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Introduction to the Higgs boson

three generations of matter interactions / force carriers
(fermions) (bosons)
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Higgs mass 4

LHC Higgs Cross Section

Working Group,
arXiv:1610.07922

my is a fundamental/free parameter of the SM

e Very important to be measured as it determines many properties of the Higgs

boson e.g. cross-section, Higgs decay branching fraction... Single Higgs production
g gg y g 1 888 D
e Two golden channels: H—yy & H—Z7Z -~ Jfor m y Measurement ” cross—s}ectzoln w.‘r.t‘mH ———s
o Very good mass resolution ~1-2% T g, M= 14 TaY
o  Efficient identification of final state particles E i
10 3
e Best fit value for the Run 1 obtained with ATLAS+CMS combination: %E X

m, =125.09 +0.24 (= £ 0.21 (stat) = 0.11 (syst)) GeV
— 0.2% precision
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Higgs mass measurement

with the H—ZZ —41 decay (I=e,u)

Phys. Lett. B 843 (2023) 137880
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CMS Preliminary
Run 2: 138 fo" (13 Tev) -~ Total DSW- Only
Run 1:5.1 1o (7 TeV) + 19.7 tb™ (8 TeV)
Total (Stat. Only)
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Low statistic but large S/B & clean final state

Main observable m 4l (4-lepton mass)

Run 1+2 result:
ATLAS: m, = 124.94 = 0.18 (= £0.17(stat) £ 0.03(syst)) GeV
CMS: m, = 125.08 £ 0.12 (= £0.10(stat) = 0.07(syst)) GeV

ATLAS Run 2
DNN to discriminate signal from background
— -2% on the m,, uncertainty

o, = per event m resolution estimated with a Quantile
Regression NN (QRNN) — -1% on the m , uncertainty

Simultaneous fit on data of (m 41’ DNN, o, )
in 4 categories 4u/2e2u/2u’e/4e

CMS Run 2

2) 4l /m 4l relative per-event m 4] uncertainty

— 9 categories, allows to isolate events with better resolution

kin 7)H—>4l

Dbkg

Pr—a1 + Pogoa
P = proba using kinematic information
— Improvement of 4% on m, measurement

kinematic likelihood discriminant,

Simultaneous fit on data of (m

4’ Prin, bid

for each 0 4] /m 4l X(4u/2e2u/2u2e/4e)*data period
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ATLAS Higgs mass measurement

with the H—pp decay

Phys. Lett. B 847 (2023) 138315 ATLAS Run 1+Run2
m,, =125.22 % 0.14 (= £0.11(stat) £ 0.09(syst) GeV
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Combination of H—yy & H—ZZ " 4]

for Higgs mass measurement

Phys. Rev. Lett. 131, 251802 (2023) cMS Phys. Lett. B 805 (2020) 135425%
P e et M Run 1:5.1 b (7 TeV) + 19.7 o™ (8 TeV) —Total | |Stat. Only
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Runi: /5=7-8TeV, 25!, Run2: \/5 = 13 TeV, 140 fb—! Total (Stat. Only)
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Run2 H — 4/ 124994019 (+0.18)GeV | = | e e e e e e e e e e e e e e
Run 142 H — 7y 125.22 + 0.14 (+ 0.11) GeV 2016 Hoyy == 125.78+0.26(+0.18) GeV
Run1+2 H — 4¢ 124.94 + 0.18 (+ 0.17) GeV 2016 H— ZZ—s 4l 125.26 +0.21 (= 0.19) GeV
Run 1 Combined 125.38 + 0.41 ( 0.37) GeV
Run 2 Combined 125.10 + 0.11 ( 0.09) GeV 2016 Gombined 125.4620.16 (£ 0.13) GeV
Run 1+2 Combined 125.11 + 0.11 (+ 0.09) GeV Run 1+ 2016 12538 +0.14 (+0.11) GeV
‘153| |12|4|III155||||156||||1571 ‘1éBI - L
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e ATLAS Run 1+2:m, =125.11 +0.11 (= £ 0.09 (stat) £ 0.06 (syst)) GeV
e CMS Run 1+2016: m, = 125.38 + 0.14 (= = 0.11 (stat) = 0.08 (syst)) GeV

— 0.1% precision achieved with Run 1 + partial or full Run 2 measurement
for ATLAS & CMS standalone! ,
*CMS = partial Run 2

© ATLAS+CMSRun 1: m, =125.09 £ 0.24 (= + 0.21 (stat) £ 0.11 (syst)) GeV’
— 0.2% precision
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Higgs width



Higgs width

SM Higgs width: I' = 4-1 MeV but could be much larger for BSM theories

— In the SM scenario no direct measurement possible due to detector resolution (see previous slides)

— Measure I " in the H—ZZ channel™ comparing on-shell and off-shell production
— Use H—>ZZ—4l & H—ZZ— 212y events to enhance sensitivity

(o) sk
i=H =7  —ignal strength

2 2

g:9 * =

! —>depends0nFH Hism*—f = (05 f)SM
i—H —
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i— H™ —
IL f mHFH

; ' Mof—shel

o * ~Y
i—H —f —
my SM — Measurep oo KB henl
H Hon—shell

2 2
off —shell 9:9r no rH -dependence

%k

About off-shell Higgs boson:

significance of 3.36 (2.20) (Phys. Lett. B 846 (2023) 138223)

e CMS: had already observed evidence of such process in a past study (Nature Phys. 18 (2022) 1329)

ATLAS: confirmed the evidence of off-shell Higgs boson production from ZZ leptonic decay with an observed (expected)

* The indirect width determination is also possible through #H, 4 top & H— WW measurements

** Assume g * g is the same for the on-shell and off-shell (i — H — f) process
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Higgs width measurement

Phys. Lett. B 846 (2023) 138223 CMS-PAS-HIG-21-019 (2023) ATLAS
% _TTTT‘IIIIIIIIIIIIY[IIVIT[TTTT{TIIIIIIIIIIIIY_ GCMS Pre”mina,y 138fb-1(13TeV)
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i 4
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3 15 .F £
] =
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oo He
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g 20 atL4s T OmSaony I -
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14 opssysi 11707 EpSysi 10700 -
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100 § asymptotic approximation is valid

o

— Measured Higgs widths are compatible
with the SM predictions
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Higgs couplings




SM predictions:

single Higgs production modes & Higgs decays

K = coupling strength modifier = ratio of observed vs SM predicted coupling strengths = k=1 < Higgs coupling compatible with the SM

Higgs boson production modes I Higgs boson decay channels
2 ggF (87%) b) VBF (7%) o VHV=W,Z),4%) . ® HoVV h) H—fF
g NCen q q oH | ¥ £
§ Kt,b V kv, = I
[
- |
. ttH (1%) or bbH (0.9%) ;
g t,b I
_____ 5 |
]
g t,b

CMS. Nature 607, 60—68 (2022)

Decay channel Branching fraction (%)

SM predictions for

Production mode Cross section (pb) bb 57.63  +£0.70
ogH 1831 Lo4d \/SZ 13 TeV WW 2200 +033
gg 815 +0.42
VBF 3.771£0.807 2 621 +009
WH 1.350 +0.028 m,, =125 GeV e 286 +0.09
ZH 0.877 +0.036 77 271 +0.04

ttH 0.503 £ 0.035 ¥y 0.227 +0.005

bbH 0.482 £ 0.097 Zy 0.157 £0.009

tH 0.092 £ 0.008 ss 0.025 +0.001

up 0.0216 +0.0004
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Higgs couplings measurements (@ Run 2

