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Higgs self-coupling and HH production

® Higgs self-coupling could be directly accessed by the SM HH production
@ crucial to understand the EW symmetry breaking mechanism

¢ Non-resonant production: rare process of the SM

— destructive interference
- o(gg-HH) ~ 0.1%*0(gg - H)
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— BSM contributions can modify the Higgs boson
coupling parameters and modify the HH cross section:
define K;=Cppp= At //lzﬂfm

- BSM resonances Heavy scalar/graviton could also
decay to a HH pair
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K, = AIAM also dictates signal
kinematics:
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HH decays
I

® HH decay branching ratio fraction

@® bbyy: very small BR, clean signal
extraction due to the narrow h —
Yy mass peak

% | b WW o2z y
bb 33

WW 25 4.6

® bbbb: highest branching fraction,
large multijet background

® bbWW, bbtt, bbZZ: smaller BR,
Tt 74 25 039 exploring lepton final states to
reject backgrounds

® multilepton(WW+tt+ZZ) and
vy 026 0.1 003 0.01 - WWyy: important complementary
channels

ZZ 3.1 1.2 0.34 0.08

® CMS are exploring all these final
states in LHC Run2

%\‘ _1_. = E /i\ }Fﬁ% % «I“E %4 7](%\_‘9‘( Tuesday, August 17, 2021



CMS HH - bbyy
-4 7
Final states: 2 photons and 2 b-jets
Main backgrounds: yy + jets, y + jets, ttH
Besides ggF production mode, VBF production is also studied

© ® ® ©®

Two Boosted Decision Trees (BDTs) are trained to separate HH signal
and backgrounds

@ 1 for ggF, 1 for VBF
@ To reduce ttH background contamination, a dedicated Deep Neural

Network (DNN) was deve|0ped CMS IIIIIIIIIIIIIIIII 137fb (13 TeV)
S 10E 4 Data ggH SVBFH
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

CMS HH - bbyy
5 |

® Also studied 12 BSM benchmarks with various combinations of values
for the coupling modifiers

® ky, Cay, Cy, Ca, Cag, Cg

® My creates signal regions sensitive to multiple theoretical scenarios.

© My =myyj; — (my; —my) — (my, —my)
JHEP 03 (2021) 257
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

CMS HH - bbyy

-6 J
® Category optimized to enhance sensitivity to SM and anomalous

couplings
® 2 VBF categories Category MVA M, (GeV)
® 12 ggF categories VBF CATO0 0.52-1.00 >500
VBFCAT1 0.86-1.00 250-500
ggFCAT0 0.78-1.00  >600
@® The HH signal is extracted from ggF CAT 1 510-600
- : , gF CAT 2 385-510
a 2D fit to the invariant mass of ggF s SEn aae
the two Higgs bosons (m,,, m,,) ggFCAT4 0.62-0.78 >54(0
: , : F CAT5 360-540
in the final state simultaneously ggF ey aan e
in all categories. ggF CAT 7 250-315
ggF CAT8 0.37-062  >585
ggF CAT 9 375-585
ggF CAT 10 330-375
JHEP 03 (2021) 257 ggF CAT 11 250-330
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

CMS HH — bbyy results
25
® No deviations from SM observed
Obs.(exp.) upper limit on HH signal strength 7.7(5.2)xSM

Limit on HH XS XBR vs k, Limit on VBF HH XSXBR vs k,,, = C,,,/ ¢, S

) CMS 137 b (13 TeV) CMS 137 b (13 TeV)
) - 95% CL upper limits -1 = E95% CL upper limits — 3
g - —— Observed HH — yybb 7 = - —— Observed HH — yybb 3
2 35F ...... Median expected q4 8 12k Median expected -
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

CMS HH - bbyy EFT results
8 |

® Limits on HH cross section for different benchmarks
® observed limits ranging from 0.3 to 1 fb

@® Limits on HH cross section vs. C,
® Obs. ¢, € [-0.6, 1.1], Exp. C, € [-0.4, 0.9]
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

Higgs self-coupling with single Higgs processes

9 |
® Higgs self-coupling k; also affect the single Higgs NLO electroweak
corrections
Modification of total XS Modification of differential. XS
1.30 . . ‘ .
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® Could use single Higgs processes indirectly probe k;
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CMS HH — bbyy combined with ttH
K

® HH - bbyy signal was combined with the single H production ttH mode
@ provides an improved constraint on the k; and k; parameters.
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

different signals and backgrounds

CMS HH - bbbb with Run 2 data
T

® Recently published results with HH — bbbb from CMS (June 2021)
® measuring both ggF and VBF production of HH
® reconstruct HH candidate using 4 jets
@ with additional 2 jets for VBF events
® use dedicated BDTs to separate

@ large multijet background estimated from data and fitted simultaneously in
multiple signal regions

CMS Preliminary

102 b (13 TeV)

g 700 HH — bbbb
[ agF hlgh-mHH
E A%, region

500~

¢ 2017-2018 Data

[ Bkg. model

—— SM ggF-HH x 100
—— VBF-HH (k,,=2) x 100

Data/Bkg.

