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2 The Higgs mechanism

 The Standard Model of particle physics is a formidable description of known matter and
the three of four elementary forces in Nature

* The Higgs mechanism is the simplest way to unify ElectroVVeak interactions,

V(®T®) = —p?®T® + A\(OTd
One mass term, one self coupling

:

e sU2) |
i — .0 .
o doublet F\~—/—

e Spontaneous breaking of the EW symmetry (EVVSB) results in the mass properties of
the Weak gauge bosons, plus a scalar particle: The Higgs Boson (H)
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* Once its mass is known, many things are predicted:
e Mass of all known matter is generated via the H couplings
* The shape of the H potential is determined (value of it self coupling)
==> the fate of the vacuum of the universe

Deviations on the H potential disbalance all predictions and would be a clear sign on New Physics



3 The Higgs Boson

* The Higgs boson was discovered by the ATLAS and CMS experiments at the LHC in 2012
. many studies of nggs boson propertles have been performed in partlcular
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4 The Higgs Boson

* The Higgs boson was discovered by the ATLAS and CMS experiments at the LHC in 2012
* many studies of Higgs boson properties have been performed, in particular:
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S Higgs pairs in the Standard Model

The search for non-resonant H boson pair production is the only direct method to probe A at LHC

E

| | | I 1
- HH production at 14 TeV LHC at (N)LO in QCD 1
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Main production mechanisms at the LHC

are gluon fusion (ggF) and vector boson
fusion (VBF)

Test deviation from the SM couplings
with K-framework: Kx = X/ Xsm
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https://inspirehep.net/literature/1279493

Higgs pairs in the SM: gluon fusion production

ggF: loop induced processes, destructive interference

A

2 — BoX
Q 08 -
K, i — Triangle
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-0.6 Symmetry 2022, 14(7), 1467
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. 0.025
=S - —k, =1, SM M., [GeV]
002 :_ — k, =0, only box diagram
- — k, = 2.45 , maximal interference
0015 k K, =5, soft spectrum
— k, =20, mainly triangle diagram
0.01 Deviations of kx from the SM prediction
==> softer signal
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https://www.mdpi.com/2073-8994/14/7/1467
https://www.mdpi.com/2073-8994/14/7/1467

I4 The theory saga on ggF signal modelling

e ggF H pair production is an one loop process, making its simulation challenging

* First modelled using form factors to emulate the loop [2014]

 Full model at QCD NLO precisions to SM-like processes [2016]
* Including BSM-like processes in HEFT [2020], and SMEFT [2022]

L

* JTotal cross-section computation had evolved considerably in the last years

mass dominate the

7oy We use N3LO with top mass effects,
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Higgs pairs in the SM: Vector Boson fusion production

VBF: tree-level process OvBF (SM) = 1.7 fb

q
/ > _ . > b
q 2/\;/ - 5// 3// The VVHH contact

€ = interaction is also

= I]: _____
e : e probec
q .

A test of the doublet
structure of the H field !
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Deviations of k2v from the SM prediction

0.04 ==> harder signal
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Kav is also probed with V-associated production of H pairs (VHH)



O What if there is more than the SM interactions

New symmetries and/or new (super) heavy particles induces additional effective terms into the H potential
e specially on ggF production (BSM-like couplings)

More violent variations In
signal topology and cross
section variations

* We assumed these in the Higgs EFT (HEFT) scenario
=> linear variation of couplings

e Althernative approach, Standard Model EFT (SMEFT) the Symmetries
existend on the SM are assumed to govern the new interactions,
introducing correlations between couplings

* New physics influencing H pairs production can also manifest itself on the existence of resonances
decaying to H pairs, accessible b)’ the LHC (for a review of CMS results see arXiv:2405.17605, acc. by Physics Reports)
* |f the new particles are additional H bosons, the couplings of the 125 GeV are changed by mixing,
* also, event topologies can be modified by interference terms



https://arxiv.org/abs/2405.17605

1[0 What if there is more than the SM interactions

New symmetries and/or new (super) heavy particles induce additional effective terms into the H potential

e Especially in ggF production (BSM-like couplings)

