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SM Higgs decay

Largest partial
width is to I 'pp

S ressed b . .
o imess . Yetthis has a tiny

_ Suppressed coupling of 6(0.01)

by loop

— Phase-space
suppressed
BH—» XX (MH<2:mw_2)

Curtin et al. 1312.4992 (2014)
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR2014
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Exotic Higgs decay

A new coupling of
0(0.01) can easily add

BH—»BSM — 0(10%)

“Portal” X

H—VV? coupling

24% f{
Br - xx
Curtin et al. 1312.4992 (2014)
Chang et al. 0801.4554 (2008) X
Silveira & Zee, PL B 161 (1985) 136
+ many more

Other H — ff
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Exotic Higgs decay

c.f. LHC produced 2M

_¢ Higgs events so far

A new coupling of
0(0.01) can easily add

BH—»BSM — 0(10%)

“Portal” X

H—VV? coupling

24% f{
Br - xx
Curtin et al. 1312.4992 (2014)
Chang et al. 0801.4554 (2008) X
Silveira & Zee, PL B 161 (1985) 136
+ many more

Other H — ff




Exotic Higgs decay I 'c'z'r‘,’;?.‘,f‘

> Current limit is only at 34%

fr 3 ab~' projection is ~ 10%
I.e. 300M Higgs events

A new coupling of
0(0.01) can easily add

BH—»BSM —_ 0(10%)

Other H — ff
- “Portal” X
H—-VV coupling
24% H
BH - xx

X

ATLAS+CMS combination 1606.02266
ATLAS projection ATL-PHYS-PUB-2014-016
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Dim 2
l
C |H]* X2

“Portal” interaction

Patt, Wilczek hep-ph/0605188 (2006)
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Mass
Dim 2 b
l H—
CIHP X2 | W

“Portal” interaction

light——

>

SM charge BSM charge

Patt, Wilczek hep-ph/0605188 (2006)
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\ERSS

Dim 2
l
C |H]* X2

“Portal” interaction

light — ’

SM charge BSM charge

Patt, Wilczek hep-ph/0605188 (2006) 10
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Higgs “portal Frank Wilczek 1 Chang

\ERSS

Dim 2
l
C |H]* X2

“Portal” interaction

light — ’

SM charge BSM charge

Can explore Hidden BSM structures via Higgs portal

Patt, Wilczek hep-ph/0605188 (2006) I
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Case 1: Invisible Higgs decay chang
MaAss DM candidate
................. . /nVISlble
<mws:b/e
T o

SM charge BSM charge

H decays away to hidden sector
= leaves missing energy

e.g. Curtin et al. 1312.4992 (2014) + many more 12
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ATLAS VBF H — inv
8 TeV analysis example

20.3 fb

# of events

Probe missing
energy spectrum

Understanding
Z — vv crucial
(becoming the
main limitation)

O
O
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200 250 300 350 400 450 500 No significant
Missing tranverse energy [GeV] excess observed

Various invisible Higgs decay

analyses from ATLAS: PRL Combining H—-inv ana/yses

112, 201802 (2014), EPJ C

75:337 (2015), JHEPO1 (2016) constrain BH—»inv < 25% (95% CL)

172, JHEP11 (2015) 206
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Mass Hidden sector particles decay back to

visible but SM final states

A 6(Mu/4 = 30) GeV
_ BSM Y,
scalar (|, b,T, Y
light . b, T, u
a b, T
SM charge BSM charge b,T > Merged

Low transverse momentum final states
= Trigger challenges

= Relatively “Boosted” merged jets tagging

e.g. Curtin, Essig, Zhong 1412.4779 (2015) + many more 4
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Signal SM background
Ox-sec Much larger T

Use multivariate analysis



# of events

Data / Pred.

ATLAS: H— aa— bbbb

- ATLAS 13 TeV 3.2 fb-

N
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 Sensitivity loss at low Mscajar
due to merged jet
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|
ATLAS 13 TeV 3.2 b1 |

——— Observed 95% CLs
Expected 95% CLs + 16 |
Expected 95% CLs + 20 -

[

60
Mscalar [G eV]

* By—ap=100% line

More data being analyzed. Stay tuned.




