p)

4 types of 2ZHDM
are protected by

symmetries from
tree-level FCNC

N

a problem:
Higgs-induced
FCNC

H*

charged
Sep.17th, Taipei, PIC2019
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ATLAS Preliminary 16 interval mem
Vs=13TeV, 36.1 - 79.8 fo'
my, =125.00 GeV, ly, | <2.5

2 ¢ interval —

—a—

| coupling

2 HIGGS DOUBLET MODELS o1 o @ ™ :
Type | 1 X \%

mtn A x r xR

-1 05 0 05 1 1.5

lepton- ifi ' ukaw: '
or lepton-specific or flipped Yukawa couplings
o ' y ! v s N depend on
| : tanp and cos(x-p)
gives mass to
all fermions d ¢ d ‘ E :

125 GeV boson = h
h SM like =>
cos(x-B)=€=0
H,A Yukawa couplings, normalized to those of h(SM) alignement limit alignement limit

HUU HDD HEE  iAUy,U iADysD (AEysE

high tans I (1) 1 1 H,A couplings to WW,
T -> type Il and X i i s —7 J
bb ->type ll and Y | ‘é ( —tg 15 are suppresse

X 1 1 0 Searches must
low tanp ) " _Z n concentrate on
tt -> all types o s decays to 3rd

B orod decay- ts = tan B = v2/v1 in the table generation fermions

channels

o mixing angle of CP-even bosons

R m<mi A H+

scalar scalar pseudo-scalar charged .
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SEARCH FOR A/H IN TYPICAL
2HDM SCENARIOS

Search for heavy A/H decays to fermions

No recent updates of:

searches for charged Higgs
see in backup

searches for A > ZH >l bb
in backup
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SEARCH FOR HEAVY A/H > 1t CMS: ArXiv:1908.01115

ATLAS: PRL119(2017) 191803, @8TeV
A/H~>tt by CMS (Aug. 2019) with 36fb-1 at 13 TeV (1 lepton or 2 leptons final states)

Interference with SM top-pair production may be >0 or <0 g ¢
All signal samples (MADGRAPH5 aMC@NLO) reweighed to NNLO . k3 dominant
(SUSHI) include interference terms; @ low tanf
SM tt simulation by POWHEG reweighed to NNLO+NNLL g t

Info on spin correlation between top retained in decay products

A complex analysis taking advantage of angular varlables In a

2 leptons
complete event reconstruction

—» Che/ cosine of the angle between the

. EMS utjetschame 3591672 (13 Tev) charged lepton momenta in their
?j’ 600 0 < |cos6, | < 0.4 i 0.75 < |cosB, | < 0.9 E 0.9 <|cosb;| <1 1 reSpeCtive he“Clty frames
2 ' .} Data ]
£ 500 1 lepton () channel K i 1lepton
g : ' mmm Singletop ] * . .
& 400 : ' 1 ¢o0sO4" cosine of the angle in the tt rest frame
w ! W, Z, W Y] g
2 mem Qcpbmultiet 3 pbetween the t decaying semileptonically and the
300 —— Post-fit unc. 7 . . .
e tt-direction in the lab frame
200 S\
oo 2 Search for signal based on max. likelihood
o3 fit of 2D binned distributions of:
0 - —
X
% 1.1 E N .
S 10 | Mt X COSBy 1 lepton
- Mit X Chel 2 leptons
500 750 1000 500 750 1000 500 750 1000
mit [GeV]
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SEARCH FOR HEAVY A/H —>tt

model independent constraints on H/A couplings

to top vs mass for various 'a/ma
0.5%, 1%, 2.5%, 5%, 10%, 25%

better sensitivity for large values of ['A/ma

grey shaded curves give the boundary
of sensitivity, corresponding to partial
width to tt greater than the total width

CMS 3591 1(13TeV) . CMS 35.9 fb~! (13 TeV)

" 3'5; 95% CL exclusion lw 95% CL exclusion :
cfa '[—1 Observed 95% expected | > 2-5ﬂ:1 Observed 95% expected |
3.0 Expected : M 68% expected” e Expected BN 68% expected

I‘H/mH =10%

I Those > T

T Tas >Ta Twma=5%

400 500 600 700 400
My [GeV]

Hit Att
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500 600

700
ma [GeV]

. CMS

CMS: ArXiv:1908.01115

ATLAS: PRL119(2017) 191803 @ 8 TeV

sensitive @ low tanf

«, | 95% CL exclusion: ;
S [ Observed |
ab o

35.9 fb—! (13 TeV)

95% expected
Expected 1 68% expected

hMSSM

400

450 500 550 600 650 700

Ma [GeV]

A signal-like excess at
ma~400GeV

(1.9 o global significance)

to be watched out with more

statistics
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CMS JHEP08(2018)113

SEARCH FOR HEAVY H IN b(b)H>bb

ATLAS ArXiv:1907.02749
sensitive to type Il and Y flipped, for high tanp

ATLAS search for a scalar ¢ [CP-even or CP- ’ --
odd or a combination] produced in association g po :
q

b-quark(s) with 36 fb-1 at 13 TeV

a selection for =3 b-jets optimizes S/B 3 aias | vom | E
events with only 2 b-tagged jets used for QCD CRs, ¢ 10° Vs =13TeV, 27810 “::f;:'i:‘:‘;';z'r:‘;::"‘ E
constraining the shape of the background in the SRs % TP - Pre-fit background _;

trigger based on high Er b-tagged (1 or 2) jets “ o }QALT?;: - 20 ?

signal for 15 my values is emulated in a point 3

of the MSSM corresponding to high BR to 0 E

bb, and suppressed tt and 1T coupling 107 —='

pT1, pr2 and mpp are studied with a Principal 1OE e e ars
Component Analysis for each mass point, e N SN RN S
m’sp Used as discriminating variable in a binned & e ;’"‘_'__M.* .......... ! ?}:

600 400 -200 O 200 400 600

maximum likelihood fit ' 05 -

m',, [GeV]

o(pp — bbp) x B(¢p — bb)<0.6-4.0pb) |M’bb = def. A
for My in 450-1400 GeV. @ 95% CL e (750 — 500 + o 11— P1) + EpraPrz — P12

9
S. Spagnolo/ BSM Higgs and 2Higgs searches Sep.17th, Taipei, PIC2019




SEARCH FOR HEAVY H IN b(b)H>bb

o(pp — bbp) x B(¢ — bb)<0.6-4.0 pb
for M¢ in 450-1400 GeV. @ 95% CL

sensitive to type Il and Y flipped, for high tanp
=> interpretation in Y model and
several MSSM benchmark scenarios

———— ATLAS ArXiv:1907.02749 ———————

I

<90 -
= ATLAS ~— Obs hMSSM
- ~o Exp hMSSM -
805 Vs=13 TeV, 27.8 fb" - ﬂ: i
M_SSM sce_narios [ ]+26 hMSSM g

70 b 5 (I)—) bb i EXP mhmod+ i~

---- o EXP mh“‘°"' .

Illlllllllll.

()]
K¢ o
"‘"]lll‘llll]l]l] lllllllll]lllll

since Higgs coupling
becomes non-perturbative

10 PN TN T T T TN T T T N T T T A T U AN Y S -I
500 600 700 800 900 1000
m, [GeV]

S. Spagnolo/ BSM Higgs and 2Higgs searches

tanp >50,60 not considered,
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b(b)H>bb VS b(b)H>1T

experimentally easier, published earlier on

(O'(pp = bbo) X B(é — bb) <0.64.0 pb) same (ox B(¢>TT) < 1.0 pb-0.6x10-2 pb for ggF j
r.

for Mg in 450-1400 GeV. @ 95% CL data < 0.7 pb-0.4x10-2 pb for b-ass. p
set for Mg in 0.2-2.25 TeV @ 95% CL
sensitive to type Il and Y flipped, for high tanp sensitive to type Il and X,Y for high tanf
=> interpretation in Y model and => interpretation in HMISSM
several MSSM benchmark scenarios
! | CMS: JHEP 09 (2018)007  ATLAS: JHEP 01 (2018) 055
& _,,I,,,ATLASArXiv:19O7.02749,,,I,,,,_ S e S B e B e B B o e e e
- 90— ATLAS —e— Obs hMSSM | ATLAS Preliminary — Baseline - -- 50 sensitivity |
o N wo Exp hMSSM i Projection from Run-2data 8 + 10 ---- Unreduced sys.
80F Vs=13TeV, 27.8 fb™ - ~ Vs=14TeV, 3000 fb" +20 ----Stat.unc.only |
3 ' Bl £1o hMSSM - 60 hMSSM scenario _JRun 2 exp., 36.1 fb"’ —
= MSahlsendrigs [J#26 hMSSM 1 | (pb) T /"p :
70 — bb¢, ¢-—> bb e Exp m:od+ ] sensi tIVI ty / g ,!‘ y
v Exp PO - < {7 5o sensitivity -+ ¥

H(TT) 40
sensitivity | &7

Illlllll,lll

d"?'IIII]IIII]IIIIIIII

tanp >50,60 not considered,

— since Higgs coupling -
becomes non-perturbative ATL-PHYS-PUB-2018-050
| - I L1 1 1 l  E (S ] | l 1 1 1 l L1 1 1 l E_L ] l-l ’-’" “”‘-_;--‘l l l 1 1 | 1 l 1 1 1 | I 1 ||
19500 600 700 800 900 1000 500 1000 1500 2000
mA [GeV] see more in backup mA [GeV]
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S/(S+B) weighted events / 5 GeV

CMS: arXiv:1907.03152

S EARC H FO R M SS I\/I H > uu An MSSM devised analysis

H/A>-pp is 300 times smaller than Tt but clear signature, close kinematics

Two categories: = : b
1) strictly one b-jets (to avoid large top bkg) h, H, A | hHA
2) no b-tagged jet g g ¥ X
N_o background simulation dominant fortan p <30 gnhanced coupling to down-
Fit to fermions at high tan 3
signal (including all three neutral bosons |E;i, = wy b, + wyFy + waFa 35.9 o' (13 TeV)
with mass and BR dictated by MSSM) CMS ook CLoxsudad:
. serve *
+ smooth analytical shape for the background 50 - Expected =20
L C -
CMS 35.9 fb™ (13 TeV) C [ mp°* scenario, u = 200 GeV
600 All categories = F
o= S/(S+B) weighted S0
500 ¢ Data [
400 | S+Bfit L
B component + 1o (20) 40 -
300 - C
200f- 30
100 : L
= S+B fit for ma=400 GeV — L
- L L L L L L L L L 20_
0 | | | | | ' ' | | similar exclusion for A(MISSM
23 " B component subtracted
10 [ ] mMssM . 125+ 3 GeV
:llllllllllllllllllll]lllllllllllllllll]lllllll

150 200 250 300 350 400 450 500 550 600
m, (GeV)
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SEARCH FOR HEAVY H > uu

Events

—
o
)]
Illllml

Z+jets(LF) — Data
Z+jets(HF) [ ] Uncertainty
[ ]agF (200)

= ATLAS
\s=13TeV, 36.1 fb™
D—up

10* QVeto ]
10° " Single top | |ggF (480)

b-associated and ggF production modes

ATLAS: arXiv:1901.08144

A model agnostic analysis

narrow width
approximation

b-tag and b-veto categories

all background from simulations + control regions

102 o, Diboson [_]agF (1000)
“ﬂm — ]
10 ety
1: m
10_1 _I PR M I P I I T S IS T S RS} uu
c) _I L I | T ] I T l = | [ T I T
2 1.2F 1[ T
) ' 1 1L
% 1%}#{‘} || 11 | i Gev
o 08 e
200 400 600 800 1000 1200 1400
o) N L I
= | ATas , — Observed similar
3 Vs=13TeV, 36.1 fb
?‘ 102__ b-associated production Expected limits for
@ .1— 10 ggF
s} 49 ,
X, *c 0O production
© mode
10
_ Mo
b-associated prod
L GeV
T AN TN SR TR ST S SN WA ST S R |
200 400 600 800 1 000
me [GeV]
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/-L\Ic-) i IA1I_LA§ T T T | T T T T T T T 50 §
?m 1.2[" (s=13TeV, 36.1 ib” =
S ~ observed upper limit at 95% CL =3
o)

< )
g m
s 0.8 30 ge

20
0.4

10
0.2

00

Limit vs mass and fractional

0

400

600 800 1000

m,, [GeV]

contribution of b-ass. production
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SEARCH FOR A/H
IN LESS TYPICAL SCENARIOS
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UNCONVENTIONAL MASS HIERARCHY / COUPLINGS

-------------------------------------------------------

500 GeV Ilght A in (b)A +TT
I/ _____________ \l --------------------------- CMS JHEP05(2019)210
AH* | HH* HHT | ereeeressssssiciiiiininee
o | | H > /A > bb unconventional
7)) | . : .
2 | :A" “May 2019, CMSPAS HIG1g012 ~  [11asS hierarchy
| e light H oy
125 GeV — | — “— | underlying C'I\'/l's"'P'L'B"7'9'3”('2'd1'9”3'2'0 347
| A, physics: e.g.
| ' arXiv:
0 GeV Sresiiike | - 1803.01865
| . [hep-ph] see
I . backup

twisted scenario:
' : degenerate H/H+*
‘e \ /

classical scenario:
degenerate A/H+

in addition, H and A are
typically assumed to be
close in mass

S. Spagnolo/ BSM Higgs and 2Higgs searches

‘e
L]
L
e
L]
LS [
L]
-----
LA ]
--------

------------------------------------------------------------

---------------------------------------------

------------------------------

A>Zh > Ubb
“= CMS-PAS-HIG-18-005

------------------------------------------

A+Zh+(€€/vv)bb

“ ATLAS: JHEP 03 (2018) 174
oep. 17 ul, 1aipei, PIC2019
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Light NEUTRAL A IN b(b)A>T1T

Events / 5 GeV

Obs./Exp.

