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PH and the triinear coupling

arXiv:1312.5672

e HH production can be used to directly study Higgs boson self-coupling and Higgs potential
e At CERN LHC mainly produced through gluon fusion via fermion loop
e In SM destructive interference of triangle and box contributions

— Tiny cross section (31.05 fb)

— Experimentally very challenging
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e With full Run2, possible to target

also -
production mode (1.72 fb)
— sensitive to coupling

VBFHH
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https://arxiv.org/abs/1312.5672

MR beyoind the SM

[ Nonresonant Production J

{ Resonant Production }
e BSM processes can modify cross section and kinematic properties

e EFT approach: leads to coupling modifications (ka, kt, cv, c2v)

e New resonance that decays into HH
—predicted by broad class of models

—typically spin-0/2 resonances with &
mx > 250 GeV
e Search for bump in mnH distributions
e Wide mass range to explore
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HH daw Channels

e Rich phenomenology with many final states
accessible at LHC

b B(HH%XX Y}’) e Many of them already studied in Run1 and
my = 125 GeV Run2 2016 analyses
ww e This talk: focus on full Run2 results:
> o HH—bbWW, resonant
gg (CMS-PAS-B2G-20-007)
10° o HH—4b boosted, resonant

(CMS-PAS-B2G-20-004)
o HH-4b resolved, nonresonant

TT

cood il ol

=l (CMS-PAS-HIG-20-005)
ZZ o HH—bbyy, nonresonant
10° (JHEP 03 (2021) 257)

o HH—bb4l, nonresonant
(CMS-PAS-HIG-20-004)

g

b bb WW 99 s 77 T
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https://cds.cern.ch/record/2777173
https://cds.cern.ch/record/2777083
https://cds.cern.ch/record/2771912
https://arxiv.org/abs/2011.12373
https://cds.cern.ch/record/2725691

WK — bbww - respnant

CMS-PAS-B2G-20-007

e Single lepton channel (HH—-bbWW*->bblvqq) and
di-lepton channel (HH—bbWW*—bblvlv and HH—bbzr—bblvvlvv)

e bbZZ events included in the c|v|s Preliminary 138 fb (13 Tev) CMSPreI/mmary 138 fo! (13 TeV)
acceptance: 1-3% of total E C L bL HP '7}'6_;15' T B ag bkg. } E . CwbLHp i 'Ea'ta """ ‘O E/gj bk/‘gN bk
expected signal yield S o S Bl 8 S Qloauiie

: . 2 C —3Tev Xsmo-mtbkg i < 102 —3TeV X, (m,bkg.

e Main background: top pair e .oF oB(X — HH) = 14 £ OB — HH) <02 pb
production T 12

e Boosted topology: H—bb and 20 E
W—qq reconstructed as single 10 . B
large jets (R=0.8 anti-kr jets) ]

e Fine categorization based on &= Oc =
flavour and jet substructure s ! 0 ©

a 1E S

e Results extracted by fitting 2D 0.5F - g

(mib,muH) distributions 4060 80 100 120 140 160 180 200 ~7000 7500 2000 2500 3000 3500 4000 4500 5000

m, ;- [GeV] my, [GeV]
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https://cds.cern.ch/record/2777173

WK — bbww - vesonant

CMS-PAS-B2G-20-007

e Search in mass range 0.8 < mx< 4.5 TeV

Radion (spin-0): . )
- UV cutoff Ar =3 TeV 10* 138 fo (13 TeV) 10° 138 fb™ (13 TeV)