95% CL on BH - 2aa

Other channels T ot

Chang

This is CMS result to illustrate
; what other channels exist

Indirect constraint
excludes this region

BH—»aa — 340/0 (|nd|reCt)

T—ATLAs Some channels reach beyond
212t the indirect constraint

overlaid

However, these are
model dependent

10
Mscalar [GEV]

Direct searches are constraining beyond indirect
constraint for some parameter space
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Lepton flavor
: . h CMS reported 2.40 excess at Run 1
VIOIatlng nggs decay (13 TeV 2.3/fb shows no excess)

PL B 749 (2015) 337
Many BSM models predict 197 b (8 TeV)

non-diagonal Yukawa couplings o Bk
up to 0(10%) while satisfying
experimental constraints

e, U
H~<

T

i [ ] Bkgd. uncertainty
. % [ smH
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# B Other
Bttt t
[ ] MisiD'd t,e, u

LFV Higgs, (B=0.84%)
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Data-Bkgd (fit)

Diaz-Cruz, Toscano, PR D 62, 116005 (2000)
Blankenburg, Ellis, Isidori PL B 712 (2012) 386
Arhrib, Cheng, Kong PR D 87 015025 (2013)
Arana-Catania, Arganda, Herrero JHEP10 (2015) 192
+ many more




Mass reconstructions in H— It I {1,';.';?,5

] . _ N
Assume V’s are collinear Relative orientations of v and

had consistent with T decay
e, u
H <
-

\V
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1604.07730
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Well reconstructed H — It peak




Focusing on Hopurresults | gnois

Chang
JHEP11(2015)211 1604.07730

ATLAS
8 TeV 20.3 fb-!

LI L B D L L L
s=== Expected + 1o Observed

Expected + 20 N\ Excluded

# of events

SR1 U Thad
N2.20 SR2 p Thad

comb U Thad

SR1 UTiep

SR2 U Tiep

comb U Tiep
R, ATLASS TeV 20,31

] 11 | 11 | | | | |
100 2 4 6 8 10 12 14
Mmmwvc [GeV] 95% CL upper limit on Br(H — pt), %
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Br-ur < 1.43% (95%CL)
One signal region reports 2.20
But combination shows no excess
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Interesting challenges ahead Chang

If Bh-Bsm = 0(10%), we already have 200k exotic higgs decay events
They have topology different from typical analyses’ phase-space

o(Mu/4 = 30) GeV

BSM
scalar | 5 b,T,u ~
b, T, u

H
a

g; ) Merged
Key objects to study
low Pr “merged” jets

low Pt b-tagging algorithms

soft lepton final states

21
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b-tagging efficiency Chang

Mx = 20 GeV
Mx = 30 GeV
Mx = 40 GeV

ITI TIITTTTTTT]TT ] LI TTTI1T

- ATLAS Preliminary I e

—

Normalized

e Data prTe' (stat)
@ Data p'Te' (stat+syst)

—
nN s (o)

b-Tag efficiency

Simulation prTe' (stat)
1

0.8)

S L L L L L

0.6 4 0 10 20 30 40

0.4 Sub-leading Y P1[GeV]
MV170 :

llillllllllll[illll.lllJllllllllLl_‘
40 60 80 100 120 140 160 180 200

< _ Jet p_ [GeV]
Relevant region

0.2




Low Pt b-tagging in SUSY i 'é'r‘,’;?,‘:

~ o~ N n
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Lt production.?1 ybffy /t—=cy /
TIIIIIIITTITI[ITII]I

- ATLA 15=8 TeV, 20 b’
u t>ty tOL/t1L combined
oty 2L, SC
Bt Wb bffy WW
EWtoWbE t1L, t2L
t>c¥, tc AU
HWiobify tc, t1L 170 180 190 200 210
‘ m; [GeV]
- QObserved limits =--- Expected limits All limits at 95% CL

e Lo
300 400 500 700 800

m;, [GeV]
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“Catch-all” analysis Chang

