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1. Higgs-self Interaction

(probing potential at electroweak scale)
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Higgs Boson Pair Production
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HH production at 14 TeV LHC at (N)LO in QCD
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl) |
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Sensitive to HHH coupling very differently
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Sensitivity to HHH coupling: 1) gg->HH

Low Energy Theorem Shiftman, et al (1979)
Dawson and Haber (1989) |
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Sensitivity to HHH coupling: 1) gg->HH

(fl(pp — H'H]+'X) [fb]
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gg->HH: the leading channel

Unfortunately, it is not a easy jOb at the LHC or even at the SppC

HH production
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gg->HH: the leading channel

Unfortunately, it is not a easy jOb at the LHC or even at the SppC
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but not accessible at the LHC, due to hard
cuts used by our experlmental colleagues
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Sensitivity to HHH coupling:
2) VBF and VHH
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The VBF and VHH channels share the same
subprocess but with different kinematics
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Sensitivity to HHH Coupling
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HH and VHH @ HL-LHC

VS | V . N S~ H
q V
Cross section: 34 fb >> Cross section: 0.57 fb
Final states: bbyy Final states: bbbb
Br(bbyy) = 1.3 x 1073 Br(bbbblv) = 0.073

o X Br(bbyy) =0.044fb = 5 x Br(bbbblv) = 0.042 fb

Huge backgrounds: Main backgrounds:
bE}_/y, ccyy, bbyij, jjvy, Zbbbb, Wbbbb, tt, ttj,
bbjj,tt, tty, ZH, ttH ttH,ttz, ttbb

11



WHH and ZHH Productions

QHC, Liu, Yan,
TABLE III: The sensitivity to Augn = kAjyy in several , Phys.Rev. D95 (2017) no.7, 073006
production channels of Higgs boson pairs at the HL-LHC. AU U L R L UL R
: - 14TeV LHC =
SM 50 discovery 20 exclusion =~ -
3 = ZHH -
(k =1) potential bound 102k S~ i
W HH 1.290 |k < —7.7, k> 4.8/=5.1 < k < 2.2 = BN
C R 5
ZHH 1.320 |k < =81, k>48|-54< k<22 [ S~
GF(bbyy) [42]] 1.190 |k < —4.5, k> 8.1|-02< k<49 = 10'E g8—HH -
GF(bbyy) [43]| 1.650 |k < —2.6, k> 6.3] 0.5< Kk <4.1 © - (ATLAS) Lol WHH-
VBF [20] 0.590 |k < =17, Kk>5.0]{-04< k<35 " l
(HHH 21, 22]| 1.380 |k < —11.4,k > 6.9|=7.2 < k < 2.5 10 WHH E
JE
ThedlSCOVerypOteﬂtlalOftI'lplGnggS 10-1 N T Y5 5 S O U A 0
. . . . -3 -2 -1 0 1 2 3
coupling in VHH production 1s <
comparable to other channels. 0.5 <K <22

Nordstrom and Papaefstathiou (arXiv:1807.01571)
include full detector effects and show that measuring HHH coupling

via WHH and VHH channels is still challenging at the HL-LHC 15



HVV versus HHVV

SM predicts a definite ratio between HVV and HVV couplings
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2.
Fundamental (SM-like)
or Composite

Deciphering Higgs Property through Precision

QHC, Yan, Xu, Zhu, 1810.07661



Higgs Boson as a PNGB

e The PNGB Higgs boson is theoretically motivated to address the
little hierarchy problem
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* Many models: little Higgs, holographic/composite Higgs, twin Higgs...
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Higgs Nonlinearity

* PNGB Higgs boson can arise from a coset depicted below

global symmetry breaking

G/H -

electroweak symmetry
breaking

Higgs nonlinearity is denoted by the misalignment angle g .
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How to extract the Higgs nonlinearity
from Higgs coupling deviations?

