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IT'S ONLY BEEN TEN YEARS...
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AND WE'VE COME A LONG WAY SINCE OBSERVATION
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HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.
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THE DISCOVERY WAS ONLY THE START

Main lines of research at current and future colliders

O Detailed studies of the Higgs boson (only possible at colliders) - a “guaranteed deliverable"

 Searches for new physics: directly through observation of new particles and indirectly
through precise measurements revealing deviations from SM expectations

H is not just ... “another particle™

4 Profoundly different from all elementary particles discovered previously

O It got almost no properties; carries a different type of “force”

 Related to the most obscure sector of SM

U Linked to some of the deepest structural questions (flavour, naturalness, vacuum, ...)

- It provides a unique door into new physics, and calls for a very broad and challenging
experimental programme which will extend for decades

E‘r"':a f\f\(ib.eb"ﬁ o‘(&:fLLSH O’MSKV\QT@S

from Hagas omterecliong
l T=)Huy , a2 H = XIHY - V%
¢ S Understanding the nature of the Higgs
oy, Palenineg 3*"’*‘"“;‘6;;; - boson is one of the main goals of particle
U Precision measurements of couplings (as many generations as possible, loops, ...) thSiCS today

U Forbidden and rare decays (e.g. H=> 1) = flavour structure and source of fermion masses
d H potential (HH production, self-couplings) 2> EWSB mechanism )
Q Exotic decays (e.g. H> E;™ss) > new physics ? How much do we really know in 2021

O Other H properties (width, CP, ...) )
Q Searches for additional H bosons, etc. about the boson?

Fabiola Giannotti @ LHCP 2021
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THE LHC EXPERIMENTS ARE UNIQUE TOOLS, ABLETO
EXPLORE HIGGS PRODUCTION AND DECAY IN DETAIL

Higgs-strahlung, VH
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

PRECISION HIGGS PHYSICS ALL AROUND

CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

‘With the third run of the LHC about to start, we are still U=
working on finishing the analysis of the close to 150 fb' of *x % f
13TeV pp Run2 collisions available for analysis. E o A
-We have really exploited the millions of Higgs bosons
produced in each LHC experiment: the main Higgs L L . |
oroduction & decay modes have been observed or show T e T
evidence with Run2 statistics. We have moved to A A A R B
precision measurements in almost all cases. L

« So far excellent agreement with the Standard Model| S T - i %j
prediction. Similar performance in CMS and ATLAS: Single | 1= = =" ff)
experiment partial Run2 results more precise already than |ms e =00 5
Runl ATLAS+CMS. bfé'bfé"%"afz"u"116"'1!8'"5' 52 04 26

Cross section normalized to SM value
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://cmslumi.web.cern.ch/publicplots/int_lumi_cumulative_pp_2.png

WHAT HAVE WE LEARNT ABOUT THE HIGGS SO FAR, AND
WHAT DO WE EXPECT TO LEARN IN RUN3?

e Precision Measurements: Mass&Width, CP, Differential &
Fiducial Cross Sections

» Does the Higgs couple to the Second Generation?
» Does the Higgs couple to itself?

- Can we ‘see’ rare processes (production or decay)
. |s the Higgs the SM Higgs?

- |s the Higgs alone?
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THE SECOND RUN OF THE
LHC: PRECISION IN HIGGS
MEASUREMENTS




 H — yy alone able to measure the Higgs signal

PRECISELY MEASURING THE HIGGS: /1 — yy

strength to 10% (stat similar to syst for ggF)

* Probing ggF, VBF, VH, ttH, tH

* Exploit the cleanliness of the signature (excellent

diphoton resolution) to do precision physics
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ATLAS-CONF-2020-026 Full Run2 oxBR =127 +10 fb
| | | | I | | | | I | | | | | | | | | I | | | | | | | | | | | | | | | | | | |
ATLAS Preliminary
CMS 137 o' (13 TeV) [5-13Tev, 139 fo!  reiTotal [ Istat EISyst (| sm
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/

FROM RATES AND SIGNAL STRENGTHS TO FIDUCIAL AND
DIFFERENTIAL CROSS SECTIONS

* Measuring cross sections
differentially or in specific
bins of phase-space with
high precision
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/

WHAT ARE STXS?