Difficult topology is targeted with all hadronic channel

pp — Tf: T% t 7((1) Moriond 2016

C M S Preliminary — Observed ---- Expected

—SUS-15-002, 0-lep (HT*°), 2.3 fb™" (13 TeV)
SUS-15-003, 0-lep (My,), 2.3 fb' (13 TeV)

—SUS-16-007 HPTT, 0-lep stop, 2.3 fb™’ (13 TeV)

—SUS-16-007 HETT, O-lep stop, 2.3 fb™ (13 TeV)

Soft b-jets tagging will be helpful in this area

24



Summary

A new coupling of £(0.01) can
easily add Bx-ssm = 0(10%)

Indirect constraint is 34%

Various direct searches have
put stringent constraints

Low Pt objects are very
important

Stay tuned for more updates

][' lllinois
4 | Chang
H—BSM

34% H—inv

25% H—aa (model dep.)

(o)
10%1 0% st 1.5%

Other H — ff

H— gg, vy, Zy
H-VV*
24%

BH - xx

25
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Large Bu-Bsm I Chang

1 1,\ T T T T |
A=0.5TeV
_ 1 f
o1l (=001 ] 0
~ 001 = 1TeV :
2 3
2 001 £=0.005 : 3 0.001 Ao Tey |
S T 10
E 00 7=0.001 7 E N
4 [_ . \ 10_57 ]
1074 *
10_67 Lo Lo Lo Coo o e e b
0 10 20 30 40 50 60 0 1020 30 4050 60
m, (GeV) my(GeV)

FIG. 1: Sensitivity of a 125 GeV Higgs to light weakly coupled particles. Left: Exotic Higgs
branching fraction to a singlet scalar s versus the singlet’s mass mg, assuming the interaction
Eq. (1) is solely responsible for the h — ss decay. If the interaction in Eq. (1) generates the s
mass, the result is the orange curve; the other curves are for fixed and independent values of ¢ and
ms. Right: Exotic Higgs branching fraction to a new fermion ¢ interacting with the Higgs as in
Eq. (2) to illustrate the sensitivity of exotic Higgs decay searches to high scales, here A. We take

here p = my.

27
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Large Bu-Bsm Chang
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FIG. 3: Size of the cubic coupling u, in units of Higgs expectation value v to yield the indicated

h — ss branching fraction as a function of singlet mass, as given by Eq. (8).

The partial width for exotic Higgs decays is given by

1 2 4m? [y |V 2
I = — 2, /1— SIS ) I'(h M
(h = ss) 327 my, m3 ( 0.03 ) (h = SM), (8)

28



T lllinois
4 | Chang

H—invisible decay

Missing energy spectrum in two
production modes are studied

q 4 invisible

invisible
VH: BH—»inv < 750/0

VEF Signal (m =125 GeV, BR=100%)
W -
2wV

B Other Backgrounds

B  SM Uncertainty

sl Data 2012

q inViSible 203tb'A;L:3

\’z/H / °re
N\

q/& invisible

VBF: BH—binV < 280/0 250 300 350 I 400 éﬁf?‘? 500

Events/50 GeV

29



VBF H—Invisible

JHEPO1 (2016) 172

Events/50 GeV

Data/MC

LA L A L B I LA AL AL B
= \/|BF Signal (mH=1 25 GeV, BR=100%)
W— v
N Zovy
B Other Backgrounds
102 S 3 S SM Uncertainty
Data 2012

10°

ATLAS
10 i () 3 fb_1, 8 TeV

P56 200 250 300 350 400 450 500

EM**[GeV]
(a) ER® distribution.

Events/0.5 TeV

Data/MC

Chang

10 e A R L
= VBF Signal (mH=125 GeV, BR=100%)
W v
3 s zvy
10 I Other Backgrounds

s SM Uncertainty
..................... —@— Data 2012

ATLAS

________________ .
e e 20.3fb", 8 TeV

102

] IIII|I.|.| | IIIIIII| ] III|||.|.| | IIIIIII|-

3

(b) mj; distribution.

