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Precision of Higgs couplingmeasurement (Contrained Fit)
We are considering the physics case of S
building the next generation collidersto  CEPC 250 e at 5 ab-! wiwe HLLLHC
further explore fundamental physics, such =, B .
as lepton collider Higgs factories S ' BB = =
CEPC/SPPC, FCC, ILC, CLIC, etc, E :::::-
focusing on the Higgs precision =
measurements. 1072
We think the Higgs exotic decays is one o | | |
important missing piece. Ko  Kilke  Kg Kw < 2 Frmilals

1/23/17 Zhen Liu HKIAS High Energy Physics Program Conference 2017



Why Exotic Decays?

« Higgs boson can easily and well-motivated to be the portal to other BSM
sectors. While most searches focus on heavy BSM particles, there is a
whole zoo of light BSM particle not well explored at colliders.

(checking all the possibility; theoretical interests.)

((H*H) lowest mass dimensional spinless gauge singlet structure, easily a
portal to BSM)

 The precision does not pin-point a scale, the exotic decays are to fully
probe the scale below Higgs mass. **

(complementarity)
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Why Exotic Decays? (contlnued)

 Higgs has tiny width ~4 MeV = 107 T
r . & i /%
M — 0(10 ) — § §§

factors, couplings, loop-factors, phase-space,
etc.

Dominant decays into bottom quark pairs are T
suppressed by the tiny coupling y, = 0.017 :

102k -
100 200 300 500 1000
M, [GeV]
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Why Exotic Decays? (Contlnued)

= 107

* Higgs has tiny width ~4 MeV
r
—=0(10"°
= 0(1079) :
factors, couplings, loop-factors, phase-space, i
etc.

Dominant decays into bottom quark pairs are T
suppressed by the tiny coupling y, = 0.017 :

I, [GeV]
=)
[3S]
"L iGGS x5 WG 2010
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« small couplings to BSM could have sizable 1 My [GeV]
branching, e.g., | £=001
0.1 — -
¢ -
L 2|H|2 ? 0.01 / £=0.005 %
(common building block in extended Higgs £ 4001

sectors) can give BR(h—ss)~0(10%) for { as © Z=0001

small as 0.01! 1074 -
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Organizing the study

PHYSICAL REVIEW D 90, 075004 (2014)

ES
Exotic decays of the 125 GeV Higgs boson

David Curtm " Rouven Esslg,l * Stefania Gori,™** Prerit Jaiswal,™ Andrf:y Katz,*¢ Tao Liu,”" Zhen Liu,™®

David M-::Kf,cni " Jessie Shf:ltﬁni Matthew Strassler, 5 7e'ay Suru]nnl Brock "I‘i.w:,ns:t:luf:ﬂ U1 and ¥i- Mll’]ﬁ Zhﬂﬂﬁ

e observed 125 GeV state is primarily responsible for EWSB
usually requires “decoupling” limit 2 h production close to SM
other scenarios possible, but this is generic and minimal

e 125 GeV state decays to new BSM particles
these BSM particles could primarily/only be produced through h decays do not
consider rare or nonstandard decays directly to SM particles (captured in
precision program, including angular distributions)

e initial decay is 2-body
3-body and higher is possible, but requires new light states w/ substantial
coupling to h to overcome phase space suppression
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missing energy
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Exotic Decays (example 1)
H - aa - (jj)(jj)

h = aa() = fermions Well-motivated as in
SM+S, 2HDM+S, NMSSM,
Projected /Current quarks allowed quarks suppressed EWPT, etc.
Decay 20 Limit Produc- Limit on Limit on
Mode on Br(F;) tion B_ﬂ% 5o * Br(non-SM) WBIL(-%‘SI%) e + Br(non-SM)
Fi 7+8 [14] TeV | Mode 7+8 [14] TeV 7+8 [14] TeV
bbbb 0.77 [0.24] w 0.9 [0.2] 0 ~
bbrr > 1 [0.15%] 1% >1[1] 0 ~
bbup | (2-7)-10747 G 0.5-1 0 -
[(0.6—2)-10747T] [0.2 —0.8]
rrrr | 0.2-—0.4F [U] G 40 — 80 [U] 1 0.2 —-0.4 [U]
rrup [(3-7)-104T [U]| @G 10 — 20 [U] 0.007 | 0.04—0.1][U]
pppp|  1-1071 £ [U] G 1000 [U] 1.1075 10 [U]

projection/limit based on theory estimate in literature (L), our theory

estimate (T), our re-interpretation of an LHC limit (R), or is unknown (U .
() 4 ®) ©) 2= Fermilab



