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The Higgs boson
Discovered in summer 2012
125.09 GeV, 0 charge, 0 spin

The SM predicts its self-interacting
Very unique feature
Not like any other massive particle

Can we probe it at the LHC? &

Direct probe

e Double Higgs (di-Higgs) production
Indirect probe

e Single Higgs production with EWK correction

Xiaohu SUN
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The Standard Model 4

Force carriers y,W,Z,g, all discovered
Fermion interactions, largely measured
Yukawa couplings that determine fermion
masses, largely discovered and measured
Higgs kinematic: WZ masses, all measured

Higgs potential: Higgs self-coupling, not yet!
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The Higgs potential

After EWSB Higgs potential becomes )\
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Triple Higgs.or
Higgs scattering

Higgs self-coupling A: Double Higgs

pp—~HH is the first accessible production mode to probe

Higgs self-coupling A at the LHC Ky = Ameasured

In practice, one only needs to measure the relative value K, ASM

Thus, if measurement agrees SM, then k, ~ 1
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Di-Higgs

e Standard Model (SM) non-

resonant di-Higgs (HH) allows to
directly probe Higgs self-coupling
Kx (=A3/A3,sm), study the Higgs
potential structure

* BSM resonant di-Higgs originates
from a heavy Higgs or graviton

(EWK singlet, MSSM, 2HDM, RS
KK graviton models etc.)
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Di-Higgs production modes

Gluon fusion Vector boson fusion
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Di-Higgs production rates 8

HH production at pp colliders at NLO in QCD 1401.7340
M,,=125 GeV, MSTW2008 NLO pdf (68%cl)
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ggF is the leading HH production, but its cross-section is still 3 orders of
magnitude smaller than single Higgs production, still challenging!
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The destructive interference B
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The decays

(H—bb, HH>WW, H—ZZ, H—tautau, H—vyy, ...)*
= HH—bbbb, HH>WWWW, HH—ZZZZ, ...
HH—Dbbtautau, HH—Dbbyy, ...,

Assuming 5 dominant Higgs decay channels results In
15 double Higgs decay channels
But the BR Is also squared, leading to smaller rates
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The ATLAS detector .. ...

—~ B Muon
o : BN HCal
: : B ECal

m=rdes] AT AS
e
CMS

"-__.:
0N 1 ri‘i\
RN s

Ny

R

¥

A ) \\
\ \ / \
/ \
“w‘;\
i
i
il
Il |
I f
I

1 I L L | 1 ! I
-2 -1 0 1 2 3 4 5
Y

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters

Pixel defector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiafion tracker

Semiconductor tracker

H-WW-evpv
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Data taking - Run2

140 fb-
To publish in |
Tl 11 e 36 fb! means ~1200 HH
219 atLas - one year :
2140 Preliminary s =13Tev ] events
a3 - _ Delivered: 156 fb’ -
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— 100 . 5
g [ [ooodtor Py |+ 140 fb"' means ~5000 HH
© - —
® ool 36 fb - events
- _ _
= L (2015+2016) : . .
_— J _ o ~
g 405 published /M single Higgs events
20— — £
0: 1 | | | | L | | L | i
a0 2 30 VP00 O T g a8y ® e SM is assumed

Month in Year



Elementary Particle Physics Seminar, Warwick

Contents

e Infroduction

* HH searches

e Higgs self-coupling in single Higgs
* Prospects HL(HE)-LHC ee-colliders



University of Manchester Elementary Particle Physics Seminar, Warwick Xiaohu SUN

HH—bbbb and HH—bbWW
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HH-—bbTtt and HH—bbyy

