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HH at the LHC : signatures

Nonresonant Resonant

Il New particles (X) decaying to HH
" mx! 1 TeV : resolved analyses

SM HH production (ggF, VBF)

! Anomalous self-coupling " myx" 1TeV: boosted (high-mass) analyses
| VVHH vertex " Spin 0 and spin 2 hypotheses
| EFT couplings | “HH-like” signatures

analyses extended to probe decays to scalar
particles with m # mn

Broad program of physics covered in HH analyses at the LHC
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HH channels at the LHC Run 2 : ove

Full Run 2 results

XX % : current public results at sgrt(s) = 13 TeV

focus of this talk — Il Many final states explored at
1 the LHC
ATLAS VBF (NR + R) oh XX YY) " progressively covering more and
' more cells in the plot

my = 125 GeV 10"

| Full Run 2 results for several
10" channels are public

ATLAS ggF (NR) | ww

focus of today’s talk

ATLAS high-mass (R) ! 10™
107 No “golden channel” for the
CMS bbzz(4!) (NR 77
) study of HH
#5
CMS ggF+VBF (NR) 10 Complementarity from the final
» states for SM observation and
Yarer 10 BSM StUdy
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Measuring the self-coupling
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PLB 801 (2020) 135145 FUII Run 2 reSUItS : bbW\/@

EXPERIMENT

| Fully leptonic WW# !"I"  final state
— I I I I I I I I I I
@ A-gI_I-'i‘BSTeV 130 (1 = Too | Irreducible ttbar background suppressed with ML methods
C — y : . . . . s mgn
2 Selection: — (Z)IL:IGIS HF " kinematic inputs: mass, pr, angles, multiplicities, energy sums
SR, SF+DF and no d., cut HH (1 20) _ _ _
| | Counting experiment at high NN score
g [AAS T e T
—~ | §=13TeV,1391b'" |
L 101:—
o 95% CL
; L 100 upper limit:
10"t = E I 40 (29) # SM
8 1.5 | | | | | | | T -
= 1.25 Q° I S a1l _
SRE\\ “\“N\-\\\‘I}\I\ S 107 g :
—= 0.75 & : — - .
8 o5 I N NN N R N RRNR Q\i ;;Z
117 9 -7 -5 -3 -1 1 3 5 7 9 11 % 10-2 #== Theory prediction i
oo b b e by e by v v b v by by 173
d HH -20 -15 -10 -2 o) ) 10 15 20
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CMS-PAS-HIG-20-004

First study of this final state at the LHC
Very rare BR (0.0145%) but very small backgrounds + clean
sighature from the 4! peak
Signal extracted with a BDT
" uses pT, angles, inv. masses, b tag scores
137 fb™ (13 TeV)
o 137 fb™* (13 TeV) < 10° ——— T
8 5 s SEE 2 S i CMS Sar’ 22" 4
£ <, Preliminary B e vz L 10k Preliminary =t?\|\//| vtlr:g?: V=2 W
T I VVV where V=Z,W c 5 EmVVV where V=2, W
: i H10%e mzx
405— | | - - HH! bb4l x100 102" :‘-_aHt bbAl signal
0l — | *= Signal region defined 10
»oF- ' by the mass peak 1
- 10'1
10f 10'?
+ 10'3
900 110 120 130 140 150 160 170 180 1 4
M (GeV) 101 1708106104102 0 02 04 06 08 1
E BDT score
E _@ . 5SS OO U O OO s OO SN S
8 Q 0.2 04 0.6 0.8 1
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95% CL on aggr(pp—HH) [fb]

105 137 fb~1 (13 TeV)

| CMS
| Preliminary

— Theory Predlctlon
—— Observed 95% CL Limit
------- Expected 95% CL Limit
Expected =1 s.d.

Expected %2 s.d.

95% CL upper limit: 30 (37) # SM

Observed: -9 <K\ < 14
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CMS-PAS-HIG-19-018 FU” Run 2 reSUItS##bb

New from Higgs2020!