CMS studied also a less conventional scenario using 36 fb-1 at 13 TeV

1000

800

600

400

—

0.8F

0.6

200}

of
1.4F
1.2}

CMS: JHEP05(2019)210

sensitive to type Il and X, for high tang, in canonical mass hierarchy scenarios

a light Higgs (20-70 GeV) decaying to 1t and produced in association with b-

quarks

selection requires one Tiep and oNne Thad

maximum likelihood fit of tau-pair invariant mass m to extract the signal

strength

CMS 35.9fb" (13 TeV)
AL DL N BN NLELELEN UL UL BLALELE BLELEL BLELEL BLNLIAES
[ 2HDM, oB = 800 pb pt: 1 b tag ]
—  —m, =40 GeV -+- Observed —
- —m,=60GeV B Z+jets ]
mtt i
W + jets —
[ Single t N
[]1Diboson i
[ QCD multijet —

Post-fit unc. n

;"" ++i+i#+**"c*‘a”**’§**é*iii§++*+4*i+4$£

20 40 60 80 100 120 140 160 180 200 220
m,. [GeV]

95% CL upper limit on oxB(A — 17) [pb]

10*

108

107

10
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O
|2
»n

35.9 fb'' (13 TeV)

. 2HDM, bbA

.......... DG T g A RS

B R B R R R Rt R e R PP

gm:+e't, 1b tagg
—— Observed
=---- Expected:
e ibexpe,ime%m expected
experiment

== wrong-sign Yukawa coupling
e SM-like Yukawa doupling
[s] :

 ? Soe® | & 1 1 1
50 60 70
m, [GeV]

tanf >1.6-37.0
are excluded for
Hdd Yukawa
coupling of
opposite sign
w.r.t. SM hdd

10

tanP

tan3 0.6-2.0
and Hdd with
1 SM-like sign
give oxB <
observed limit

16
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CMS 19.7 fb™ (8 TeV)

02 H - yy — Observed

SM-LIKE H> yy AT INTERMEDIATE MASS

CMS: PLB 793 (2019) 320-347

Search in the range 70-110 GeV with 8 TeV (20 fb-)
and 13 TeV (36 fb-1) data

several categories to enhance sensitivity

N \Q
N Gy X B

[ |

- Expected + 1o —:
----- Expected + 20_:

8 TeV -

0.2

m, (GeV)

80 85 90 95 100 105 110
1 CMS 19.7 b (8 TeV) +35.9 fb™" (13 TeV) CMS 4 35.9 o (13 TeV)
CMS IIIIIIIIIIII 3:5:9|fb:(1l3:re|v‘) 16 TT T T [T T T P [T T T T [T T T T [T T T T[T 11 02—""|""i""l""l""|""|""|""_
?9’22000 dlass 1 I I I I 3 : H - YY Ob q ] = - H—- YY — Observed :
g = — o R 1 ]
& 20000 ; = - serve 1 —, 018 ' B Expected + 16
€ 18000 = 5 141 — 3 ¥ : ]
7, 16000 4 = B - Expected + 16 - % 0.16E s Expected + 26 _]
14000 = o= B 1 = - ' . 3
12000 = * 12 T Expected + 2¢ _| = S og % B
10000 = T F 4 7 AN
8000 = ~ B 1 T SRR
6000 E (a8} 1 ~ 4 @
4000 = X L 4 %
2000 bI i 7 (o)
T 40 =, 08 /
8 O
€ 200 =
= 2 -
B 0 - 0.6 -
< 200 o= _
S PRI [T RN S RN NN SR SR TS (N TR T T SN NN ST ST ST S NS S S 3 T e
3 70 80 90 100 10 120 T 0.4 _ -
i (V) D 70 75 80 85 90 95 100 105 110
X
T
©

lllllll

analysis technique ~ SM h>yy

llllllllllllllllllllllllIllll

80 85 90 95 100 105 110
m, (GeV)

A small excess at ~ 95 GeV ( local [global] significance ~2.8 [1.3] )
to be watched out with more statistics
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\; 8 TeV, 20 fb-1 |
| In backup
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SEARCH FOR HEAVY H TO WW ATLAS: Eur. Phys.J. C78(2018) 24

March 2019 CMS: CMS-PAS-HIG-17-033
H >~ WW (VV in general) strongly suppressed in the alignment limit of 2HDM

A > WW and A > ZZ are forbidden (at tree level) if the CP symmetry is assumed
several analyses in the past; the most recent preliminary by CMS (confirming
results of ATLAS on the corresponding data set 36fb-1 at 13 TeV) based on

semi-leptonic and leptonic channels
mass range investigated 200 GeV to 3 TeV

a limited region of the parameter space is probed by this channel

35.9 b (13 TeV) 35.9 b (13 TeV) P .
CM s 95% CL Excluded: . CMS 9£'|‘/oo(;L Exc(:ud-eds:e% e '
Preliminary Dg:::gee: -ggj ZiﬁZEIZﬂ 20 Preliminary ----Exps:cntl:d 95% :)):z:ct:d VV resonance search
o 10T T T T T T A I B L B L BN BN I l
S | 2HDM type 2, cos(B-o)=0.1 | § ,of hMSSM at high mass still a must
16} 1 | see, for example, ATLAS VWV |
14¢ 1 | resonance search inthe
12t ; fully hadronic channel:
1 : . 10F ]

arXiv:1906.08589 in Nadir D. talk |

no explicit interpretation in

N A~ OO @

|

| PRI SN TN T N T T Y T [ i
150 200 250 300 350 400 450

N T T

' [T T T T T .. | .
500 550 80 150 200 250 300 350 400 450 50
my m, (GeV)

||||||||||

107
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STATUS OF A BENCHMARK 2HDM SCENARIO: hMISSM

60

40
30

tan B

hMSSM predictions 20

o with SUSHI including
ggF+b-ass.prod at
NNLO in QcD in 5FNs 10
corrected for extra
contributions
(estimated in 4FNS) to
b-ass.prod according
to recomm. in arXiv:
1112.3478 [hep-ph]

Partial widths and
decays with HDECAY

N W RO

for a discussion of
hMSSM
LHCHXSWG-2015-002

S. Spagnolo/ BSM Higgs and 2Higgs searches

September 2019

=]
=)
-
-
-
-
-
-
——
-

1
200

300 400

-
-

-

new ATLAS combination for PIC-2019

ATLAS Preliminary
hMSSM, 95% CL limits ]

— QObserved
--=- Expected —

1000
m, [GeV]

) HA-w

Vs=13TeV, 36.1 fb™
JHEP 01 (2018) 055
T H-w
Vs=13TeV, 36.1 fo
JHEP 09 (2018) 139
) H—> t
Ys=13TeV, 36.1 fb™
JHEP 11 (2018) 085
[ Hb — bbb
Vvs=13Tev, 278" .
arXiv:1907.02749 [hep-ex] -~
[ H—= ZZ— 4l/ivv
Vs=13TeV, 36.1 fo
Eur. Phys. J. C (2018) 78: 293
gg— A—Zh
Vs=13TeV, 36.1 fb™
JHEP 03 (2018) 174
[ H> WW- viv
Vs=13TeV, 36.1 fo
Eur. Phys. J. C 78 (2018) 24
B H— hh— 4b,

—=bbyy/vy, =
Vs=13TeV,275-36.1f0" _~
arXiv:1906.02025 [hep-ex]

h couplings [x,, k,, k]
Vs=13TeV, 36.1 -79.8 fo”
arXiv:1909.02845 [hep-ex]

2000
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STATUS OF A BENCHMARK 2HDM SCENARIO: hMISSM

60

40
30

20

tan B

hMSSM predictions

o with SUSHI including
ggF+b-ass.prod at
NNLO in QcD in 5FNs 10
corrected for extra
contributions
(estimated in 4FNS) to
b-ass.prod according
to recomm. in arXiv:
1112.3478 [hep-ph]

Partial widths and
decays with HDECAY

N W RO

for a discussion of
hMSSM
LHCHXSWG-2015-002

September 2019

=]
=)
-
-
-
-
-
-
——
-

-----‘ O R W W W W O W W W M o W - -

1
200

CMS: ArXiv:1908.01115, H/A>-tt

S. Spagnolo/ BSM Higgs and 2Higgs searches

-

-

new ATLAS combination for PIC-2019

ATLAS Preliminary -
hMSSM, 95% CL limits

— QObserved
--=- Expected —

1000
m, [GeV]

) HA-w

Vs=13TeV, 36.1 fb™
JHEP 01 (2018) 055
T H-w
Vs=13TeV, 36.1 fo
JHEP 09 (2018) 139
) H—> t
Ys=13TeV, 36.1 fb™
JHEP 11 (2018) 085
[ Hb — bbb
Vvs=13Tev, 278" .
arXiv:1907.02749 [hep-ex] -~
[ H—= ZZ— 4l/ivv
Vs=13TeV, 36.1 fo
Eur. Phys. J. C (2018) 78: 293
gg— A—Zh
Vs=13TeV, 36.1 fb™
JHEP 03 (2018) 174
[ H> WW- viv
Vs=13TeV, 36.1 fo
Eur. Phys. J. C 78 (2018) 24
B H— hh— 4b,

—=bbyy/vy, =
Vs=13TeV,275-36.1f0" _~
arXiv:1906.02025 [hep-ex]

h couplings [x,, k,, k]
Vs=13TeV, 36.1 -79.8 fo”
arXiv:1909.02845 [hep-ex]

2000

20

Sep.17th, Taipei, PIC2019



BEYOND 2HDM

Search for Higgs in next to minimal models
Higgs portal to a secluded sector
LFV Higgs decays
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BACK TO GENERALITIES OF BSM HIGGS

Any extra scalar ?

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
* *

SM+s
comes with many
CAVEAT a compelling
see, for example, .
arXiv:1409.0005 constraint
______ custodial SU(2),
l.e. p~1

see Panico @ EPS-HEP2019

S

4 s can be dark matter or can couple
O 2nd step to a hidden sector any scalar multiplet
<t ordor Dark matter must satisfy I(I+1)=3Y2/4
l.;];tzad r \
S O\ > h SHDM+s the easiest solL_/tions:
EW vacuum IS viable Su(z) dOUb:f: with Y=x1
out of eq. phase transition (Sakharov ~simple and . . .
condition) not really possible with SM theoretically SU(2) singlet s with Y=0
potential (smooth crossover) tivated
a new scalar s allows for a 2-step EW phT motivate \ All the known
EW baryoge"95|5/ reasons for 2HDM

gravitational wave signatures (LISA, future interferometers)
S. Spagnolo/ BSM Higgs and 2Higgs searches Sep.17th, Taipei, PIC2019
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2HDM+S SIGNATURES AT LHC " oo™

scenarios
ATLAS:PLB 782 (2018) 750, hsu>aa>jjyy CMS: PLB 795(2019)398, hsy>aa>bbup  see in backup
in backup ATLAS: JHEP06(2018)166, hsm>aa—>4leptons CMS: ArXiv:1907.07235, hsy>aa—>pp+2tracks
in backup ATLAS: JHEP10(2018) 031, hsy>aa—>bbbb CMS: ArXiv:1905.07453, H+->~W+-a>ppp/pee
ATLAS: PLB 790(2019) 1, hsy>aa—>bbup and many others
several processes allowed in non-minimal
A supersymmetric SM and the lepton
500 GeV 4 h specific and flipped 2HDM+S (a 2HDM

model extended with a scalar singlet)
3 CP-even, 2 CP-odd, H+,H-
no S-fermion Yukawa couplings

mass

if a1 mass < 125 GeV, a1 has large S
125 GeV . - component

a HH*

. ] production via ggF and associated b
0 GeVE /v production highly suppressed

next-to-minimal SUSY models h-> asa1 is accessible

h couplings measurement still allow

Models with dark matter in a secluded el for B~30% to non-SM particles

sector

T — .
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STATUS OF A BENCHMARK 2HDM+S SCENARIO: type Il tan3=5