CMS 138 fb™! (13 TeV) Higgs-to-fermion (k'f)
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o T | ATLAS Run 2 : = +1 SD (stat @ syst) [0 +1 SD (syst) simultaneous fit
w L | T T T T T T T T T 7 T T
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Ky "T."_‘ iz::;::l\c::lue not allowed Kt_ E 1.01-010 B 0.7¢ DbbDZZ N\ |
i i ' ) F @vco WwW SN E
Kz, e S Ky —aa— 0.99%; 12 g0 06| & @ comb. N
| L L | L | L | I I ' i R BRI I L
; 0.5
0.8 1 1.2 1.4 16 K - 0.92:008 005 4006 07 08 09 10 11 12 13 1.4
* 68% CL interval Jo : Ky
N I I B cms__
Bu.'“""“'I"""“"‘""' | | KZy ' _:_j*'l_ 1.65‘3:3‘; ﬁ; ﬁj&; | | * Discovery + LHC Run 1 :Thispaper |
------------------- 5| |—68%CL ---95%CL SM Higgs | —
0 005 01 015 02 g 05 { 15 2 25 3 35 4 L3y S
95% CL limit Parameter value : :
— Probe the Yukawa & BEH mechanisms I il i
— Good agreement with the SM predictions Lor y
— Much tighter constraints on Higgs couplings w.r.t Run 1 - i
ATLAS (Nature 607, 52-59 (2022)) & CMS (Nature 607. 60-68 (2022)) 0.5 { —
Publications for the 10" year of the discovery of the Higgs I E i
* Depending on assumptions (usually x, <1), the determination of I I
0.0 P

Binv (i.e. BR(H—invisible)) & Bu (i.e. BR(H—undetected)) also provides a limit on FH
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Higgs-to-bottom coupling measurement

with the H—bb decay

VH, H—bb, V— leptons is the most sensitive process

ATLAS-CONF-2021-051

USRS R I L R IR RN I ATLAS Preliminary Vs =13 TeV, 139 fo'
ATLAS Preliminary VH, H — bb Ys=13 TeV, 139 b —68%CL -~ 95%CL  VH,H—bb,A=1TeV
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s. =—Tot. unc. — Stat. unc. €0. unc. . .
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( ) ’
Tot. (Stat, Syst.) m  Combination
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Wi 1041 (1035 4020 ® e /.lWH 1 03+0 28 1.03 £0.19 (Stat. +8 %é (Syst)
WH, 250 < p!"' < 400 GeV I-p-1 110 05 (0%, 920) | o 100 e -0.27
WH, p""' > 400 GeV b—e—d 154 0% (07, 0N o sl g ”ZH = 97+8 %g =0.97+0.17 (stat)fgig (syst.).
t +0.74 +0.52  +0.53 ’
ZH, 75 < py" < 150 GeV H=g—H 098 97 (15 0%) o [X2.0] e
24, 150<p% < 250 6oV £ 106 0 (w02, 02) o Effective field theory (EFT) interpretation
Lin. + d . . .
24,250 <" < 400 GeV ¢ 097 9% (%% o0) | 100, v s ey ¢, = Wilson coefficient: ¢, =0 & SM-like
ch X ol e _-—_::
ZH.5'> 400 Gev | H—e—d 029 ‘o5 (95 95)
........ P I I i I B 5.0 = =
0 T Ty s e 7 e e T r _r 1( D)
o x Bnormalisedto SM o k20 = smprr = Lov+ ) T
3 2 -1 0 1 2 3 D25 ZEWD
Parameter value
CMS-PAS-HIG-20-001 (2023) CMS
138 b (13 TeV) 138 fb' (13 TeV)
e Ob d . .
CMS i _i;(es';@syst) CMS — o Resolved+Boosted combination, STXS meas.
VH, Hobb — 1 (syst) VH, H->bb — 1o (stat @ syst) 10.35
ZH,p,(V) > 400 GeV mem—— 183063042 — i (syst) v = 1317052 = 1.31 + 0.24 (stat.) + 0.26 (syst.),
; E== Combined = 1.15 °%
, 250 < p_(V) < 400 GeV | 020 0.24
PRSI AR | 1520.:£0.83 P = 1.075551 = 1.07 £ 0.17 (stat.) + 0.17 (syst.).
ZH, 150 < pT(V) <250 GeV, 2 1 | mom—— -0.56 + 0.78 £ 0.72
: 2-lepton 1.06 +0.25 +0.22
ZH, 150 <p (V) < 250 GeV, = 0J . 0.42+0.37 +0.30
ZH, 75 <p(V) < 150 GeV —o— 142+ 052 +0.56
WH, p,(V) > 400 GeV 1.90  0.63 + 0.49 1-lepton 1.32+0.24+0.26
WH R oD e |- 188+047:0.38 — STXS measurement & EFT interpretation
WH, 150 < p, (V) < 250 GeV ——— 0.25+0.45+0.49 | O-lepton 1.08:+0.24 +0.21 compatible with SM predictions
1 | i | 1 L L L 1
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Higgs-to-charm coupling measurement

with the H—cc decay

Eur. Phys. J. C 82 (2022) 717 Phys. Rev. Lett. 131 (2023) 061801 VH, H—cc, V— leptons is the most sensitive process
138 fb” (13 TeV)
(LA N LN R I B B L B L B B B T T T T T I‘ T
ATLAS —— CMS —— Observed ~ ----- Me::lan expected
\5=13TeV, 139 1b” o éf:ected — 22; ::S:z::g ATLAS
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L L TR TR TR Observed 19.1 —
5 &6 80 100 - H - — Found that |1cc|/|1cb|< mb/mc 4.5 i.e.
0, imi Expected 14.3 ] . .
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95% CL limit on p’VH(Hacﬁ)
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Akn4.5_\"‘|'"I"‘I"'I"'l"'l"'l > r
_f\u“ 4¥ ATLAS ---- Expected 1 § r CMS DeepAK15 . CMS
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2735F VH, H — bb/ct — e Yl =l Y, ] 5 1E antik Ro15 jets
c [ he] F T
N P 3 = [ p.>300GeV, <24 g e e .
N - g e Sensitivity driven by the boosted topology
[ > | e — .
25 1 g GNN H—cc boosted tagger (ParticleNet)
[ o F e
S e Observed (expected) 95% CL VH, H—cc
. . signal strength upper limit: 14.4 (7.60)
----- H—cC vs. H—bb
10°F —Hocw Vies | 9 Observed (expected) 95% CL interval:
PRI R SR T T |

- a— 06 08 i 1.1 <|k~c|< 5.5 (Ixc|< 3.4)

Signal efficiency

— CMS = most stringent constraints to date
Reached sensitivity foreseen for the end of HL-LHC!
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Determination of the relative sign of the

Higgs-to-W & Z couplings with VBF WH process

'1WZ =Ky, /xZ = SM predicts that )‘WZ = 1 since Ky =K,= 1 Some LO VBF WH processes