CMS Preliminary 137 fb™ (13 TeV) | |
T A A A A | Both ggF and VBF production modes considered
, 10°E ¢ Data ggH | VBF H:
o = = : :
- _ _ - I
= 10°k —OgF HH# ""bbx10° [ 'VH [J&#H 4 ° Dedicated MVAs for background suppression
= : = " Deep NN against ttH
L(I]>j 10° ?.. N ' ' E " BDT against nonresonant ## + jet (uses object
10 %—" : . . —% kinematics, ID, resolution)
10° & - | Event classification based on the MVA purity and
i . . . - the HH invariant mass
E W : = " ggF: 3 MVA categories # 4 mnun categories
i W** =
: ¢ *Tmﬁﬂﬂ - " VBF: 2 categories for low and high mnH
et VAR e Clean but rare final state
0.6 0.7 0.8 09 1 _ | __ |
ggF MVA Analysis designed to maximise purity

with high signal efficiency
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CMS-PAS-HIG-19-018

CMS Preliminary 137 fb (13 TeV) CMS Prellmlnary 137 fb (13 TeV) :
I AR R AR RS 3 o T T AR RAARN ARRARRARS - | Search for a signal as a
= - HH# ""bb All Categorles . 2 a0k HH# ""bb All Categorles - :
O 25, =125.0 GeV S/(S+B) weighted — O | m, =125.0GeV S/(S+B) weighted - peak INn the My and Mpb
: ¢ Data ] i o5 [ ¢ Data i
= —HH+H+Bfit 3 = L — HH+H+Bfit - " simultaneous 2D fit over
g — H + B component - % S0l — H + B component - .
L B component 1 O (5 U T (O P COP B component - all the Categorles
LI B +1! - W 15: o oo N +1! :
- 'O ~ __ " n " "
g = 3 £ F =2 1| The analysis sensitivity
o 1 © 0 - : :
2 I ; is fully dominated by
@ ' N @ 5 - the statistical
% LT .. Lo T'T T Re [ TTLITI ST oo 1% % N | | | | . uncertainty
L e L L I SRERRRRRRERE N EERARARE RERRRRRRS RARRERRS = 0o :
105 ‘ - VE - In the future, theoretical
i : Bl [E precision in describing
¢ Y O Y ¥ OF "
o N : the resonant single H
$10§_ B component subtracted_g $1o§— _§ baCkgl’OUﬂdS (99 H +
100 '11|o' - '12|o' - '1:Lo' - '1z|10' - '15|>o' - '1éo' - '17|0' 180 90 '1c|)o 110 120 130 140 150 160 170 180 _ 190 bb) may become
m- (GeV) m; (GeV) relevant
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CMS-PAS-HIG-19-018 b t)## reS u ItS

CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 fb™ (13 TeV)
N wossp | £ R b
- @ 3.5F ...... Median expected — =) 102 e Median expected _
COmbln.ed § - I 68% expected - EQ = I 68% expected 3
constraint from © 3 - 95% expected ;H: - 95% expected -
ggF and VBF % —— Theoretical prediction . % 10 =- —— Theoretical prediction IE
categories e s 4L -
T T ]
5 M

Sensitivity driven =106 .
by ggF
production 10'2 =
13 ;u_l_l_Ll_u_lJ_l_u_l_Ll_u_lJ_u_l_lJ_l_u_lJ_l_u_lJ_l_l_l_l;
10 13 | 2 11 0 1 2 3 4 5
C2V

Observed: -3.3<!-<8.5 Observed: -1.3<!+<3.5

Expected: -2.5<kKy<8.2 Expected: -0.9 <K< 3.7

| Tightest constraint to date on SM HH cross-

Obs. (exp.) 7.7 (5.2) # osm (HH) section and self-coupling
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JHEP 07 (2020) 108 VBF I_#_I bbbb