December 2018 ~ PIC-2018

useful to get a feeling of the channel relative sensitivity
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see ATL-PHYS-PUB-2018-045
for constraints on many
alternate scenarios

ATLAS Preliminary

Run 1: {s =8 TeV, 20.3 fb™
Run 2: {s =13 TeV, 36.1 fb™

2HDM+S Type-11, tanf3 =5

= === expected =10
observed

Run 1 H— aa— pptr
arXiv: 1505.01609

Run 1 H— aa— yyyy
arXiv: 1509.05051

Run 2 H— aa— ppuu
arXiv: 1802.03388

Run 2 H— aa— yyjj
arXiv: 1803.11145

Run 2 H— aa— bbbb
arXiv: 1806.07355

Run 2 H— aa— bbup
arXiv: 1807.00539 see backup

CMS: ArXiv:1907.07235, hsy>aa—>pp+2tracks
CMS: ArXiv:1905.07453, H+->W+-a>ppp/pee
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https://cds.cern.ch/record/2650740

STATUS OF A BENCHMARK 2HDM+S SCENARIO: type Il tan3=5

December 2018 ~ PIC-2018

useful to get a feeling of the channel relative sensitivity
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S. Spagnolo/ BSM Higgs and 2Higgs searches

see ATL-PHYS-PUB-2018-045
for constraints on many
alternate scenarios

ATLAS Preliminary

Run 1: {s =8 TeV, 20.3 fb™
Run 2: {s =13 TeV, 36.1 fb™

2HDM+S Type-11, tanf3 =5

= === expected =10
observed

Run 1 H— aa— pptr
arXiv: 1505.01609

Run 1 H— aa— yyyy
arXiv: 1509.05051

Run 2 H— aa— ppuu
arXiv: 1802.03388
~ Run2 H— aa— yy)

arXiv: 1803.11145

Run 2 H— aa— bbbb
arXiv: 1806.07355

Run 2 H— aa— bbuu
arXiv: 1807.00539

see backup
CMS: ArXiv:1907.07235, hsy>aa—>pp+2tracks

CMS: ArXiv:1905.07453, H+>W+-a>ppp/pee
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https://cds.cern.ch/record/2650740

ANOTHER CLASS OF MODELS: HIGGS PORTAL TO A

SECLUDED/HIDDEN/DARK
T s SECTOR

IS

o N N N EE E S S EEEEEEEEEEEEEE==s.

particles of a hidden sector neutral
under SM gauge interactions :

|
|
W !
|

------------------------------------

I
|

L4

) 2. -
----------------------------

Run 2 H— aa—
arl)l('i‘v: 1802.0?:388 HHe nOt On/y H—>aa
ATLAS: JHEP06(2018)166, hsm>aa—>4leptons

' see in backup

constraints on the parameters of a
Hidden Abelian Higgs Model
(HAHM)
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for mp in 125 - 300 GeV

h/H"Xy >V + Invisible CMS: ariv:1908.02699

X = INass / eSS Da g k P h O tO n in the realm of a secluded dark matter sector

H produced in association with a Z decaying leptonically

137 fb-1 at 13 TeV

~3,4xSM prediction

main background: WZ (or ZZ) -> eveZ (eeZ) with the electron reconstructed as a photon (the second
e not reconstructed, undetected); next top, WW, etc

binned maximume-likelihood fit to mr distributions in 2( |ny|< or >1) signal + 2x3(WZ,ZZ,top) control
regions

137 ™ (13 TeV) - —— o 137T07(13TeV)
= Q b -
5 20 - CMS ! & Data | | 7 = g CMS — Observed .
E i nzz 1 E i . B 68% expected i
o ! Ml <1 wz . > rZH — 2|+p:“ss+'Y ---- 95% expected
Lﬁ 15| Bvvw — = i _ _
: WV ' L 0.1x osm(ZH)  Assuming SM production
_ Bl Top quarkiww e e 1  cross section for
10l 2\ Bkg. unc. H Q
; —Z(I)H,, (v #7) (0.1x o )+ bkg. 1 g mn=125GeV
_ —Z(II)HZOO(YDW) (0.1 x oSM)+ bkg. : bN @(H+Y+maSS|eSS
» | 2 C :
5 _ 10 invisible particle)>4.6(3.6)
. % is excluded at 95%CL
I M L
00 100 200 300G L1 L L L 1 1 1 Il L L
my [GeV] m, [GeV]
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Higgs portal to Hidden Sector via Yukawa couplings to WIMPs

|NV|S|BLE HlGGS DECAYS Aias: PRL122(2019) 231801 CMS: PLB 793 (2019) 520

T T |
ATLAS

\s=7TeV, 4.7 b’
(s=8TeV, 20.3fb™
{s=13TeV, 36.1fb™
m—— Observed limit
swssss Expected limit +1o
...... Expected limit +20
All limits at 95% CL

—
III|I

Searches for invisible decays of Higgs
produced in VBF (CMS, ATLAS), in
association with Z(ll) or Z/W(hadrons)
(ATLAS) in 36 fb-1 at 13 TeV (and combined
with 7 and 8 TeV data)

) +0.07 0
| CMS: B < 0.19(0.15) @ 95% CLl ‘ATLAS B<0.26 (g;lzc't%gd @95% CL V(had)H Z(ep)H _ VBF _ Combined Combinedtombinedl
Run 2 Run 2 Run 2 Run 2 Run1 | Run 142

o
(o

o
»

©
N
TT T T 1T

Upper limit on BH- iny
o
(o))

o

Interpreting H>invisible as

H>yx (x=WIMP fermion ar scalar) jn an EFT & E ATLAS
approach and using = O 308 0. 01 8 g = Babie-lrr:/\;ad <024 s=7TeV, 4.7 fo"
=> limit on the WIMP-N ch§.s section _2-1 0_40; Al imits at 90% CL ?= ?;—-?-V\’,zgg:t;;q
v = S= ev, .
ﬁeoent recasting of results from a \ % .k H tal
. L . = . iggs portals
2&2@2 Af§|r.| lséo1p8%%|g production in . . ;1 0_42 A &% Scalar WIMP
: -18- t .0 T == Fermion WIMP
t 0 . \ Other experiments
0 .. 44 Cresst-ll|
_____ % N # 1077 -+ DarkSide50
, ’ === LUX
————— 0% X "y oo o PandaX-ll
] ] 1 0—46 === XenoniT
36fb'1 at13TeV t t ,lll 1 1 lllllll l..:-’l-llllll2 1 1 Illllll3 1 1 IIIIIII4 1 1 L1
: see similar
k B(H — inv) < 0.46 (0.48) J interpretation 1 10 10 10 m 1O[GeV'
from CMS. WIMP = 28
in backup P1C2019

S. Spagnolo/ BSM Higgs and 2Higgs searches



F40 [ R R B B B I I A L

E = ATLAS Preliminary s=13TeV, 139fb1 -
<~ 600 -
= + @ - ¢ Data ]
L FV D ECAYS n h eu ..E 500 —— Background model =
= 400 — Signal (H—> ep BF=0.05%)_E
ATLAS preliminary search for h->eu decay with E
full Run2 statistics 139 fb-1 at 13 TeV BleHest 1 = z
(0.4 + 2.9 (stat.) + 0.3(syst.)) X 107> 3
8 categories of events corresponding to : .
different mey resolution 100:A ATLAS-CONF-2019-037
Combined fit of to the mey binned spectra B
. = 40
Background (mainly from top-events) from T2 ’ . i +++
data (sidebands) I :§§ ﬂm + ﬁﬂH +H‘+++++++++ ! +++++++ t ++++
G _6$ 10 115120 125 130 735 140 145 '1'5b' 155 160
> en [GEV]

Indirect
| 107 et

constraints rely =

on SM values -

B(H — ee)<3.6x 1074 (3.5x 1074

for the yet -5 -5
unmeasured 1074 5e B(H — el.l)< 6.1 x10™ (5.8 x 107)
Yee, Yy -
p e Y H— pr <025 (0.25)% 0.47% (0.34%0-13 %)
Y . H—er <0.61(0.37) % 0.28% (0.37+9-14 o)
nterprotation 10 morein  CMS; JHEPO6(2018)001  ATLAS: arkiv:1907.06131
accoraing to L0l PENIRET Backup
JHEP03(2013)026 107 10 10 10 see also heavy H (200-900 GeV) in
Y | toteorty CMSPASHIG-18-017 backup )

pne
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HIGGS PAIR PRODUCTION
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WHY DOES HIGGS PAIR PRODUCTION MATTER ?

SM prediction for 2H production (in ggF) known to NNLO + NNLL (QCD) and top-quark mass
eflectatNLO 5oy = 33.537427(QCD scale) & 5.9%(other) fb

PDF uncertanities
as uncertanty
top-quark mass effect

Higgs potential (non-resonant):

a key/unknown parameter of the EW SSB mechanism: trilinear Higgs coupling gives
contributions to Higgs pair-production

? ,? ’ Precision electroweak observables
— — 2 2 o’ (oblique parameters: S,T affected via
>\HHH >\SM Mh /(2V ) === =< A virtual loop by AunH) imply
\\\ ArHHIAsmin [-14, 17.4]
.. PRD 95, 093004 (2017)

BSM physics (resonant, non-resonant):
resonant or anomalous Higgs pair production foreseen in various scenarios:
2HDM
Hidden sector models
bulk RS models
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PROBING THE HIGGS POTENTIAL

in the SM top-loop and 3-linear Higgs i | T ::E:> _____ ‘
ling di the dominant |
coupling diagrams are the dominan (@) @ ) )

contributions
Kt = Yi/Vism K\ = AHHH/Asm
large negative interference ! Total strength modified in EFT

cross section depends heavily on

the intensity of Axmk Z:;?’Zg i:;g Co ..
a general strategy: probe the Higgs I I :::,ID
potential via non-resonant production

iIn an EFT approach with dim-6
operators

new couplings in EFT
Phys. Lett. B 732, 142 (2014). max int. at kKx=2.4

T

I I I I I
HH production at 14 TeV LHC at (N)LO in QCD
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

CEN|

modifiers for the couplings (Higgs-
top and trilinear Higgs) in the SM
diagrams + 3 new couplings;

5 parameters overall

MadGraph5_aMC@NLO

-4 -3 -2 -1 0 1 2 = 3 4

total cross section vs K 32
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PROBING THE HIGGS POTENTIAL
PRECISION HIGGS MEASUREMENTS AND AHHH
ATL-PHYS-PUB-2019-009

single Higgs differential production (cross section and kinematics) and decay
measurements provide insight onto Higgs self coupling via loop corrections

decay channels vy, ZZ*, WW?*, Tt and bb studied at 13 TeV with up to 80 fb-1

following: 1709.08649 [hep-ph]
. singling out the effect of Higgs self-couplings

g EW v\
NLO ew corrections
for ky=kr=1 \

modifiers to Higgs couplings to vectors or fermions

_I TTT I T TTT I LB | 1T I T TTT I IIIIIIIIIIII > 1.5_[ 1T | T TT I T TT I T 1T I TTTT l 71T I T TTT TTTT
- ATLAS Preliminary X - ATLAS Preliminary
Ar A4 {s=13TeV,36.1-79.81b" 1.4~ {s=13TeV,36.1-79.81b"
. m,, = 125.09 GeV, x, = 1 J g M= 12509GeV ke =1
“r free Kf and K e
i : f A g free Ky and K)
L1l L1 11 L1 11 I . L1l L1l L1l 1 . —_ ---------- __ 1.2__ . _
= kv=1 . - k=1 ~ g
LA 'I' \\‘ ] 1.1__ . ',"__—
3 =. L i A
— t 0.9F * sm - 0.9 * sMm .
| - 4 BestFit 1 - 4 BestFit ]
| 0.8~ —68%CL IRREEEETE ’ - 0.8 —68%CL 3
A ‘ o H : "'95°/°CL : : '-'95%CL :
I 0.7—1 L1l l Ll 1l I Ll 1l I L1 11 l Ll 1l I Ll Ll I Ll Ll I L1l ]_ 0'7_l L1l I L1 1 1 l Ll 1l I Ll Ll I Ll Ll I Ll 1l l Ll 1l l Ll l_
l/\HHH -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
<« l KA KA
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ATLAS: arXiv:1906.02025

best sensitivity

Several categories used in

PROBING THE HIGGS POTENTIAL

COMBINATION OF CROSS SECTION MEASUREMENTS
13 TeV, ~36 fb-

7.4%
33.6%

CMS: PRL122 (2019) 121803

channels \ bb)/)/ B(HH>bbyy) =0.26% S/B=5%
>1t>had DbTT B-=

0.4%
~1%

bbV\V, in bbllvv or bblvlv, V=Z or W B =27%

many of the analysis to bbbb @ B-=
maximize S/B
Discriminants: WW~Ivaa pb N/ W
muH, Myy, BDT, ev. counts
WW~~Ivaa yyWW
Py 107 LA AR AL AR
o ATLAS — NR HH¥, =5
E 108 Vs =13TeV, 36.1 16’ - - NR HH, = 1 WWWW
S HH — bbt*t I-:-I ¥R HHka= 10
op-quar .
Lﬁ 10° Thadthag 2 D-12QS :I]Zet_)Th d(;;abkgs (M)ultl jets) 5 |ept0nIC (nO
C1Z-1t+ C,CC 3
10* =gh:r"h o fakes (t) E .tau) and (l)’tg}a{v\e/d 78.6xSM
] — EﬁM riggs - semlleptonlc Expected 88.8xSM
— Uncertainty 3
102 Bt e Pre fit background - final state bbbb
o z S
bbrt