Figure 6. Data and MC distributions after all the requirements in SR1 for (a) EX* and (b) the
dijet invariant mass m;;. The background histograms are normalized to the values in table 8. The

VBF signal (red histogram) is normalized to the SM VBF Higgs boson production cross section
with BF(H — invisible) = 100%.

lllinois
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Invisible Higgs decay T [linois

Chang
= ATLAS
% 8 TeV
S 20.3 b
+=
Sig. and bkg.

shape differ in VBF
dijet distribution

O
O
| -
al
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©
e
©
O

15 2 25 3 35 4 45 5
(VBF) Dijet Mass [TeV]
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VBF H—invisible

JHEPO1 (2016) 172

Events

Data/MC

Figure 7. Data and MC distributions after all the requirements in SR2 for (a) EXsS and (b)
the dijet invariant mass m;;. The background histograms are normalized to the values in table 8.
The VBF signal is normalized to the SM VBF Higgs boson production cross section with BF(H —

ATL Als Ve signal(m <125 Gev, BFot00%) j
5
10° 2031, 8 TeV Wo v E
. SR2 - Z- vy -
10 - Other Backgrounds E_
............................ %% SM Uncertainty E
10° =
107 ]
10
1
1.5
0.5
200 250 300 350 400 450 500
E™SS [GeV]

(a) B distribution.

invisible) = 100%.

Events

Data/MC

VBF Signal (m =125 GeV, BF=100%)

UL
10°= ATLAS
j0 - 203107, 8 TeV Wo v
SR2 - Z— Vv
104 - Other Backgrounds
10° =4 HEEEE SM Uncertainty

b) m;; distribution.
33
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VBF H—invisible

Signal region SR1 SR2a SR2b
JHEPO1 (2016) 172
Process
ggF signal 20+ 15 58+ 22 19+ 8
VBEF signal 286+57 | 182+ 19 | 105415
Z(— vv)+jets 339+£37 | 1580+ 90 | 335+23
W(— lv)+jets 235+42 | 1010+ 50 | 225+16
Multijet 2+ 2 20+ 20 4+ 4
Other backgrounds 14+0.4 64+ 9 19+ 6
Total background | 577£62 | 2680+130 | 583+34
Data 539 2654 636

I

Table 8. Estimates of the expected yields and their total uncertainties for SR1 and SR2 in 20.3 fb~!
of 2012 data. The Z(— vv)+jets, W(— fv)+jets, and multijet background estimates are data-
driven. The other backgrounds and the ggF and VBF signals are determined from MC simulation.
The expected signal yields are shown for my = 125 GeV and are normalized to BF(H — invisible) =
100%. The W +jets and Z+jets statistical uncertainties result from the number of MC events in each

signal and corresponding control region, and from the number of data events in the control region.

Results Expected +1o0 —1lo0 420 —20 | Observed
SR1 0.35 0.49 0.25 0.67 0.19 0.30
SR2 0.60 0.85 0.43 1.18 0.32 0.83
Combined Results 0.31 0.44 0.23 0.60 0.17 0.28

Table 9. Summary of limits on BF(H — invisible) for 20.3fb~1 of 8 TeV data in the individual

search regions and their combination, assuming the SM cross section for mpy = 125 GeV.

lllinois

Chang
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VBF H—Invisible

JHEPO1 (2016) 172

: A2 02
inv HSS S

= oo 7 8.2
. )\2 va?’ ﬁV m2 m4
inv HVV H 1% Vv

= =2 (1—-4—+12— |, 8.3
H=VV 2567rm“1, m%{ + m‘}{ (8.3)

2 2 3

e Amgpv By (8.4)
H=ff — 32wA2 ’ ’

for the scalar, vector and Majorana-fermion dark matter, respectively. The parameters
AHSSs AHVV, AHff /A are the corresponding coupling constants, v is the vacuum expec-
tation value of the SM Higgs doublet, 8, = /1 — 4m§</m%{ (x =8, V, f), and m, is
the WIMP mass. In the Higgs-portal model, the Higgs boson is assumed to be the only
mediator in the WIMP-nucleon scattering, and the WIMP-nucleon cross section can be
written in a general spin-independent form. Inserting the couplings and masses for each
spin scenario gives:

2 4 £2
R A eriva 2 3
Vacuum expectation value v/vV2 | 174 GeV
Higgs boson mass mpy | 125 GeV
Higgs boson width 'y | 4.07 MeV
Nucleon mass muy 939 MeV
Higgs-nucleon coupling form factor | fy | 0.337059

Table 11. Parameters in the Higgs-portal dark-matter model.