- Higgs kinematics can be sensitively

ggH = ggH + gg — Z(qq)H + bbH qqH = VBF +qq — V(qq)H modified by BSM physics
pr [0,200] ' | | | ' |
H — 0 = 14 > 2 "o e
| — P 1200, o] et 2 = Simplified Template Cross
= 0-jet = 1-jet > 2-jet 200 [ | : ”" ]
P e 7053350, o0] Sect.lcns approach.. Measure CI‘C.)SS
0 ' ' y 300 T | sections separated into production
™m;; [0,350] ™m;;j [350, oo] 0 | | ) . .
10 o mi; —L— 450 pi [0, 200] . pH [2()IO,oo] modes, inclusively over the Higgs
0 350 60 JJ 1 1F1 T
Il — H rest asl decays, in spgcnﬂc reg.lons Qf
L__ 60 I 700 - [ 120 1l o phase-space (“bins”), defined in
[ 120 ] 5 N PT 350 N terms of specific kinematic
200 i 0 ;gjj = variables (ptH, mj, prHi, ptV)
T
VH = V(leptons)H ttH :
STXS provide a largely model-
0 .
. | — | — independent way to test for BSM
DT qq — WH qq — gg — 60 . . . . )
i | | | ' tIH deviations in kinematic
120 | I I I
. 1 . . i g distributions.
200 |
150 tHW .. . . .
ojet fH >1-et | | ojet [ > 14et ojet  HH > 1-jet 300 —1 Specific bins defined in
250 . . . .
50 coordination with the theoretical
w °
community
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS

PRECISELY MEASURING THE HIGGS: HZZ

» Signal strengths also at the 10% level Lumi Precision
» Exploiting the cleanest Higgs channel: Probin F VBF, VH, ttH CMS, 1 01+
ploiting 99 g ggF, VBF, VH, o Phve ) o (209 488 Full Run2 u=1.01+0.11
 Measurements of fiducial and differential cross sections, STXS, ATLAS,
- : Eur. Phys. J. C 81(2021), 398 = (0.9410-11
EFT interpretations,... - Full Run2 p=0.947
PRSI, Eur. Phys. J. C 80 (2020) 942 L2
o) S A E A B B BN 5.1 fo" (7 TeV), 19.7 fb™ (8 TeV), 137 fb™' (13 TeV) ,
q) i A TLAS ‘ Data | 3 £ [ | T T I I'T T | T T I T T | T T | T T | I'TTT | I'TTT | L I—I_ A TLA ZZ_Oj i i_._ ]
C) — H N ZZ* N 4| .ggF+be .ZZ* - q\: 6: CMS ] H N ZZS* N 4| jj;j - : _
% 100 " Vs=13TeV, 139 fb" VBF tX).(, VVY B 2 - $ LHC Run 1 data (stat @ syst) . /s— 13 TeV. 139 fb" XX/ L - _
I= B M VH ;Zﬂets’ t_t 7 © 5__ ¢ LHC Run 2 data (stat @ syst) ] Reduced Sta,ge 11-1ly,l<25 R T T
G>> : M itHi-tH 7 Uncentainty : B Systematic uncertainty ] —i— Observed: Stat+Sys SM Prediction Mo
L | ‘ — n : . - [m] Observed: Stat-Only p-value = 77% c-B [fb] (c-B),,, [fb]
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- 1 B s::s:v Standard model (NNLOPS, m = 125.38 GeV) ! ag2#40)-07-High | - 60110 58040
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http://dx.doi.org/10.1140/epjc/s10052-021-09200-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/

HOW WELL DO WE KNOW THE HIGGS MASS?

- Only free parameter in the SM, and already very precisely

measured by CMS and ATLAS CMS
Run 1:5.1fb"(7 TeV) + 19.7 fo (8 TeV) - Total Stat. Only
o . i ] ] ] 2016:35.9fb" (13 TeV)
» The precision with which we can measure my is directly linked Total (Stat. Only)
. . Run 1 Hoyy B —— 12470+ 034 ( £ 0.31) GeV
to the reconstruction (energy scale and resolution) of photons
R H—-ZZ- —_— 12559+ 046 ( £ 0.42) GeV
and leptons it zed FoapERa B
Run 1 Combined 12507 £ 028 ( £ 0.26) GeV
- How well can we measure my in the future? 2016 Hry = 125781026 (£0.18) GeV
2016 H— ZZ— 4| — 12526 +0.21 (£ 0.19) GeV
Lumi Measurement 2016 Combined -:-. 125.46 + 0.16 ( + 0.13) GeV
ATLAS+CMS Run1 Combination |5.1fb-1@ 7 TeV, Run 1+ 2016 — -1> ;)EéV'
Phys. Rev. Lett. 114 (2015) 191803 [19.7 fb-1 @ 8TeV 125.09 £ 0.24 GeV (0.19%) T T ' LT L,