100 E e LTS E;
1027777 -
II|IlI|IIIIIIIlIIIIIII|III|III|III|II§
-0'l _I T | T TT | T TT | 17T | T TT | T T T | 1T |I I|III|III—
o 1.2
% 174//4///////)///////%//// ez /Z
+— 0.8
© Ll E
= - —08—06—04—02 0 02 04 06 08 1

BDT

S. Spagnolo/ BSM Higgs and 2Higgs searches

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined

Observed 22.2xSM
Expected 12.8xSM

S/B ~0.1%

95% CL on o, /o)

6 78910

35.9 fb"' (13 TeV)

gg—HH

—e— Observed

- -- - Median expected

I 68% expected
95% expected

20

30 40 506070 100 200 300 400

Sep.17th, Taipei, PIC2019
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o(pp = S — HH) [pb]

BSM PHYSICS: RESONANT PRODUCTION

COMBINATION OF CROSS SECTION MEASUREMENTS

ATLAS: arXiv:1906.02025 13 TeV, ~36 fb- CMS: PRL122 (2019) 121803
bbWW yyWwW Wwww bbyy bbtt bbbb + bbWV, in bblivv or bblvlv, V=Z or W

narrow width approximation

10 ~s \s=13TeV, 27.5-36.1fb"

limits limits

L L L

— WWWW  — WWryy

L L LA

-----

i ATLAS Spin 0 7

. EXp.95% CL __ Obs. 95% CL

107" 3
102 DBest
= bbwy gnsitivity bbb
3x10° 10° 2x10° 3x10°
mg [GeV]

ATLAS interpretations (in backup)

EWK-singlet model: an extra singlet in addition to the

SM scalar doublet
hMSSM a benchmark MSSM model

S. Spagnolo/ BSM Higgs and 2Higgs searches

CMS 35.9 fb" (13 TeV)

 spin0

e
o
w

Observed EEARRS oo

) b { - - . Median expected -
: ' ' : [ 68% expected

............ o, ........ ] 95% expected

—
o

95% C.L. limit on o(pp—sX—sHH) [fb]
3

: : R A :
300 400 500 600 700 1000 2000 3000

m, (GeV)
@s also looked at another final state:  CMS PAS H|G'18'013\
HH>bbZZ>bb | 13 TeV, ~36 fb-1
>bb # vv (more in backup)

Search for resonant production: no BSM Higgs interpretation
Radion (spin 0 excitation in warped ED models)

Graviton Spin 2 KK-excitation
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PROBING THE HIGGS POTENTIAL

COMBINATION OF CROSS SECTION MEASUREMENTS

ATLAS: arXiv:1906.02025 13 TeV, ~36 fb-

EFT theory prediction
Limits on oggr from a statistical bbyy Minimum at kx=2.4 corresponds to the
interpretation of data based on ki bbt1T minimum o, maximum interference

CMS: PRL122 (2019) 121803

dependent cross section and (fully bbbb
simulated) HH decay kinematics. /

‘ _ Observed
Scan on kx with all other EFT param.s fixed at SM values. (expected)
3 10_||||||||||||||||||||||||||||||||||||||||||||| allowedrangeatQS%
Q - : 4 |~~~ Exp. 95% CL limits C.L.
T i : 1 | — obs. 95% CL limits -11.8 <Kk <18.8
I i O | . (—7.1 <Kxn < 13.6)
! ! — bbbb — —
1= —
g i
L - 1 Extrapolation to HL-LHC
5 ot TeV, 3ab-"
bm - Allowed x, interval 1 1 (14 TeV, 3ab-"} .
10-1k-2at 95% CL _ Comb. Ka= 1 (0) Wo.uld.l:?e determined
" Obs. Exp. - - Comb. +16 (exp) with a significance of
- (Exp. stat.) ATLAS ] ~3 (4.5) o (stat@syst) per exp.
" -5.0-12.0 | -5.8 -12.0 S =13 TeV ] Comb. =20 (exp.) assuming upgraded detectors
- -5.3-11.5) | 1]
10_2 11 I 1111 I 1111 |( 1111 1 11 I)I : 111 | 1 I2I7l.|51- :I3§.|1I flbl 1| | L1 — Theory predICtIon ATL-PHYS-PUB-201 8-053
20 -15 -10 _20 ...... .. 10, 15 20 \ CMS PAS FTR-18-019 J
Ky

Allowed k) range
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HH>bb ¢v v

\\*M/M//

PROBING THE HIGGS POTENTIAL
ANOTHER SEARCH FOR NON-RESONANT HIGGS PAIR-PRODUCTION

ete-, utu-, etu-, eu+t + =2b-jets

13 TeV, 139 fb-1
ATLAS: arXiv:1908.06765

Search optimised for bbWW (largest BF) but bbZZ and bbtt included in the signal
Main background: Top (tt+Wh, interfering), Z(ll or tt)+HF

S. Spagnolo/ BSM Higgs and 2Higgs searches

: : o . 45 SF
Main S/B discriminants: mes, my, global properties of the event: dun >0:45S
>5.55 DF
4 H 4 110-140 GeV 20-60 GeV \v
H é / pi = probability for the event to
— ln [ ( + i i )] be HH, Top, Z(Il), Z(tT) according
% dH H PHH / PTop T PZ-t¢ T PZrt to a 4-output DNN classifier
_b % %0 ATLAS I I I - ;Data ] g’ :: i ATL;IQS l *ll " ?:;a ] | ,:g 107 A]TLAS ] | | ; ?L)a;a S
R ol LS E P | 2 Ly peeen D | LT ewoent D8 ] 35inputs,
2 SR, SFsDF andno mecut 0 5 1of SR,SF+DFandnomycut o0 | 105 L SR SFsDFandno ducut 1y, o) 2 layers,
& 30 Yok | =P 125 nodes/
Mbb - 1 layer
20 + ® my
6
10 4 :
2 :
0 0 :
'8 1.5 '8 1.5 8 I T - §
1.25 1.25 1.25 §
0\‘; 10 w&\$\*\\}\\\ NN \*\\k& % 10 % REIN §M\NN\\\\\ \
s w7 © i 1 1 a1 1
a 05, 100 140 180 220 26([)G \:/ai)o a 05, 50 60 70 G V] Q05 75 3 a1 1 9 d\11
m,, |&Ge m, [Ge HH
SR Same Flavour SR Diff. Flavour
Event Yields \
?jtt:lBkg. 14.9122.1 4.9i1.2 Limitono (gg — HH) ~ 40 osm @ 95% CL
Top Scaling factor for 4814 38=xll1 > T Eroetd Tl 125 Obsorved
Z/y*+HF : 78+14 021£0.05 —20 -lo  Expecte o +20 serve
other Top and Z+HF from data in CRs 23105 09404 o (2g — HH) [pb] 05 06 09 13 19 12
HH (x20) * \ 50£06 48+0.8 o(gg > HH) /c™M(gg > HH) | 14 20 29 43 62 40
Post-fit Normalisation
4iTop = 0.79 £ 0.10 | 1z iE = 136 £0.07 \_ )
37
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ATLAS-CONF-2019-030

HIGGS PAIR PRODUCTION VIA VBF

6(SM)=1.73 fo @ N3LO 126 fb-* at 13 TeV

limited sensitivity to AHHH
compared to ggF
unique opportunity to
access cay(=1 in the SM)

Higgs >bb only q

VBF q q
|A77 | >5 mYBY S1Tev +4 b-tagged jets

JJ
o 105E T T T T non resonant o studied for all couplings to SM values and
O = ATLAS Preliminary ¢  Data2016-2018 :
2 - I Mutijet varying Cav
¥ 10*Lt Vs=13TeV, 126 fo — o | |
2 = Signal region B Non al-hed resonant study against two spin-0 benchmark models:
:>j 103;_ [] ggF non-resonant HH broad Wldth,
- Po.st-fit uncertainty tanB:Z, Sin(B'Q)=0.6 < ]
102 E 2 Spin-0 narrow resonance (800 GeV) 8 ATLAS Preliminary
: narrow width, F=4MeV  -200 =010y 1261
= - Multijet background in SR+VR+SB
dominant background 1501 4
obtained by reweighting a —
, 2b+2) sample
g :
- ___ signal region T 1001
§ validation region — !
control region T *
200 300 400 500 600 700 800 900 1000 50 100 150 200
m,, [GeV] mg< [GeV]

the discriminant: 4b invariant mass 38
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ATLAS-CONF-2019-030

HIGGS PAIR PRODUCTION VIA VBF

o(SM)=1.73 fb @ N3LO 126 fb-1 at 13 TeV

limited sensitivity to AHHH
compared to ggF
unique opportunity to
access cay(=1 in the SM)

Syerl PP— Xjj— HHij) [fb]

Higgs >bb only
/
VBF VBF q :
|A | >5 m:7 >1TeV +4 b-tagged jets
J J JJ
+_ I I I I I l I III I I ] B I N l i '3‘ :Et I I T T T I I T I I I T T I I I I I I I T I I I E
.0 " ATLAS Preliminary ~ —— Observed limit (¢5% CL) | = . ATLAS Preliminary — Non-resonant signal -
= E I = - —— imi 0 =
- {s=13TeV,126f" ... Expected limit (95% CL) - T 10E (s=13TeV, 126 0" Qoserved imit (95% CL) - =
- HH— bbbb R T - HH—>bbbb = v Expected limit (95% CL) 7
10 E - Expected + 1o —= Q 104 - —
= Spin-0 narrow resonance - = | Expected + 1o =
N Expected + 20 7] b - -
3 > B Expected *+ 20 .
10°E E ©10° = =
107 E 107 -
10¢ = 10E ~
1__ llllllll l I - l Il 1 1 l Il 1 1 I ) - J 0 - l lllllll : E E
200 300 400 500 600 700 800 900 1000 15 l l I I l —
| | My [GeV] 4 -2 0 2 4 6
slightly looser constraints for a Cyoy

broad resonance at 1 TeV ‘C2V < -1.02 and ¢y > 2.71| excluded @ 95% CL
39
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CONCLUSIONS

The puzzles of the SM are likely to be related to the scalar sector

No signs of deviations from SM so far, but still large room for data
reconstruction and analysis improvements, new model testing, new
data interpretation ...