Previously ATLAS & CMS have both measured |).WZ| =1 with a precision of ~6% 7
However the ZWZ sign was largely unconstrained ! i W u
— Probe the EW symmetry breaking _|_ ol % Y B
— Negative sign would imply new physies! — S-____ a

u
In VBF WH process, the Higgs boson interacts with either a ¥ or Z boson. __\\ B
®  Destructive interferences between those processes if 2,,,> 0
e  Constructive interferences if 4, <0

2 -
~ Ky Interference ~ Ky K, ~ K&V

OVBEWH % "%|-/”z|2+ _ZKZKW?R[‘/%;'/%W]
— Through VBF WH process probe y sign =2 | My + — 2i5[Ang R M )
ATLAS & CMS are selecting VBF WH— Ivbbjj events

Both collaboration are excluding A, = -1 with a significance greater than So

HIGG-2021-21 (2024) CMS-PAS-HIG-23-007 (2023)
0 CMS Preliminary 138 o' (13 TeV)

Kw

05

HSMpred. A (1,71)
VBF WH Higgs comb.
@ Best Fit @ Best Fit

Wicobs. --1oexp. --1cobs. -
[200bs. - 20exp. ~200bs.
' Boobs. 5cexp. --5oobs. _|

3 TeV, 140 fb
i CMS limit

<99.99% CL (50) obs.

0.0 0.5 1.0 1.5 2.0
Kw

Kz
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Higgs-self coupling & Di-Higgs production modes

CMS,. Nature 607, 60—68 (2022)

, H g 700000 b S H
t,b t,b
t,b Kt,b
YH g ooooo ===H
" 7 7 Higgspotential
Allows probing IC/1 = '?’/'?’SM & KZV = '%ZV/'?’ZVSM modifiers 1 &8 2p 9 4
’ V@) = 1ol + A1l
) ) ) ) ) , | Spontaneous symmetry breaking for
e The Higgs self-coupling & Higgs potential shape remain largely unconstrained L<0&A>0
Different sh Id impl Physics (Phys. Rev. D 101. 075023 | : .
— Different shape would imply new Physics (Phys. Rev. ) I A = Higgs self coupling constant
T -3 V(o)
e (Challenging di-Higgs searches as U / Oy~ 10 |
[
®  Three most sensitive analyses (BR): HH—bbbb (34%,), bbrz (7.3%) & bbyy (0.3%) I
— Combination to improve sensitivity to couplings :
e Single Higgs analyses are indirectly sensitive to the Higgs self-coupling | T f
(due to higher order corrections, 2 examples below) I Re(¢) m(¢)
I
ATLAS. Phys. Lett. B 843 (2023) 137745 & P A I'zzv= Higgs quartic VVHH coupling
RN \H .
- S 1 IS | For some BSM theories Ky #1
N S |
i 9 Q0000 — ]
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OggF + ver(HH) [fb]

over(HH)[fb]

Higgs-self coupling and quartic VVHH coupling measurements

104

102

10_1‘|||

Phys. Lett. B 843

(2023) 137745

T
r ATLAS

I Vs=13TeV, 126—139 fo-!

L HH-bbT* T~ +bbyy + bbbb

>~

T T T T T T3
= Observed limit (95% CL) -
_ _ Expected limit (95% CL) |
(1 =0 hypothesis)