122 123 124 125 126 127 128 129

CMS: 41 + DiPhoton il A6 m,, (GeV)
Phys. Lett. B 805 (2020) 135425 125.38 £ 0.14 GeV (0.11%)
ATLAS: 4] _ 0.09
ATLAS-CONE2020-005 139 fb 124.92 + 0.19(stat)™y (syst) GeV (0.17%)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005/

HOW WELL DO WE KNOW THE HIGGS WIDTH?

4 (SM)= 4 MeV

e Direct measurement: < 1.1 GeV (95% CL) (CMS)

e H—=7Z7Z—4|: measure through the relative on-
shell and off-shell production rates (model

dependent)

doge sHs77
2 (Y
dms.,

aon-shell gégH ngZZ

2 2
8geHEHZZ

x N/
gge—H—ZZ mul'y

Mzz ~ My
(On-shell production)
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(mz —mfy)? + myTg

and

2
joftshell 8 agHSHZZ
gg—H* 77 (2m2)2

Mzz > My;
(Off-shell production)

51" (7 TeV) + 19.7 b7 (8 TeV) + 77.5 b (13 TeV)
2 _IIII|IIII T T 1 IIIIIIIIIlI_ _I|||||||||I|III|III|III|III|I_I
£ 141 ATLAS  emed - CMS
! T H*—> Z27Z — 4l212v - Observed-Stat. only . — Observed
1213 Tev, 36.1 fb — Observed B | --- Expected
S22 VB 22y ;gl — Observed, 2016+2017
10 --- Expected, 2016+2017
| _I B
8L <
- <
6F o\ i
i S 7
4_ —— — — — — — — — — — — s e e, ¥ . =]
of
0) = T
0 4 6 8 10 12 14
H oft-shel FH (MeV)
Lumi Latest Resulton 'y
+2.8 +5.0
oM ey | 3D D MeV
' unil+ /7. :
Phys. Rev. D 99 (2019) 112003 Mu < 9.16 (13.7) MeV (95% CL)
ATLAS,
36 fb- h <14.4 (15.2) MeV (95% CL)

Phys. Lett. B 786 (2018) 223
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/

HIGGS DECAYS TO W BOSONS

=
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- Much larger Br, but
experimentally more

decay

veto on b-jets

ggF, VBF, WH, ZH

complicated: neutrinos in the W

» Main signature e+mu+MET with

« Cross sections (inc. STXS) for

ggH-0j, p:’ <200 GeV

ggH-1j, p:’ < 60 GeV

ggH-1j, 60 < p:’ <120 GeV

ggH-1j, 120 < p:’ <200 GeV

ggH-2j, p:’ <200 GeV

g9H, p:’ > 200 GeV

EW qqH-2j, 350 <m; <700 GeV, p:’ <200 GeV
EW qgH-2j, 700 < m; < 1000 GeV, p* <200 GeV
EW ggH-2j, 1000 < m; < 1500 GeV, p* < 200 GeV
EW qqH-2], m, 2 1500 GeV, p" <200 GeV

EW qqH-2j, m; > 350 GeV, p: > 200 GeV

Lumi Precision

LA B L AL B B B
ATLAS Prellmlnary re g;:‘stical e
Vs=13TeV, 139 fo” Bl Systematic Unc.
H— WW* - evuv I SM Prediction
p-value = 52% Total ( Stat. Syst.)  SM Unc.
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G/ Og,

CMS,
Phys. Lett. B 791 (2019) 96
HIG-19-017 (VH, fullRun2)

36 b

137 fb VH (full Run2): |,l=2.11+0-46-o,43

ggF+VBF+VH (2016): p=1.28+01s.

0.17

ATLAS-CONF-2021-014
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Full Run2

ggF: oxBR!

VBF: 0xBR = 07970556 pb

12 441, 5pb

« Also differential distributions (CMS JHEP O3
(2021) 003), CP interpretations (ATLAS-
CONF-2020-055)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-042/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
http://dx.doi.org/10.1007/JHEP03(2021)003
http://dx.doi.org/10.1007/JHEP03(2021)003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-055/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-055/

PRECISION IN LEPTON DECAYS: /1 — 17

-+ Goupling to leptons!