01 02 0.3 0.4 05 0.6 0.7 08 0.9
BDT Output
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html

®
®

CMS HH - bbZZ with Run2 data

® ggF HH - bbZZ channel with final states of two b-jets and two pairs of
opposite-charge leptons (4u, 4e,2u2e). CMS-PAS-HIG-20-004

@ 9 BDTs are trained for each data-taken year and each final state channels

to separate signal and backgrounds

signal region is defined with m,;~my

multi-dimensional binned fit to the BDT distribution in data is performed to

extract the signal

Inclusive BDT distribution
137 b (13 TeV)
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https://cds.cern.ch/record/2725691/files/HIG-20-004-pas.pdf

HL-LHC projection of HH

@ Different channel are studied for HL-LHC with projection from Run-2
analyses

® ~20% larger cross section, but much more difficult environment

— summary of channels/methods:
Expected SM HH events for 3000 fb™

ATLAS CMS |
11114 10?
bbbb |extrapolation| parametric ol =
. ; Y
bbtt |extrapolation|parametric = 10°
llgq 10
. . vvqq
bbyy smearing |parametric — 1
Ivqq 187 66 - h
T 433 569 101
bbVV parametric i\
(- Iviv) b5 939 314 s
10
bbZZ . »p T Ivgg VV4d ligg  YY  dvv Ul
rametri
(_ 4l) parametric
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Combined HH results in HL-LHC
g

¢ Expected significance (SM) with and without systematics at HL-LHC

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS

HH — bbbb 1.4 1.2 0.61 0.95

HH — bbrr 2.5 1.6 2.1 1.4

HH — bbyy 2.1 1.8 2.0 1.8

HH — bbVV (llvv) - 0.59 - 0.56

HH — bbz2Z(4) - - 0.37 arxiv:1902.00134
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

- 40 expected with ATLAS+CMS!
ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)
12— :

) .. 2T SM HH significance: 40 — Combination
¢ Measurement of p (SM signal injected): Swof | otem<asosnoy [ combinal
o o . . . N 0.5 < k1 < 1.5 [68% CL] ; “-= bbyy
- ~25% (30%) without (with) systematics : B
o, 8I— bbre
- p =0 (no SM HH signal) excluded **“*“ | b
at 95% CL 6f _
| bbzZz*(4l)
95% CL 4:"" bBVV(Iviv)
¢ Measurement of k,: :
2
- 68% CI of 50% 68% CL

2" minimum excluded at 99.4% CL A
thanks to the m,_ shape information
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https://arxiv.org/pdf/1902.00134.pdf

Summary
as

® CMS recently finalized a range of HH measurements

® Some of the main channels have their results with full Run2 datasets
® bbyy, bbbb, bbZZ channels
@ Limits and constraints are extracted for HH cross section, k;, k., and BSM
coupling modifiers
® Observed 95% C.L. interval of k; from bbyy channel
® —3.3<k;<85

® Observed 95% C.L. upper limits on HH cross section from bbbb channel
® 3.6*SM

® Observed 95% C.L. interval of k,, from bbbb channel

® Results would be further improved by the combination of different HH
channels and introducing constraints from single Higgs production

@ Stay tuned for the results from full Run2/Run3 and HL-LHC
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Back Up
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ATLAS HH — bbyy with Run2 data

1z 3
® Targeting mainly ggF production of HH — bbyy events but VBF events
are also considered as signal

@ two different BDTs are trained for events with high/low 4 body mass
m*(bbyy) to improve BSM sensitivity

@ Fit m,, distribution for signal extraction

@® Upper limit on signal strength: obs.(exp.) = 4.1(5.5)xSM
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@ C — 1, =10 ] 10°F ;
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0.05 . g
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

HH combination
18 |

® Both ATLAS and CMS have performed HH combination with partial
Run2 data

® 27.5-36.1 fb-! data for ATLAS, 35.9 fb-' data for CMS
@ only consider ggF HH production

! 359t (13 TeV P .
CMS 55973 TV) 5o, OMS , asTe  Observed (expected) limits at 95% CL:
fa) 95% CL
bBVY 2 . Yo upper limits.
Observed 78 xSk —_ H Observed
Expected 88 8xSh L 3000 o, = = =« Median expected r\
[ 68% expected 4 HH HH SM
bbb o [ 95% expected —— t . ATLAS: O F < 6.9 (10) X (6} F
Cbserved 74 68k a 2500 - X ' - E e gg gg
Expected 35 $xS \6- g Theoretical F'I'EUICI:\OH
gg—HH ; ; i
2% : sﬁn: CMS: HH 12.8 (22.2 HH SM
e —— Opserved d HE . . O-ggF < . ( . ) X O-ggF
- -- - Median expected 1500 T
bbyy
Observed 23 6x 5k - 68°/c expeeled 1000
e e | 95% expected o ATLAS: —5 (=5.8) < k; < 12 (12.0)
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Lepton collider vs hadron collider
g9

@® Future lepton collider like CEPC will be practically free of systematic

uncertainties

@ an order of magnitude or more improvement in precision in most Higgs
measurements and many electroweak observables

@ search for potential unknow decay modes that are impractical at hadron
colliders

CEPC CDR Volume Il (Physics and Detector)

Precision of Higgs coupling measurement (7—parameter Fit) AXZ Vs Ok, profiled

1 10 \ T T T T T T T T T T T T 1 T T T T
& LHC 300/3000 fb~"' ] i —=—=— HL-LHC + CEPC / ]
) | R ps— CEPC 240GeV/(5.6/ab) only [
= CEPC 240 GeV at 5.6 ab™' wiwo HL-LHC 8- = HL-LHC only /
S I
L0 6 .
g % s
©
E 47 .\ ................................... / ........................... J
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Kp K¢ K¢ Kg Kw Kr Kz Ky -2 0 2 4 6 8
5’(,\
more precise coupling measurements complementary k; constraints
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http://cepc.ihep.ac.cn/CEPC_CDR_Vol2_Physics-Detector.pdf
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