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Outline

New physics effects in Higgs pair production at the LHC

couplings
resonance

associated with other particles
See Jason's talkl!

Summary



Higgs boson
@ LHC
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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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o(pp — HH + X) [fb]
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dt - 512(27)3 |§ —m2 e + Fof” + 1Gol 0.1 ' ' . .
h 8 25 50 75 100
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
Asakawa, Harada, Kanemura, Okada, Tsumura, 1009.4670 Dawson, Furlan, Lewis, 1210.6663
Baglio, Djouadi, Grober, Muhlleitner, Quevillon, Spira, 1212.5581 Yao, 1308.6302
O O O O O
Vs [TeV] | o EQBHH [fb] |o (11\1117—>Hqu' [fb] G(IE'\EWHH [fb] U%IEJZH m [fb] G;‘é/gg—*tfH w (D]
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
CRC (NTNU) Yao, 1308.6302 4
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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
gg2>hh
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NP effects in

gg 2> hh(l)
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gge 2> hh

total cross section contour
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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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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 ﬁ /'h W /'h
h // 7
0 - N\ N\
0290 ---h “h “h
(b) ©

(2)

existence of a new resonance that decays into Higgs boson pair!

e.g. Two doublet Higgs model, Gerogi-Machacek model, Gauged 2HDM...
Chang, CRC, Chiang, JHEP 1703,137 CRC, Lin, Tran, Yuan 1710 *****
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NP effects in
gg = h h(ll)

GM model : neutrino generation, extension in scalar sector
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NP effects in

gg 2> h h(ll)

h=cosaHg —sinaHy, HY=sinaHg+cosaH\
__ % gm _ B 8 SM

9hff = nghff ; ghvv = (Sﬂca 3058a) Ihvv

So, o
9u9 7 = 59% . gmovy = (SBSa + \/;Cﬂca) Tnvy -
o oppot [T 30 e SM
Ghhh = {1 - [g ~ 53 (224 + A5) + — 3 || nnn >

JHORA =241C2 844 + 2 [\/gcavA(ZSci —2) +54Us(1 - 303)] (2X4 + X5)

+8\/§casi’UA()\3 +3Xg) + %g,ulca(?;ci -2) + 4\/§,u2ca3§ .
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do(gg - hh)  G%a2 ) _ 2 2
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NP effects in
gg = h h(ll)

some benchmark points

benchmark point| A B C D E F G H
(a,v) (10,30)  (-10,50)  (-10,20)  (-30,20)  (-40,30)  (-45,20)  (-28,33)  (-1,1)
KE, 1.049 1.204 1.012 0.889 0.816 0.727 0.954 0.999
Ky 0.185 ~0.212 0178  -0514 —~0.685 —0.727 -0.507  -0.018
kv, 0.827 0.969 1.024 1.031 1.081 0.954 1.108 1.00
5V 0 0.718 0.782 0.201 —0.161 ~0.172 -0.423 0.113  1.32x107®
M0 250-301 250455  250-954  250-315  250-402  250-273  250-1373  250-492

BR(H? - hh)

0.004-0.16 0.0014-0.133 0.009-0.186 0.244-0.954 2 x 1074-0.96 2 x 107°-0.5 7x 1073-0.81 0.6-0.99

500 GeV > mp > 250 GeV mmmp using bbyy channel

my > 500 GeV mmmp using 4 b channel

CRC (NTNU)
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NP effects in

gg 2>

Ny>4, In(j)| <25, Pr(b) >40 GeV ,
AR(jj) < 1.5, Pp(j7)%*dsul5 200,150 GeV
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h h ()
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o= -28°, v, = 33 GeV

LHC 13 TeV

it M,; > 910 GeV ,
if M,4; < 600 GeV |
otherwise ;
if M,; > 990 GeV ,
if M4; <520 GeV
otherwise ;
if M,; <820 GeV ,

otherwise .
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) (1/10GeV)

(1/6) (do/dM

NP effects in
gg>hh(ll)

Tybb

» o)
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16 — myp =350 GeV '
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- — SM ]
- Sy ¥ 006 — SM
012~ o= -40,vA=30 GeV %
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- °)
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0.08f- T 004
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105 GeV < M, <160 GeV, 95 GeV < My, < 135 GeV .
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NP effects in
gg 2 hh(l)
Benchmark point E G SM
(a,vp) (-40°, 30 GeV) (-28°, 33 GeV)
mpo (GeV) 250 300 350 400 | 500 600 700 800 900 1000
I‘H? (GeV) 0.68 5.37 10.62 8.05| 6.75 9.04 18.91 27.83 34.67 51.00
BR(H? — hh) 0.82 0.954 0.955 0.76 | 0.57 0.45 0.62 0.66 0.65 0.71
o(pp - hh)13-Tev (pb)|3.62 3.28 3.32 2.68| 0.56 0.25 0.18 0.11 0.11 0.078
Efficiency 5.6% 6.4% 7.2% 8.8%|2.57% 4.15% 3.65% 2.45% 0.86% 0.97%9.2%

\ J

\

|
bbyy
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o(p p— h h) (pb)
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*current data excludes part of
parameter space of BP G

*with 30 fb!, most of parameter space
of BP € (M>500 GeV), D, E, F, G can be
probed
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IF the SM-like Higgs pair production signal is discovered, could we tell
whether there is new physics?

Assuming:
cross section is consistent with SM prediction
No “obvious” bump in high invariant mass of hh
mmm) similar distribution as SM, peaks around 400 ~ 500 GeV
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3000.0 fb™
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3000.0 fb')

int

Nevent (L.
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Nevent (L
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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!!

* current data could be sensitive to heavy resonance production

* future collider (e.g. 100 TeV p-p) could probe the structure of scalar
potential through Higgs pair production
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¢0:E(U¢+¢T+Z¢i) 9 XO:,UX_FE(XT'_FZX?Z) 9 €O:U§+§T 9

Uy = Vg VA, v?=v3;+8v3 = (246 GeV)?, tan 3 = vs/(2v20n).

Héngr Hi = \/mgr +\/2/73Xr

h=cosaHg -sinaHy, H}=sinaHg +cosaHx
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