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Outline

New physics effects in Higgs pair production at the LHC

couplings
resonance

associated with other particles - Dark Matter

Summary



Higgs boson
@ LHC
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_lll 1 I IIIIIII I LI Illlll I I IIIIIII ]
=125. \' - = .
Row u_-1179% E ' 8 b t 4
: > F =
; 1 o :
H - 22 “ODS _ 146:3;(4) PREPEEPEE o ._;‘ _— 6 10-1 | — 680/0 CL -
: : - S [— o, =
b= 10033 ] S 3 :
HoWW' o = 118707 , i ---SM Higgs i
b =10002! 5 5 10%F E
exp . L el E E
H-bb p,_=06303 - ]
+0.4 - U " 7]
“e-p=1'00°3; R RN B 10'35— (M,8) fit E
Hom o, =14455 z — : =68%CL | ]
Hop = 100532 1 —95%CL | |
P— : l:::: AAI:: - 10‘4 1 1 lllllll 1 1 lllllll 1 1 lllllll ] —

\s=7TeV, 45-4.7 fo' -1 0 1 2 3 0.1 1 10 100

\s =8 TeV,20.31b" Signal strength (u) Particle mass (GeV)

get information of interactions between
Higgs boson and other SM particles

HOWEVER, can NOT test/determine the Higgs boson self coupling!!
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Plehn, Spira, Zerwas, NPB 479(1996)46 Glover, van der BlJ, NPB 309(1998)282 Vs [TeV]
Dawson, Dittmaier, Spira, hep-ph/9805244 Djouadi, Kilian, Muhlleitner, Zerwas, hep-ph/9904287
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Baglio, Djouadi, Grober, Muhlleitner, Quevillon, Spira, 1212.5581 Yao, 1308.6302
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8 8.16 0.49 0.21 0.14 0.21
14 33.89 2.01 0.57 0.42 1.02
33 207.29 12.05 1.99 1.68 7.91
100 1417.83 79.55 8.00 8.27 77.82

* quite promising that one can discover gg — hh — ~y~ybb

* w/ 3000 fb! @

100 TeV

pp collider, hhh coupling can be measured with 8 % accuracy
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E . ILC(250) ILC(500) ILC(1000) ILC(LumUp)
trl'H cou pllng Js(GeV) 250 250 + 500 250 + 500 + 1000 250 + 500 + 1000
at ".C L (ab™1) 025 025405 0.25+05+1 115+ 1.6 + 25
Yy 18% 8.4% 4.0% 2.4%
ag 6.4% 2.3% 1.6% 0.9%
Www 4.8% 1.1% 1.1% 0.6%
+ -
e'e” > Zhh z7 13% 1.0% 1.0% 0.5%
tt - 14% 3.1% 1.9%
250 GeV. 1150 fb-1+ bb 5.3% 1.6% 1.3% 0.7%
! tr- 5.7% 2.3% 1.6% 0.9%
1 _1 : ~ o r Sy -
500 GeV, 1600 fb 467 e 6.8% 2.8% 1.8% 1.0%
+1 Tev 2500 fb—l: ~13°/° utp— 91% 91% 16% 10%
’ '+ (h) 12% 4.9% 4.5% 2.3%
HHH = 83% 21% 13%
BRl(invis.) <0.9% <0.9% <0.9% <0.4%
For these estimates the value my; = 120 GeV was used.

The measurement of the hhh coupling for mh = 126 GeV is very challenging at
the LHC and even at the high luminosity upgrade of the LHC. At the ILC, the hhh
coupling can be measured via e+e- - Zhh and e+e- - hhvv . As indicated in
Chapter 9, for the combined data taken at the ILC with Vs = 250 with 1150 fb-1
and 500 GeV with 1600 fb-1, the hhh coupling can be measured with an
accuracy of about 46%. By adding additional data from a run of Vs = 1 TeV with
2500 fb-1, one can determine the hhh coupling to an accuracy of about 13%.
Therefore, the scenario for electroweak baryogenesis would be testable by
measuring the triple Higgs boson coupling)at the ILC.