CMS Preliminary 1370 (13 TeV)

+0bs.  [Dve b, Wz e+ ets ATLAS Preliminary H — 7t Vs = 13 TeV, 139 o'
_ tmis-ID[_|Others  Unc. B H- 1t (u = 0.85) —Total — Stat. Theo. Pgy= 88 %, |yH| <2.5
- GGF and VBF with > - -
recision ~20% G °F 12 E Tot. (Stat., Syst.)
P ° 2 — ] et 153 (3% )
) 4r
. B 400 2 . +059 (4050 +0.32
Sophisticated Z1t 3 | ofy E VH| »—a— 057 (048 032
< annl -2 1 -
background g | 0100150 200 20 0o | rde 0.95 23 (%12 93
modelling techniques @™ 0.80 018 (018 1015
|o|t|ng the data @100 VBF 191 - -0.17 (Z012 o012 )
eXp AT T B BT B AT I R
0 1 2 3 4 5 6 7 8
B | , | T T T R TR
% 100 150 200 250 (oxB)"°% / (GXB)SM
i T T i i My, (GeV)
key (effiCienCy, Lumi Precision
misidentification rate) CMS, T
HIG-20-015 137 tb- ( py=0.85%01254; °
HIG-19-010 N -
ATLAS-CONF-2021-014 | Full Run2 | oxBR =2.90+0.21(stat)*0-37.0.32 pb
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

MOVING TO DIFFERENTIAL DISTRIBUTIONS

L — . . . —_ -1 -1
o 10E ATLAS Preliminary H — 1t cross-sections (|y | < 2.5) = . TeeWURTW 0 BBV
Q. — -1 H — > - CMS ¢  Observed | . Q - CMS | ¢  Observed ' ]
— —  Vs=13 TeV, 139ftb" e Observed — Tot. unc. — Stat. unc. = s 1&g ##+# gg—H (POWHEG) + XH 7 L 10°F ### gg—H (POWHEG) + XH E
(=) — — < - sy gg—H (NNLOPS) + XH E & g sy gg—H (NNLOPS) + XH ]
EP 1 p = 95 o/o —_— Expected Theo unC '-lc—), LT XH = VBF + VH + ttH (POWHEG) - - XH = VBF + VH + ttH (POWHEG) -
=—- SM . '] —= —_ 1 E_ 77777 _E Py, S -]
= = < Ft § 107 £ E
X — [ 1 : % —1 __ __ E E
b-— - I I —_ \,:g 10 = 3 u , -
1 | = -
10—1 | ! ! — 3 - j - 10 Mwwf S e
= ~ ) = 102 & weiidog - :
— : ; = ‘ . L 1 ; 1 i L L L 1 |
B | ! N T S R 1 0 '
1072 = + : : — S g S
— I I — 2 ; o R D OO s vt 2
= ! ! = Z T z
— ! ! ] g 0 e
: : 5 0 200 400 g
10°° == i : — pH (GeV)
S A F | | | | | | | | - 138 fb! (13 TeV)
)] - ! ! - > "CMS | ¢ Observed -
o - | | - 8 ok 44224 gg—sH (POWHEG) + XH B
— - ~ = T EE H (NNLOPS) + XH 3
g 2 : ; — = ?ﬁaﬁ XH - VBF + VH + ttH (POWHEG) -
— I | - — L -
-~ ! I ' I U ! o 4L —
| [ 1 - = = =
T o= i ¢ : : : - L i A §
| | | 82 10k s |
N(ets): >1 1 >2 >0 >0 >2 1 22 >2 - I
1 | - _
p.(H) [GeV]: [60, 120] [120, 200] [200, 300] [300, [ [0, 200] | 02 i
E_. ] ] | =
m; [GeV]: [0, 350]* [0, 350] [350, [ . [60, 120] [350, o[ | e - . .
I | (Al
gluon fusion + gg — Z(— qq)H ' VBF + V(- qq)H ' ttH 3 %W,
=z
g 0
g o 100 200 300 400
pJT1 (GeV)
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H—bb: FROM VH TO BEYOND

- VH Hbb observation well established already

« ~20% uncertainty in VH signal strength, measurements in

STXS bins, boosted VH measurements

- VBF Hbb at evidence level already (2.9 o VBF production
alone, 3.0 o including VBF+y)