— E! T | T T 1T | LI T T 1T | T T 1T | T T 1T | T 1T 1T | T 1T 1T |E — E\ T | T T 1T | T 1T 1T T T 1T | T T 11T | T T 17T | LI | T 1T 1T |E
- BR to HH: 25% 2 cms = £ " cms -
f - Preliminary 95% CL upper limits - f - Preliminary 95% CL upper limits 4
H ; . I .3 Spin- —e— Observed | I {n3L Spin- —e— Observed _
Bulk graviton (spin-2): " 10 Spin-0X Median expected 3 " 10 Spin-2X Median expected 3
- BRto HH: 10% E I 68% expected . a [ 68% expected ]
- 2 hp_considered % | [ 95% expected - % T [ 95% expected !
_ lj,' =03 e 10 E— Radion (A,=3 TeV) E 10 E_ Bulk graviton (L(:O.S)é
- k, =05 C : :\“ ----- Bulk graviton (k=0.5) 3
7 ‘ 10 = 10 \ =
= V8mk/Mp, z : - -
T E T
e ~1 order of magnitude E . B
gained w.r.t. 2016 analysis - . - - 1
e Scanrange extendedby1 | 107 NG 107 N Ll
TeV 7000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000 4500
my [GeV] my [GeV]

A.Cappati (LLR) Higgs Hunting 2021 6


https://cds.cern.ch/record/2777173

WH — 4b boosted - vesonant

CMS-PAS-B2G-20-004

e (Semi) boosted topology: events with 2 R=0.8 anti-kT jets, or 1 R=0.8 anti-kt jet and 2 R=0.4 anti-kT jets)

e Main backgrounds: multijet 180 138 fo' (13 TeV) c . . . 138 fo (13 TeV)
production and tt+jets = cms T d o S 200F-CMS ¢ oan 3
e 4 L. ; 128 Preliminary ZZ Toulbigure. ; Preliminary ét"‘?" Bhg ot .
e |dentification and categorization 2 120F. 1000 <M< 1700 Gev -r; B £ 150F 105<m, <150 GeV -; . 3
based on NN (DeepAKS8) o o o _ ]
LLI 1 00 wmmm Radion (narrow)-1500 LIJ wmmmm Radion (narrow)-1500 :
e Results extracted with fit on 2D 80 100 E
(mJ,mred) distributions 60 ]
40 50 -
20 ]
0= 0 J
L aF £ 4
Myed = Mgy — (Mg —my) — (M2 —my) 2 2 3 o
Myeq = Myj—(my—mpy) —(mj;(j1, j2) —mp) @ g mcis g
m B = —
S S 4 . . . .
80 100 120 140 160 180 200 220 1000 1500 2000 _ 2500 3000
m, (GeV) m,, (GeV)
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https://cds.cern.ch/record/2777083

e Search in mass range 1 <mx< 3 TeV

WA — 4b boosted - vesonant

CMS-PAS-B2G-20-004

L~ 1 03 FT | T T T T T T T T T T T | 1I38I fbl—1 (I.1 3|Te\V_) -~ 1 03 T | T T T T T T T T T T I 1I38I ft)l-1 (I13|Telv_)
Radion (spin-0): 2 F cms 3 277 F cms E
- UVcutoff AR=3TeV & [ Peimnay S .
- BRto HH: 23% 1 i 1 2 i |
T 2| — Observed ] T 4n2l — Observed |
- excluded @9%5% CL X 10 2 Expected (95% CL) EI 10 = e Expected (95% CL) E
in[1,2.6] TeV z r I + 1 o Expected 4 & - I + 1 o Expected ]
X X L 4
< B +2 o Expected T x +2 o Expected
Bulk graviton (spin-2): ° 10k —— Theory X -4 °10E — Theory X E
- BRto HH: 10% - : - :
- klMrPi=0.5 i ] i
- excluded @95% CL 1L ] 1 _
in[1,1.2] TeV & E g g
1 0—1 1 | 1 1 Il 1 | I} 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 0_1 L | L L - L | L L L I L - L L I L 1 L L | L
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
m, (GeV) m, (GeV)
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https://cds.cern.ch/record/2777083

Events with at least 4 identified b-jets

Largest BR =34% @m+=125 GeV
Non-trivial jet pairing to build H
candidates

Large multijet background from QCD
and tt hadronic processes: estimated
from data

Target also VBFHH:

o ggHH/VBFHH categories

o BDT to separate ggHH from VBFHH
o subcategories based on mHH or BDT

output

Results extracted fitting the 4
categories simultaneously

Events

Data/Bkg.