NP effects in
gg—>hh
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NP effects in
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gge 2> hh

total cross section contour

o
gl 100 TeV Ctriangle =1 gl 100 TeV CBOX =1 %2
[T T 17T | LI | LI | 1T 1T [T T 17T | L | L | L =
O 10 ' Ay
0.8 = 08F =
0.6 - 0.6 = 15
04 04

m 25% 3 020 mm -
B 50% 3 04F Bl 50% 3

M 25%
Bl 50%

I|IIII|IIII|IIII_ IIII|IIII|IIII|IIII 0 |II

0 0.5 1 1.5 2 0 0.5 1.5 2 0 0.5 1
Ceox < Ceox

total cross section itself is insensitive to Higgs trilinear cou
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&8 2 hh p'qyw>35 GeV,

cwithcuts [ 50% [125% C,.

P> 35 GeV, |my| <2, 2.5> AR(b,b) > 0.4,
n,] <2, 2.5>AR(y,7)>04, AR(y,b) > 04,
| cosf,,| < 0.8, p>100 GeV and my, > 350 GeV,

s owithcuts [150% []125% C, =1

box
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

I Acis™s 50%

constrain on C,; is weak

w/ more assumptions, we can have
more implications
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triangle > low M, and low p;
box diagram > higher M, and higher p.
tthh diagram >even higher M, and even higher p,
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different combinations give same cross section, but
different M, and P, distributions
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gge 2> hh
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different combinations of C,., C.,, and Cy, produce similar distributions

- need more information to break the degeneracy
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NP effects in

gg = h h(ll)
——-h -h -h
| —l1_ // V4
000/ —--h “Nh “Noh

@ (b) ©
existence of a new resonance that decays into Higgs boson pair!

e.g. Two doublet Higgs model, Gerogi-Machacek model, ...
Chang, CRC, Chiang, JHEP 1703,137
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See Cheng-We's talkl!
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NP effects in
gg = h h (ll)

existence of a new resonance that decays into Higgs boson + some thing else!

IF because of symmetry, new resonance must be pair produced! >
signals of Higgs boson pair |

e.g. Little Higgs model with T-parity




Naturalness "Problem"

2 2 2 2
mh:mh0+6 mh 3At 2

6tmi ~ 2A — >
81T h
2
§"'m; ~ 992/\2
64 1T
2
§'"m; ~ A - A
161
2
smt ~ —(200GeV)} (—2—)
1 TeV

A ~ 10”GeV : Planck scale
sm, ~ —(200GeV)’x10™

needs m;, ~ (ZOOGeV)2X1O32(1

) m, ~ 200GeV

Highly fine-tuned !!
IF A~1TeV
mmm) Higgs is haturally ~ 200 GeV
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A® terms are canceled !!

Only logarithmic divergence is left

e.g. Supersymmeftry

CRC (NTNU)
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LHT
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T-even heavy T_contributions cancel A®
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particle spectrum

T-parity Even

T-parity Odd
d_ > u_ ~\2kyf

(- Z v ~V2f

uX3 dx3
SM yx3 vx3

W= *
A

:
TR L T

| measurement of mass of
* parameters: f, kq, ki, Ay, M, gauge bosons measures f |

* The lightest T-odd particle is stable
== dark matter candidate Ap
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particle spectrum
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2’ & h pair

Py —

1l qn

dbar SV 7,

4 —

Zh9h+ BR=100°/o

dark matter

Therefore, we have di-Higgs
associated missing ET
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we have di-Higgs associated missing ET gbar

M, (GeV)

2’ & h pair

Zh9h+: BR = 100 %
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2’ & h pair

pp — Z2'7" — h h
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2 0.025 ' *
008 1 ] 0.020
_ 1Rl
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Large missing energy compared to the SM background!
hh — ~~bb
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2’ & h pair

Other tricks to suppress SM background?

some thoughts:

Mgz > My, Mg,, == Higgs boson is boosted

m) two bs (.and photons) in Higgs boson decay are collimated and
jet-substructure can be adopted

0-127 ““““ o o T I I ]
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Z’ & h pair