[ Expected limit +10 —
[ Expected limit 20 E
E== Theory prediction

Y¢  SM prediction

~~~~~~

T IR

5 0

—_
(=]
W

—_
o

)
T T T

T T
r ATLAS

[ Vs=13TeV, 126—139 fb~"
E HH-bbt* T~ +bbyy+bbbb

0

100

LA B B

A \ ¥ SM prediction

co b b e b b b

| L
= Observed limit (95% CL)

Expected limit (95% CL) |
== (=0 hypothesis)

[0 Expected limit +10 =
[ Expected limit 20 1
E== Theory prediction

______________

—— bbyy
— bbT*T"
— bbbb

—— Combined

Kav

Romain Bouquet

95% CL limit on o(pp — HH (incl.)) / fo

95% CL limit on o(pp — HH (incl.)) / fo

Nature 607, 60—68 (2022)

138 fb™' (13 TeV)
e

—— Observed
== Theory prediction B8 68% expected
----- 95% expected

Median expected 4

Excluded Excluded

138 fb™ (13 TeV)
—2 e e

10°E

—— Observed Median expected ]
== Theory prediction B8 68% expected
----- 95% expected

N

Excluded

Excluded

18

ATLAS: HH—bbbb, bbyy & bbrr
(assuming that the other Higgs
boson interactions are as predicted by the SM)

obs: -0.6 < K, <6.6 (exp:-2.1< K, <78
obs: 0.1 < k2V< 2.0 (exp: 0.0< K2V< 2.1)

CMS: HH—bbbb, bbyy, bbrz, bbZZ & Multilepton
(same assumption about other interactions)

obs: -1.24 <k, < 6.49 (exp*:

A
obs: 0.67 < KZV

CMS: KZV

-1< K, <7)
<1.38 (exp*: 0.6 < K, <1.4)

= () excluded with 6.60

*CMS expected limits estimated from plots (missing info in publication)
NB: the observed values are obtained from
a LLR test statistic and NOT from the plots in this slide
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Single & double-Higgs combination

Phys. Lett. B 843 (2023) 137745

CMS-PAS-HIG-23-006

10 CMS Preliminary 138 ﬂo'1 (13 TeV)
< I T T T T I 1 T T 1 I 1 1 T T I T T T T g 6_ T T T T T T T T T ]
c i ATLAS H K2 onl ] 2 - Observed — single-H comb., 5.8'>°
~ | Vs=13Tev, 126139 b s oﬁly ] S [ mesysey=t —— HH comb, 1.0°%9
I 8 Observed A - o S - o0 ]
B — HH+Hk only | HH+H l{ only single-H and HH comb., 3.1,
i HH + H k; only: HH + H K, generic i al / 95% CL (26)]
6k 95%: K € [-0.4,6.3] | .
- HH + H K generic: E ]
- 95%: k) € [-1.4,6.1] i 3+ -
-\ Ny 95% _— ]
| ] ol _
2 __ __ 1 68% CL (1(‘
L NN\ oy S ] 68% __| -
i I 1 1 l ]
0—5 0 5 10 15 05 ' 5 1'o 5
K) *a
e HH+H k ) only =k ) is the only floating parameter
O ATLAS obs: -0.4 < K, <6.3 (exp:-1.9< K, <7.6) —» ATLAS & CMS have very similar
e HH+H k. generic = k., & Kk _free parameters
28 g0 Kpo K Fp & g TP

o ATLAS obs: -1.4 < x.< 6 1 (exp:-22<K.<7.7) — Less assumptions required on the other couplings
T AT I for H+HH combination

O CMS obs: -1.4 < K, <78 (exp:-2.3< K, <7.7)
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Higgs CP properties




Test of Higgs CP invariance

. *
with H— V'V —4I processes (I=e,u)
CP violation in SM could explain the matter-antimatter asymmetry in the universe
— Search for CP-odd BSM couplings* in H—VV*— 4l events with EFT interpretation

= Z - . — Define (CP-odd) optimal observables:
=Msm+ ) S MBsm,i
A 2R (M* MBSM) g o1sf
i 00 = SM s ATLAS Simulation
2 J * — = 0.16—
= [Msml +22 = R (MyyMssm,i) ZZ =B (MBSM,,-MBSM,J‘) IM |2 EF hozzoa -=-ggF,c =15
SM o 0.14 :— E —13TeV — ggF SM
= ook «onggF,c . =-15
. S 115 GeV <m, < 130 GeV W
— No anomalous CP couplings observed by ATLAS & CMS E ik
2 0.08
0.06
HIGG-2018-30 (2023) CMS. Phys. Rev. D 104. 052004 (2021) 0.04
0.02
ATLAS Expected: StatsSys Channels Coupling Observed Expected 0
H— 22" - 4 EAT itk ok cHo 0041043 00007 = E—
Vs=13TeV, 139 fb’! ) +o97 +1 06 e F
SMEFT CP-odd couplings CHD —0.737 121 0.00= 160 AT SRRt —
g e cHw o 01:8 7 00:85% N S, L sl
: VBF &VH &H — 4¢  CHWB 0.01%075  0.007g5 B A R B S a—
C = 3 -0. -0.61,0. S
- - G 000%0 0007 00g’
Cuis E———————3 0017 [-0.97,0.98] Crv _0.23i8:g; 0.00H:E
Coi 5 - 3 0.6 [-0.81,1.54] CHWB _0'25$§:§§ O'OOL%):%
d E—H x10 0.008  [-0.026,0.025] CHB _0'06*0-16 0.00%933
C. ——-a——13 078 [-1.2,1.75)
E" E—-—] 0.083  [-0.84,0.83]
Cyy [-—.—-] 00083 [-0.99,0.93]
Y ' : ' ! ; . . P . N
05 0 05 T 15 2 25 *The spin-parity (J' ) of the Higgs is 0 in the SM.
Edraimeienvalie The observation of the H—yy,- ZZ-, WW decays by ATLAS & CMS

-+
excluded pure states 0 , 1, 2™ at more than 99% confidence level (CL)
(quote from HIGG-2018-30)
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Conclusion

Higgs mass measurement: ATLAS & CMS are reaching the per mil precision for the Run 2!
—dm,,~ 0.1 GeV

— The Higgs mass is one of the most crucial SM parameters to measure
as many Higgs properties are m H—dependent

Higgs widths I" e measured by ATLAS & CMS are compatible with the SM predictions

Higgs couplings measured up-to-date are SM-like, no significant deviation from SM predictions are observed
— Crucial constraining Higgs-to-fermion & Higgs-to-boson couplings
to extensively probe the Yukawa, BEH mechanisms & thus the EW symmetry breaking

— STXS and EFT interpretations to extensively test the validity of the SM in different region of phase space
¢.g. high energy domain + testing CP properties of the Higgs

— Di-Higgs searches to constrain the Higgs potential shape, Higgs-self (x 2) and quartic HHVV (xz V) couplings

— Single & di-Higgs measurements combination to constrain K, & Koy with looser SM assumptions

I could unfortunately NOT cover all measurements from ATLAS & CMS in this presentation
Many more interesting results out there!

Thanks for your attention!
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Higgs couplings measurements (@ Run 2

- CMS 138 b (13 TeV)
- — > [T i LU RN T U U ! LA T e
gL ATLAS Run 2 B e |9 1 F m,=125.38 GeV W Z "t‘o” ]
- 3 > C .
C ! Ke = Ky . \é ”"..
¥ «_is afree parameter 7]
-1 ¢ | — -1L i
10 = SM prediction E o 10
- 1 ElP i
—2 = — M\._ +**
10 = 3 10—2 L T ‘,Q' _
E Quarks - E ""
5| E\LHLI J-- i ¢  Vector bosons
10_ E = - ."‘ J
S E :'.“ 3 5 ¢ 3" generation fermions
P Force carriers Higgs boson ] 10 E_ u _."' i 2nd ti f . _5
B 7 [ R generation rermions 3
B N i 13 - . (TN - _
Bl Lol Lol vl e [ SMHigngOSOH
1 4 ITTTT | T T T T TTT | T ] T TTTTT | T T T T TTTT | T __ _4
: = 10 :_I II 1 1 1 1 111 II 1 1 1 1111 II 1 1 1 1 1 111 1 _:
. E S {4 —
C & ] 2 1.2F } 1.05F ﬂ 3
C Iz I 1 = S R W S & A =
j: : = o 1Ot it S I
- 1 = 08¢ 095 E
0-8—_llll| L iawml s IR | l_— o 0-6'”[ L Lol L Cov il I Ll T

10~ 1 10 102 107 1 10 102

Particle mass [GeV] Particle mass (GeV)

— Good agreement with the SM predictions

Higgs couplings verified over 3 order of magnitude my ~105 MeV vs m Vo 172.5 GeV

ATLAS (Nature 607, 52-59 (2022)) & CMS (Nature 607, 60-68 (2022))
Publications for the 10" year of the discovery of the Higgs
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Higgs production mode measurements

o-B
& = signal strength = o B = u =1 & Measurement compatible with the SM
SM * “PSM
) CMS 138 1o (13 TeV)
g 10 E = e Observed | |+1sD (stat)
= = ATLAS Run 2 A = +1 SD (stat ® syst) || +1 SD (syst)