Exotic Decays (example 1)
H - aa - (jj)(jj)

h —> gal) —» fermions Well-motivated as in

SM+S, 2HDM+S, NMSSM,

Projected /Current quarks allowed quarks suppressed EWPT, etc.
Decay 20 Limit Produc- Limit on Limit on
Mode|  on Br(F;) tion || gty | 7% - Br(non-SM) | grondis | -2 Br(non-SM)| LHC projected constraints
F; 748 [14] TeV | Mode 7+8 [14] TeV 7+8 [14] TeV | on the such exotic decay
bbb 0.77 [0.29] W 0.8 0.9 [0.2] 0 - branching fractions of
bhrr | >1[0.15] % 0.1 >111] 0 - h > aa around 20%
bbup | (2-7)-10747 G 3x 10 0.5—1 0 -
[(0.6—2)-10747T] [0.2 —0.8]
rrrr | 0.2—0.48 [U] G 0.005 40 — 80 [U] 1 0.2 — 0.4 [U]
Trup |(3-7)-104T[U]] G |[3x1075] 10-20 [U] 0.007 | 0.04—0.1][U]
pppp|  1-1071 £ [U] G 1-1077 1000 [U] 1-107° 10 [U]

projection/limit based on theory estimate in literature (L), our theory

estimate (T), our re-interpretation of an LHC limit (R), or is unknown (U)
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Exotic Decays (example 1)
H - aa - (jj)(j)

31025""|""|""|""| =
= - . . _ 3
= - CEPC, Vs =240 GeV, e'e™— Z+4j -
Q = |—w ISR s
.8 1= ----w/o ISR ) =
107 =
107 & =
1073 Al
| |

1 1 I 1 1 1 1 1 _I H _I“_I_ i: 1 1 IJ -i: I_I: 1 lII 1 r—.r
100 110 120 130 140
mrecoil (GeV)

(0]
O [
©
o
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dao/bin (fb)

Exotic Decays (example 1)

H—>aa—>(l)(l)

Knowing the exact initial
colliding energy (3)
enables us to define
“recoil mass”’ by
subtracting the four
momenta of spectator Z
from the initial state four
momenta, resulting in a
sharp Higgs mass peak.

10° L B p iE
- CEPC, \s =240 GeV, e'e’— Z+4j .
10 = =
-~ |—w ISR -
1= | wW/oISR —
107 E
107 & E
10_3§_| 1 11 | 1 11 1 | 1 1 1 1 | |_| ii :I I 1 1 ij:l: ::III |::—.I:
80 90 100 110 120 130

140

>
‘ mrecoil (GeV)‘
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dao/bin (fb)

Exotic Decays (example 1)

H—>aa—>(l)(l)

10° S L L L I LA L = :
= 3 Knowing the exact initial
- CEPC, Vs =240 GeV, e'e’— Z+4j - colliding energy (3)
10 —=5 enables us to define
= |—w ISR : 3 “recoil mass” by
B ——w/o ISR ‘?M Higes peZil;\ 7| subtracting the four
1 § om e § momenta of spectator Z
C 7 from the initial state four
1071 — momenta, resulting in a
- 3 sharp Higgs mass peak.
10 & =
10_3 §_I 1 1 1 I 1 1 | 1 I | 1 1 1 I | _I ii : I | 1 1 ij :I: : : | ::I 1 It_ll:
80 90 100 110 120 130 140

2
‘ Myecoil (GeV)‘
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Exotic Decays (example 1)
H - aa - (jj)(j)
Preselection cuts: | cosf; | < 0.98, E; ¢ > 10GeV,

Similar to _ 2min (EZ, EJQ) (1 —cosb;;)
some LEP analysis ¥4 = E2

V18

a pair of OSSF leptons, 6, > 80°
|mf€ - mZ| < 10GeV, |mrecoil — mh| < 5GeV.