LHC Run2 potential still to be exploited

from Run3 to HL-LHC, a long path for a deep scrutiny of tiny
effects

Find full list of available and future results in
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/
HIG/index.html
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For backup

Events / GeV

Significance

ATLAS: JHEP 01 (2018) 055

CMS: JHEP 09 (2018)007, heavy MSSM H>TT

sensitive to type Il and X,

HEAVY NEUTRAL H IN b(b)H>TT  fortisntans

experimentally easier that H->bb, published by ATLAS with 36 fb-1 at 13 TeV
mass range 0.2-2.25 TeV,

TepThad = Y= 10781 top, Z(tT)+jets, multi-jet are the

constraints already from LEP and Tevatron

4 categories: “no bjet largest backgrounds depending on

ThadThad Y= 107/€1
~Shno b-jet €vent category

upper limits on oxB between 1 and 0.6x10-2 pb for ggF and 0.7-0.4x10-2 pb for b-ass. production

best S/B discriminant:

Q B 1 1 I I 1 I I \ I I I I I I 1 | 1 I I I I I ) I ] I 1 I I I I I 1 I I | | o
. - Vs=13TeV, 36.1 fb™ - - Expected Projection from Run-2data [ =+ 10 ---- Unreduced sys.
(from 11,12, E-I-mlss) - hMSSM scenario W=+1o . " Vs=14TeV, 3000 fb" +20 ----Stat.unc.only
60— H/A — ©c95% CL limits 20 _| B0 hMSSM scenario __]Run2exp., 36.1 fb" —
T T T T 4 T T T L e / _ - < — 7 77/ / 7, y, 7 77/
105 | ATLAS (s=13TeV,36.1fo" e Data N EN . 4
TiopThag b-Veto — e NS L~ ATL-PHYS-PUB-2018-050
10* ozly*—i N7 ES N 7
T B N il >/ /
10%E gD(i’:oson N %—"' /Y L g
—AHE0 3 AQ=7 & - 40~ 50 sensitivity ---» .
102 «=x AIH (500) N7 ! K
7 Uncorsinly N7 & 1 >HL-LHC
10— N |
1B N W
1o . 20 - 20
S T NV hMSSM . .
10—2 e e T o _\\\ 4
T e T e | B
0 E-l < .—.ﬂlrir —%——l—f | 4’ | | . | . | y | | ] | ! T (| P R T N N T T S S N
R 500 1000 1500 500 1000 1500 2000
70 100 200 300 500 800
mit [GeV] m, [GeV] m, [GeV]
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For backup

CHARGED HIGGS TO FERMIONS: tb or TV

for my>my
r dominant H=>tb
production/decay
mode ] CMS PAS HIG-18-004
g t

CMS PAS HIG-18-015
----- ( ATLAS: JHEPH (2018)085

g QY b g— '
S 40f

30

o X B < 9.25t00.005 pb. 20}
s !
200 GeV to 3 TeV. E
E

3_

ol

F

0.6}

CMS: JHEPO7(2019)142
ATLAS: JHEP09(2018)

H*— tv,tb
d-
mie

s =13 TeV
36.1 b’

S~

ATLAS

95% CL, exclusions

Observed, tv

— - Expected, v

Observed, tb

\ATLAS:JHEP11(2018)085 E

1’|~an||||||1—

PR R

----- Expected, tb

S. Spagnolo/ BSM Higgs and 2Higgs searches

| S | I | |
200 400 600 800 1000 1200 1400

m,;- [GeV]

for mp<my
dominant H=+ +m
decay
mode

39

N—
o X B <5 to 0.005 pb

R

80 GeV to 3TeV

ATLAS interpretation in a
MSSM benchmark (type )
combines searches for
decays to Tv and

decays to tb

see the different roles

in the plane tanB-mmu.
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For backup

CHARGED HIGGS TO FERMIONS: tb, TV

for mpu>mt for mp<m
N — .
dominant Hx>tb complementary channels H+>Tv dominant decay \
productlo(r;/ decay ‘ production mode: tH associated production
mode _
g f (resonant or not) or top decay
MR ATLAS: JHEP09(2018)139
! b
ATLAS: JHEP11(2018)085 H<
Y t
g \RQQQQQW > b J
MSSM: g, F T 2
mhmod— \ 30}
20} ATLAS ATLAS
101 95% CL exclusions — 10E 95% CL exclusions —
: H:n_o;_w'tb [ ] Observed, wv - ? H*— tvitb [ | Observed, wv
I My, — - Expected, v i I hMSSM — - - Expected, tv
3 :\g? :31TeV [ ] Observed, to . 3r :\g? :§1TeV [ ] Opserved, to
20 s 000 === Expected, tb 7 2f /~~—. = Expected, tb
06: | |TT 0.6 [ a\|.

NN\ TR B RN NN T B
800 1000 1200 1400 200 400 600 800 1000 1200 1400
m,; [GeV] m,;- [GeV]

200 400 600
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for mp>mt
N\
r dominant H+>tb
production/decay
mode JHEP11(2018)085

For backup

CHARGED HIGGS TO FERMIONS: tb, TV

for mu<ms

e

complementary channels
production mode: tH associated production

JHEP09(2018)139 hadronic-t decay +/epton or +jets

H=>T1Tv dominant decay

(resonant or not) or top decay

~

Fraction of events / 0.1

profile likelihood fit of a binned distribution of a BDT

0.5

0.4

0.3

0.2

0.1

- 0.6

many signal regions

(9¢ +high mult. of (b-tagged)jets

IIIIIIIIIIII

01"208 06 0402 0 02 04 06 08 1

FrrrjrrrJrrrJrrrJrrrJyrrr[rrrrrrrrr1

ATLAS Simulation
£¢,>4j3b

[] Background (8DT 200 GeV) :
------ H* (BDT 200 GeV) -
[] Background (BDT 800 GevV) 1
------ H" (BDT 800 GeV)

BDT output

output

J

Ermiss trigger

mass hypothesis dependent BDT output
to discriminate signal/background

depending on t-decay

- ?<'1'Q3 """ RAARIRERES RARENREER RARAN EERAN RRRRE RELL
© 5k ATLAS e Data [ MisiDj -t
£ 4: Vs=13TeV, 36.1 fb" ----H200Gev  EEMisID e/ -t
o - t+iets signal region H 400 GeV  [JW/Z+jets
2 3:_ t+jets signal region )it & singlotop [ Diboson BDT |
) output In
0' — "_:_"_T_.-......=|..‘........-.?........... v <2 example
14— i
(% 1.0t |:]Uncerta|nty ! l ! I ! I ! Slgr.]al
E 1 region
S 0.8
0.6

|0' X B =29 3.0)pbat mgyg+ =200GeV to o X B =0.070 (0.077) pb at mg+ = 2 TeV

95% CL exclusion limits

S. Spagnolo/ BSM Higgs and 2Higgs searches

00102030405060708091

BDT score, 200 to 400 GeV

(for mpys = 90-2000 GeV

o X B < 4.2-0.0025 pb
@ 95% CL
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for mp>m;

r dominant

mode
g

production/decay

Preliminary CMS result HIG-18-004,

arch 2019
rtp

For backup  gusasticias

CHARGED HIGGS TO FERMIONS: tb

Events

Many signal regions

(9¢ +high mult. of
(b-tagged) jets

CMS PAS HIG-18-015
ATLAS: JHEP11(2018)085

~

s CMS Ppreliminary 35.9fb" (13 TeV

107 E | T | | T | | |

; Single electron Background-only fit
107 & ¢ Data [] V+jets,vV

E Bl tiw.t+Vv [ tt+b(b)
10° ;_ I tt+cc [ ti+if

E ---- H" 500 GeV (o = 10 pb)

L Post-fit unc.
10°

QQOOQQA,

H* — tb single and dilepton
MSSM m"°" scenario
10 —
A
M SS M . 95% CL upper limits 1
" — Excluded
Mh mod- § 0 e Median expected
[ 68% expected
2 [ ]95% expected

L4 miSSM . 125 + 3 GeV

o5~ TR
04r TS
0. 3 1 1 1 1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400
m,- (GeV)

Updated in July (HIG-18-015)
with the addition of a fully
hadronic analysis

Note: the region below the
red curve is excluded if the
observed Higgs is the CP-
even h with m=125+3 GeV

@ 95% CL

o X B < 9.25 to 0.005 pb.
leptonic + hadronic channels

I'4
200 GeV to 3 TeV.

Consistent with ATLAS results
in backup
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for more g
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1 IIIIIII| 1 IIIIIL|_| 1 IIIIILL| L

10
108 Erveeeeee
102
1.05-
i 4 | ) |
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0.95+ . . . . . . . .
e A i A L
10° CMS Preiiminary 35.9 b (13 TeV)
T I L I L l LI I LU I LT I L I T rrr I LI
. Single electron ¢ Data [ V+ets,VV
10" & 5j23b B LW Y [ f+b(b)
10° I tt+cc I ti+if
---- H* 500 GeV (o = 10 pb)
10° Post-fit unc.

01 005 0

005 041 015 02 025

BDT discriminator
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For backup

CHARGED HIGGS TO FERMIONS: tb

for mu>mt
f dominant Hﬁtb\ _ CMS Preliminary 35.9 fo' (13 TeV)
productlon/decay _Q IIIIIIIIIIIIIIlllllllllllll
mode 2 95% CL upper limits T
g L i = 10 -e- Observed -
\QRQQOQY. = .--Median expected ]
- ; ) Il 68% expected :
"""" < ﬁ: 95% expected B
Y g = 1 .--Median expected, hadronic |
uw -— J Q 2 . ---Median expected, single lepton =
t; - --Median expected, dilepton -
HIG-18-004, March 2019 I o _
Updated in July 2019 10—1 . TN e
CMS PAS HIG-18-015, = e
with the addition of a fully E ...............
hadronic analysis - S
@ 95% CL 102k H >t -
o X B < 9.25 to 0.005 pb. - Leptonic + hadronic final states
( \ —llllllllIlllIIlllIllllIllll
200 GeV to 3 TeV. 500 1000 1500 2000 2500 3000
leptonic + hadronic channels m . (GeV)
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CHARGED HIGGS TO FERMIONS: TV

for mu<mt

r dominant

production
mode

)

J

_, 10
mr(ty/€) =/ 2p1(T/DPE[L — cos Ad(Fr(Ty/6), )],
1
) » 1.5F
_. CMmMS SBILBTY) L CMS 3591 (13 TeV) g :
o) [T B
S 10g iooc | s |
> 8 - = -
z B 50 O 05F
; ] ] - MSSM: 0
T F o 401~ mpmod-
Ez | All final states combined i
4 107E 30F
(o) C 95% CL upper limits i ]
" _e— Observed L 95% CL upper limits . 4—
m e Median expected 20 L —o— Observed ]
102 | I 68% expected | - [] Excluded 1
£ [[]95% expected ] L . e Median expected |
’ - [ 68% expected
10[- [ ] 95% expected m=125+
10° i —— miiSSV 12513 GeV | -
= L I ' 1 L | I | | | | L [ lI L I IIIIIIII | | - I 1111 I 1111 I 1111 I IIIIIIII
100 150 180 1000 3000 100 150 200 250 300 350 400 450 500
m,. (GeV) m, (GeV)

S. Spagnolo/ BSM Higgs and 2Higgs searches

Recent CMS result
July 2019

e / 4+ no Ty:
e { + 1,: ~—>trigger efficiency at low mH

e T, + jets:

- Event selection uses hadronic and
leptonic T decays

- Cut based selection

- Likelihood fit to T transverse mass

For backup

CMS: JHEP07(2019)142
ATLAS: JHEP09(2018)139

A S/B angular discriminant for
the hadronic channel

CMS 35.9 b (13 TeV)

oo N T T T | T T T T I T T T T I T T T T I T T T T | _
o~ 5 - t,+ets, R >0.75 .
—~ 10" ¢ pata - H* (200 GeV, o = 50 pb) 5
§2] - [ Jets misid. as 7, [ tt 3
CICJ - [l W+jets I single t =
S 10' [ Diboson E
(N1 C 333 BKg. stat. 7./, Bkg. stat.®syst. 3
10 5
102 E

|:| Bkg. stat. unc

- Bkg. stat.®syst. unc.

100

150 200

250

Ry ()

Note: the region below the red

curve is excluded if the observed
Higgs is the CP-even h with

3 GeV

Consistent with ATLAS results in backup
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mapy [GeV]

230-800 GeV, ma range

> T T

> T T T T [0
& ATLAS t Data O ygof ATLAS
o 10°F o= 13TeV, 364 ! 1 ggA, ma =670 GeV - A3 Vs=13TeV, 36.1 fb!
f ! ) [ Z+(bb, be, bl, cc) g my =300 GeV, n, >3
L 105k my =500 GeV, np =2 B Top quarks 4 E 10%k -
§ Z+(cl, I) S
o B Wiets, diboson, Vh D 104l

wf ggF — 1 @i bbA

7vzz2 Total uncertainty
103F - == Preit background 103k

E

T
¢ Data
[ bbA, my =550 GeV H
3 Z+(bb, b, bl, cc)
Bl Top quarks
Z+(cl, 1)
B Wijets, diboson, Vh
- v
77777, Total uncertainty
== Pre-fit background ]

-

S s TR

é 1.0% (/f//}}/* ///{/A*/ //ﬂi//%ﬂ%//////%’/ﬂﬁ .