T I TT T
AQF ATLAS —e— Data —
C {s=13TeV, 139 0" Bl VH, H = bb (u=1.17) 1
35F 04142 leptons I Diboson B
- 2+3 jets, 2 b-tags B-only uncertainty .
30 - Dijet mass analysis B
. Weighted by Higgs S/B 1

-+ -
| | | | | | [

0 100 120 140 160 180 200

:Illllllll
40 60 8

Events / 10 GeV (Weighted, B-subtracted)

m,, [GeV]

Events / 8 GeV (Weighted, Bkg.-subtracted)

qg E ATLAS VH,H — bb, V — leptons cross-sections ;
S 2 B (s=13 TeV. 139 o' ® Observed ==Tot. unc. ==Stat.unc. _
Q 103 — ’ — Expected [ | Theo. unc. —=
X = | =
s _ V=W , V=2 i
MR ' =
X = : =
o} e : n ]
10 = i p - ![ n =
s T i
0p) 1.5 I 1: —
D T3 i1
o : :t_ -
§ 0.5 — , —]
W 7 4
750\_1014,[ 'Or [;2506 S 'OrZ[<7 750§_pz’[ 'Or [;2506
r < 5 r <2 Q
QSOGGI/ el OGGI/ SOGG'/ %
-

ATLAS: Eur. Phys. J. C 81 (2021) 178 , Eur. Phys. J. C. 81
(2021) 537, JHEP 03 (2021) 268 , Phys. Lett. B 816 (2021)
136204 , ATLAS-CONF-2021-010

CMS: JHEP 12 (2020) 085, CSBS 4 (2020) 10 , Phys. Rev.

Lett. 121 (2018) 121801

20
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8
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|
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I I | 1 1
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https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-010/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-027/index.html
http://dx.doi.org/10.1103/PhysRevLett.121.121801
http://dx.doi.org/10.1103/PhysRevLett.121.121801

HBB: HOW HIGH WE CAN REACH IN HIGGS PT?

x10° .
3 " raseamiay |t o] | *Boosted ggF Hbb analysis.
=T . : . . g fems 0 T T T
e ‘ 1| <AKS8 jets & jet substructure o 10 o
= - : —— LHCHXSWG approx. NNLO
=l I:::met _: techniques: soft-drop SD mass of == HJMINLO
; : algorithm _
0.4 — 107
E ¢ -
o2 41 «Enhanced sensitivity to BSM at 1;’;:_’"“””””””’
y Multijet + 16 _ hlgh PT 8%
< 100 55
= i —
g 0 - Measurements of the cross section T
- T ]
in bins of pt from 450-500 GeV _or
2 50 o2 |
T | up to 800-1200 GeV o< 1o
S 0 €2 | JHEP 12 (2020) 085
_ o
-50 - L L - o .
80 700 120 740 760 180 200 - Parallel Z—bb measurements as 200 500 500 7000 7200

Jet mass [GeV] H (GeV)

control analyses
ATLAS-CONF-2021-010
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-010/

TTHANDTH

- Rare production, very complicated final states e tH:

* Hgg: 95%CL UL of 14(8)xSM
(CMS), 8xSM (ATLAS)
- ttH: Variety of final states: Hyy, Hbb, HTT, Multilepton . Multilepton (CMS):

M = 5.7 £ 2.71(stat) = 3.0(sys?)

- Now sensitive enough for STXS measurements and CP constraints

+0.17

- Currently most sensitive: CMS Multilepton p,,;; = 0.92 = 0.19(star)™ y,5(sys?)