> ycuta

- MadGraph5_aMC@NLO.

- The ISR effect of the background is roughly mimicked by
generating events with 1 additional photon (with pT>1GeV to

avoid the IR divergence).

- Additional cut to suppress the ISR effect; Fvis > 225GeV.

2% Fermilab



Exotic Decays (example 1)

H—>aa—>(i)(l)

Background mainly fromh - VIV™* - 4j 0

after pre-selection cuts E
S

with ‘=
o

om = c?égi My, 1ydo2) — Mio(3)do(a) %
| -

we choose the correction paring of the 0

four jets into dijet system

then use

dmvs..m; ;, + m;_;, 2D-likelihood

function to selection (define the
significance) and derive the limits

1

—
=
'J—”—"””””

|
—_—

—&
=]
k2

—&
=)
5]

h —>(U)(U)

— h— ss(aa) - qqqQq
—— h—> 22" - qqqq
--- h— ss(aa) — gggg

| R R

o
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Exotic Decays (example 1)

H—>aa—>(i)(l)

Background mainly fromh - VIV™* - 4j 0

after pre-selection cuts E
S

with ‘=
o

om = c?égi My, 1ydo2) — Mio(3)do(a) %
| -

we choose the correction paring of the 0

four jets into dijet system

then use

dmvs..m; ;, + m;_;, 2D-likelihood

function to selection (define the
significance) and derive the limits

1

—u
=

—&
=]

—&
=)

5]

[

h —>(U)(U)

_L!_l_,_,--"fllll II_

E\ —— h— ss(aa) — qqqq E
. \ —— h—> 227" > qqqq ]
- \ - h— ss(aa) — gggg 7

| R R

o

Great sensitivity on exotic branching fraction 0(1073)

Similar (better) result archived for 4b, 4c, etc.
Room for improvement using different strategy treating collimated jets.

Room for improvement including hadronic decaying spectator Z bosons.
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Br (h-aa—bbu* 117)

Exotic Decays (example 1)
H — aa Iinterpretation

] gy
3 L DL L L L L
1 - —— 2 h—tags (R=0.4) == - 2 b—tags (R=0.2) LHC 8 TeV 20/fb
B ] \—/_ - /’—-\ il
1072 b — | 3 LHC 14 TeV 30/fb E
S |
T 1 “"""‘--..__...--—'"""—-—_ :
1073 AN S LHC 14 TeV 300/fb 1
.-?,_-_...—::;:‘:;-:_'5_5 E IO_I ~——— /’/\ 3
1074 . LHC 14 TeV 3000/fb ;
- Curtin, Essig,‘Z—P:o\rng“ . tan f =4, ]
1075 ATLAS 14 TeV,L=3000fb""  arXiv:1412.4779 . type-1I 2HDM+S

F P P R B B 02— 1

10 20 30 40 50 60 10 20 30 40 50 60

m, [GeV] m, [GeV]
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http://arxiv.org/abs/arXiv:1412.4779

Exotic Decays (example 1)

1 F o ] E 10 L L L
| - — 2 h—tags (R=04) = =- 2 b—tags (R=02) | - LHC 8 TeV 20/fb :
i__\ 10_ g_ — Ob—tag (R=U4) - () b—tag (R=02} E \/\/’\ :
- g
- ~——— ~ /’—:’\ -
E. 10 2 [ _ 1 LHC 14 TeV 30/fb E
= ]
! 3 R ]
S 107°F =8 - LHC 14 TeV 300/fb ]
T SRt
"E;, _____ ._.__.,—.g—:'_'__'___ R 11 -1 —_— /\ -
s 1074 L = — ] 0 LHC )} TeV 3000/fb
- Curtin, Essig, Zhong, ] - tan =4, 7
1075 L ATLAS 14 TeV,L =3000fb~'  arXiv:1412.4779 . '\I type=1l 2HDM+S ]
S S N RN RN SOUE: B [t = =
10 20 30 40 50 60 - g
. m GVl : :
0O(10%) limit on exotic branching fractions at the I-}I(j;,3 B .
LHC. S 5
lepton colliders will improve the limits by two : M
orders of magnitude, hitting more relevant regim%q1 e

H — aa Iinterpretation

for various models’ preferred parameter space. 10

20 30 40 50 6C
m, (GeV)
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Exotic Decays (example 2)
H- x{,x,—>jj+ MET

j
Well-motivated from SUSY with light DM, or j
general DM models. o
Invisible

Very challenging, a nightmare at the (HL-) LHC
1) MET Invisible
2) Only light jets
3) no resonance signature from the dijet
system, but rather a wide range of invariant
mass bounded by the mass differences.