| bbbb analysis
extended with

thetwo VBF jets 3  F "' ST I U P -
: ) > 104;_ ATLAS itiet _ — - ATLAS = Theory prediction a
S|gnature (Ar]JJ > %r) = g 1I3 TeV, 126 fo! —— E" I“i“l’lt; ) ? % 10° - (5= 13TeV, 126 fb™ — Observed limit (95% CL) =
5, m” > 1 OO) % 103 g_ gnal region |:| ggF non-resonant HH _§ H E HH# bEbB """ Expected limit (95% CL) E
! AnaIySiS based Lﬁ 102;— : ~ Z[:Tr;[ :)Itrllja?r:s\:\tarlgznance (800 GeV) _; %104 g_ - Expected + 1% _g
On a 4 b_tagged 10; _ 4 VBF non-resonant HH (i,,=3.0) _i ﬁeg>3 103 ;_ Expected + 2% _;
jet topology + 2
VBF jets 1 107 = =
| ¥ 107" - -
- Multijet o ELSERNSYL T S e, 5 10 Obs. (exp.) =
. . al | —
driven estimate w..._.v”tt\%\%\\\\\\\\\\\\\\\% 1E e Y F
frominvertedb & of = |
N T T T T " 2V
tag region 200 300 400 500 600 700 800 900 G1 000 840 (540)# ! VBFgy
m,, [GeV]
| Ongoing study in the LHC HH on the cross section vs cv/ -0.8 <Cav<29(-0.9<Cov<3.1)
. . . . 0)
cov in the fiducial analysis phase space allowed @ 95% CL

Luca Cadamuro (UF) HH : experimental overview November 112020 ke, .



2smen Combined sensitivity tof)

EXPERIMENT

10 35.9 b (13 TeV)
g : IIIIIIIIIIIIIIIIII | : Tl | | | 1T 11 | | I | | I: . | | § 3500 _'_ ‘Q%ﬁ 950/0 CL upper ||m|ts : :
—_— - | a Exp. 95% CL limits : : ¥ — Observed :
T - | - T 30000 ... ... ===:Medanexpected i __ . l.;
L B : 1 | = Obs. 95% CL limits 1 ? I 68% expected : : 4
r . N | i ! N [T 95% expected '
o | mmmmeel N : —— bbbb % D500 E—--eeee » | o .
o 1 — \5 ) i#EE Theoretical Prediction
LL — . = .. : : : :
Og E E bbt*t 20100 T - P
n 4 |7 bbyy
- Allowed «, interval il 1900 N
10~ | at 95% CL ] Comb. -
- Obs. - Exp. . - Comb. +1o (exp.) 1000 c
B Xp. stat. i .
i (Exp. stat.) ATLAS - : , Y o
" -50-12.0 | -5.8-12.0 S =13 TeV T Comb. =20 (exp.) 500 5 | e
I -53-115 AT o ? : - : : :
2 | | |( | )l : | 27.|5 ) 36-|1 fb | Theory predICtlon T L1 1 1 i L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1
- 1t 1+ 11131 11 1 +.1°&°.&° & 3§ 1917311 N N T T I I N N A T T (N N N A I N N _20 _1 5 _1 O _5 O 5 10 15 20
10°" 50215 .10 -5 0 5 10 15 20 o
A~ "HHH ""SM

LSY

Observed: -5.0<!:<12 Observed: -11.8<!-<18.8
Expected: -5.8<ka< 12 Expected: -/ 1 <Ky < 13.6

Combined constraints based on the
2016 dataset only (36 fb -1)

Large room for improvement with 140 fb -1
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2esnis Combined sensitivity to fH

EXPERIMENT

L ! L | ! L ! L ! L -1
ATLAS N CMS 35.9 fb (13 TeV)
— 4 mmmea- Expected —
(s=13TeV, 27.5-36.11fb" bbVV
- Expected * 1o Observed 78.6xSM
B OSQAF (pp — HH) =33.51b Expected = 20 | Expected 88.8xSM
Obs. Exp. Exp. stat. B
- b =XP - bbbb
HH— bbt*t 12.5 15 12 Observed 74.6xSM
B N Expected 36.9xSM
HH—> bbbb 129 21 18 - gg—HH
— — bbtt
- hb Ob d 31.4xSM
M- 0By | 03 26 26 D e —=— Observed
HH— W'WW'W 160 120 77 n -~~~ Median expected
i ] 1 68% expected
HH— W"’W'YY 230 170 160 Observed 23.6xSM - p
B | Expected 18.8xSM 95% expected
HH—> bBW*W' 305 305 240 | B
.................................... _ Combined
. Ob .2xS
Combined 69 10 88 : Expociod 12,5 SM
Ll Ll Ll Lo |

10 10° 10°

10° 10° . 6 78910 20 30 40 506070 100 200 300 400
95% CL upper limit on o_ . (pp — HH) normalised to o .