* We assumed these in the Higgs EFT (HEFT) scenario
=> linear variation of couplings

e Upper limits in representative signal topologies scanning all couplings
==> shape Benchmarks

* Parameter scans:VVe give priority to scan the ttHH coupling (c.)
==> deeply connected with K\ and Kt in most complete theories

Deviations of c2 from the SM prediction ==> harder signal

More violent variations In
signal topology and cross
section variations
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The CMS saga towards the H potential

arXiv:2407.13554, accepted by PLB

More
S : channels!
fe\:lel‘;I rezs:lllt: |'n More
w ChanHEIS!
Thecl"y ﬁ

updates Theory
Nature 607 (2022) 7917 | UPdates

HEFT

PAS-HIG-20-011



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.052012
https://doi.org/10.1038/s41586-022-04892-x
https://arxiv.org/abs/2407.13554

The CMS saga towards the H potential

arXiv:2407.13554, accepted by PLB

More
* , Tchannels!
Several results in More
M channels!
Theory —
PRD 94 (2016) 5, 052012 updates lTphdeac:::ys
HEFT PAS-HIG-20-011
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.052012
https://doi.org/10.1038/s41586-022-04892-x
https://arxiv.org/abs/2407.13554

How to look for Higgs bosons?

* Higgs boson decays: e At CMS we can identify as objects:

e Photons, electrons and muons are clean

Other 10.23731/CYRM-2017-002 (low BKG) signatures

Z . .
YY’£y /) e Jets (b-jets) and hadronic tau leptons
2 hold big portion of branching ratio (BR)
1T
WW 7

* Decays to photons, hadronic taus and b-jets are fully
reconstructable

e | eptonic decays of W and tau leptons also involve a
neutrino and therefore loss of information
* To recover, Multivariate Analysis (MVA) is imperative

Balance between resolution, reconstructebility and
branching ratio define each channel importance

" ‘Possible bbWW (leptonic) event



https://cms3d.web.cern.ch/B2G-20-007/

14 Input channels for CMS legacy HH combination

PAS-HIG-20-011

* We have a rich coverage of Higgs pairs final states and production modes

Direct Di-Higgs searches

bb

WW,| 25.1% R EYS

Branching ratio [%]

o] 9.6% 3.52% 0.669%
1

1.03% §0.395%

1.14% § 0.432% §0.332% § 0.070% |
0.098%1 0.037% §0.029%F 0.012% 0.001% |
A 4
- | T

rarer 77 VY

rarer

e There is no time to cover all channels,
for an overview, | will talk about main
channels and the brand new additions

PRD 94 (2016) 5, 052012

\Final state \Reference \

bbyy Y ® [JHEP 03 (2021]) 257
bbTT % ® |PLB 842137531 Includes
bbbb (resolved) @  |PRL.129.081802 HEFT and
'bbbb (boosted) Y ®  [PRL.131.041803 shape-BM
'Multilepton % @ |[JHEP 07 (2023) 095

bbZZ (42) * HEP 06 (2023) 130 Most added
bbbb (VHH) - CMS-PAS-HIG-22-006

bbWW (leptonic) Y@ | JHEP 07 (2024) 293 especially
'bbWW (hadronic) % @  |CMS-PAS-HIG-23-012 for this
TTVY % @ |CMS-PAS-HIG-22-012 publication!
WWyy ). ¢ CMS-PAS-HIG-21-014

Production modes:
*ggF
® VBF m V-associated



https://link.springer.com/article/10.1007/JHEP03(2021)257
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://cds.cern.ch/record/2853338?ln=en
https://link.springer.com/article/10.1007/JHEP07(2024)293
https://cds.cern.ch/record/2904879?ln=en
https://cds.cern.ch/record/2893031
https://cds.cern.ch/record/2840773?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.052012