o B |
.c":_) — 12 SDs (stat ® syst)
8 10= = B : Stat Syst
2 F - Hogh - 09758 o T
@ = e a i .
1= — —= Hyer = 0.80:012 g
= ¢ Data (Total uncertainty) ? % . B
- i — l'LWH T—E— 1.44t8‘§§ +0.21 fg‘:g
Syst. uncertainty : ' '
-1 — — E
107" B8 sM prediction — : . -
- | | | | . MZH _"'E'_ 1.29' 5, 020 ‘o
— | 1 T | = :
% 1.5 % 10 - |
e i % . Him —— 0.94%% 015 003
o 1= & % == =0 i :
-.(_U' i E u E +2.66  +2.06 +1.69
o 05_ | | | | — —10 tH %6'0572.42 199 -1.38
ggF + bbH  VBF WH ZH ttH tH T T R
Production process 0 05 1 15 2 25 3 35 4 45

Parameter value

— Good agreement with the SM predictions except for the very rare tH process

ATLAS (Nature 607, 52-59 (2022)) & CMS (Nature 607, 60—68 (2022))
Publications for the 10" year of the discovery of the Higgs
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ATLAS Higgs production & decay modes measurements

Nature 607, 52-59 (2022)

ATL A s Run 2 | Data (Total uncertainty) Syst. uncertainty - SM prediction
| | | | | | | | | -l-" ‘I’ !l' Il° | | | |
tH e
.| e HesH | 88— 41
ttH el
ggF+bbH B # 8
VBF . ¢ . .
WH @ i e ]
e —
ZH ¢I —Ez— e
| | | | | | | 1 | | | | 1 | |
0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 0 1 2 3 4
bb ww 7T 77 144 jun

¢ x B normalized to SM prediction
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CMS Higgs couplings measurements & HL-LHC projections

Nature 607. 6068 (2022)

Romain Bouquet
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ATLAS Higgs mass measurement

with the H—ZZ —4] decay

Phys. Lett. B 843 (2023) 137880

2 T T I T T T T l T T T T I_| T |i T | T T l__
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Y 1.6FH 2z > 4 — o .
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ATLAS Higgs mass measurement

with the H—ZZ —4] decay

Phys. Lett. B 843 (2023) 137880
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CMS Higgs mass measurement

with the H—ZZ —4] decay

CMS-PAS-HIG-21-019 (2023) CMS st ot 13 TeV
CMS Preliminary 138 fb' (13 TeV) PE o = 0.87¢
—— Combined 1o %
- —4u —de —2e2u —2u2 . o F &
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CMS Higgs mass measurement

with the H—ZZ —4] decay

CMS-PAS-HIG-21-019 (2023)

CMS Preliminary 138 fb' (13 TeV CMS Preiiminary 138 fb" (13 TeV
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21n (A)

ATLAS Run 2 Higgs mass measurement

with the H—pp decay

Phys. Lett. B 847 (2023) 138315
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CMS partial Run 2 Higgs mass measurement

with the H—pp decay

Phys. Lett. B 805 (2020) 135425 Source Contribution (GeV)
Electron energy scale and resolution corrections 0.10

CMS 35.9 fol (13 TeV) Res1duzj11 PT dependencg of the photon energy scale 0.11
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B Total systematic uncertainty 0.18

6/ Ho 225 4l Statistical uncertainty 0.18
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ATLAS combination of H—yy & H—ZZ —4l

Phys. Rev. Lett. 131, 251802

for Higgs mass measurement
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Higgs width measurement additional information

CMS. Nature Phys. 18. 1329-1334 (2022)*

Particles are understood to be on the mass shell (on-shell) if their mass is close to the nominal
mass value, and off-shell if their mass takes a value far away from it. By the aforementioned
property of the Breit-Wigner line shape, particles are generally more likely to be produced on-
shell than off-shell when energy and momentum conservation allows it. Scattering amplitudes
(A) for off-shell particle production, followed by a specific decay final state, may be modified
further by interference with other processes, which is large and destructive in the case of the
H boson. In this specific case, writing A = H + C, with H standing for the H boson contribu-
tion and C for other interfering contributions, we will use the term “off-shell production” as a
shorthand for the |H|? term in |A|2.

For broad resonances, the width can be obtained by directly measuring the Breit-Wigner line

shape, e.g., as was done in the case of the Z boson, measured to have a mass of mz = 91.188 +

0.002GeV and a width of I'; = 2.495 4 0.002 GeV at the CERN Large Electron Positron col-

lider [9]. The H boson is expected to live three orders of magnitude longer, with a theoretically

predicted width of Ty = 4.1MeV (0.0041 GeV) [10], and a deviation from the SM prediction

would indicate the existence of new physics. This width is too small to be measured directly * th ¢ t CMS publication i ¢

from the line shape because of the limited mass resolution of order 1GeV achievable with the ¢ mostrecen publication 1S no
resent LHC detectors. Another direct way of measuring the H boson width would be to mea- .

IsJure its lifetime by means of its decay Iength and use th%z relationship T}y = h/ (277 ), but its this one but CMS-PAS-HIG-21-019

lifetime is still too short (7; = 1.6 x 10~22s) to be detectable directly. The present experimental

limit on this quantity is 7; < 1.9 x 107135 at 95% confidence level (CL) [11], nine orders of

magnitude above the SM lifetime.

The value of I'y; can be extracted with much better precision through a combined measurement
of on-shell and off-shell H boson production. In the decay of an H boson with my; ~ 125GeV

to a pair of massive gauge bosons V (V = W or Z, with masses around 80.4 or 91.2GeV,
respectively), we have my < my < 2my. Therefore, when the H boson is produced on-shell
(with the VV invariant mass my;y ~ my), one of the V bosons must be off-shell to satisfy four-
momentum conservation. Once the H boson is produced off-shell with large enough invariant
mass myy > 2my (off-shell H boson production region), the V bosons themselves are produced
on-shell. Since the Breit-Wigner mass distribution of either the H or V boson maximizes at
their respective nominal masses, the rate of off-shell H boson production above the V boson
pair production threshold is enhanced with respect to what one would expect from the Breit—
Wigner line shape of the H boson alone.
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Higgs width measurement additional information

CMS. Nature Phys. 18, 1329-1334 (2022)*
It is important to distinguish between two types of H boson production modes: the gluon

99— H— 22: e = ¢GH = b2 Z: q§— ZH - ZZZ: fusion gg — H — ZZ process, where the H boson is produced via its couplings to fermions,
and the EW processes, which involve HVV (i.e., HWW or HZZ) couplings. The top row of

g Z Fig. [Ishows the Feynman diagrams for the most dominant contributions to the gg (top left)
process, and the EW processes of vector boson fusion (VBF, top center) and VH (top right). A
- H - more complete set of diagrams for the EW process are shown in Extended Data Figs. [1jand 2}