© 05p;--F----------------------- oo 05F--------1
a

N
~§i
\:
%s
\
\
N
N

600 650 700 750 800 t
{ Myp [GeV] 400

800
700
model independent
600 1
500 :
ATLAS

400 Vs=13TeV, 36.1 fb~" ;

Observed 95% CL upper limits on

gluon-gluon fusion

7200 300 400 500 600 _
my [GeV,
(b)
800
700
model independent
600
500
ATLAS

400 Vs=13TeV, 36.1 fb~" ;

Observed 95% CL upper limits on ]

b-associated production ]

T 200 300 400 500 600 _ 700
my [GeV]

130-700 GeV, my range

SEARCH FOR
A ZH >« bb

excluded

o X B(A— ZH) x B(H — bb) of 14-830 fb

For backup

large A, H mass splitting may
be needed to accomodate
electroweak baryogenesis
scenarios in 2HDM

ATLAS: PLB 783 (2018) 392

for ggF

26-570 tb  for b-ass. prod. bbA

T "‘I""I""I""l""I""I""'I'S' LR B B BLRLRLE
B ATLAS ] 8 ATLAS
700~ Vs =13 TeV, 361fb—_ = Vs =13 TeV, 361fb—
= 2HDM Type | | E 2HDM Type Il ]
600L 95% CL exclusion - 95% CL exclusion -
; — Obs. tanf=1 ] —— Obs. tanf=1
500 ED | Exp. tanp=1 . E] g’;‘; ttzr:l% ;2_) :
N — Obs. tanp=5 . D Exp. tan=5 i
400 [ JExp.tanp=5 1  ,4,0obb ~ o t1otanf=5 -
T el o o
300 type | Obs. tanp=10 - — ObZ' tanB=20
N | | Exp. tanp=10 C]Exp tanB 20 -
300 300 400 500 600 700 800 900 100 500300 400 500 600 700 800 900 1000
my [GeV] my, [GeV]
(a) (b)
b A AL B L LR UL ILALELLE B U L T oo o i hana B Aot sy JURLELILE ILELILAM R B
E ATLAS ] ? ATLAS N
=2 700[ Vs = 13 TeV, 36.1 fb1 = 700/ Vs = 13 TeV, 36.1 fb%
g E 2HDM lepton specific - . g : 2HDM flipped -
600 95% CL exclusion - 600 Ik 95% CL exclusion -
C — Obs. tanB=1] —— Obs. tanf=1 ]
500 [1Exp. tanp=1 500 ~om iiﬁ‘éll ]
- — Obs. tanB=2 . :] Exp tanB:S ]
400 o E] Exp. tanp=2 1 400 7 t1ctanf=5 A
B -9 Obs. tanp=10 -
L 7 1Tvpe A o *+ 10 tanB=2 - 1
- type X © B_ . Exp. tanp=10 1
300 - Obs. tanB—3 . 300 —— Obs. tanB 20 i
7 Exp tanB 3 C]Exp tanB 20 .
200 300 400 500 600 700 800 900 100‘ 200 300 400 500 600 700 800 900 1000
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my (GeV)

SEARCH FOR H > ZA > bb  sreinwm s
May 2019, CMS PAS HIG-18-012 exoh
uy and ee channels ;
m(llbb) and m(bb) are correlated __ 500
pe control region to 6 elliptically shaped bins in the 2D E 50l
constrain top plane corresponding to fraction of the |
background signal yield corresponding to € 4o00;
p <0.5,1, ... 30 of a ~2D gaussian pdf ol
1000 -.CMS Preliminary for each m hypo f
L P :
Type Il - 2HDM ---- Exp. excl. 00 m(llbb) vs m(bb)  — ,-z0
ltan B =1.5, cos(B - 0)=0.01 zn > . | . . . .
900 o Ogs.t(ejxc(:jl. 250 130 180 230(G 2\5/3(; 330 380 430
+ 1 std. aev. m;; e
800 i 2 std. deV. ' S _C.Ms. ’.Drle”'.nif,a.’y. . .35.'9&,)-1.(1??-(3.\,_)
200 @ analysis level © 30001 upchannel ¢ Data I Drell-Yan-]
H and A are not o = — 2HDM (609,505) Il -
distinguishable S 2500 Jreerany '35‘&'3’ i
600 - E, 2000 Others 3
& - Z
500+ i 1500
400 - 1000;—
Local excess at 500 -
300 - My, MAa = 627, 126GeV =
with global "_. ....
2001 significance ~1.30 8 4E TR
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For backup
ATLAS: A>Zh~>(ll/vv)bb: JHEP 03 (2018) 174

SEARCH FOR A > Zh~># 1T

CMS: PAS-HIG-018-023

0l + HTh

g0 +er, 4channels — The selection target the ggF production mode Miareh 2019
2+ T ;i:ﬁl's?sthe (b-jet veto to suppress top background) hZA, hW+H-
20+ ep couplings

No deviations w.r.t. SM predictions are observed ~ cos(B-a)

220-400 GeV, o . .
MA range w ||mits on cross section X BR in MSSM

interpretation in benchmark MSSM scenarios

- -1 -
o5 CMS Preliminary _ 3|5-9| fo (13 TeV) . CMS Preliminary 35.9 fb! (13 TeV)
o =4 95% CL upper limits
- A 95% CL upper limits s — Observed
= 30 : —e— Observed - = =« Median expected
= C s e Median expected 5 - e 68% cted
T o5 I 68% expected 7o €Xpo
E 95% expected = = =« 95% expected
T
c 20
N

IIIIIIIIIIIIIIIIIlIIIIIIIIl

o(ggA+bbA) B (A—> Zh — Ikr) (fb)

J: 15
q 3
< 10 DU IR0 A7 ¢ TR Ll B
S B
T F tanf3

- <2.6

[~ 1 I 1 1 1 1 1 1 L 1 1 1 1 1 H : : : : : 1

0 250 300 350 G \;100 : Lo ]

1E=EEER TR S B [ E— [— [ ..
m, (GeV) 220 240 260 280 300 320 340 360 400

....................................................................................................................................................................................
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For backup

SM-LIKE H> yy AT INTERMEDIATE MASS

ATLAS: PRL 113 (2014) 171801
Search in the range 65-600 GeV with 8 TeV (20 fb-1)

two-vy final state

10° 2 T T T ] T E

= . ATLAS - S

= | 100 -

o) — : — Observed - N
r 10?5 ' - - - Expected - =
@ - ' Ez+ic S0 =
e [J+20 - .
s 10 60 E
E E : =
= L | _

O :
L2 TE =
8 E . Vs=8TeV, Ldt=20.31b" :
10-1 1 I : 1 1 1 1 I 1 L 1 1 I L 1 1 1 I L 1 1 L I 1 1 L L I
100 200 300 400 500 600
m, [GeV]
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Events /0.1 TeV

For backup
ATLAS: arXiv:1906.08589

SEARCH FOR HIGH MASS V'V RESONANCES (fully hadronic channel)

ATLAS search for narrow di-boson resonances at m >1.3 TeV with 139 fb-1 at 13 TeV in the fully hadronic final state
two large-Radius jets, R=1.0

Interpretation in benchmark spin-0,1,2 model => Radion (in warped extra-dimensions) decaying to WW or ZZ...
Efficient V=Z,W tagging is crucial for S/B > Jet mass, substructure properties D2 => new reco techniques

jets from TrackCaloClusters [combined and neutral] _ 07 — Great improvement in jet
(merging direction info from tracking with energy info from Calo) € e ﬁTﬁ?fef'mu'at'O" substructure resolution
iNn i — I —iNiti i (_% . - anti k; R=1.0, WZ — qqaq
Nwk in jet => lower in gluon-initiated jets gm 05E 1o, 2200 Gov E
| yi2l < 1.2 and A = (p,.-p-,) / (o, + p,) < 0.15 to suppress background B - -

™ Efficiency x acceptance is ~5% fromm < 5 TeV
™ For m=2 TeV, m,distributions with a width of ~10% of the pea%&talned

ional

No expllutlnterpretatlon in BSM nggs scenarios O’b' T
104 g T R I T LR é\( Generated jet p_[GeV]
e ATLAS + Data . . .
0°F ls=13Tev 130"  =—Fit ] n Randall-Sundrum warped Extra Dimension models Radions are

---Fit + Bulk RS m=1.5 [eV, . . . . . .
10° -~ F:thﬂ,k RS &25%86 scalar (spin 0) excitations of the gravitational field
10
1 Radions couple to fermions proportionally to ms and to bosons
107 proportionally to mp?

ZZ or WW SR
x?/DOF = 3.1/3

Mass [TeV] Observed Limit [fb] Expected Limit [fb] Prediction [{b]

2.0 5.72 5.75 4.286
3.0 186  padion  2-85 0.415
4.0 1.98 2.34 0.040
5.0 1.98 2.02 0.006

Significance
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LFV DECAYS: h—>T1e, TU

H— ur

1 IllIlEI
1072

107"
IYMI

‘2 4+0.13
0.47% (0.3479:13 q)

S. Spagnolo/ BSM Higgs and 2Higgs searches

<0.25 (0.25)%

36.0 b (13 TeV)

For backup

H—er <0.61(0.37) % BR limits @ 95% CL

36.0fb" (13 TeV)

CMS results on 13 TeV,

ety 36fb-! May 2018
10° N
e already at PIC2018
ot JHEP06(2018)001
O Nl Results from BDT score or Mcoi
Yos 10t 100 10 12(-1
. Yol 36 fb-1, 13 TeV

ATLAS results on 13 TeV,
36fb-1 Jul 2019

arXiv:1907.06131, sub to PLB
Results from BDT score

11111

1

v
Em
il
0—2

107"
Y.l

~

0.28% (0.37*0-1% %)

BR limits @ 95% CL
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For backup
CMS PAS HIG-18-017

LFV DECAYS: HEAVY h~>Te, Tu

preliminary recent CMS results on 13 TeV, 36fb-1 May 2019:
direct search for |H — ut,, H — ut|[H — e, H — eTy

Data driven estimate of W+j and multi-j

ut , O jet -1 : .. . .
c L e — 353'9“.’ (13 TeV) background from j>Th misidentification rate
— 0 . . . . . .
S 10° jr CMS na e LFV Hooie Tvi (estimated in Z+j and applied in control regions)
B 105 Preliminary :l;edu;ible M, 0.01xxs(BSM) VIS
c DiDiboson  — 200 0.169pb Main source of systematic error ~30%
q>J 10 -tsfiﬁf_ts —— 300 0.066pb
L 10° kg uns — 450 0.023pb

| ut, combined | 35.9 fb™ (13 TeV)

o g Observed
[} —— erve
10 = 107 CM-S. — Expected
'V r Preliminary
1 o 31: - ] 1o Expected
10" 5 I [ ] 20 Expected
O el T S, S 0
X 1.5 I + 1 mu>>m: =» T decay 3
B 1 .,...‘.,.‘M+§+-++ Al il i L products highly 31 02
8 0.5 | +! + I e Lorentz boosted (\g - |
0 500 1000 & | |
. M_, [GeV o |
p/e and Tvis inv. Mass ool [ Exclusion limits for |
vVis production (via ggF )xB |
337. I similar results for H>et
ViSibIefraCtionOfTenergy FI|I]IIIIIII|II|IIIII[llIIIIIIIIIlI[IIlIIII
............. O P RN AT TR R Ty BT R T B T R T T
=ph [(p% +ppo) k.
................................................... -

S. Spagnolo/ BSM Higgs and 2Higgs searches Sep.17th, Taipei, PIC2019



For backup

hsyp>-aa>4b for CTa<6mm ma in 20-60 GeV

" ATLAS JHEP 10(2018) 031
VH associated production
4b + 1 or 2 leptons 6 ATLAS \s =13 TeV, 36.1 fb™
Combined — Observed 95% CL

- Expected 95% CL + 1o

o)
IIIIII|II|IIII|IIII

------- Expected 95% CL + 2¢

prompt decay

Geu(PP—VH)

IIIIIIIlIlIIII|llIIIIIII|IIII||

95% CL upper limits on ¢,,, x B(H—aa—4b) [pb]
w

2
g B [ ™ :J ]
= 5_*% ATLAS :,:'_‘ 1
X - S50 1s=13TeV,36.1 b /
Y 4‘_0' —m,=20GeV -e- Observed 020 30 40 50 60
T 4 g
T - — m,=60GeV -o- Expected i m, [GeV]
P Su(PP—VH) §
T @ B
b> B :
8 2—_0 _— . . .
£ 4 1 limit as a function of cTa
5 3for 20 and 60 GeV
=1 [ © :
o o e 1 enhancement of sensitivity at ~0.5 mm ctadue
& 10” 1 to higher b-tagging eff. for displaced b-

ct, [mm] production vertices
56
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For backup

H +/- __>W_|_ /- A_> IJ “ IJ / “ ee CMS: ArXiv:1905.07453  May 2019

Inspired by R. Dermisek, E. Lunghi, A. Raval HEP04(2013)063

singlet extensions of
7 g the two Higgs doublet

q .
M H+->W+-A is the dominant decay model allows fOI’fthIS
_ i v/q mode if H+- is lighter than the top decay mpde © the
AT M charged Higgs, while