15 4b final state Largest Br = 34% X Large QCD bkg
Four resolved jets  PRL129.081802 Fully boosted PRL 131.041803

* b-jet identification with deep NN [ref.] e Select events with energetic two large-cone jets
* Fully data-driven background estimation e ID with GraphNN-based jet flavour [ref.]
Jets are paired to reconstruct both H ==> Considerable BKG reduction
* Control regions defined by events out of o PO 1SS T (13 TEV)
. 2 I CMS :
the 2D H mass region extrapolate the BKG : . S 18 goFcat. 1 :
) . g P ° SImUItaneous ﬁt Of . N 16;— 99+ Data .QCD,QQFH,VBFH VH —
on the Slgnal region CMS 36 fb! (13 TeV) e Sub-lead. H for ggF % 14c v w-35 [ies {iH g
..(B — HH bbbb T 1 2:‘ V+jets, VV Total unc. .
. qt:) 400: ggFﬁghm *_2076Dala ® mHH fOI’VBF - - E
A - Bkg. model 10
¢ SImUItaneous ﬁt Of. |_|>J 350__ A4b reglon :‘:::353‘3 Bkg. unc. 8
300F- —— SM ggF-HH x 100 oL
® M\/A fOI" ggF 250;_ —— VBF-HH (x,,=2) x 100 .
 mHH for VBF 200/t 2
e 0=
150F A 2 B oy
: : 5 1.5
1oo§ v % 1.0H
Bt - 006080 700 120 140 160 180 200 220
Lo 1d—— | Mg [GEV]
& ;_EEN**W’*W*‘S“%****f******f#f**
5 0'60"'6*"62"'63'"64"65"6é'§5+6é”6é"'1 Specially good constraining anomalous k2v and c2 !
0O utput

When combining both results overlap is removed with priority to keep events in the boosted region
* The V-associated production is probed in CMS-PAS-HIG-22-006



https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://inspirehep.net/literature/2035644
https://inspirehep.net/literature/2681861
https://cds.cern.ch/record/2853338?ln=en

16 bbyy and bbTT

bbyy JHEP 03 (2021) 257 bbTT PRB 842.13753|

* MVA separates main BKGs — _ ™ 18710 115 Te * b-jet identification with deep NN [ref.]
* 2D fiton myy and mbb in  -. " S e T-lepton ID with deep NN developed to this ana. [ref.]
bins of mHH %r D componen ==> Considerable BKG reduction
e Data-driven bkg estimate: :. T s .1
E s l | . 0 59.7 fb" (13 TeV)
H->yy bump on a smooth § -y ) S0k Coatior o e
falling bl S e Multiclassification MVA © —j o o
alling bKg 5=_+ *_ : 10°F
AL sl separates main BKGs, .
CMS 137 o' (13 TeV) 5f . . 10,
> e[ T ARBALAMARNRAN b .. M Boomponentsubtacted e fit on this MVA to
8 E + Data _ ggH \_/BFHE 100 110 120 130 140 150 160 m170(Ge\};30 . |
~ ygsL —SM HH—yybb x 10° [ |VH []tiH " extract S|gna| 1;‘
2 : 10 B
) . =
X * Peaking bkg from ttH(yy) Considers events with | — —
® Separate alrea tO merged_jet be | 25 L1 I R B
: constraint it on the fit %1%3 et o
b // - 3rd best channelto  =°°
qqHH and second best
Excellent Hyy resolution + fU"y reconstructable Constraining the ttHH
= possibiliity of separate mHH areas coupling !



https://inspirehep.net/literature/1832782
https://inspirehep.net/literature/2098240
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://inspirehep.net/literature/2016054

Newcomers: bb VV hadronic

e MVA separates ggF and VBF production & |

from BKGs

CMS-PAS-HIG-23-012

Large Br =28% X Large QCD bkg

: * b-jet identification with deep NN [ref.]

"V V — 4 jets ID with deep NN developed to this ana. [ref.]