2 photons

1 fast jet (mass drop, CA algorithms, R=1.2) w/ PT > 200 GeV
lepton veto

MET > 150 GeV

| Myy -125 | < 10 GeV

| M(fat jet) - 125 | < 30 GeV
one b-tag inside the fat jet
M,, > 252 GeV
background:  bbyy ~ 0 hbb ~ 0 ttyy ~ 2.7 x 1072 %
tty ~107° % #th ~0.27%  Zh ~ 2.3 x 1073%

Z :~ 120/0



2’ & h pair

AMS (approximate median significance)

\/2<(3—|—b)ln<1—|—%)—3>~%

sf  coupling in LHT~ 0.35 { —— 500 GeV
14 TeV HL-LHC

] T P —— 1000 GeV

0 500 1000 1500 2000 2500 3000
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Another di-

P
dark
P matter
W+ W- in association with missing energy!
again, when My, > Ma,,, My
‘ W boson is boosted Cao, CRC, Liu, PRD94 (2016), 055033

ms) decay products of W-boson are collimated and jet-substructure
can be adop‘red CRC (NTNU) 28



Another di-

: : |
Signal in larger [
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mw — 13 GeV < M; < mw + 13 GeV,
p{Z]} > 200 GeV, p‘{? > 100 GeV, |77J1’2| <3,
My, 7, > 500 GeV, Er > 400 GeV and lepton veto

cuts

f=05TeV|f=10TeV|f=15TeV| tt Ww | WZ 17

No cut 88698 | 273504 | 24432 (5.5 % 10719.54 x 10°/4.36 x 10°]1.25 x 10°

Fir, Wiet-tagging and Mys| 29533 38.01 9.0l 1331 | AT 6.43 LIT

5
Black Curves: 100 fb"

Red Curves: 300 fb”
Blue Curves: 3000 fb"

My ~ 0.65f : J//////’f:;;;;
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can reach > 30 level for most of the parameter space

However, another difficulty - How can we measure the mass of
W, (i.e. determine f ) with two missing A, (dark matter) ?

mmm) NO resonance can be reconstructed!

invisible

visible

CRC (NTNU)
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MT2 method

How can one measure the mass of a heavy particle if it is produced in
pairs and its decay products include invisible particles?

Warm up: measuring the mass
of the W boson in the CDF Il preliminary '[Ldtzzoo pb”
leptonic decay channel -- MT
variable.

events / 0.5 GeV

¢/-

1000—

NV,

500

M, = (80349 + 54_,_) MeV

v*Idof = 59 / 48

mT—Z(E ET Pr- #T)

The true mass of theW boson

. %o — 10 80 %0 100
satisfies < m. (1) (GeV)
W rE L. |
The end point of the Invisible final state

transverse mass distribution is
the W boson mass.
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MT2 method

*  When there.
invisible parti
their parent.

mroy (minvis) =

min [max
(1) (2)
pT spT

. - ITLVLE
mT(minvisa Pr

2 2
\/mvis + minvis

* The MT2 vari
momenta of v
and missing tr
Its upper bou
parent particl

160

140

120

-knowing the correct m, ending point of
"My, is correct mass of mother particle

Illl]l

l]ll]llll

[

JIIIIIIIIII

ll‘\lllllll I|Illl|\llllllllllll‘llllll

()

25 50 75 100 125 150 175 200
m, (GeV)

d

s of
h/9906349

wal state \

33



Events / Bin
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Summary

* A new scalar with mass ~ 125 GeV is discovered and its properties are
consistent with SM Higgs boson.

* Higgs self-coupling is crucial to test SM and find NP!! - not measured yet.

* Higgs pair production is important for the Higgs self-coupling, however,
total cross section is not that sensitive to it, and NP may hide there.

* Kinematic distributions can break some degeneracy but more
information is needed for a significant improvement!!

* With new resonance, the Higgs pair production can be significantly
enhanced!!

* As NP contains “parity-odd” particles, di-boson signals can be
produced in association with dark matter, e.g. Higgs pair, W-boson pair
production =2 jet substructure can be adopted.

* May be challenging to search NP in di-boson production, HL-LHC or

future hadron collider is highly desired!
CRC (NTNU) 35