22 ma, f2
SI HVV NJIN
= ) 8.6
OVN 167rm‘}{ (my + mpy)? (8.6)
2 mym2 3
oy = 1 ! (8.7)

4w A2mY; (my +my)?’

where my is the nucleon mass, and fy is the form factor associated to the Higgs boson-
nucleon coupling and computed using lattice QCD [10]. The numerical values for all the
parameters in the equations above are given in table 11.

Model is from Phys. Lett. B 709 (2012) 65

lllinois
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PRL 112, 201802 (2014)

T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
10° = ATLAS ® D —
= Vs=8TeV,[Ldt=20.3fb" B zz- cew(ineln E
> .50 ZH — ¢¢ +inv. B vz - rvecineln .
010 E e B v diep. i Wt 2o =
8 = L = B - -
; T e W+ jets, multijet, semilep. top ]
c 10 &= S - ZH = ¢¢ +inv., BR(H » inv.) =1 3
o C B g ----- =
> - -
LLl — . 00 —e— _
TE T | ot E
8 2F -
3 =
© 1.5 F
3 = ——
w 1E---
s 05 F _+_
© =
o
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FIG. 2 (color online). Distribution of EITIliSS after the full
selection in the 8 TeV data (dots). The filled stacked histograms
represent the background expectations. The signal expectation for
a Higgs boson with my = 125.5 GeV, a SM ZH production rate
and BR(H — inv.) =1 is stacked on top of the background
expectations. The inset at the bottom of the figure shows the ratio
of the data to the combined background expectations. The hashed
area shows the systematic uncertainty on the combined back-
ground expectation.

lllinois

Chang

35



ZH—Invisible

v
]

PRL 112, 201802 (2014)

600 |‘_| T [ T T T T ] T T TT LI S B I LI S B |
- ATLAS - O .
- _ _ A _
__ 500~ ls=7TeV, [Ldt=451" — Opserved 95% C.L. limit —
o) - _ _ -1
=, o Vs= SZE’V’ JLdt=203f" . Expected 95% C.L. limit -
= — £¢ +inv. 7]
g w00 = -
! [ =20 -
L 300 -
C ]
m _
X A _
. 200 :
o) - _
100 E
TN R T S R T RN S '|..-|..|.-ll-.|-'-|'-|"'|"T"|'-|--|---|--|---|--_|

150 200 250 300 350 400
m,, [GeV]

FIG. 3 (color online). Upper limits on 6,5 X BR(H — inv.) at
95% C.L. for a Higgs boson with 110 < my < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show the

observed and expected limits, respectively.
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PRL 112, 201802 (2014)
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TABLE I. Number of events observed in data and expected from the signal and from each background source for
the 7 and 8 TeV data-taking periods. Uncertainties on the signal and background expectations are presented with

statistical uncertainties first and systematic uncertainties second.

Data period 2011 (7 TeV) 2012 (8 TeV)
Z7Z — ¢l 2004+0.7£ 1.6 O1+14+7
WZ — vt 48 +03+0.5 26143
Dileptonic tf, Wt, WW, Z — 1t 05+04+0.1 203 +5

Z —ee, Z — uu 0.13+0.12 £0.07 09+£03+0.5
W + jets, multijet, semileptonic top 0.020 £+ 0.005 £ 0.008 0.29 £0.02 £0.06
Total background 254+£08 £ 1.7 138+4+9
Signal (my = 125.5 GeV, oz5.sm, BR(H — inv.) = 1) 89+ 0.1 £0.5 444+ 1+3