Fully-merged

* V — 4 jets tagger used on selection

e Fit on reconstructed mob

2nd best channel to constrain

Data/MC
o

anomalous VBF production !

o
o

O
o
L] 1

==> (Considerable BKG reduction
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https://cds.cern.ch/record/2904879?ln=en
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://inspirehep.net/literature/2016054

18 Newcomers: WWYyy and TTyy

Explore excellent Hyy resolution, closing all
* MVA separates main BKGs HH decays possibilities

* Fit on myy
* Data-driven bkg estimate: H->yy bump on a smooth falling bkg

CMS Prellmlnary 138 fb (1 3 TeV) 7 CMS Preliminary 138 fb (1 3 TeV)

S PR pTT e e o e 3 > 5 S LU T TR ]
8 80 f_ HH—>WWYY AII Categones _f 8 E Non-resonant HH — yytt + Data B :
- - m, =125.0 GeV S/(S+B) weighted 1 v 6 CatO - - = _ _ _
s e + Data g - e - Despite the tiny BR (0.03%) it
2 60 — HH + H + B fit _I T 5 .68% expected| |95% expected — .
3 WWyy — H+B componenty & | | : Is the 6th best channel
£ 0 - B = it - e
£ . . TTYY \/ constrainning SM HH
‘D = B EYX _E 3¢ -
i 30 - — : .
m = = 2 ’ g
o *F E :
B 10F | ‘ l —‘ 1 ¢ ‘o |

0 B I I ‘ InrihalhdRbnd? 0 eoeoee L o | g | gl | OO T " v w - o o ey
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https://cds.cern.ch/record/2840773?ln=en
https://cds.cern.ch/record/2893031

The HH combination in the SM-like scenario OAS-HIG-20-01 |

CMS Preliminary 138 fb™' (13 TeV)
. . o ' oo ' L L
* The most complete CMS combination to date! K = K=Ky =Ky =1
\ —e— Observed B 68% expected
e Latest theory developments! | .. Median expected = 95% expected

WW vy B B
Obs. (Exp.): 95 (54)

bbzZZ, 4l h
Obs. (Exp.): 33 (41)

YYTT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W
Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)
bbt*t

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

1| | | | I I | I | | | | | I I | I
1 10 100
95% CL limiton o(pp > HH)/ o

Theory



240, The HH combination in the SM-like scenario

PAS-HIG-20-011

* The most complete CMS combination to date!
e Latest theory developments!

of CMS Preliminary 138 fb (13 TeV)
1 SR R P L e S W R e N N
ik SRR D Y Observed ~  wwmum Median expected -
[ — Observed ....... Median expected : - Excluded = 68% expected ]
_ Excluded B 68% expected 103 E Theory prediction === 95% expected -
= Theory prediction :=====- 95% expected =~ x SM prediction -

¥ SM prediction

—h

-

W
T T 1T

95% CL limit on o(pp — HH) (fb)

95% CL limit on o(pp — HH) (fb

107 ¢
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e Tmeiin N BN -
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. . " : . 10 205 00 05 10 15 20 25 30
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Results in SM-like scenario - coupling constraints B AS-HIG-20-01 I

P
Slight correlation When considering the Kav coupling the
between K and Kt constraints are dominated by the VBF channel
-
CMS Prelimi %
g 20 a1 9810 (13 TeV) CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fo ' (13 TeV)
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22 Results in BSM-like scenario - ¢2 scan
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pe. CMS Preliminary 138 fb' (13 TeV)
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On channels complementarity

PAS-HIG-20-011

In the constraints of KA and c2 we clearlly see that the combined
measurement gains from channels complementarity

ee e CMS Prelminary 138" (13 TeV)
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24 Results in BSM-like scenario - shape benchmarks
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CMS Preliminary 138 fb' (13 TeV)
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25 Adding indirect constraints

arXiv:2407.13554, accepted by PLB

Measurements of KA and K2V are entangled with kt and KV (better measured in single H production)

 Thatis not the whole story

e At one loop the single H production (with much T !
1 . . o o ¢ y. o i Vv /::o---—- H

higher cross section) and decay is sensitive to . i
P . sksk 9 RO q - - q
variations in ka : . .