X1
% J
h h J
%1
h—2—3—14 h—2—(1+3)
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Exotic Decays (example 2)
H- x{,x,—>jj+ MET

04

1201 L L L LA LA A I O_?S
8 h—ZZ", :I s
— Z0 > jj,2 > w ™, .5
- B —0.6-6
L | ©
- 1 Jos
- . :

0.3

0.2

0.1

j
j

Invisible

Invisible

Background dominant by the the SM
Higgs decays into four quarks via ZZ*
after pre-selection cuts

**another interesting improvement
only available at lepton colliders,
using recoil mass’’ again to veto
the Z(™) - vv mass peak.
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ma-mq (GeV)

Exotic Decays (example 2)
H- xq{,x2>Jj+ MET

95% C.L. Upper limit on Higgs Exo| Br(107%)

100

80

60

40

20

10

Higgs Exotic Decay
ee—>ZH,H-jj+MET

240 GeV @ 5 ab™'

68 7. 7.1

20

30
my (GeV)

7.3

40

50

|

j

j

invisible

invisible

Depending on the masses of the decaying
particles, the exclusion reach on Higgs
exotic BRs could be as low as 3 x 10~*
and remains this order for large range,
except kinematic edges.

Similar (better) result archived for 4b, 4c, etc.
Room for improvement using different strategy treating

collimated jets.
Room for improvement including hadronic decaying
spectator Z bosons.
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BR(h-Exotics)

102

10

1074

103

Exotic Decay summary

95% C.L. upper limit on selected Higgs Exotic Decay BR

m HL-LHC
m CEPC

m ILC(H20)
m FCC-ee |

RIRIN annaniinn

M, (bb)*MEr G})*ME}, {”J'FMET b‘b*MEr I+, TME, (bb)(bb) (CC)(C(:) U (bb)(r;) (T2)(ry Uiy ("a"){yy)

We visualize the sensitivity on Higgs exotic decay branching factions with some
reasonable choice of model parameters.

The HL-LHC are from various studies and projections available in the literature;
The lepton collider sensitivities (except for the first channel, h — inv) are from our
study with different ee = ZH integrated luminosities and beam polarizations for

different colliders.
& Fermilab
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BR(h-Exotics)

—
)

102

—h
=
(]

1074

103

Exotic Decay summary

95% C.L. upper limit on seledted Higgs Exotic Decay BR

m HL-LHC

m CEPC

m ILC(H20)
m FCC-ee

'bthEr @“rMEr (r ’J-#MET bb‘*MEr Mg, TME, (bb)(bb) (CC)(CC) ) (bb)(r;c; (r7)¢ r7) ‘:’;’;’(ky) ("a"){yy)

with missing Energy SUSY motivated, DM motivated channels

3-4 order of magnitude improvement for the constraints on such exotic branching
fractions

3% Fermilab
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BR(h-Exotics)

—
9

102

—h
5
(]

1074

Exotic Decay summar

95% C.L. upper limit on seleqted Higgs Exotic Decay BR

m HL-LHC

m CEPC

m ILC(H20)
m FCC-ee

Ve, (bb) *ME, G})‘*ME; (”’L*MET bb*MEr ﬂ'FMEr FT*MET (bb){’bb ) (CC)(Cc) B (bb)( r7) (z2)( rz7)

h — 4f generic Higgs sector extensions, also Higgs portals

3-4 order of magnitude improvement for the constraints on such exotic branching
fractions
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BR(h-Exotics)

—
9

102

—h
5
(]