SM .
agF 95% CL on o, /opM

NOTE : a nasve projection from the increased luminosity gives 18.8 # sqrt(36 fb-1/137 fb-1) = 9.6 # | SM
The full Run 2 result is almost 2x better than the simple sqrt(L) scaling!

ATLAS-CMS achieve a sensitivity of With the full Run 2 dataset: expect ~3-4 # | SM
10-13 # ! SM with the 2016 dataset only ~2-3 # | SM |f ATLAS and CMS results combined

Luca Cadamuro (UF) HH : experimental overview November %,12020



Towards an EFT interpretation




a.u.

Cross section (LO)

—1 sM
1 c;=1-55x5M
1 c;=2-30.2x5SM

251

1 Cag=1-3.4x5M

[ cp=2-84%xSM
20} ?

15F

10F

300 400 500 600 700 800 900 1000
Muy [GeV]

Luca Cadamuro (UF)

EFT effects in HH

!
Signal shapes (LO)

0.005F

0.004F

0.003F

a.u.

0.002F

0.001F

0.000

] S™M
e 1 ¢c;=1-55x%x5SM
-L 1 c;=2-30.2xSM
- _ 1 Ccyg=1-3.4x5SM |

- C cy=2-84x5SM

300 400 500 600 700 800 900 1000
Muy [GeV]

5 Iinteractions involved in ggF
" 3 specific to HH : A, cog, C2
2 constrained also in single H: cg, yt

3 interactions involved in VBF
" 2 specific to HH: A, cav
1 constrained also in single H: cv

Correlations between these parameters
depend on the way EFT is realised

The results previously shown assumed

"-only variations

A more generic result needs to account

for the effect of other contributions

Cross sections of O(1) c 2/c2g are within
experimental reach

. experimental overview
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CMS-PAS-HIG-19-018

95% CL upper limits

— QObserved
Median expected

B 68% expected
95% expected
—— Theoretical prediction

| Upper limit plot as function of c> |
from the bb##analysis

| Assumes that only c2 is varied and
other couplings are fixed to the SM
value

| Under this assumption, observe
-0.6 <c2< 1.1 (exp. -0.4 < c2<0.9)

" correlation with other couplings are
expected to reduce the sensitivity

$,.r upy BR(HH# " " bb) (fb)
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CMS Preliminary 137 fb* (13 TeV)

Shape benchmark 2

95% CL upper limits
® Observed
O Median expected
10 = B 68% expected

95% expected

Oy 1y BR(HH—>YYbD) (fb)

m,, [GeV

9 10 11 12
Shape benchmark

Limited applicability for

Very practical for analysis optimisation EFT interpretations

Shape benchmarks =
specific EFT coupling sets
with a representative mun
shape

Useful to assess changes in
the analyses sensitivities
across the EFT space

" e.g.: 5# SM (ki precision of
5-10) can turn into a much

tighter constraint on contact
interactions

Limited reinterpretability In
EFT scenarios

benchmark information is
“coarse-grained” # very
difficult to feed to an EFT
global fit

Luca Cadamuro (UF) HH : experimental overview
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Challenges for a EFT Interpretatic

Il On the experimental side

analysis design: disentangle operators effects, e.g. cogvs c2$  usage of muyn di"erential information?