: "
InLo~> " oo™ o e A TS H

[ H\\:\\ H!
11} . q i B :

— WH

— i o Changes signal topology and production rates
— goF
(E e Signal topology modifications can be modelled when

| o the search is made considering an specific glanularity
1 i on fit (Simplified Template Cross Sections - STXGS)

Ultimate precision on the H potential in the SM scenario in a given dataset can only be

achieved considering a global fit including all H and HH production modes

**These effects are considered in the HH combination


https://arxiv.org/abs/2407.13554
https://inspirehep.net/literature/1625741

20 H+ HH combination

arXiv:2407.13554, accepted by PLB

* This result was made prior to the HH legacy combination
* The main channels for H pair production are considered
e Several production and decay modes for single H production are considered

e A few including glanurality sufficient to consider a differential dependency in ka

" : Integrated Targeted H Maximum
nalysis . = . :
luminosity (fb™ ") production modes granularity
H — 4l 138 ggF, VBF, VH, ttH STXS 1.2
H — vy 138 ggF, VBF, VH, ttH,tH STXS1.2
H—-> WW 138 gel, VBF, VH STXS 1.2
H — leptons (ttH) 138 ttH Inclusive
H — bb (ggF) 138 ggF Inclusive
H — bb (VH) 77 VH Inclusive
H — bb (ttH) 36 ttH Inclusive
H— 1T 138 gel, VBF, VH STXS 1.2

H— uu 138 gegF, VBF Inclusive



https://arxiv.org/abs/2407.13554
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e |n a combined measurement we are able to

H+ HH combination

* Achieve a better precision on Ka

e Also under minimal assumptions on the

other H couplings

CMS 138 fb™ (13 TeV)
S FITT R E R R R ]
:CL Observed single-H comb., 5.8:“2:2 _
= HH comb., 1.0 s
QA : — single-H and HH comb., 31?8 ]
4r :

3l |

oL i

1F g
0:.... LR

4 10 12 14

Ka

arXiv:2407.13554, accepted by PLB

Best fit 10

Hypothesis Expected Observed
Other couplings fixed to SM o 31734
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Seh — single-H and HH comb. B . --- 95.4% CL (20)
i g 3 - single-H and HH comb. ...... 99.99994% CL (50)
1.1p g [
1.0 . L e |
0.9 T e +SM B 1 '1 @ ]
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https://arxiv.org/abs/2407.13554

28 When shall we extect to measure kix with H pairs?

* |n the near future the LHC upgrade to HL-LHC
 Much higher peak luminosity than the LHC => data equivalent to 3000 fb-! in 10 years of operation

— & . 13000 | ® Upgraded CMS detector to cope with higher
9 d i . o L.
e - 71 2500 £ pileup and radiation damage
O >
T 4 { 2000 g * the tracker will be way more granular
2 | 1500 E e HGCAL will have a very good reconstruction of the
: 3 - : = .
= - B jet energy
s 2 - | 1000 = : : .
E ; S * Introduction of Mip Timing Detector
s 1 With fon fus — 500 £ (CMS-TDR-020)
mingl — . . . «
T 0 I I SERLC L B * Dedicated detector for precision timing of
2028 2030 2032 2034 2036 2038 2040 2042

y charged minimum ionizing particles (MIPs)
ear

e The MTD is instrumental in maintaining CMS resolution and reconstruction efficiency thanks to improvements
brought to events observables:

* Rejection of tracks from pile up interactions by adding requirements on track time

* Pile-up jet suppression with the employment of Pile Up per Particle ldentification (PUPPI) algorithm
* Removal of spurious secondary vertices in heavy-flavour tagging with time information