Trigger on lepton, Thad Trigger on diphoton
Look at bbtT; Fit on BDT score Look at bbyy and bjyy
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* The most sensitivity comes by statistically combining all decay channels
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Di-Higgs combination

e Correlate cross section as a parameter of interest

 Correlate experimental and theoretical uncertainties

Xiaohu SUN

e Extract the statistical power and experimental sensitivity simultaneously from all
the channels

bbbb bbW W~ bbr*t~ |WW WW- bbyy WHW=yy
B(HH — xXyy) 0.34 0.25 0.073 0.046 26-107 | 1.0-1073
Line [f671] 27.5 [36.1] 36.1 36.1 36.1 36.1 36.1
Categories 2 [2-5] 1[1] 3 [2-3] 9 9] 2 2] 1[1]
Discriminant muH Imuau] | ce. [mgy] | BDT [BDT] | c.e. [ce.] |my, [maal| myy [my,]
Model NR[S/G] | NR[S/G] | NR[S/C] NR [S] NR [S] NR [S]
ms/c [TeV] [0.26-3.00] | [0.50-3.00] | [0.26—1.00] | [0.26-0.50] | [0.26—1.00] | [0.26-0.50]

NEW on 10 January 2020 Phys. Lett. B 800 (2020) 135103



https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
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HH: non-resonant

o CM 359" (13 TeV
ATLAS —e— Observed S (15 TeV)
- - ) e Expected 1 bbVV
Vs =13 TeV, 27.5-36.1fb Expected + 1o Otsared 7305
_ UggﬂF (pp — HH) = 33.5 fb Expected + 20 _| Frpected 88.8x
i Obs. Exp. Exp.stat. _| bbbb
: Observed 74.6xSM
— hbrtr I 12.5 15 12 Expected 36.9xSM
HH— bbrt*t I . ) gg—HH
HH— bbbb i 12.9 21 18 (t))tsnted 31.4xSM ——
- ' ; < Expected 25. <SM Observed
HH— bbyy + : 203 26 26 - -~ - Median expected
i ' i | bbyy o
HH— W'WW'W g * 160 120 77 Obssrved 23.6xSM B 68% expected
" ' : _| Expected 18.8xSM 95% expected
HH—> W*'Wy: | 230 170 160
. . ?+ | Combined
Observed 22.2xSM
HH—- bbW'W } 305 305 240 Expected 12.8x SM
Combined | | ' """"""""""""""""" 6910 """" é ; """ 7 6 7 8910 20 30 40 506070 100 200 300 400
ompine . . SM
' reea g aaaaal a2 aaaal . 2 3 222241 a2 2 2222 95% CL on 0'HH/C"HH
10 10° 10° 10* sgﬁos
95% CL upper limit on O ooF (pp — HH) normalised to O F
Non-resonant xs limits Non-resonant xs limits

Combined limits ~10xSM (exp) ~7xSM (obs) Combined limits ~13xSM (exp) ~22xSM (obs)
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HH Higgs self-coupling
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- ATLAS Simulation
B \/§=1 3 TeV __ bbyy, 2 b-tags

- —— bbyy, 1 b-tag

—
-

Acceptance x Efficiency [%]

—— bbt, 1T
bbThadfchad B

lep "had SLT ~

—20 =15 -10
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15 20
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HH: efficiency vs self-coupling B

bbyy not most sensitive in kKx =1 (SM)
but strong in higher |k\| given its flat
efficiency
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Arbitrary units

Elementary Particle Physics Seminar, Warwick

HH: Higgs self-coupling on mHH
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HH: Higgs self-coupling “morphing”

M|? =y MBMB+J (MM + MrMp) + M M
t L

For example, o(y; = 1.2,k = 1) = (1.2)* o(y; = 1,k = 1/1. 2)

In practice, one only needs to generate three samples that can be
combined into a sample with any K, K\ values. See below

The combined samples are compared to generated ones and

good closure is found in general

) ”(kz k3 399
20 380

k — kik )
380

40 )
ko k ——k2) A(L D2+
38 R 38 ‘ ( )|

|A(ky, k)| = |A(1, 20)|
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HH: heavy Higgs, graviton

'E' | I | | 1 I 1 _ '-Q' N 1 | 1 | 1 I | | 1 ]
& [ ATLAS 12 ATLAS :
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101 B - =— Ny ENGEEY 4 ° 10- . Y Y D 1 = bbrt = bbyy
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10°F — 102k . (e?(rg_) 9 BukRS
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mg [GeV] Mg, [GeV]