Because different H boson couplings are involved in the gg and EW processes, we extract two
: 2 off-shell signal strength parameters ugff=hell for the gg mode and pgftshe!! for the EW mode. We
also consider an overall off-shell signal strength parameter u°ffshell with different assumptions
on the ratio Rs}/ffl;shell i }“olﬂ-shell /"gff—shell-
. S ddZT: 4G — ZZ: A major challenge arises from the fact that there are other sources of ZZ pairs in the SM (con-
B~ 22 0 = dide tinuum ZZ production), see for example the bottom row of Fig.[1, These contributions, par-
g VA @ q q Z ticularly those from qq — ZZ, are typically much larger than the contribution from off-shell
AN ——— AN H — ZZ. In addition, some of the amplitudes from continuum ZZ processes interfere with
W zZ the H boson amplitudes because they share the same initial and final states. For example,
VA the amplitudes in the first column of Fig. [T} or those in the second column, interfere with each
0000 ——AAANN other; the amplitude shown in the lower right panel (shown more generically in Extended Data
9 Z 2 g q z Fig.[3) does not interfere with any of the other diagrams as we omit the negligible contribution
Figure 1: Feynman diagrams for important contributions to ZZ production. Diagrams can of q@ — H — ZZ that would interfere with it.
be distinguished as those involving the H boson (top), and those that give rise to continuum The interference between the H boson and continuum ZZ amplitudes is destructive [16-21].
ZZ production (bottom). The interaction displayed at tree level in each diagram is meant to This destructive interference plays a key role in the SM as it is one of the contributions that uni-
progress from left to right. Each straight, curvy, or curly line refers to the different set of par- tarizes the scattering of massive gauge bosons, keeping the computation of the cross section for
ticles denoted. Straight, solid lines with no arrows indicate the line could refer to either a ZZ production in proton-proton (pp) collisions finite [16-19]. Figure 2]displays the interplay
particle or an antiparticle, whereas those with forward (backward) arrows refer to a particle
(an antiparticle). between the H boson production modes and the interfering continuum amplitudes, illustrating

the growing importance of their destructive interference as mzz grows in the two final states
. included in the analysis, ZZ — 2{2v and ZZ — 4£. In the parametrization of the total cross
CMS simulation 13 TeV CMS simulation 13 TeV section, contributions from this type of interference between the H boson and continuum ZZ

3 10' Vv V
10* i ; off-shell off-shell ;
; I gg—202y (= 6, 1) EW ZZ(—4) + qq production (¢ = &, 1) amplitudes scale with v and vV pgf for the gg and EW modes, respectively.
1 10°
102!; —— SM H signal (|H12) —— SM Hi signal (|H[?)
1E SM contin. (|CI?) 107" SM contin. (|CP) Fig. 2| SM calculations of ZZ invariant mass in the gg and EW processes. Distributions for the 22 invariant mass (m,,,,) from the gg — 2£2v process
10
o r — (left) and for the 4¢ invariant mass (m,,) from the EW ZZ(—4¢) + qq processes (right). These processes involve the H boson (|H|*) and interfering
5 10°k —— SMtotal (|H + C?) -2 — SMtotal (|H + CP) continuum (|C|) contributions to the scattering amplitude, as shown in black and gold, respectively. The dashed green curve represents their direct
] r 10
[G] g F o 8 HIZ+ IC] sum without interference (|H|*+|C|?), and the solid magenta curve represents the sum with interference included (|H+ C|?). Note that the interference
2 10 r ;== |HE +|Cf a = o= |HE+|CY is destructive, and its importance grows as the mass increases. The integrated luminosity is taken to be 1fb-', so these distributions are equivalent to
‘:q 10-2 F . = 10 the differential cross-section spectra da/dm,,,, (left) and da/dm.. (right). The distributions are shown after requiring that all charged leptons satisfy
g‘ g- e" . pr>7GeV and || < 2.4, and that the invariant mass of any charged lepton pair with the same flavour and opposite charge is greater than 4 GeV. Here, p;
=] 107 r o 10 | -, denotes the magnitude of the momentum of these leptons transverse to the pp collision axis, and  denotes their pseudorapidity, defined as —In[tan (6/2)]
s < F -8 . v"{ - using the angle @ between the momentum vector and the collision axis. Calculations for the gg — 4¢ and EW ZZ(—2¢2v) +qq processes exhibit similar
10 10_5 o qualitative properties. The details of the Monte Carlo programs used for these calculations are provided in the Methods.
10°® ‘
10 107 e *
107 ; the most recent CMS publication is not
A 1 107 H 1
100 200 300 500 1,000 2,000 100 200 300 500 1,000 2,000 .
g 5 i this one but CMS-PAS-HIG-21-019
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ATLAS Higgs width measurement

Phys. Lett. B 846 (2023) 138223 Systematic Uncertainty Fixed Hoft-shell Value at which —2 In A(tofi-shen) = 4
Parton shower uncertainty for gg — ZZ (normalisation) 2.26
Parton shower uncertainty for gg — ZZ (shape) 2.29
NLO EW uncertainty for gqg — ZZ 2.27
NLO QCD uncertainty for gg — ZZ 2.29
Parton shower uncertainty for g¢ — ZZ (shape) 2.29
Jet energy scale and resolution uncertainty 2.26
None 2.30

To maximize the signal sensitivity, a multi-class dense NN is employed in the SRs to enhance events with a

Higgs boson candidate. The NN, implemented using Keras [77] with TensorFlow [78] as the backend, is A . R . .
designed to differentiate among the three event classes: the off-shell Higgs boson signal (S), the interfering The first NN is trained to discriminate among the ggF-induced signal, the gg — ZZ background, and the

background (B), and the non-interfering (NI) background. The interfering backgrounds to the ggF and EW qq — ZZ process. The features used by this NN include the kinematic information of the four leptons
signals are the gg — ZZ and EW gG — ZZ + 2 processes, respectively. The non-interfering background

is the gg — ZZ process in both production modes. 3 g 3 5
4 P P The second NN is used to separate the EW-induced off-shell signal process from the non-Higgs boson

The outputs of the NN use a normalized exponential function so that they can be interpreted as probabilities EW gd — ZZii backeround and the D-induced g5 — ZZi7 process. Tn addition to the variables
of an event belonging to a particular class (Ps, Pg and Pyp) and their ratio is used to define the final 99 1 g QC 94 JJ P 3

observable:
Ps
Py + Pnp g
As the analysis attempts to constrain both the ggF- and EW-induced off-shell signals independently, two
separate NN are trained, one in the ggF SR and the other in the EW SR. The observable from the first NN