1074

Summary

95% C.L. upper limit on selected Higgs Exotic Decay BR

m HL-LHC
m CEPC

m ILC(H20)
m FCC-ee |

RIRIN ' nn

M, (bb)‘f'ME‘?_ G})*ME}, {H’J*ME; b‘b*MEr I+, TME, (bb)(bb) (CC)(C(:) U (bb)(r;:; (T2)(ry Uiy (”’){yy)

Higgs Exotic decays is a very important component of Higgs program at future colliders
Lepton colliders show great advantage for decays that are very challenging at the LHC,
such as Higgs decays into jets and Higgs decays with missing energy

Hadron colliders and lepton colliders are complementary in probing Higgs exotic decays
and could together provide a much more coherent picture for discovery

Many more works for Higgs exotic decays at both the LHC and future colliders are

interesting and are needed.
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Precision—couplings

LC features the ""model
independent” determination of
Higgs couplings and improves the
precision by roughly one order of
magnitude.

(HL-)LHC has advantages over
measuring Higgs (EW) rare decays,
Hto ZZ —4l, Zy, uu, yy, etc.

Combining both experimental
results improves Higgs precision in
a non-trivial way.

Relative Error

Precision of Higgs couplingmeasurement (Contrained Fit)

10724

0.1H
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m CEPC 250 GeV at 5 ab~' wi/lwo HL-LHC

—————

Kp K¢|K¢ Kg Ky K; Kz Ky

Similar examples include uu, gg, cc couplings.
(See more detailed discussion including more LC-LHC combinations
in e.g., T. Han, ZL and J. Sayre, arXiv:1311.7155, M. Klute, R. Lafaye, T.

Plehn, M. Rauch, D. Zerwas, arXiv:1301.1322).
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http://arxiv.org/abs/arXiv:1311.7155
http://arxiv.org/abs/arXiv:1301.1322

Exotic Decays (example 1)

H - aa - (j)Gj)

Background mainly from h - V'™ - 4;j
after pre-selection cuts

with

0m = min My 1)ie

o @ ~ Moo

we choose the correction paring of the
four jets into dijet system

then use

dmvs..m; ;, + m;_;, 2D-likelihood
function to selection (define the
significance) and derived the limits

Ll = I L B B B =
- h *(bB)(bB) -
3 — h> ss(aa) > bbbH 1
i — h—Z7 —bbbb | -
|0_2§—\\ _§
E ]
N )
|0*§— E
T S R R

m, GeV)
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With 8 — 20 mm VTX Inner radius, very good b-tagging
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Eig =
Gang Li

At efficiency ~ 80%: almost reject all the light background & only 8-10% c-jets
misidentified as b-jets (Purity ~93-96% at Z to qq events).
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Decay 95% C.L. limit on Br
Mode LHC HL-LHC CEPC ILC FCC-ee
P 0.23 [37, 38] | 0.056 [12-14] | 0.0028 [16] | 0.0025 [17] | 0.005 [18]
(bb) + P - [0.2] 1x107% 1x1074 5%107°
(77) +Er — - 5x10~4 5x10~4 2x 104
(rt77) +Fr - [1] 8x 10~ 4* 9% 104 3x 1074
bb + P - - 3x10~* 3x107% | 1x107*
jj +Er - - 5x 1074 7x1074 2% 1074
T + B - 8x 10~ 4* 9% 104 3x 1074
(bb)(bb) 1.7 [48] (0.2) 4x10~4 8x10~4 3x10~4
(cc)(ce) - (0.2) 8x 1074 1x1073 3x1074
(77)(479) = [0.1] 1x1073 2x1073 7x1074
(bb)(TF77) [0.1]* [49] [0.15] Ax1074* 5x1074 2% 1074
(tHr)(rr77) 1.2)* [50] (0.2 ~ 0.4] 1x10~4% 1x10~4 5%1073
(77)(vy) = [0.01] 1x1074 1x1074 3x107°
(vy)(vy) [7x1073] [51] 4x107 %« 1x1074 8x107° 3x107°
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Picture of pp vs.. ee

Prospects depend in detail on the particles in the final
state, and range from spectacular to very hard

Slide from J. Shelton

Moderate: multiple
electroweak objects, poor
mass resolution

1/23/17 Zhen Liu
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Hard: all-hadronic
Easy: multiple resonant h
light leptons -
Br<4x107* Br<0.1-0.6 Br<0.9
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