? | being compatible with
7 A~>-ppu an easy signature a SM-like scalar at

H+/- produced in a top decay

3
Ne]

~125 GeV
CMS 35.9 b~ (13 TeV) CMS 35.9 b (13 TeV)
>20_]IIIIlllllllllllllllllllllIIIIIIII_ /\o\ 9:l|llll|llll|lllI|llll|lllI|I:
8 18 - + Data —Signal E D C - 68% expected .
< 'OF _asgey CUUHALL —~ 8F euu+puu . E
@ 16 7 Bkad. unc m,= e B T - 95% expected .
c 'OF 9c- e m.=130Gev . Q 7 : E
o u 4 1\ - -- Median expected -
Lﬁ 14 - Nonprompt bkgd. = ~ BF B
122_ E R F mMy=m,+85GeV —e— Observed ,
E - Prompt/Conv. bkgd. E S = BH - WA)=1 E
10 E = BA 3x10™ E
8k E £ 4— (A — up) =3x —
N — 3'_ i
L Q 3 1
65‘ () [ “0 & 1 a3
O o s a | O 1 E
[. § OEI 1 I | I I | | | I | | | I | | | | 1 1 | I | IE
20 30 40 50 60 70 80 o 20 30 40 50 60 70
My(GeV) m, (GeV)
Y
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https://arxiv.org/search/hep-ph?searchtype=author&query=Raval%2C+A

For backup
CMS: arXiv:1812.06359, PLB795(2019)398, hsy>aa>bbpp
Mma1 Iinvestigated range 20-62.5 GeV

hsyv>aiar>bbuu

. — 60
50 35.9 fb™ (13 TeV) Signature: é . 95% CL upper limits CMS
%) El TTT I TTTT ] TTTT ] TTTT ] TTTT I TTTT I TTTT I TTTT I T lE 5\ : ------- Medlan expected
O 4 CMS Background-only fit 3 Mmpp~m UL %méh -Q% S0~ [] 95% expected
To) - _ . B 68% expected
°cg- 40;_ + Data (combined) _; j‘;: M _.-_ Observed
~ - — (0] L
® 35 — Bestit bkg. model - . ) - -3
2 % 1 after the selection I 1 5 Bhoaaruubb)>0.1-0.7x10
LT>J> 30— 68% CL uncertainty . an un-binned o 30—
- ] X_ N —
25F 1 maximum ¢ [ OV 52.4pb
200 1 likelihood fit of myy “ig
155_ _E |S USGd fOI’ S/B B(a_>uu)xB(a_>bb) 10:
104 + | discrimination has a mild
E be ; ; dependence |||I||IIIIIIIIIIIII||IIIIIIII|IIII|IIIIIII
5 g OnmMma 20 25 30 35 40 45 50 55 60
. 1 l;é | | | | | I | | I | | I | | I | I | I | | I 1 I: ma (Gev)
% 25 30 35 40 45 50 55 60 ‘
m,, (GeV) at 95% CL
CMS 35.9 fb™' (13 TeV) _ CMS 359" (13TeV)
G @ 5 —_
. 2HDM+S type Ill T 8 i 2HDMS type IV %
For a given Mat value, — —— 95%CLon GG—S':A x B(h—a a,) = 1.00 % B —— = 9% CLon;—s’:axB(h—>a1a1)=1.00 =
changes of tan3 modify b:|<i B 95% CLon b xB(hoaa) =034 | - 1ozb£>|<%
e 3 E 5
B(a>pp)xB(a>bb) s, type IV+S r E -
. 1 . ] 1
w |imits on B(h>aiai1>pubb) Qs flipped =0 2
. o 11 3
can be turned into a > 2 ”
limit on ‘B(h>a1a) " 1
]
sensitivity region — 00 g

exclusion region

S. Spagnolo/ BSM Higgs and 2Higgs searches

10™

30

40

50

60
m, (GeV)

Sep.17th, Taipei, PIC2019



For backup

hsyv>aar>up+2tracks pATT  TTED

CMS: ArXiv:1907.07235, July 2019: H->aa->pp+2tracks

a process allowed in non-minimal supersymmetric SM and the lepton specific and flipped 2HDM+S
(@ 2HDM model extended with a scalar singlet)

60

g . 95% CL upper limits CMS
-1 o) IR Median expected
= l . . . . l 3539 flb (:l 3 -I:ev) g% SO [ 95% expe:ted
bcn 95% CL upper limits CMS :‘[;: 40:_ ! gi‘fe?::cted
o 0.6 Observed — ¥ 't O B(h>aa>pubb)>0.1-0.7x10-3
s | Expected = - Osm
P 68% expected X o
95% expected © -
Excluded by ATLAS-CMS Mo 200
04 B combined coupling analysis . inves tiga te d range 10:
_ _ Maf 20-62.5 GeV
investigated range :
m, (GeV)
4-15 GeV : |
m - Well separated 7 a(2)
at - same-charge muons R 1
\ 4
T TSR S S studying ma1<20 GeV
005 10 15 ying Mat
_ with signatures
95% CL limits on m, [GeV relying on tracking
B(hsy>aia1)xB2(a,>171) T e IhT
a(l) Lorentz-boosted a; states
1

assuming SM production cross sections 59
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For backup
CMS: ArXiv:1905.07453, H+->W+-a>ppp/pee

ma1 in 15-75 GeV

CMS 35.9 b (13 TeV) CMS 35.9fb" (13 TeV)
%20:IIIIIIIIIIIIIIIIIIIIIIIIIIII[IIIII: :\O\ 9_'|""|""|"i6'8'°/"l"'d'l'_
G 18F + Data —Signal - ~ o 6 expecte
; 16: Brad m, =45 GeV Cuntuup ] *5;\ 8_ SHtupp 95% expected
- — gd. unc. -] o] — -
§ ’ 4:_ m, =130 GeV E 0 I ---- Median expected
L 125_ = :onpr:/n;pt bks:: d —E % ::_ mH*=mA+85 GeV —e— Observed _g
. » rompt/Conv. bkgd. . c - o WAL =
H+- produced in a top decay 10F 38 oA :
- 1 E  4F BA-mw=30 -
H+->W+-A is the dominant decay H 1 % 3 E
. . . i o I
mode if H+- is lighter than the top o el S 2
- e N R T L Rl T
: o i i o 1 &
A+u“ an eaSy Slgnature ‘ § 0:1 1 I 11 1 | | 11 1 | l | I | I | I l Il l:
20 30 40 50 60 70 80 o 20 30 40 50 60 70
M, (GeV) m, (GeV)
CMS: ArXiv:1907.07235, July 2019, hsy>aa—>pp+2tracks 1
35.9 fo (13 TeV)
= T T T T T T T T T T
Ma1 in 4_15 GeV bu) 95% CL upper limits CMS
Well separated 7 22 o 0.6F Observed -
same-charge muons N HUUTT R Expected
’ I I 68% expected
Z Z l Z 95% expected
Excluded by ATLAS-CMS
95% CL ||m|tS on 0.4 combined coupling analysis 7
B(hsv>aia1)xB2(a,>T1T)

assuming SM production 0.2

Cross sections

1 Lorentz-boosted a; states R — il

m, [GeV]
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For backup

H ->XX/ZX_> 4 |e D tons for Ma, Mzq in 1 and 60GeV

ATLAS: JHEP06(2018)166
X=a (pseudoscalar), X=Z4 (vector)

the decay to 4 leptons occurs via a pair—production of

three analyses

a vector Z4 or a pseudo-vector a 4y de 2e2
two benchmark models: H“_—_—_—_—_>
2HDM+S (as before): 1GeV  15GeV . 55GeV6OG|eV
type Il (i.e. next to minimal SUSY) l N = T T :
spontaneously broken Ud4(1) extra gauge symmetry XX
holding for fermions / scalars not coupling to SM accessible only at LHC

gauge bosons (secluded dark matter sector)

K and mzq
+
light gauge vector boson Zq coupling can decay H XX

. ma and tan,B
to ee, Py via H_>ZX\A gordand m
Zd

kinetic mixing with the SM hypercharge

gauge fields € Hidden Abelian Higgs Model (HAHM)
mass mixing with the Z boson (0) e

Zd production can proceed via mixing of the
dark Higgs with the SM Higgs (k) or
H>ZZ>27274
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Events/ 2 GeV

H>XX/ZX> 4 leptons

o A L R S I IS I IR LA
ATLAS @ Data %4 Total Background
20 H—ZZ - 4l Bz alllzz-
18 13 TeV, 36.1 b [Jtt+v,vwwv [ Reducible bkg
16 e “-/m, =15 GeV =+~ m; =35 GeV
77 mg =55 GeV
14
12

55

15 20 25 30 35 40 45 50
H~>ZX s (06
Can be interpreted as a limit
~0.4-0.8x102 on ¢,
the hypercharge-portal coupling ‘
< 10—1_"A'_’LLIA'S"'I""I""I""I""I""I""_
N - — Ob d ]
1 F Ho 2z — Ex::;‘t’:d ]
T 13 TeV, 36.1fb -1.10-
o i C+2 7
bIliI 102 = —
c - 7
5 - .
¢ fHAHM p>77,
g 10_3M
oo | =
3 F
(&) N ]
N i ]
8
10—4|1||||1||||||||||||||||||||||||||||||||
15 20 25 30 35 40 45 50 55
my [GeV]
Mzd

S

—~

local (gIobaAI) significance of 3.2
> 12—

—— T T
¢+ Data ATLAS

Il T T T T I T T T T I T T T g
8 : —— Total Background E
< [ Reducible bkg = [ Z+(t/J/¥/Y) 13 TeV, 36.1 fb" -
P CIVVV/VBS @ mEH-ZZ*-4l .
$ 10 EmZzZ*-4 P - my=15GeV H_’XX—““_E
O ~e-Myg=35 GeV ,evv, - My =55 GeV 3
! E
107 —=
1072
-3
107 10 20 30 40 50

60
(m) [GeV]

H>XX, mx>15GeV
|

T L g T L] T L T l
— Observed i

10° ——]
-~ T : ATLAS _
',:‘t - ---- Expected . 13TeV,36.11b"
T S H__>Z Z ; HoZZ, -4
[ iz asd y

c,
-Hp
ogm

M‘:

HAHM -~

104

95% CL upper limit on

<

T

Assuming the dark Higgs S mass 30m2°[G5eOV]
is mr/2<ms<2mn, this limit can be ’
mzq

turned into a limit on the Higgs
portal coupling K ~ (1-10)x10-4
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m,, [GeV]

o (H— aa)

95% CL upper limit on
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n
(%))

N
o
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1
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For backup

ATLAS: JHEP06(2018)166

L
Q

T[rrr[rrrrrrryrrrrrrrr o T
ATLAS ]

[ v 4p low mass channel [0 evts] -
- X Outside 120 < m, < 130 window [16 evts] 13 TeV, 36.1 6™ -
L Signal region H— XX -4l ]
N Quarkonia veto oy
- no events in SR .
— M12~M34 X p-¢
- X Ma~125GeV il & .
- W 7
n /A/Z// ]
o X X w3
- Gk 7 % 7
» ‘I"I L I i - gl - I Ll 1 I L x I i - x 11 I § - l L1 n
2 4 8 10 12 14 16 18 0

12 [GeV]

H>XX, mx<15GeV
l

using JHEP 02 (2015) 157 for B(Zd >¢#) andPRD 90 (2014) 075004 for B(a>¢#)

b

ATLAS

E — Observed E
C - Expected / 13 TeV, 36.1fo" ]
s A7 ]
0 /1) Y |
- veto veto: J
H~>aa

1 1 lllllll

2HDM+S
Type Il,gtan B=5

L1 llllllI

Lndd gL
4 5 678910

30 40 50
m, [GeV]

1 2 3 20

‘B>1 (no sensitivity) above 15 GeV ms
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For backup

Higgs portal to Hidden Sector via Yukawa couplings to WIMPs

INVISIBLE HIGGS DECAYS CMs: PLB 793 (2019)520

35.9fb" (13 TeV)
I I I

cMS .

| —e— Observed

SM
—
»
T | T

-
N
I
|

- --©- Median expected

i - 68% expected ]

95% expected

—
T

o
o

95% CL upper limit on ¢ x B(H — inv)/c
© o
£ o]

o
N

| | | |
Combined VBF-tag Z(IhH-tag  V(qq')H-tag  ggH-tag

o
T

4917 (7 TeV) + 19.7 o™ (8 TeV) + 38.2 b (13 TeV)

= I T |

L F CMS
< 0.9 ]
? [ —e— Observed

0.8F .
T F --©- Median expected ]
[a1] - .
= 0.7 2 - 68% expected B
[ C
S 06 - 95% expected 3
E o5F E
g I
a 041 ]
S r
—l o
O 0.3F
S
0 C
® 0.2

0.1F

ot | |

Combined 7+8+13 TeV Combined 13 TeV Combined 7+8 TeV

Combination of direct searches for invisible decays of
Higgs produced in VBF, in association with Z(ll) or Z/
W(hadrons) in 36 fb-1 at 13 TeV (and combined back
with 7 and 8 TeV data)