(0&‘5: ) is then used as the discriminating variable in both the ggF and mixed SRs, while that of the second
NN (OEY) is used in the EW SR.

Oxn =logyg (

T T T T
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ATLAS Higgs width measurement

Phys. Lett. B 846 (2023) 138223
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Due to the quadratic parameterisation of the yield as a function
of the parameter of interest, the distribution of the test statistic
—2InA is slightly different from the asymptotic x? distribution
predicted by Wilks' theorem [87]. Therefore confidence intervals
ON off-shey] are built based on the Neyman construction [88] using
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CMS Higgs width measurement

CMS-PAS-HIG-21-019 (2023)

CMS Preliminary 138 b (13 TeV)
90 F Untagged
80 - Data
ok !Ew-m4 sebai
= | | gg -4l s+bsi
f 60 | 41 bkg
g 50 ‘,‘ ’% Wz
2wf |
B 1
N .
N
10F i
0 il _*n_h——l-—l el
300 400 500 600 700 800 900 1000
m, (GeV)
CMS Preliminary 138 b (13 TeV)
140 F
Untagged
120 - Data
1 EW—>4l b
£10of] [ gg—4s+bsi
Pl
f . 41 bkg
12} z
2 i Wzx
@ 60
g +
wf +
]
20 %t}:t#‘:‘ﬁ; L
(el
0 010203040506070809 1

in
bkg

© CMS Preliminary 138 fb™ (13 TeV)

Untagged
© - Data
1 EW—>4l s+
£ " gg 4l s+bi
°
%0r G441 bkg
1) o
=l Z4X
E .
Q20f
w

'# |

01? il +LHIHHIHIIH[

=1 08—06 04-02 0 02 04 06 08 1
gg,dec
Dbsl

CMS Preliminary 138 b (13 TeV)

VBFtagged

~Data

[ EW4i s

[ gg -4l s+bei
qa41 bkg

Wz

ol LLLL

300 400 500 600 700 800 900 1000

m, (GeV)

Events / bin

CMS Preliminary 138 b (13 TeV)

VBFtagged

- Data

[ EW—>4l sibsi

[ gg >4l sebei
G4l bkg

Bzx

Events / bin

" 'y
0 0.10203040506 070809 1

VBF+dec
Dbkg
. CMS Preliminary 138 fb™ (13 TeV)
VBFtagged
35¢ - Data
s [ EWSsdi sibei
[ gg >4l s+bei
25¢p QG-I bkg

Events / bin
i: n

T
4
t

0.5

0 L L L L | L
-1-0.8-0.6-04-0.2 0 02 04 06 08 1
DVBF+dec

bsi

0 CMS Preliminary 138 b (13 TeV)
o VHtagged
-~ Data
8 [ EW->41 s4bsi
=14 [ gg—4l sb+i
L6 qa—41 bkg
g 5 Wzx
Dy
w
3
2
0 gl L L | il
300 400 500 600 700 800 900 1000
m, (GeV)
CMS Preliminary 138 b (13 TeV)
2 VHtagged
5 -~ Data
[ W4l sebsi
£ 5[ [ gg—4l sbsi
o J g4I bkg
o 4 Z4X
2 =
9 3
w
2
0 il L 1 (1A T R
0 010203040506 070809 1
DVH+dec
bkg
. CMS Preliminary 138 b (13 TeV)
VHtagged
35¢ -+ Data
3k 1 W4l sebei
[ lgg—4istbsi
25F qG—41 bkg

Events / bin

o
T

T

k=4
o

1l L] NS [ | | ]
-1-0.8-0.6-04-0.2 0 02 04 06 08 1
DVH lec

bsi

Figure 5: Observed data and pre-fit distributions of events in the off-shell region, in the Un-
tagged (left column), VBF-tagged (middle column), and VH-tagged (right column) categories.
The top row shows m,, where a requirement on D7, DVBF +dec op Dv};+ “ > 06is apphed
in order to enhance signal over background contributions. The middle row shows D, bl Kin (Jeft),

Dl‘,'l?; +dec (middle), D:I: s (right). The requirement m,, > 340 GeV is applied in order to en-
hance signal over background contributions. The bottom row shows D, ; with both of the m,,

and D{ﬁ:& requirements enhancing the signal contribution.

Table 1: Summary of the three production categories in the off-shell m,, region. All discrim-
inants are calculated with the JHUGEN signal and MCFM background matrix elements. The
VH interference discriminant in the VH-tagged category is defined as the simple average of
the ones corresponding to the ZH and WH processes.

Category VBF-tagged VH-tagged Untagged
Selection D%’]Ef >05 Df]:: or D;ve? > 0.5 Rest of events
VH-+dec yVH-+d i d
Observables  my,, DySF+ Qe DVEEHAS: imy, Dbkg“" *, Dy | Myq, DK, DEES

— The VBF-2jet category requires exactly four leptons. In addition, there mustbe either
two or three jets of which at most one is b-tagged, or at least four jets and no b-tagged

jets. Finally, Dy‘gff > 0.5 for the VBF production is required.

— The VH-hadronic category requires exactly four leptons. In addition, there must be
either two or three jets, or at least four jets and no b-tagged jets.

Finally, max (D;.V:, Df]::) > 0.5 for the VH production is required.

— The Untagged category consists of the remaining events.
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VH, H—bb resolved and boosted topology

(Jet radius values used by ATLAS)
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ATLAS VH—bb Run 2 analysis

ATLAS-CONF-2021-051
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CMS VH, H—bb Run 2 analysis
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ATLAS VH, H—cc Run 2 analysis
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CMS, VH, H—cc Run 2 analysis

Boosted H—cc tagger
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CMS, VH, H—cc analysis

extrapolation of sensitivity for HL-LHC

Phys. Rev. Lett. 131 (2023) 061801
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ATLAS di-Higgs searches & coupling constant measurements

46

Phys. Lett. B 843 (2023) 137745 Final state Obs. 95% CL Exp. 95% CL  Obs. value*!”
h _ . _ +2.0
ATLAS T obsered Imi 6% 01 HH — blzyy 1.4< k), <6.5 32<ky<8.1 ka =287,
VS=13TeV, 126—139 b1 Expected limit (95% CL) HH — bbt*t~ —2.7<ky;<9.5 -3.1<k,;<10.2 Ky = 1.5+g'9
oM (HH) =32.721 fb (UpH =0 hypothesis) o —3.8
% #7 3 Expected limit 10 HH — bbbb -33<ka<114  -52<i3<11.6 xk3=62"77
[ Expected limit +20 .
M) “Theany: precicticn HH combination —0.6 < x; < 6.6 21<k3 <178 Ky = 3.13’%
Obs. Exp.
bbyy z 130 180 Final state Obs. 95% CL Exp. 95% CL Obs. valuefllg_
bbt*T" g ‘ 140 110 HH — bl;’)/’)/ 0.8 <kyy <3.0 -1.6<ky <3.7 Koy = lltllg
o L _ +0.7
_— s o HH — bbbb 0.0 < Ky <2.1 0.0 <Ky <2.1 kv =1.0%5¢
IR B R | 1 I IR | 1 . . _ 06
20 50 100 200 500 cg;F0+0\?BF(H§;)%Ob] HH combination 0.1 < kpy < 2.0 00< Ky <2.1 kv = 1'1t0.6
ATLAS —— Observed limit

Vs=13TeV, 126—139 fb-'
oot ver(HH) =32.7 fo

Expected limit
(MHH = 0 hypothesis)

[0 Expected limit +10
[ Expected limit +20

Obs. Exp.

bbyyl ’ 4.2 57
bbT+T-| + ‘ 47 39

|

bbbb- ‘ 5.4 8.1
Combined|~ 24 2.9

e b b b 1

0 5 10 15 20 25 30

95% CL upper limit on HH signal strength uyy

Romain Bouquet

University of Genova — INFN

romain.bouquet@cern.ch


mailto:romain.bouquet@cern.ch
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

CMS di-Higgs searches & HL-LHC projections

Nature 607, 60-68 (2022)
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Elementary particles & interactions

photon
Higgs boson

weak bosons
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SM cross-section measurements for the Run 1, 2 and 3 of ATLAS 49

ATLAS, ATL-PHYS-PUB-2023-039
Standard Model Production Cross Section Measurements

Status: October 2023
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Brout-Englert-Higgs (BEH) mechanism

‘CSM - ‘CEW + ‘CQCD + LHiggs W EYukawa
N &
Higgs mechanism terms

Litiges = (D" ) (D,¢) — V(6) (¢ = 2D complex scalar field)