Observed

152
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VH — In\"SlbIe EPJ C 75:337 (2015)

v

Table 4 Predicted and observed numbers of events for the six cate-
gories in the signal region. The yields and uncertainties of the back-
grounds are shown after the profile likelihood fit to the data. In this
fit all categories share the same signal-strength parameter. The quoted
uncertainties combine the statistical and systematic contributions. These

y lllinois
Chang

can be smaller for the total background than for individual compo-
nents due to anti-correlations. The yields and uncertainties of the sig-
nals are shown as expected before the fit for my = 125 GeV and
BR(H — inv.) = 100 %. Signal contributions from VBF and t7H

production are estimated to be negligible

b-tag category O-tag 1-tag 2-tag
Process 2-jet events
Background
Z+jets 24400 £ 1100 1960 + 200 164 + 13
W4jets 20900 + 770 1160 £+ 130 4717
tr 403 £ 74 343 £ 65 57 £ 10
Single top 149 £ 16 107 £ 14 11+2
Diboson 1670 £+ 180 227 £25 64 £7
SM VH(bb) 1.5+£05 6+2 3+1
Multijet 26 +43 8+7 0.7+0.9
Total 47560 £ 490 3804 + 64 347 +£ 15
Signal
gg —> H 403 £ 95 25+6 2.1£05
W(— jj)H 425 £ 45 44 +6 0.6 £0.1
Z(— j)HH 217 £19 42+4 26 £2
Data 47404 3831 344
3-jet events
Background
Z+jets 9610 % 580 795 £93 53+7
Wjets 7940 £ 510 479 £70 21+ 4
tr 443 £ 53 437 £53 637
Single top 97 + 14 66 £ 9 6.4+09
Diboson 473 £ 54 55+6 13£2
SM VH(bb) 0.8+£0.3 26+09 1.4+£05
Multijet 22 +29 4+4 0.6 £0.6
Total 18580 % 200 1840 £+ 40 158 £7
Signal
gg—~> H 224 £ 55 15+4 1.24+0.5
W(— jj)H 110+ 16 11£1 0.14 £ 0.03
Z(— j)HH 65+ 7 12+1 6.1 £0.7
Data 18442 1842 159

38
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Fig. 1 The missing transverse momentum (E**) distributions of the
2-jet events in the signal region for the a 0-b-tag, b 1-b-tag and ¢ 2-
b-tag categories. The data are compared with the background model
after the likelihood fit. The bottom plots show the ratio of the data to
the total background. The signal expectation for mpy = 125 GeV and

ET™ [GeV]
(c)
BR(H — inv.) = 100 % is shown on top of the background and addi-
tionally as an overlay line, scaled by the factor indicated in the /legend.

The total background before the fit is shown as a dashed line. The
hatched bands represent the total uncertainty on the background
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Fig. 2 The missing transverse momentum (ErT“iSS) distributions of the
3-jet events in the signal region for the a 0-b-tag, b 1-b-tag and ¢ 2-b-tag
categories. The data are compared with the background model after the
likelihood fit. The bottom plots show the ratio of the data to the total
background. The signal expectation formy = 125 GeV is shown on top

()

of the background and additionally as an overlay line, scaled by the fac-
tor indicated in the legend. The total background before the fit is shown
as a dashed line. The hatched bands represent the total uncertainty on
the background
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Dark Matter interpretation

Recasting Bx-inv limit on DM model
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Direct
detection
Expt. limits

LHC limit complimentary to direct detection limits
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H—aa searches Chang

Higgs decaying to a light “hidden” sector is well motivated

Larger the mass, 1412.4779

Iarger the BR

scalar < b’ ’H (also v)
H
< b, T 2m
sca/ar< b1 ) AR = =
y T

=
wn
T
I
©
Q
7]
m

50 60
Mscalar [GEV]

Low Pt merged jet tagging is an interesting area of research
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Kinematics of X—YY Chang