137 b (13 TeV)
Lof 1o (1e 161

CMS Preliminary
| 1 | | 1 | | | | | |

-1 3 . L N L N AL DL
_ G 13770 (13 Tev) f - pp'%tHHfH | . ATLAS Preliminary {s=13 TeV, 139 fb"
% N Sinds ] 250 H— WW/ZZ/t - —Total  — Stat. ;';‘th ( ?;TG §1y§zt{)
g10 = +1o (stat @ syst) _E E E uﬁH o7 0,120) GeV |J_|_._|_| 1.98 * :33 (—0_-46 * ..25)
© | | tlo (syst) - 2 —
o L ] N ] _
: - . : 1.42 0.70 +1.24
ol | orarany o . B Tl e vmmon| e 0.88 142 (070 w124y | | PRL125(2020) 06180
i 1430 07797 ] L . : EPJC 81(2021) 378
L ’ N . : 0.91 0.69 +0.59
| : e @ R st T 102 o o —ozs) JHEP 07 (2021) 027
10—1; — O_5f— e T ’ —f Mt e (500,450 Gev |'|+|'| -0.08 fg;g; (tg_'gf i’g_ﬂ)
= - Observed - -
3.5 — B ] - +1.41 1.05 +0.95
S = OF  — 68% GL region B " e 1450) Gev —e— -0.01 15, (Y097 “006) PRL 125 (2020) 061802
cg 2'2 :% - ---95% CL region ’ T ERRCEEEEEE CECE T e e R CE e P e T e PP LT EEPEECP P RP PR EEEE
o] 4 tHZ 050 o gest #Stepeced | | Inclusive v 043 0307 0X) ATLAS-CONF-2020-058
CU . _E _I | | | | | | | | | | | | | | | | | | | | | | I_ I I I I I I I I I I I I I I I I I I
o " oEf. = L T =2 0 2 4 6 8 10 | ATLAS-CONF-2021-014
= _ ttH/ ttH —
. p'tH . =0 /gy, for m =125 GeV
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/index.html
http://dx.doi.org/10.1140/epjc/s10052-021-09014-x
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-058/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

HIGGS & CP

Spin-parity quantum number of Higgs boson consistent with the SM , Jer = 0++ . Does the Higgs sector have a

new source of CP violation?
* Plenty of recent searches for CP in production and decay. Results also expressed in terms of SMEFT coefficients.

So far no surprises: good agreement with SM

/8 2_' 1 1 I 1 I I 1 1 1 I 1 1 I I I I 1 1 I I 1 1 1 I I I 1 1 1 I 1 1 1 1 ]_ 1CMS 137 fb-1 (13 TeV) 20 CMIS Fre{imﬁnaw T T T 137 flb (1|3 TleV)
= - — 1o +B X 5 T I R R el —— Observed: 0b5—4:|:17(68%CL) -
= = est fit SM E i é : 5 X SM. ] 10 Pz —
o 1.op ... 20 ] L H_’ZZ_'4I 4 bestfit |18 [99. ~~- Expected: pog" = 0423 °(68% CL) -
1:_ ......... 30 5 e _: . . : """ 68% CL i F \ e -
05F S {14 - HoTT Decay -
F '-. R 1 L ¢ CMS-HIG-20-006 -
O:_ E >< _|_ E E _: ............................................. __ E '_q 6 - —_
- - 170 < S
_05F ' TS 18 1 g [95%
_1:_ Tt e e : = 116
C ATLAS - ]
1.5~ \5-13TeV, 139 ib" — 1
B S = I C 1o I o e N O | e _|
3 ttH H =YY ; 181°
2 | | I | | | | | I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |:.
_1 5 -1 05 0 0 5 1 ?{COS(Z) 015 -0.1 -0.05 0 0.05 0.1 0
Phys. Rev. Lett. 125 (2020) 061802 t Cro CMS-HIG-19-009
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-009
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

HUNTING FOR RARE
PROCESSES




COUPLING TO THE SECOND GENERATION: H— |

* Highlight of 2020: evidence for the coupling to the Lumi Precision
second generation!
. . . L CMS, =1.19%0-40_g 39 (stat)*0-15.g14 (syst
- Clean analysis, good signal resolution: the challenge lies in Full Run2 ¥ 039 (Stat)'21-014 (syst)
. : . . . JHEP 01 (2021) 148 3.0(2.5)0
the very small branching ratio, to identify the signal over the
smoothly falling, huge Z dominated background ATLAS: Phys. Lett. B812| L\ o 5 u=1.2+0.6
- Statistically limited (2021) 135980 2.0(1.7)0
> IIIII | 1 | IIIIIIII | 1 | |1|3|7| .Il:bl-‘ll |(1|3||-|-|e|\|/)- CMS 137 fb-1 (13 TeV) l | | | | | | | | | I | I | | | | | | | | | | | I | | | | I
& %% cms $ Data E g 1 - ATLAS {s=13TeV, 139 fb’ H — up
é 700L Al categories — S+B (u=1.19) 1 g ledTotal | |Stat. ESyst. | sMm Total Stat. Syst.
S g0k S/(S+B) weighted ... Bkg. component =
L R M, =125.38 GeV Pl +10 ] 3107 VH and ttH categories F —o— |1 5.0 £35 ( £33, £1.1)
B 500 P . — )
5400'_ ] ggF O-jet categories —e+— -04 £16 ( £15, £0.3)
@
2\300_— 1021 ggF 1-jet categories —— 24 +12 ( £1.2, £0.3)
s -
%ZOO_ ggF 2-jet categories e -06 £1.2 ( +1.2, +£0.3)
100
:l...l....|.|..|l..l|....|....|....|....E " VBF categories ] 1.8 £1.0 ( £1.0, £0.2)
. g-_|||||||||||||||||||||||||||||||||||||||_- 10? — Combined — VBF-cat. E ' +02
g ° ‘ } ] Observed  _gopcat — fiH-cat Combined H 12 £0.6 (06, o7 )
%O_ : —VH-Cat. TR R N M N T N TN N N T TN T TN TN TN TN TN NN SN TN S A NN SN S BN B
= _5:_|||||||||||||||||||||||||||||||||||||||_: 10—411|1||||||||11||1||I.nnlnunl.nnnl..;.l.l.|I|||. _10 _5 O 5 10 15 20
110 115 120 125 130 135 140 142‘. 150 120 121 122 123 124 125 126 127 128 129 130 Signal strength
My, (GeV) my, (GeV)
S ——— S —
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/