" generating events: generator at NLO for HEFT (Powheg, implemented by ATLAS and CMS) and LO SMEFT
(not tested yet in HH) $ review, test and compare LO and NLO generators in both models?

signal shapes modelling in the high-dimensional EFT space. Our current procedure of “sample sums” can be
inefficient for 5 EFT couplings = 15 summed terms $ ME-based reweighting?

| On the theory/interpretation side HEFT bt HH EFT bt

" understand the proper framework: SMEFT or HEFT?
HH analyses
- in case of SMEFT: implement single-H “external” constraints

on EFT couplings when fitting A. SMEFT predicts correlations
between EFT couplings, only A is “unconstrained” in single H
(apart from loop effects)

- In case of HEFT: requires simultaneous fit of H and HH
| " see discussion in RamonaOs talk HH analyses

H+ HH EFT bt
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H + HH combination

Single H measurements provide sensitivity to " from loop effects

| total cross section and BR changes
" fully used by the experimental results

| differential information ) ;

" limited usage by experiments so far (theory prediction not available in
ggF, no ttH differential info from 2016 analyses)

Challenges in the H + HH combination

| experimental : treating overlaps between H and HH analyses
" often similar final states, esp. with ttH and H(bb)H(XX) analyses

| theory : defining the framework to perform the combinatior

" - = ggF === VBF === ZH =—— WH === tiH

K-framework used so far, combines LO and NLO effects in double and S
single Higgs *

perfect case for a EFT interpretation
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ATLAS-CONF-2019-049

CMS-PAS-HIG-19-018

< 81— HH+ggF H+ VBFH + _CMS Preliminary 137 fb" (13 TeV)
£ _f ATLAS Preliminary VH + ttH (excl ttH(## ) * b Observed i/ |[[
N F s=13Tev,27.5-79.8 1" : 1.5
6:— — K Koy Ky Ky, K, Profiled —: 15
55_ — . -only model 7 | ~20% improvement in :
: : sensitivity to Aunn when o5
4 = : ' ‘
- - iIng all single H -
- 95% CL . adad g all single O
3 = measurements _05;_ —
E E ] . . . - * SM
oF 4 | Combination with single [ @ HHocat Best it | HH(ob#4 + ttH(#
: : es | HAzet
S : H reduces degeneracies .
o - with Kt L HH-+ttH cat. 68% C.L.
OT T R RN R B A T L1 g . HH+ttH Cat 950/00 L. { ) l
-10 -5 0 5 10 '-226"'-15;”'-161 E-5”Hoi'115”1'10'1”15”“20

Full EFT combination as the next goal?
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Resonant searches
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rroeme - RE@SONANT VBE HIHDD

E‘ _I__I L | T | T T T | T | T | b | [ I:I
;105 - ATLAS — observedlimit@s%cy 1+ The VBF bbbb search also
% § \s =13 TeV, 126 fo™ ---- Expected limit (95% CL) ? prObeS he_avy resonances
- HH! bbbb . produced in VBF
=10% = | . Expected + 1 — " : . C L :
<10 = Spin-0 narrow resonance = peak sighature in the mun distribution
el N Expected + 2" | _
s _ I Wide and narrow resonance hypotheses
s E - considered
10° = = | Input on the interpretability of these models
- - and their interplay with other direct searches
10 = = " e.g., high mass resonances in VV decays?
i | | | | | | | | - " which BSM models are constrained at the current
2000 300 400 500 600 /700 800 900 1000 sensitivity?

m, [GeV]
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arXiv:2007.14811 H | g h = m aS# )H I_:,:rl- b U)/O% A@AS

EXPERIMENT

ATLAS

12 - ] roY = =
- C ATLAS e Data ] — - n
0 6 '~ _ X! HH (m =1.2 TeV) — —~ - —e— Observed -
L|>.| B f . 1|3 Te_V’ 139 fb™ P X! HH (m§:3.o TEV) . % i X HRbDAR) L Expected |
~  Signal region I 2 +h N - _ 1 -
5F- e - N Vs =13 TeV, 139 fb o
B Multi-jet - X 10° = +O" =
B e ZH ] — - 7
4— Others — — B ]
E 2, Uncertainty E % B |
Primary Vertex 3 :_ _: :C B n
_ _ o 10°E —
- . 2/ N ]
Highly boosted %pairs have  2[ 3 g - -
. B 7 N — — _
overlapping tracks | 1= 7 7, - - I |
$ standard reconstruction » - S 0L B
and |SO|at|0n al Orlthms fall ________________________ S S S S S S—— 8 Sl L Y T S Y T
J 600 800 1000 1200 1400 1600 1800 2000 1000 1500 2000 2500 3000
Visible HH mass [GeV] my [GeV]

| Target hadronic bb%% final state

| Dedicated reconstruction for highly boosted tau lepton pairs : 4# better efficiency for
pTvs(%Y6 600 GeV compared to the reconstruction of two separate %wbjects

identifies the two tau candidates as sub-jets in a large radius jet
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PLB 800 (2020) 135103