Improvements on physics objects will bring gain in several searches: Including searches for H pairs


https://cds.cern.ch/record/2667167?ln=en

29 H pairs @ HL-LHC

PAS-HIG-20-011

e Projections:Yields scaled by a factor k;, = L/L} -, (L = integrated luminosity)

o Efficiency of physics object reco, id, misid and resolution are assumed to be same as Run 2 (LHC YR4)
* We are neglecting the effect of the increase on Pileup in the projections thanks to MTD

Channels: 4b, bbyy, bb1T, bbWW, multilepton

CMS Projections Preliminary

S | | | — I(1.4|T?\|/_) . CMS Projections Preliminary (14 TeV)
E—Q—stcenarlo E \_l_/ :"812'|S(l:elrl]alr|iollll|llll|ll||| |||||||||||| |||||:
— == = o) K
4.5 B Stat. Only : S o .
4 / < 60y )
~ o]

Significance (pp — ggHH) / ¢

K=Ky =Ky =1 7
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{ That is a lower bound for the constraints: we expect significant improvements in this picture!
. * Already at Run 3 we are improving object identification algoritmns, trigger strategies and

|

analyses techniques beyond the scope of mere scale with luminosity



Conclusions

The measurement of the H potential is one of the key physics topics in High Energy Physics
That is achieved directly by the searches for H pairs at LHC

* Allows to access another rare quartic gauge coupling = HHVYV interactions
CMS performed several searches for H pairs

 Brand new results form the legacy combination from using full Run 2 data!

The correlation of constraints on the Higgs couplings from HH and single H production is an
important element towards precision measurements on the Higgs couplings

* Achieve better precision on the H potential in the SM scenario under minimal assuptions

We project the legacy HH combination to anticipate our sensitivity at the HL-LHC as a lower
bound for future reach

* Future is bright:in a pessimistic scenario we shall have the evidence for the process by 2040!



Thank you for attention!




32 Expected Improvements in LHC Run3

Confirmed % improvement in object and event reconstruction

* b-jets Triggers: gain in efficiency in resolved 4b [here]
* b-tag efficiency: better tagging + on the mbb resolution improvement [here]
 T-lepton Triggers gain in efficiency in hadronic tau channels of bbtt [here}
 T-lepton ID better tagging [here]
 Parking triggers gain in efficiency on 4b triggers, on top of trigger above-mentioned gain [here]
S ., CMSSimulation (s =13, 13.6 TeV T O
e e s e R AR §‘ o ~Run 2 (g = 52%) e | SIEEREORNR.. o e e
s = . s - Run32022(£=68%)| § 14f — = e
8 e _ Run 3 2023 (e = 82%) L e et
510‘1 E—M:E:zzj:;::!:?ne """""""""""""""""""""""""""""""""""""""""""""""""""" —§ LL] 1 ;" Data parklng """"""""""""""""""""""" "’LE i - e ET%% \riager: ¢(HH— 2b27) = 3%
é ::g:sg:;zfﬁne g’, 0.8 | N g 1_ Trigger strategy upgrade o
=107 ' i : = g’ 0.6 _ —— ———————0————0— g) 0.8 |F
:_E g e " = - l
5 Yl e 04 | i '
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The improvement at analysis level is yet to be checked
Those allow amelioration in analysis strategies, the gain can go beyond the shown expectations


https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05064
https://cds.cern.ch/record/2904704?ln=it
https://cds.cern.ch/record/2868787/files/DP2023_050.pdf
https://cds.cern.ch/record/2904699/files/DP2024_063.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05064

Shape benchmarks idea and table of couplings
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Stat. test of similarity between mHH shapes { Recomputed @NLO precision in simulation [2019)],

¢ improved ML strategy and including present

§ constraints in H couplings [here]

23  Recomputed one more time, updating constraints in
\ ] H couplings and added as LHC WG4

Tslzmin > Tsz3min
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We keep using the first version (couplings agnostic) as New Physics proxy, and the most updated set


https://inspirehep.net/literature/1750795
https://cds.cern.ch/record/2843280/