EVIDENCE FOR H-lly

- Dedicated triggers and reconstructions ATLAS, full Run2:

» |Including main production modes (ggF; VBF, VH, ttH)

(Da||tz) 3 2(2 1))! 5+0.5 (Phys. Lett. B 819 (2021) 136412 )

H—oZy: 2.2 (1.2), 0, u=2.0+10.09 (Phys. Lett. B 809 (2020) 135754)

- Categorisation based on topology and lepton flavour

> 30_""l""I""l""l""I""I""l'"'l""l""_
) - -- Bkg : N L I R LA B B A B DL B BRI
L v O 3 - Bkg+H—yy B ee resolved VBF-enriched ; -—
\N\'\I\P' ~ 25 ‘ i
n — Bkg +H—yy + Sig (u=1.5) , |
%, 20: ¢ data ee merged VBF-enriched T .—
H< I D 4 : 1y VBF-enriched ————
2 151 \ : ee resolved high-p__ e
V/Z vz i . :
. . 101 : ee merged high-p ; *-—
: - - ATLAS : | 1 .
5F Vs=13TeV, 139 b L pp high-p_ | T
E In(1+ S/ Bgy) weighted sum ; ee resolved |OW-th : N ATLAS
s bl E , i (s=13TeV, 139 fo
2 4l : ee merged Iow-th —e- | o Total unc
v /Z a8 [ ) : -
| 2} : U Iow-p i m Syst. only
¢ e 3 0f : |
AR HYylllyglc}ba!flt...I.:_T_I...I...I...I...
110115 120 125 130 135 140 145 150 155 160 -8 6 4 2 0 2 4 6 8 10
m,, [GeV] 6xB/(6*B)sy

Maria Cepeda (CIEMAT) 25 Benasque, Septiembre 2021


https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub

HOW CHARMING IS THE HIGGS?

« What about the coupling to second gen quarks?

e Difficult measurement: not only a matter of
statistics. Exploit VH channel, and rely on c-

tagging developments and ML.

«VZ (Z->cc), VW (W->cq) control analysis

> : I I 1 1 I I I I I | 1 I I I 1 I I | I I I | I I I | I I 1 | :

) - . —e— Data —

O 400F- ATLAS Preliminary __ Signal + Background ]

— C (s =13TeV, 139 b B VZ(— ct) (1=1.16) =

= 350/ 0/epton, 2 jets, 2 c-tags ] xyf:k cq) (1=0.83)

-— — g ]

< - SR, p, > 150 GeV top(other) .