PRL 122, 121803 (2019)

EXPERIMENT

CMS 35.9 fb* (13 TeV)

E‘ B | | T ] ] S = I | B I =

Exp. 95% CL Obs. 95%, CL | & B ATLAS i = — bbkk JHEP 1801 (2018) 054 =

limits limits T A- (s=13TeV, 27.5-36.1fb" T [ —— b PLE 778 (2018) 101 _
T 10 = Y— ““\. 3 L NEALS —— bb$$ JHEP 01 (2019) 051

~ = 10" = - : i —

b AT + - s _ . - = ——— bbbb (2+2) JHEP 08 (2018) 152 =

WWW W W Wl N - spln-O = = . —— bbbb (2+1, 1+1) JHEP 01 (2019) 040 7

1t ) | g- R —— bbYB6PLB 788 (2018) 7 i

— _ o 1E = ~ , . Comb. (2+2, 1+1) PRL 122, 121803 (2019)

bbW'W bbbb =2 - 2 S S A/~ —— bb2ql# arXiv:1904.04193 E

% B B S : "é ~~~~~ ~<e. :

— - = i = I <\ W ‘\ — Observed

—— bbll+ll — bb! ! "1__ _ = | ; ]

10 “E = — ) + --- Expected

: - O E ‘\\ Spin-0 E

Comb. +1# X : © F ~~::, =

== Comb. (0bs.) i i = F NN .

(exp.) o | ‘1& _____ 7

1()'I 2 — — AT —

Comb. £2# Bulk RS - 10 = ==

— = g’ =TS
(exp) i l l l l 1 l j = | . —
300 400 500 600 700 1000 2000 3000
3! 10° 10° 2110° 3!10° m, (GeV)

m, [GeV]

Il New resonances explored in a broad mass range up to 3 TeV
" both spin 0 and spin 2 hypotheses

| Complementarity between the final states in the low/medium/high mass regimes
" same trend in the two experiments with some analysis-related differences
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Expanding the resonant searche

HH searches: signature and interpretations

| Signal assumptions: searches have been so far performed with spin-0 (harrow resonances)
and spin-2 (variable resonance width)

" are there effects currently neglected (e.g. interference effects with SM HH production?)
| Model interpretation (esp. spin-2): are there scenarios beyond the extra dimension ones?

| Relevance against other searches (e.g. X# tt) ?

HH-like signatures : extending resonant searches to probe a broader phase space
| ATLAS performed a search for X# SS# WWWW at 36 fb-

| Possibility to expand current searches to symmetric (X# SS) and asymmetric (X# YH) decays
" which final states are favoured / relevant (esp. for the new particle decays)? Which mass ranges?

Designing a coherent set of benchmarks will largely help the See discussion In
development of broader resonant analyses MaggieOs talk
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Conclusions

| ATLAS and CMS are conducting a broad program of exploration of HH physics
" SM HH search and self-coupling determination

BSM effects in nonresonant production: VVHH vertex, anomalous couplings

Direct BSM searches with resonant production

| Some full Run 2 results are now public

largely improve over the previous 2016 results beyond lumi scaling (e.g. bb##

the large dataset enables the exploration of rare channels (e.g. bbZZ(41) )
more to come soon as the full run 2 dataset is analysed

Il We are approaching a combined sensitivity of about 2-3 # oSM

high-energy BSM effects become relevant $ motivates the study of a global EFT approach

beneficial for the combined interpretation of single and double H measurements

Il HH as a topic for HL-LHC only? Not really!
" alot of interesting results in the Run 2 dataset
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