Final states carry
H125 2 XX YYYY — 455 Gevia ~ 0(30) GeV

- Mx = 20 GeV
= Mx = 30 GeV
Mx = 40 GeV

Normalized
Normalized

111111

Leading Y Pt [GeV] Sub-leading Y Pt [GeV]

Interesting experimental challenges of low Pt
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Not-so-boosted merged jets T P

Chang
X’s carry
_}
Hi2s 2 XX 125 GeV/2 =~ O(60) GeV

T
O C
NE
sE | b
g 2 X<b> AR Rule-of-thumb for opening angle

T 2M

: AR = =X

| Pr

S If Mx = 24 GeV, AR ~ 0.8

E—m. | ,j‘_‘n_\l‘ﬁ‘—m&%n—

0] 1 2 3 4

AR of bb

New area to develop a low Pt merged jet tagger + b-tagging
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Natural SUSY l E'L';?,LS

35 JHEP 2012

Am =5 GeV

natural SUSY

Fine mass splitting predicted for natural SUSY
= Soft lepton important
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SM+S: BH—»ss

Br(s—>SM)
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FIG. 4: Left: Branching ratios of a CP-even scalar singlet to SM particles, as function of m.
Right: Branching ratios of exotic decays of the 125 GeV Higgs boson as function of mg, in the
SM + Scalar model described in the text, scaled to Br(h — ss) = 1. Hadronization effects likely

invalidate our simple calculation in the shaded regions.

46



lllinois
Chang

2HDM + S : By-aa
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FIG. 6: Branching ratios of a singlet-like pseudoscalar in the 2HDM+4-S for Type I Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

47



lllinois
Chang

2HDM + S : By-aa
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FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+4-S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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2HDM + S : BH-aa Chang

tan 5=0.5, TYPE III tan S=5, TYPE III
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FIG. 8 Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type III Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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2HDM + S : By-aa
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FIG. 9: Branching ratios of a singlet-like pseudoscalar in the 2HDM+4-S for Type IV Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

50



Title

@ =0.1, tan 8=0.5, TYPE Il
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FIG. 10:

Singlet scalar branching ratios in the 2HDM+S for different tan 3,o’ and Yukawa
coupling type. These examples illustrate the possible qualitative differences to the pseudoscalar
case, such as dominance of s — ¢¢ decay above bb-threshold; democratic decay to bb and 7+7~; and

democratic decay to c¢ and 777~. Hadronization effects likely invalidate our simple calculations

in the shaded regions.
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ATLAS putT analysis

PRD 92, 052002 (2015)
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 Run 2 results will come
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LFV: CMS 8 TeV v. 13 TeV
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[epton flavor violating
HIggs decay

Many BSM models predict
non-diagonal Yukawa
couplings

e, U
H~<

T

Curtin et al. 1312.4992 (2014)
Chang et al. 0801.4554 (2008)
Silveira & Zee, PL B 161,136 (1985)
+ many more
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PL B 749 (2015) 337
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CMS reported 20
excess at Run 1
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19.7 o (8 TeV)
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H—J/ Wy

The process is very rare

Hcc
coupling

\ J/Y
S
4
If Hcc coupling is larger it

can increase the rate
(possibly more than 100%)

Searching for J/W+y probes
the loop

Bodwin, Petriello, Stoynev, Velasco PR D 88, 053003 (2013)
Bodwin, Chung, Ee, Lee, Petriello et al. PR D 90, 113010 (2014)
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_______ Perhaps
Hec is larger?

Higgs decay
branching fraction
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H—Z2y
The process is very rare

BSM
particle

i
4

BSM particle can contribute
in the loop

Searching for Zy probes the loop

1
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Projection I

Brooke et al. 1603.07739 (2016)

Constant systematic

quickly systematic dominated (more work needed!)
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ATLAS and CMS combination T
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Parameter value

lllinois
Chang

58



Why 0.5 million?

20pb - 25/fb = 500k
50pb - 10/fb = 500k
(500k + 500k) - 2 expt = 2 million Higgs events
2 million Higgs events  (Br-ssm = 25%) = 0.5 million

I
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