WH — 4b vesoed - nonresonant

CMS_Preliminary

102 b (13 TeV)

500 HH —»> bbbb  §  2017-2018 Data
- ggF Iowm Bk del
[ AL reglon 9. mode
= Bkg. unc.
4001~ —— SMggF-HH x 100
B —— VBF-HH (k,,=2) x 300
300
200H]
100
.
IE ................................... o
60 01 02 03 04 05 06 07 08 09 1
BDT Output

Events

Data/Bkg.

CMS Preliminary

CMS-PAS-HIG-20-005

102 fb™' (13 TeV)

700 HH — bbbb
ggF high- M.

4b
Agp region

600

¢ 2017-2018 Data
Bkg. model

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

500

00t98,0000% g agehe sbegustes- g*»bwm;m e |

01 02 03 04 05 06 0.7 08 09 1
BDT Output
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https://cds.cern.ch/record/2771912

WH — 4b vesoed - nonresonant

CMS-PAS-HIG-20-005

Observed (expected) limits @95% CL.:

e o(HH—bbbb) < 3.6 (7.3) geu
o 23<k <94(-5.0<k <12.0)
o 0.1<ky<22(-0.4<ky<2.5)

Best limit value in CMS!
/

. ) See also HH—4b boosted VBF,
Large improvement w.r.t. 2016 analysis! nonresonant search

(CMS-PAS-B2G-21-001),

in CMS joker talk!

. CMS Preliminary 138 fb" (13 TeV) CMS Preliminary 138 b (13 TeV)

= - 95% CL upper limits All categories 2 E 95% CL upper limits : : All catégories E
. - —— Observed ; HH — bbbb 7 = B Observed , , i
T [ oo Median expected 1 ] i %_ 10tk e Median expected S . HH — bbb 7
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https://cds.cern.ch/record/2771912

HA — bbyy -~ nonresonant

JHEP 03 (2021) 257

e Events with at least 2 identified
photons + jet selection

, CMS 137 fb 13 TeV CMS 137 fo' (13 TeV

e Tiny BR = 0.26% @m+=125GeV N — e ley B {13 Tew)
G | . % aoTHH—awbb AII Categones 3 % 40—HH—>yybb AII Categorles E

e Good myy resolution St m,-125Gev S/(S+B) weighted 1 O oEmy=125Gev S/(S+B) weighted 7
e Relatively low background: main = =E Lgﬁimw E - 305_ Lala_itimm 3
source nonresonant p(y)+jets 2 Wk — H + B component | 2 : — H+ B component
(data-driven estimate) i e T 3 i o

E 1 [+20c B B 2 [+20c E

. < 4 = - 3

e MVA to separate signal from 2 10 = 2 15E E
background Z | = Wf 1 e
I i o LE e E

[ S l “y e T 11 -

e Target also VBFHH: fine & ok [ tenTatelol S8 TRRTIOAT > On...|.‘..|..,.|....|..‘,|....| e E
categorization based on MVA output AR GE T T T g
and reduced mass 5 gt +% =
" o FT+f+TITTz

Results extracted fitting 2D (myy, mjj) g E

. . . 10 H +B componenl subtracted —
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https://arxiv.org/abs/2011.12373

HH = bbyy - nonresonant

Observed (expected) limits @95% CL.:
o o(HH—bbyy) < 7.7 (5.2) osm

o 33<k<85(-25<k<8.2) JHEP 03 (2021) 257
® GVBF(HH—>bb})})) <225 (208) OsMm

o -1.3<kn<3.5 (-09 < Ko < 31)

= Large improvement w.r.t. 2016 analysis!