Vi(g)=u o+ Algl (V(¢) = Higgs potential)

e Spontaneous symmetry breaking for u2 <0&A>0

quin = 0 | CDmin

V(d)s V(o)

Re(o) Im(¢) Re(6) Im (o)
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Fermion Yukawa coupling

‘CSM - ‘CEW + ‘CQCD + LHiggs W ‘CYukawa
Higgs mec}:;nism terms

The BEH mechanism does not explain the mass of fermions
— Need for another mechanism

Lplonmm, = —'yf(%ELQWR = 'QBR¢T¢L)

y¢ = Yukawa coupling for the fermion f

After spontaneous symmetry breaking & expansion around the ground state:

Bl

V2

mf=

~
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Higgs production and decay modes

III LEA | I LELY I LI I | i B ot ] I LI I LI l LI I LI [ LI qg g 1:-_IIIIIIIII]]]|IIIIIllllllIll||I||||l|][|l]|]]l‘|l'__ g
=0 M(H)= 125 GeV ¢ U 1¢  LHC Higgs Cross Section
a f WOEW i F oo 13 Working G
o [ gponouo0®s £ P w1 Working Group.
X = T = % ¢ arXiv:1610.07922
T 10 4 210'E -
2 E S F =
l. i H (NNLO qcp +NOEY) 1 o L ]
| o= i -—_EE’/‘/_’_<
% - WH (NNLO QCD*NLOEV\:? ou ZZ
1E pp—*ZH 000D +N\_OEOOGD — E 102E .
: —)an (NNLO OCR.D 5FS, U a B 3
- PP . L .
- L0 1 A .
107 'E O ooo+" | i -
E 0 E i == _
F~” ° | 107E zy :
102y = [ B |
lllllllllllllllllllllllllllllllllllllllllllll 10—4 llllIllll]lllllIllIllIllIIIIllllll[l[llllllllllll
6 7 8 9 10 11 12 13 14 15 120 121 122 123 124 125 126 127 128 129 130
s [TeV] M, [GeV]
Jy r T T T T T T |_:§ § 1:"_1 T T 1 1 T I T 13 T T 1 T I T T T [ T 1 T §
) \s=14TeV 3 I 2
= N = [ 8
i =10 T
? 10 = + ]
i o 1
g 1 o -
e] . (%]
1 0% e
1 4 T 1
| 10°

10

100 200 180 200

M, [GeV]

L - Ll PR B Y T cE R ool
0400500 100 1080 700120740 760
H

Romain Bouquet University of Genova — INFN romain.bouquet@cern.ch


mailto:romain.bouquet@cern.ch
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922

Single Higgs production cross sections

Particle Data Group, Status of Higgs Boson Physics (2023) Cross-sections in pb

(\T/EV) Production cross section (in pb) for mpy = 125 GeV
e
ggF VBF WH ZH ttH total
+17% +8% +8% +8% +10% +15%
1.96 0.05+177 0i065+SE 01313 007957 0.004F102 1237157
+5.5% +2.2% +2.2% +3.1% +5.6% +5%
7 16.97 67 1.247556, 0.9875735, 0.34757 06, 0.0971550, 19.1755/
+5.4% +2.1% +2.1% +3.4% +5.9% +5%
8 2147 o 1.607575, 0.7075 50, 0.42757 56, 0.13 7770 24.27 5/
+5.6% +2.1% +2.0% +4.1% +6.8% +5%
18 48.6756% 782 1% 1 gr+20% g ggtdl% o 5ptE 8% 55 1 15%
+5.6% 4 1+2.1% +1.8% +4.0% +6.9% +5%
13.6  92.27. 6 41776 1.467 706/ 0.957 57cor 0.977g ger 99.27 -5/
+5.6% +2.1% +1.8% +4.1% +6.9% +5%
14 04.775 jor 4.2875 760 1.5171°90, 09975257 0.617 50y 62.1755
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Di-Higgs production cross sections

Rev. in Phys.. Vol 5 (2020), 100045

Cross-sections in fb

ggF ~ 90 % & VBF ~ 5% for the total di-Higgs production cross-section

Vs 13 TeV 14 TeV 27 TeV 100 TeV

ggF HH | 31.05722%+3.0% | 36.69" %40 +3.0% | 139.9713% +2.5% | 1224735 +2.4%
VBF HH | 1.7330%3% 121% | 2.05:083%+21% | 8.407001% +2.1% | 82.87053% +2.1%
ZHH | 0.363'35°+1.9% | 0.415755%+1.8% | 1.23%33°+15% | 8.23'39%+1.7%
WYHH | 0.329%032% 1229% | 0.3697033% +2.1% | 0.9411032% 1 1.8% | 4.707030% 1 1.8%
W HH | 017372 +2.8% | 01987150 +2.7% | 0.5687 00 +2.1% | 3.30" 330 +1.9%
ttHH | 0.775%33% 1+32% | 0.949717%+31% | 5.24%29%125% | 82.1779% +1.6%
tjHH | 002897330 +4.7% | 0.0367 )5 +£4.6% | 0.2547557 +3.6% | 4.44755% +2.4%

Romain Bouquet

University of Genova — INFN

romain.bouquet@cern.ch



mailto:romain.bouquet@cern.ch
https://doi.org/10.1016/j.revip.2020.100045

Di-Higgs production cross sections

Rev. in Phys.. Vol 5 (2020), 100045
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Leading order Feynman diagrams
of the 2 main di-Higgs production modes: ggF & VBF
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Di-Higgs production modes

all leading order Feynman diagrams

Rev. in Phys.. Vol 5 (2020). 100045
g TETEE——T -~ - - - H g
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Branching fractions of the di-Higgs decays

Rev. in Phys.. Vol 5 (2020), 100045
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Leading order ggF HH mass distribution

-
.
Pae

Rev. in Phys.. Vol 5 (2020), 100045
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Di-Higgs invariant mass and transverse momenta distribution -

W.T.t. K, for Vs = 14 TeV

Rev. in Phys.. Vol 5 (2020), 100045
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Simplified template cross-section (STXS)

Stage 1.2 scheme

LHC Higgs Working Group. Fiducial And STXS

Stage 1.2 = VBF+V(—qq)H
Stage 1.2 = V(— leptons) H |
| | [kl ]
| 99—zH |
7".]7
O | [+ .20 | P¥ [200, ]

°HI

0-jet

O-jet  1-jet > 2-jet 1-jet > 2-jet O-jet  1-jet > 2-jet
Stage 1.2 _ Stage 19
j)fi
»i [0,200] pif 200, 0] ’(",
[ I
o =0 | [ =t | 60
T
0
. | myy 0, 350] | |m,-j (350, ) | 120
10
200
300
450
o0

llll

M55
350

1000
1500

University of Genova — INFN

Romain Bouquet

romain.bouquet@cern.ch


mailto:romain.bouquet@cern.ch
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS

Effective field interpretations & Wilson coefficients

AP
LsverT = Lsm + Z Z b O(D)

D>5 1 GWD
> D > 5 is the dimension of the EFT operators,

D X .
(92( ) operators expressed in the Warsaw basis,

\

> CED) are the Wilson coefficients associated to the operators and Wp, is the ensemble of allowed type of operators

for a given dimension.
i i i i
OSMEFT = OSM T Oint T OBSM;
> gy is the cross-section computed with the SM predictions for the initial state 7,

> aiint accounts for potential interferences between the SM and the hypothetical BSM processes,
> opgum is exclusively related to the hypothetical BSM processes.

The possible cross-section deviations from the SM predictions can then be re-expressed thanks to the Wilson

coefficients:
USMEFT
= —1—i—§Ac—|—§BJchk7
SM

A';‘ and Bj’;C respectively referred to as the linear and the quadratic terms (associated to the initial state ¢) which

are computed from the SMEFT operators and which define afnt and UESM:

i
1nt . OBSM . o;
—E A c; = E Bjicjck,
.k

¢ SM OsM

those linear and quadratic terms being respectively of the order of 1/ A® and 1 / A%
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ATLAS Higgs to invisible

JHEP 2208 (2022) 104
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Higgs mass measurement

vs direct measurement of top and W mass measurements

STDM-2019-24

m,, [GeV]

80.45

80.4

80.35

80.3

80.25

Romain Bouquet

—I My = 80366.5I +15.9 MeV |
B m, =172.52 £ 0.33 GeV
m,=125.11+0.11 GeV
s 68/95% CL of m,, and m,

|||‘|||||||||

s 68/95% CL of Electroweak

Fit wo m,, and m,
(Eur. Phys. J. C 74 (2014) 3046)

III‘IIIIII
IIII|IIII

180

T
185
m, [GeV]

1 I 1
175

University of Genova — INFN

romain.bouquet@cern.ch


mailto:romain.bouquet@cern.ch
https://cds.cern.ch/record/2892598