Heavy Higgs Graviton
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HH: systematic uncertainties

e Currently, HH is still statistically limited

e |t will be still the same case in many channels with HL-LHC

e Among the systematic uncertainties, background modeling dominates

Upper limit percentage variation | NR Spin-0 Spin-2 k /Mp = 1 Spin-2 k I/Mp = 2
1 TeV | 3TeV | 1 TeV 3 TeV 1 TeV 3 TeV
Simulation statistics 3% 1 % - 2% - 1% -

Background modelling 3% 7% 9% 11% 15% 16% 21%

Signal theory 1Y% : : : 1% - -
Tau 2% - - - - 1% -
Jet - 1% 2% 2% 3% 3% 4%
b-tagging 1% 2% - 3% - 4% -
All 13% | 12% 11% 19% 18Y% 29% 25%
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Additional electroweak singlet model (EWK-singlet)
IS a very simple extension to the Higgs sector in SM

e Add one more real (or complex) electroweak

singlet to the Higgs double

This model (in the simplest scenario) predicts one

SM Higgs and one heavier Higgs

The parameters include

e Mg (the mass of the heavier Higgs)

e sina (mixing angle of the two Higgs states)

e tanf3 (the ratio of vev)

The HH combined limits targeting at spin0 Is used

to interpret EWK-singlet

Elementary Particle Physics Seminar, Warwick

HH: EWK-singlet
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HH: EWK-singlet

|gHnn|? coupling in the electroweak singlet model

ATLAS o , 10 s 106
VS = 13 TeV - = Dij-Higgs (exp.) === SM Higgs (exp.) I |
27.5 - 36.1 fb™* 1 Di-Higgs (obs.) —— SM Higgs (obs.)
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ms = 400 GeV SIS SIS 8 105
O 1 | TN -
9 { % |
o 6 104N
8 * 1 ~—
. II L
. 4 I
7 / o r‘ 9
a 2 I 4 o
oFf | N o
: |
5k "
: ) 2 102
4 } |
3 :| . I-‘ ‘\5\. l, 101
{ R sina| <0.35 ] . i 200 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
2t A (0.48) allowed | = . . sina ,
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v Yy P. h . sin 2ar m
1 : :oo SM Higgs couplings : : §SHH = ~7 (—sinavy + cos avy) (m%, + 75)
i YRR AT N I Y. VdVs
00 -0.75 -0.50 -0.25 000 025

050 07> . 299 The coupling diminishes at

e sina =0, or
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Xiaohu SUN
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HH: nMSSM

¢ hMSSM is a simplified MSSM (Minimal

: : : 2 2 2 2 .2 222 o 2 .2 2
Supersymmetric Standard Model), its Higgs (my +mz —my (M7 cy + My sg) — mymz ey,
. . Niec =
sector is equivalent to Type Il 2HDM (Two- 'S mLcd + m st —
Doublet-Higgs Models)
e This benchmark predicts five Higgs bosons ATLAS
e 13 TeV —— Exlpected 1 (C)bse:ves .
o Heavier Higgs: CP-even S, CP-odd A, a pair 27.5 - 36.1 b — T Elolep) e Constantms [Gel
of charged F ALAAREE DA AT NN AR AR AR A
| Sasp TN AN L S
e SM Higgs: H “ob ' REAN R
: OB : : S
e Only two parameters can build up the model 351 IR\ VU
3.0F S N N .
. m, (mass of A) R AN _e
3 : : : . _
. : -. .. -. \\\.'. \g . i
e tanf (the ratio of vev) 3 - W U
1.5F RN v E
e The HH combined limits targeting at spin0 is > R N R A DI DT Wl (I
200 250 300 350 400 450 500 550

used to interpret nNMSSM My [Gel\./]
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Global: hMSSM