4 CcMs 137 b (13 TeV) CMS 137 b (13 TeV)
) - 95% CL upper limits = 3 o E 95% CL upper limits = 3
g 3 5:_ Observed HH — yybb = ::: C Observed HH — yybb
|g S RETTEES Median expected ] |2 102 E - Median expected -
- - I 68% CL expected ] > E I 68% CL expected 3
T °F 95% CL expected K R & 95% CL expected -
& — — Theoretical prediction / . T 10 — — Theoretical prediction E
L 25F giacd T g 3
L E\ /. L - ]
m | —
oF \ = -
TN /3 L = =
© C L
5/ S
6 107'E o ~ =
N # ]
2L N\ |
1 0 E \ / 3
- v 3
| | L 100 i | I | | | | | i
-6 4 =2 0 2 4 6 8 10 12 -3 -2 —1 0 1 2 3 4 5
K Cov
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https://arxiv.org/abs/2011.12373

e Combination with ttH(—yy) to improve constrain kiand k:

e Additional orthogonal
categories for events not
passing HH selection to target
ttH

137 fb' (13 TeV)

HA — bbyy -~ nonresonant

-2AIn(L)

e kivalues outside [-2.7,8.6]
excluded @95% CL

e fixing k=1, ki= 0.6 obs. (1.0 exp.) |

e 2 minima likelihood due to cross
section dependence on ki and
different acceptance of
categories

e 2D scan (ki k:) to better constrain
kr and k:(valid only when |k{~1)

Observed
— HH cat., x, =-0.2"23
HH-+ttH cat., x, = 0.6'%3

95¢

68¢

JHEP 03 (2021) 257

T Observed

. ® HH cat. Best flt

-1 — HH cat. 68% CL

... HH cat. 95% CL

_150 HH+ttH cat. Best fit
~E HH+ttH cat. 68% CL

g HH+ttH cat 95% CL

_CMS 137 fb" (13 TeV)

B : S
BT T T R S T T

20
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https://arxiv.org/abs/2011.12373

WH — bb4] — nonresonant

CMS-PAS-HIG-20-004

e Events with 4 identified leptons (e,u) + jet selection

e First result in this channel!
137 fb-1 (13 TeV)

e Tiny BR =0.014% @mr=125GeV 10— —
e Clear signature 137 fo™ (13 TeV) cMs — Observed 95% CL Limit
c 10° Prelimipary | Expected 95% CL Limit
i el 5 CMS -gg;)%%:till B Expected *1 s.d.
e backgrounds: single H and ZZ 8 '°F proliminary i%’?/’ Hogs = Expected £2 5.
. . = where V =Z, 4
production (from MC), reducible £ 5 YV where V=2, W i Ny
+.
background (from data) HDda el e

e BDT to separate signal from background

=
o
W

e Results extracted fitting BDT
discriminant

95% CL on Gggr(pp— HH) [fb]

—
o
~

4
-1 -08 -06 04 -02 0 02 04 06 08 1
BDT score

o 3 ; |
Observed (expected) limits @95% CL: § Dt ;
e o(HH—bb4l) < 30 (37) o S I et el
o 9<k<14(-11 <k <16) e S S k,
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https://cds.cern.ch/record/2725691

e Full Run2 results very promising! (even
more than HL-LHC prospects!)

e Limits on SM and BSM HH production
becoming increasingly stringent

e Lots of progress w.r.t. 2016 analyses

o extended resonance mass scan range
Y—XH signatures
some rarer channels explored
combination with single H
target VBFHH

O O O O

e More to come in the future!