49" (7 TeV) +19.7 b (8 TeV) + 38.2 fb" (13 TeV)

('\lgl 10_37 E I I I I | L I | | I I | L | I | | I LI ?
S g - CMS 90% CL limits B
s 3 B(H— inv)<0.16  :
S 107 L -
Eg i Higgs-portal models =
F)bo 10—40 ,;_ === Fermion DM —;.
- ~——— Scalar DM -
1074 =
§ Direct detection §
107 & . —— XENON-IT 3
S . —— LUX E
1074 i —— PandaX-Il |
- —— CDMSLite .
107 :' —— CRESST- =
- —— CDEX-10 3
10 &
ool .
10—47_ ] ] Lol | | Ll ] | ||||||—

1 10 102 10°
m, [GeV]
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INVISIBLE HIGGS DECAYS

Combination of direct searches for invisible
decays of Higgs produced in VBF, in
association with Z(ll) or Z/W(hadrons) in 36
fb-1 at 13 TeV (and combined back with 7

and 8 TeV data)

For backup

Higgs portal to Hidden Sector via Yukawa couplings to WIMPs

ATLAS: PRL122 (2019) 231801

T T T T
ATLAS

\s=7TeV, 471"

\s=8TeV, 20.3fb"

Vs =13 TeV, 36.1 fb™
— Observed limit
swssas Expected limit +1o
...... Expected limit +20

All limits at 95% CL

—

0.8

Upper limit on BH-s inv
o
(0))

©
N
LI I

]

]
ombined
Run 142

Cl\l_l 0 l l l mbine I ombine
E E observed ATLAS -1 Vg:;dgH Zgﬁg)lz-l FXJ?\F2 C%u?\ 2 ‘ CRug1 ‘
o = BH-’inV < 0.24 E - 7 TeV, 4.7 fb P

_2'1 0—40;_ All limits at 90% CL Vs =8TeV, 20.3 fb 1

. - s =13 TeV, 36.1 fb’
m L
§ = Higgs portals
10742 % Scalar WIMP
® == Fermion WIMP
Other experiments | Interpreting H->-invisible as
Cresst-ll| H>yy (x=WIMP fermion or scalar
_44 : Y (X ermion or scalar)
10 Esgl((&deSO in an EFT approach and using
2 PandaX-| fn=0.308 + 0.018
10—46 «es. XenoniT a limit on the \.NIMP.—N
, | | | | cross section is derived
R 10 10°  10° 10t
Mye [GEV] 5
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ATLAS: arXiv:1906.02025

only most sensitive channels used

Search for narrow width spin-0 resonances in two flavors:

For backup

BSM PHYSICS: RESONANT PRODUCTION

COMBINATION OF CROSS SECTION MEASUREMENTS

13 TeV, ~36 fb-
bbyy bbrr bbbb

hMSSM

>

scalar doublet

free parameter

EWK-singlet model: an extra singlet in addition to the SM

SM-like Higgs and the new (heavier)
scalar mix (o) the ratio of vev (tan ) is a

ATLAS
= = Expected [ Observed
\2/;:_1336?;:)-1 == +10 (exp.) ===+ Constant ms [GeV]
hMSSM
e PN R
I .

200 250 300 350 400 450 500 50

mp, = 125 GeV, My, cos a, v, tan 8 = v/(s) me)
ATLAS ATLAS o )
VS = 13 TeV = = Di-Higgs (exp.) === SM Higgs (exp.) VS = 13 TeV = = Di-Higgs (exp.) === SM Higgs (exp.)
E(NSK- 3_5-1|fbt‘1 1 Di-Higgs (obs.) SM Higgs (obs.) EC\ISK-si(:lI?t_I [ Di-Higgs (obs.) —— SM Higgs (obs.)
tanﬁ-ing.oe = Constant 's/ms Fs/ms > 10% m5=26% GeV « Constant 's/ms Fs/ms > 10%
s LOg—T1— | T Q0T 7T pT T
gl : B T
o 0.8 Q — Y S 9 S h
0.6 2, "t 0o0s..,, sl : ! ,’ i
0.4 ____-___-----.""-'7-._.T____.__._____--_-"H"“-"---T-.-.T.-,-_T_f 7k S Q" I
g [S/Ms<2% forbbyy [ S ()
0.2 ]
< 5% for bbbb . "
<10% for bbtt . i
3 /]
['s/Ms< Msresolution |sina| <0.35
2 (0.48) allowed
by obs. (exp.)
1 SM Higgs couplings
d : AN L . (Y ./ . . N N RN TR NN DU | PR SR
10300 400 500 600 700 800 060 075 050 -0.25 000 025 050 075 _ 1.00
ms [GeV] sina
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For backup
BSM PHYSICS: RESONANT PRODUCTION

ANOTHER SEARCH FOR RESONANT HIGGS PAIR-PRODUCTION

HH>bbZZ>bb ¥ || 13 TeV, ~36 fb-1  RS1:aRS model with one warped
extradimension (with a non-factorizable
Parameter setting: >bb & Vv CMS PAS HIG-18-013 geometry)
1/A2r is proportional to the radion production cross section (Ar=1TeV) SM particles do not propagate in the extra

Other parameters (relevant for the graviton production): KL=35 -> warp factor e-k. dimension

k = k/Mp; and we consider k=0.1 new particles can decay to I—_Ilggs pairs.
radion, spin O,

first KK excitation, spin 2

top and Z+jet normalized to data in CRs
QCD from data, using SS leptons in dedicateq sel. s ojiminay 359" (13Tev)  CMS preliminary 35.9 b (13 TeV)
) -1 3llIIIIIIIIIIIIIIII!IIII!IIII!IIII!-.L—I‘ 3"”"""""”"l”"!""!"']!:_'
Preliminary %Saf fo' (13 TeV) 10 s Observed = 10 : i 2 e Observed =
sF CMS s i _ o } - - - - Median expected - } -~ - Median expected -
10 e ZW* +jets ) i -.--- Median expected (llj) - | -+:--- Median expected (lljj)
w0 8&3 background z l ~ - Median expected (Ihv) ™ | —— Median expected () ™
SM Higgs T e S [ 68 % expected 40 ] B 65 % expected -
10° ——— M, = 1000 GeV (1 pb) o T [ ] 95 % expected o3 iy 2 ] 95 % expected =
£ Une. (stat + syst) £ . —— RS1 Radion o I o —— RS1KKgraviton ]
> 10°k = ‘ ' :
m ><
£ I AN G - i W s i B B B A R B
02k NERANED. T O T .
b g 10 o 10 ! e
10 S I T Jr N
£ TR ] A
1E (:) i g | \\
3 < | S~ 1 | .
e 5 | N i’ i -
R S A A S S R S : Radion 3= | = KK excitation
O I prmmmmmmmmmmmm—— % o | ! : : :
%121‘ |||||||||l||||||||||||||||||||||||| 'I'"""]"""i""i""i"" Ll
© 08f - 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
O 06F z z : 5 : : : s + " My, spin 0 [GeV] M, spin 2 [GeV]
-1 08 -06 -04 -02 0 02 04 06 08 1
electron channel Spin0 BDT output at M1000
DBT discriminant for bblljj, HH transverse mass for bbllvv
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PROBING THE HIGGS POTENTIAL

EXTRAPOLATION TO HL-LHC

13 TeV, ~36 fb-1

Extrapolation of the most
sensitive analyses @ HL-LHC

bb)/)/ bbTT bbbb ATLPHYS PUBZO18053

ATLAS Prellmlnary

Simulation and Projections from Run 2 data
Vs =14 TeV, 3000 fb™
Systematic uncertainties included

—— bbbb

,,,,,,, +bbw.. dl
—=— bbtt
—=— Combination

Significance [o]

!IIIIIIIII'IIIIlIIIIlIIII

8
7
6
5
4
3
2

IIII|IIII|IIIIKIIIIIIlIIlIIIIIIIIIlIIII

statosyst

| l 1 1 q
8

KA

HL-LHC: 3 ab-1 14 TeV
ka=1(0) will be determined with a
significance of ~3(4.5)o per experiment,
including systematics (assuming the
upgraded ATLAS detector)

S. Spagnolo/ BSM Higgs and 2Higgs searches

CMS PAS FTR-18-019

CMS Phase-2 3000 fb™" (14 TeV)

- Simulation Preliminary Assumes SM HH signal
—— bbbb
—o bbtt
—e— bbVV(Iviv)
+ —— bbyy
bbZZ*(4l)
—e— Combination

=> k) >7 (10) excluded at 95% CL today

,,,,,,,,,,,,,,,,,,,,, 95%
68%
.“T«O h
K
HE-LHC scenario:
27 TeV 15 ab- Single experiment

bbyy -> kKx=1.0+0.4 stat ATL-PHYS-PUB-2018-053

bbtt -> Ka=1.0+0.2 o©only
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For backup

MSSM BENCHMARKS AFTER 2012

MSSM Higgs sector at tree level depends only upon ma and tanf3
at higher orders other parameters enter the play
dominant contributions: ~m4op , ~log Ms , ~A%

Carena et al., arXiv:1302.7033, evolution of benchmarks proposed before 2012,
meant to guarantee compatibility with mn ~125 GeV: mpmed+/- and others

SUSY breaking scale: Ms = 1TeV, higgsino mass parameter: y = 200 GeV,
stop coupling to Higgs: A=X: + u cotf, with Xi/Ms = 1.5 (-1.9) [stop mass
mixing par.] in the on-shell scheme

Djuadi et al., arXiv:1307.5205 imposes mn = 125 GeV: hMSSM

if mh =125 GeV the MSSM Higgs sector with one loop and (most of) two-loop
corrections to Higgs masses depends only on ma and tanf3

underlying assumptions: the Higgs sector is CP conserving, all superparticles
are too heavy to affect Higgs production and decays, any non-decoupling
SUSY corrections to the Higgs couplings are negligible, the radiative
corrections to the elements other than (2, 2) in the mass matrix of the neutral
CP-even Higgs states are negligible
68
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For backup

myV°P+/- MISSM BENCHMARK

Carena et al. : arXiv:1302.7033

Parameter my m,':“)d+ m;,“"d— light stop light stau T-phobic low-M g
my 173.2 173.2 173.2 173.2 173.2 173.2 173.2
M4 varied varied varied varied varied varied 110
tan 3 varied varied varied varied varied varied varied
MfL = MT)L = MZR = M =:. Msgysy 1000 1000 1000 500 1000 1500 1500
1\-‘[{3 1000 1000 1000 1000 245 (250) 500 1000
o X% [Msusy 2.0 1.5 -1.9 2.0 1.6 2.45 2.45
stop mass mixing parameter -
XMS /Msusy V6 1.6 -2.2 2.2 1.7 2.9 2.9
. A, Given by A; = X, + pcot 3
couplings of susy partners
of b, tau and top to the higgs Ay = Ay = A, = A = Ay = Ay = A, = Ay
A, = A, = A = A, = A 0 0 = A,
higgsino mass parameter J 200 200 200 350 500 (450) 2000 varied
. M, Fixed by GUT relation to M,
gaugino mass parameters, M,
and M, related to M2 via tan f3 M, 200 200 200 350 200 (400) 200 200
mg 1500 1500 1500 1500 1500 1500 1500
M;, . 1500 1500 1500 1500 1500 1500 1500
M; | 500 500 500 500 500 500 500
Agsenr 0 0 0 0 0 0 0
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For backup

2HDM FEATURES AND UNDERLYING NEW PHYSICS

An example in arXiv:1803.01865 [hep-ph] SUSY vs Compositeness

... actually MSSM vs an explicit C2ZHDM model based on a global SO(6) broken to SO(4)xS0O(2) at a
compositeness scale f, v=vi2+v22, v2sm = 1/(Gr\/2) = 2 sin2(v/f)

tangB ~ free tang correlated to f

. . arXiv:1803.01865
Using constraints from < 30
mn = 125 GeV and (093 25 |k, A/H+ degenerate within

mi=175 GeV 20 ~5 GeV in C2HDM
He= WA <
arXiv:1803.01865 points to MSSM = 49
1.02 + 5
MSSM EI 0
0'98 - .~ | Higgs mass hierarchy 200 400 600 800 1000 1200
R and underlying new m, [GeV]
N A physics
=
O'9020.0 400 600 800 1000 1200 1400 1600 H > Z *A or (.2. 20
Deviations of kv from 1 points to C2ZHDM | _5
are compatible with EI _40 -
large (>400 GeV ) 200 400 600 800 1000 1200
values of mam only in
COHDM A/H degenerate within ~5 GeV in Mssm A [GeV]
B, ~ 70
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