June 2
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ATLAS
Internal

hMSSM, 95% CL limits|

I

— Observed
- - - - Expected

m, [GeV]

| HA—1t

Vs=13TeV,36.1b"
JHEP 01 (2018) 055
H - v
Vs=13TeV, 36.1fb"
JHEP 09 (2018) 139
T H >t
¥s=13TeV, 36.11b"
arXiv:1808.03599 [hep-ex]
[ ] H-> ZZ- 4llivy
Vs=13TeV, 36.1fb"
Eur. Phys. J. C (2018) 78: 293
gg— A— Zh
Vs=13TeV,36.1fb"
JHEP 03 (2018) 174
: H— WW-= viv
¥s=13TeV,36.1fb"
Eur. Phys. J. C 78 (2018) 24

| I H- hh— 4b,

— bb yy/1r,
Vs=13TeV,36.1fb"
Summer 2018
w11 cOUplings [k, Ky, K]
¥s=13TeV, 36.1-79.8fb"
ATLAS-CONF-2019-005

Xiaohu SUN

In the global picture of hLMSSM exclusion with all available ATLAS heavy

particle searches, the HH leads in the intermediate mass range
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EWK correction on single Higgs productions
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EWK correction on single Higgs decays

Directly change

.
.
_ ~ .
= - = LT~ bosonic decays
he < H ‘\ H y vV _
~ % ~ _ - Indirectly change
fermionic decays
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Indirect self-coupling measurement from single Higgs

e Single Higgs coupling measurements can indirectly influence the Higgs self-coupling, vi

EW loop corrections
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Combined HH+H

-35.0 12.0
alaMCIUI)E —> 9 < K2 < 23 <k <103
H (8()/fb) -32<Kky <11.9

i 1'4 IIIIIII ol B ol I 1T T T I I LTl I
s - ATLAS Prellmlnary | | l 5 | - < 8: | | | | | | | _
- i [E=18Tev,275-798 10 - — [ ATLAS Preliminary —— double Higgs -
1.3 wSM e [PPSR — ~ /[ Vs=13Tev,275-79.8f" T Snge Higgs —
~ #BestFit : e K=Kz == 1 =1 _ . L Ky =Ky =K =K =K, =1 — -
- —68%CL I - - E
1-2:_ --95% CL 3 R e - 6: -
1A= 2 - S E
= H+HH _ - i
1 | 4 -
- - -95% CL :
0.9 j St E
08:| R B 1‘:| 1 N T T T T N T T T T AN M W A |1 ‘i'.l [ |: 2:_ _:
-20 -15 -10 -5 0 5 10 15 20 - -
K 1k —— -
| | " -68% CL \ / :
NEW On “nggs huntlng 201 9,, Sep 02_IOI | I1|I5I | I1|IOI L |5I Ll lOll | 5 | I1|OI L f1|5l L éo
ATLAS-CONF-2019-049



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049
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Breakdown

Vs =13 TeV, 27.5-79.8 fb™

Expected (k, = 1) == pp—H, VBF

pp—H, VH

e pp—sH, ttH

95% CL

nNn W Ao O OO N 0o

N\ 68% CL

O |||||||||||| : - a =

—20 —15 —10 -5 0 5 10 15 20
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< 8_] L | R | L | 1 | 11 | 1T 11 | 1T 11 I_
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| — — HH — bb —
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“All” future possibilities

Higgs@FC WG | di-H, excl. I di-H, glob. [ single-H, excl. [l single-H, glob.

All future colliders combined with HL-LHC

Xiaohu SUN

2 ‘ 5 ~50% ~50%
i | ~15% ~40%
FCC-ee/eh/hh | [ ~5% ~20%
FCC-ee,,, .. o
FCC-0Cs | I e ] 20%
ILC250 ;490.: E E
ILCys0 ;. ~25% ~25%
ILCso0
CEPC . i ~159/,
CLICsg, .
CLIC 500 ~10% ~35%
CLmsoéJZ
0 10 20 30 40 50 The best precision
May 2019 68% CL bounds on k3 [%] | in each category

HH is robust w.r.t other Higgs couplings
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FCC-hh