o More data in Run3 and beyond

o Possibility for improvement both in techniques
and analysis strategy

see Alexandros’ and

Ralf’s talks

Conclusions and prospects

HL-LHC extrapolation (based on 2016 results): a(HH) < 0.77 osm

Run 11 2016, 35.9 fb™!
Expected 12.8
Observed 22.2

bbzz, 138 b
Expected 39.8
Observed 32.5

bbbb, 138 fb™
Expected 7.84
Observed 3.88

bbyy, 138 fb™
Expected 5.55
Observed 8.40

arXiv:1902.00134

CMS

—e— Observed ---- Median expected
Preliminary B 68% expected
13 TeV

==== 95% expected

Phys. Rev. Lett. 122 (2019) 121803

—

CMS-PAS-HIG-20-004

CMS-PAS-HIG-20-005

JHEP 03 (2021) 257

2 3456 10 50 100 500
95% CL limit on o(pp — HH (incl.)) / D
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https://arxiv.org/abs/1902.00134
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[ Resonant Production }

e New resonance that decay into HH
—predicted by broad class of models
—typically spin-0/2 resonances with

mx > 250 GeV
e Search for bump in muH distributions
e Wide mass range to explore

250 400 600

“I ) MSSM/2HDM

AR beyond the SM

800 1000 2000
] Singlet model

3000 mx[GeV]
J WED
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W beyoind the €M
E e

[ Nonresonant Production } - @ M

e BSM processes can modify cross . H &
section and kinematic properties
e EFT approach:

— 5 parameters controlling /

tree-level interactions for ggHH
(ka, kt, c2, c2g, cg)

g
— with full run2 dataset, possible to \
study : modification to

VVHH and VVH couplings a
(cv, c2v)

JHEP 03 (2021) 257 \4
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https://arxiv.org/abs/2011.12373
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Benchmark k) Ky &) €, C2g
1 75 10 =10 06 0.0
2 1.0 10 v5 —08 086
3 10 10 -15 00 =08
4 -35 1.5 =30 0.0 0.0
5 10 10 uo 0.8 —1
6 24 1.0 00 0.2 —-0.2
{ 50 10 00 0.2 -0.2
130 10 00 -1 1
9 10 10 10 -06 0.6
10 100 1.5 -=1.0 0.0 0.0
11 24 10 00 i -1
12 158 1.4 10 0.0 0.0
SM 10 1.0 0.0 0.0 0.0

Benthmarks

JHEP 04 (2016) 126
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Oyyr (PP—HH) [fb]

10°

102

10

CMS Preliminary

WH - 4b

resoNed — nonresonant

CMS-PAS-HIG-20-005

138 b (13 TeV

- All categories

L 1 1l l]~

HH—bbbb

1 LI IIII|

Observed

95%
|

expected |

e
O Median expected
1

2 3 4 5

6

7 8 9

10 11 12

Shape benchmark
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https://cds.cern.ch/record/2771912

WH — 4b vesoed - nonresonant

CMS-PAS-HIG-20-005

. CMS Preliminary 138 fb™ (13 TeV) - CMS Preliminary 138 fb™ (13 TeV) CMS Preliminary 138 fb" (13 TeV)
o F Observed °F Observed 'Eé [ % SM
3:_ HH = bbb 5:— HH bbb = 1000? Ouserver ® All categories best fit
- - [ HH—bbbb — All categories 68% CL
of 2 g [, All categories 95% CL
5- 500_—
= F [ e
. 1 I ’
OF g 0__ 3 *
s Sk L g
-1 - [
0_ [ ~500[
2 Y SM 5F ¥ SMm i
L @ All categories best fit | @ All categories best fit I
=3 — Al categories 68% CL -1 — All categories 68% CL ~1000}
- Allt‘:ategoriesl%%CL | | :-l----,?llca}egorlies9|5°/oC|L | | | | T T T
-2 — 0 1 2 3 6 -4-20 2 4 6 8 10 12 14 20 <15 -10 -5 0 5 10 11 20
Koy LA 9gF
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HH = bbyy - nonresonant

CMS 137 b (13 TeV) JHEP 03 (2021) 257
5 Fom — —
e ® Observed 1
'Q; O Median expected
1 10 = I 68% CL expected =
- - 95% CL expected )
L B i
0 | il
T
T
T
© E ]
- = ' o . S e - )
i I = I I i
107 I E
i I S R B B

| | |
1 2 3 4 5 6 7 8 9 10 11 12
Shape benchmark
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https://arxiv.org/abs/2011.12373