General Considerations:

* The Higgs couplings to the top and gluons are more model
dependent; depend on fermion embeddings

* |nstead we are interested in Higgs couplings only relevant
with electroweak symmetry breaking

* Higgs couplings to gauge bosons (W, Z, photon)
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PNGB Higgs Couplings

* Jop-down approach:
use CCW/Z to describe the PNGB Higgs boson with specific G/H

30(5)/80(4), SU(S)/SU(Z)- .- Bellazzini, Csaki, Serra, 1401.2457

e Bottom-up approach:

use shift symmetry approach with only the group H at infrared;

Low, 1412.2145, 1412.2146
Universal up to the normalization of decay constant

Nonlinear Sigma Model:
LNLoM = @(pz) + @(p4) t+ -
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Considering the #VV couplings

e At the order of O(p~), custodial symmetry assumed

LN\t
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Higgs nonlinearity

2

gnyy = —\/ 1 —¢hV, V¥ PNGB
v, " gthV_{ V1-=¢
mv -
Sy = 7(1 — 28)hhV, V* ghvv 1 SM
y

Extremely difficult to
measure at the LHC

Unfortunately, Higgs nonlinearity is NOT the only source that
can modify the VvV couplings!
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Heavy Resonance induced operator

1 . .
_ T L T
On = 550, (HTH)O*(HH)
. _ (h)
e.g. a singlet scalar extension model .
----- : .- Il = =
V(H,S)=AmgH"HS +m?%5? e

e Oy can fake Higgs nonlinearity in AV V' deviations,
regardless of the Higgs boson nature

h — hi\/1+cy

e At dimension-six level, we only consider Oy in hV'V deviations
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Higgs Nonlinearity & Heavy Particles

e The signal strength of h — V'V * channels:

h— V*V) =
p( ) a,?M(h — V*V)em Fongp = 1 — &
SM
o, Lot _ !
— —_ 'FPNGB'FOH Yo, 1 + ¢y

SM
Uh 1—‘total

* We need to eliminate the faking effects of Oy in AV V couplings

* Since the effect of O is universal for all the single Higgs processes,
it can be cancelled out in the ratio

. BR( - Z7)
R = M(h — Z”Y) uih = 2°2) = BR(h — Z*Z)qy;

W= V) gy BRO= 7
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Considering the hZ~ effective coupling

* The following effective coupling at the order of O(p4) IS
insensitive to Higgs nonlinearity (no dependence on ¢&).

[:hZ’y (CHWOHW + CHBOHB)/MW 0. = (D”H)T(D”H)B
HB =

— —A/-iZ7 tan 9W (8’uhZV 8VhZM)A,Lu/ Oy = (D”H)T ’(D”H)W’
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* The signal strength of the hZy channel:
0, X BR(h — Zy)
oM X BR(h — Zy)gm

ng/ =+ 0.0087
Fl, = —0.001

pu(h — Zy) =

2

W
o, Ftotal ‘ F, + F7/Fpngp + Aky, tan Oy,
= - F 0. "

SM H t W |2
S |, + F7,
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The ratio R = u(h - Zy)/u(h » VV¥)
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We can determine Fpngg (i.€. €) Qi
from R and Ak, measurements.

AKZ)/

2 F Fonge=1.3 10.7
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Triple Gauge Couplings

De Rujula et. al. NPB 1992;
Hagiwara et. al. PRD 1993

Lrce/Iwwy = 91,1 (WJVWJ V, —W,W; f/,,)

LAY 4 orrr— T
M‘%V WA/J,WHVVVA

Agl,Z — EHw/COSQ HW

Ak, = CHw + CHB

AKz~y = CHB — CHW

It can be well determined from
the TGC measurement.
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Determining FPNGB at the HL-LHC

Contour line =1 — Higgs is fundamental (or SM-like as f > v )
Contour line# 1 —» Higgs is composite
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Az, AKz,y

LHC cannot do it == We need electron-positron colliders
(CEPC, FCC-eg, ILC)
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Determining Fpngs at the CEPC

Fpngp =1 =& =1-v%/2f°

Z Z
h‘i?;:i h»ﬁ QHC, Yan, Xu, Zhu, 1810.07661
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Conclusion

It is very challenging but we need measure the HHH coupling
from all possible ways to probe the scalar potential.

Precision measurements of Higgs couplings would shed
lights on new physics beyond the SM.

e The Higgs nonlinearity &( = v?/2f*) can be probed in the ratio

plh — Zv)

R =
u(h — V*V)

and the faking effects from the Oy operator are cancelled.

* Qur result is valid in any symmetry breaking patterns,
as long as custodial symmetry is assumed.

We are due for a High Energy e+e- collider.
Thank You!