The ggF HH xsec will reach O(1) pb FCC-hh Simulation

Illlllllllllllllllllllllll

gg — H H K)\=O
— K, =1
— K, =2
— K, =3

The Higgs self-coupling will finally reach  §|50.12

precision measurement in FCC-hh —I0

FCC-hh Simulation (Delphes) 0.1 Fowheg-V2 (NLO)
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ee-collider HH

Eur. Phys. J. C77,475 (2017
l I I I |

§ El | l | | | E
. . > Hy v -
Dominant production S 2 )
. 2 |
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O 5
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1 E =
et - .
107" = -
& i f
102 &
0 1000 2000 3000



University of Manchester Elementary Particle Physics Seminar, Warwick Xiaohu SUN

Summary

* Higgs self-coupling being one of the largest motivations drive the HH searches

 This can complete the missing piece of the SM, reveal the Higgs potential and
indicate the evolution of the early Universe

* There were/are a large number of HH search programs on the hadron collider

e These analyses already impose influencing impact in the domain and the related
* A variety of new physics beyond Higgs self-coupling can be probed using HH
e HH+H combination is very meaningful

 With the current statistics, single Higgs is in a similar level of sensitivity to HH

e | ook forward to fruitful results in near future
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Backup
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HH@LHC: new ideas?

What else can we do with HH, besides what we are doing? New ~C2v
production modes, new BSM models etc. BT

VBF HH (HHjj): strong contamination from ggH + jj events, but very q
sensitive to the C,,, coupling

e Already started on 4b, can extend to more decay channels

ttHH, the third largest production: fun to look at, huge number of
final state particles

e Alternative BSM target: tHtH for vector-like-quark T'—tH
(indications from recent tension in SM lepton universality tests, R~ <
such as R(DM), R(K®), and W—T1v over W—ev+uyv ) D

HH—DbbTT for alternative BSM target leptoquark with btbT, LQ—b

SH models, where S is non-SM Higgs, mainly for enhanced -
bosonic decays ggHH: c2g

Effective field theory (EFT) coupling constraints
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One more: when Higgs meets VBS A

Higgs Couplings without the Higgs PhysRevl ett.123.181801

15
- { " Constraints from pp - jj /#v/i*v h at HL-LHC
10|
{ (= . 20
L0 . .. - - - - - - - - -i- ;———-
1% 5 '.
\ h Z Z
\ | |
®-- < oo o5%, HL-LHC I
/ b | bbyy alone |
/ | .
¢t ~l '
q 1/ —10:-
=== — |
= I
0.1 0.3 1 3 10


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.181801
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productionmode | ggF VBF ZH WH ttH

Ci x 100 0.66 063 119 1.03 3.52
K 1.049 0932 0947 093 1.014
% e & KR KR K

oBSM (ka = 1)C|

| N _ _ -BSM 2
HZ(K/la Kl)_ O'SM _ZH (K/l) Ki + KII_EW

1

. with 6Zy = —-1.536x 107>
1 — (K/l - 1)(5ZH

Z™ (ka) =

v

2 f
f Kf+(K/1— I)Cl

SM -
BRf 2 BR?M [sz + (kK — I)C*l']

Not all decays are DIRECTLY corrected by K,

.Uf(K/z, K f) =

decay mode H — yy H—-WW* H—ZZ* H—bb H-—1T

¢/ x 100 0.49 0.73 0.82 0 0

KJ% 1.59K‘2, - O.O7/<}2E — 0.67kykF K‘z, K‘z, K> K>
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HH+H

— 1 03 =L | 11 I [ | 1 Pl 11 T I < 8£ e e o - I:
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10° GWH _GHH : = HoWW = evuw 36.1 . i
- : — H— 7171~ 36.1 - ]
— — N VH, H— bb 79.8 4= =
_ | — = ttH, H — bb 36.1 C 9 ]
i : I _ ttH, H — multilepton 36.1 3 -
X HH — bbbb 27.5 - .
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I I I I I
— HH production at 14 TeV LHC at (N)LO in QCD
LT M=125 GeV, MSTW2008 (N)LO pdf (68%cl) .
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HH