HH = bbyy - nonresonant

JHEP 03 (2021) 257

0 CMS 137 b (13 TeV)
§ | 95% CL upper limits =
g . —— Observed HH - beb i
Ig - e Median expected i
& - I 68% CL expected ]
1 1.6 B 95% CL expected i
— — Theoretical prediction -

r p
A i
T 1~ § /]
: 4
bg - \ / 4

0.5

-1 -0.5 0 0.5 1 1.5
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https://arxiv.org/abs/2011.12373
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Coy

CMS 137 fb" (13 TeV)
L SM expected

4_

2_

0_
_2_—*SM

| ® HH cat. Best fit

- — HH cat. 68% CL
[ HH cat. 95% CL
III‘IlllIIIIIlIIlIIlIIIIIlIlIIIIIIIIIII
-8 6 -4 -2 0 2 4 6 8 10 12

Ky

HH = bbyy - nonresonant

JHEP 03 (2021) 257

CMS
L Observed

137 fb' (13 TeV)

Coy

® HH cat. Best fit

- — HH cat. 68% CL
[ HH cat. 95% CL

ol b b b b b b by by

-8 6 4 -2 0 2 4 6 8 10 12

K,
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https://arxiv.org/abs/2011.12373

HH = bbyy - nonresonant

JHEP 03 (2021) 257

-1
— 5_CMS 157 (13 TeV) CMS 137 fb" (13 TeV)
% - SM expected o 2F P 77
=5 *5F — HH cat., x, = 1.053 : P |
R S HHeH oat, 1, =107 | | os%
3.5F 1t
33— 0.5}
o :
i -0.5F % SM
1'5? . @ HH cat. Best f!t
- 68% -1 HH cat. 68% CL
1= - ... HH cat. 95% CL
s _15f ¢ HH+ttH cat. Best fit
0.5 “F -~ HH+ttH cat. 68% CL
E L\ e - HHstt cat 95% CL -
C |_4| I |_2| ! |0‘ L 12 4I ! |6| I |8| I |10| __220 1_15 ,_104 l_-s L Jolx- 5! 10 15 i 50
Ky Ky
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https://arxiv.org/abs/2011.12373

HH = bbyy - nonresonant

JHEP 03 (2021) 257

_CMS 137 fo' (13 TeV) .CMS 137 b (13 TeV)
= =
£ 45F £ 45F
< g < :
(aV] o Al o
. ~ . | F. T 195% * 4\ ] 95%
3.5 3.5
| 3f-
25 25
of 2F
1.53— 1.53—
SMexpected |\ | /] | 68% FObserved &\ || | 68%
osf— HHcat. K = 1074 0sf— HHeat, k=123
F — HH+ttH cat., x, = 1.005 F — HH+ttH cat., x, = 1.3'33
_IIIIIIIIIIIIIllllllllllllllllllll|l||||ll| _IIIIIIIII|l||l||I||[II|I||III|IIIIII ||IIII
25 2 -15 -1 =05 0 05 1 15 2 25 2 -15 -1 05 0 05 1 15 2
K b
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https://arxiv.org/abs/2011.12373

Combination

PRL 122 (2019) 121803

3500CNIS 35.9fb"' (13 TeV) CMS 3591fb" (13 TeV)
: 95% C.L. upper limits o) 3 B :
H — Observed = 10° Spin0
30005 N = = =+ Median expected — Observed
- B 65° expected § = = =+ Median expected
_— - i [ 95% expected T B 68% expected
= {8 Theoretical Prediction >‘F [ 95% expected
] CO—— : 107
1500 o -
S s 2
1000 . g
: _’ 10
500 O
- 2
; H i H e H &)
i LA ALl l LA Al l - l LA L 1 H A ALl 1l 1 LA 1l Ll A L i m
-20 -15 =10 -5 0 5 10 15 20 i
= 300 400 500 600700 1000 2000 3000
kA_a'HHH/ ASM
m, (GeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.121803