VBF

VHH
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CMS HH: small excess ~300 GeV &

CMS 35.9 b (13 TeV)

= | pp—X—HH—yybb (spin-0)
= 10 95% CL upper limits =
e~ Bulk radion —e— Observed .
F ----- Ag=2TeV ---a--- Expected :
% I Ap=3TeV Expected = 1 std. deviation -
R = - Expected = 2 std. deviation _
<SR SR .
@ ' .
X . el -
3 B "'--.,. e -
T ......
Q 16
S E A
o -
107 IE
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Resonance Mass [GeV]

CMS 35.9 fb' (13 TeV)

bb t,t, +bb T, +bbTrT,
Combined channels

95% CL upper limits
—e—— (Observed
-===0--=+ Median expected

68% expected

95% expected

Radion A = 3 TeV, kl =35, no R/H mixing

95% CL on ¢ x B(S— HH—> bbrr) [fb]

300 400 500 600 700 800 900
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Prospects: HL-LHC
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1902.00134 /¥4

CMS-PAS-FTR-18-019

* ATLAS includes bbbb, bbtt and bbyy

ATL-PHYS-PUB-2018-053

*CMS includes bbbb, bbTtTt, bbyy, bbVV (2-lepton) and bbZZ (4-lepton)

ATLAS and CMS
B L A i L

3000 fb' (14 TeV)
JILE LA A

Statistical-only Statistical + Systematic bbyy —— o HL-LHC prospects
o ATLAS CMS ATLAS CMS - . —ows
HH — bbbb 1.4 1.2 0.61 0.95 POTE e T = Stat. uncertainty
HH — béTT 2.5 1.6 2.1 1.4 obbb | o | :
HH — bbyy 2.1 1.8 2.0 1.8 _ |
HH — bbVV (llvv) i 0.59 . 0.56 bBVV(vv) | H —
HH — bbZ Z(4l) - 037 - 037 | .
combined 3.5 2.8 3.0 2.6 i
Combined Combined combined| SRRSO
4.5 4.0 2 0 2 4 6 8 10 12 14

Combine ATLAS and CMS.:
* Expected significance 40
Expected precision on pp—HH cross section ~25%

Expected precision on Kx
~50% (double Higgs)
~110% (single Higgs)


https://arxiv.org/abs/1902.00134
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/index.html
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*Scale up to HE-LHC from HL-LHC: cross
section x4, luminosity 15 ab-

» Studied bbTtT and bbyy with ATLAS
assuming no systematic uncertainties

*Significance: 10.70 in bbT1T, 7.10 In bbyy

*Precision on Kxa: 20% (40%) in bbTr (bbyy)

: 16 ni || I | L l | lllll | I l | L ] lllllll _l_
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Prospects: HE-LHC

1 bbyy

[[02 2. ]l]J[63 . 7.2]
| 2
5 = fomo 5
[-12,7.4] Y
[-2.7 ,8.7] | Q
[-1.1,8.8] (:':’
[-2.5.,10.2] -
%10'513‘1_6% HH ~500/0 41 combination ill
[-19,5.3] -
[-4.1 ,14.] =
[-0.1,2.3] m oxclusive fit b
[-1.1.,3.8] / -/ A-Bie T S
-2.,39] 4 £
[[-5 7 ]] /M// % % W%
rS
HH ~200/0 { combination 3
a O
__________________________________________________ I
-
exclusive fi g u|.l
= = =
g
....... - e -




University of Manchester Elementary Particle Physics Seminar, Warwick Xiaohu SUN

Prospects: ee-colliders 49

S [ L L — 131 < With lepton colliders, quite often only indirect
= I o v — - measurements can be performed due to the energy
Xt eV/ : threshold (~340GeV for VHH)
110 E . 3 o Although much lower background level, the HH cross
o Hee//“' - section is 2 orders of magnitude smaller than hadron
Lt - collider
o
10 & 1 e Precision of kx; CEPC/FCC-ee reaches ~50%: ILC/
: i ZH . CLIC ~20%
| 3 # 1 el L
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