31 300 top(b) —

u B W+hf -

[ o Wamf _

250 Waif —

— B Z+hf ]

200 B Z+mf 7

Z+If _

I VH(— bb) ]

150 Uncertainty ]

—— SM VH(— c€) x 300 3

1008 N | W —]

50 —

_O' 1 .5 —_I I T T T I T T T I T I T T T I T T T l T T T l I__

e f . + _t_LT_"‘ &

g 0_5 —_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | -
60 80 100 120 140 160 180 200

m,. [GeV]

0 lepton

Exp.= 40 x SM
Obs.= 35 x SM

1 lepton

Exp.= 60 x SM
Obs.= 50 x SM

2 lepton

Exp.= 51x SM
Obs.= 49 x SM

Combination
Exp.= 31x SM

Obs.= 26 x SM |

0 20 40 60 80

Lumi Latest limits @ 95% CL
CMS: JHEP 03 (2020) 131 2016 u(VH, Hee)<70(37)xSM
u(VH, Hce)<26(31)xSM
ATLAS-CONF-2021-021 Full Run2
|kc[<8.5(12.4)

ATLAS Preliminary [Jz1o
\s=13 TeV, 139 fb” O +2

L Expected
VH,H—cC —— Observed

CL
100

95% C.L. limit on w

VH(cC)

o
™~

0.35
0.3
0.25
0.2
0.15
0.1

ATlLAS Prelirlninary
s= 13 TeV, 80.5-139 fb”

VH, H— cC 27% c-tagging efficiency working point

DL1. + MV2c10 b-tag veto

—C-jets —Db-jets —light-jets

0.05

50

Data c-tagging efficiency + total uncertainty

100 150 200 250
jetp_[GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

OTHER RARE DECAYS

evd. = evidence

Analysis Final states 13 TeV L [fb] BR (SM) oy X BR(H decays) ATLAS/CMS references
A
+ cC 139, 35.9 2.9% 26 x SM, 70 x SM ATLAS-CONF-2021-021, JHEP 03 (2020) 131
invisible 139, 35.9 ~1073 ATLAS-CONF-2020-052, PLB 793 (2019) 520
Zy ee/ppty 139, 35.9 ~10-3 evd. p=1.5,3.9 x SM arXiv:2103.10322 (PLB 2021), JHEP 11 (2018) 152
Tt 139, 137 ~104 22 % SM, evd. p=1.19 PLB 812 (2021) 135980, JHEP 01 (2021) 148
BR(H decays)
Ty ~1073 8.8 x 1074
/ 35.6 JHEP 07 (2018) 127
KKy ~1076 4.8 x 1074
S ee/up + 137 ~1073 (1.04-1.31) x 1072
JHEP 11 (2020) 039
4 | ee/pp + K'K- 137 ~10¢ (3-4) x 1073
| ~10°5 (c x BR =110 pb)
| ee/up + had 139 PRL 125 (2020) 221802
* ~1076 (c x BR =100 pb)
Ty i 36.1, 35.9 ~1076 3.5x1074,7.6 x 10~ PLB 786 (2018) 134, EPJ C 79 (2019) 94
28 L 36.1 ~1076 2.0 x 1073
vESy Y PLB 786 (2018) 134
Y(@S)y (0=1,2,3) 36.1 ~107 (4.9,5.9,5.7) x 10~
YY 7 ~107* 1.4 x 107
- 4 37.5 PLB 797 (2019) 134811
T Thp _ ~10710 1.8 x 1073 Summ ary by
- \ete 139 ~10--10-10 3.6 x 104 PLB 801 (2020) 135148 -
— Imma Riu @
So far, no evidence of physics beyond the SM in studies of rare decays of the Higgs boson LHCP2021
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SO WHAT HAVE WE HAVE LEARNT?

-Let’s recap: 35.9-137 fb' (13 TeV)
- Measurements of Mass (to 0.11%!), Width, CP CMS Supplementary
« Main production modes explored in depth by now, with my, = 125.38 GeV
precise measurements of the signal strength/cross section p-value = 44%
(down to 10% precision)
- Coupling to the SM particles well established for the main fé"TLepmnsand,,eu,,,ms
decay modes, and already at evidence level for several of the 7
statistically dominated ones (eg: muons) 2
- Measurements going differential, and towards precision in e | e
: w| z
Oroper’“es . @

 Interpretations in terms of Effective Field Theories (EFT) start
to be the norm

- Rarer processes starting to become accessible | 10
particle mass (GeV)

Can we put together all the information to have a global view of Higgs@LHC?


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

GLOBAL VIEW OF HIGGS PRODUCTION

« Combining the information from the main decay channels presented until now we can

[ I I I I I I I I I I I [ I I I
obtain a detailed view of the Higgs agreement with the SM prediction ATLAS Preliminary Total | Stat. = Syst. 1 SM
Vs=13TeV, 24.5- 139 fb
. Global measurement of the signal strength today, with partial Run2 stats: s Wl <28 ol Stat. Syt
SM . .
- F ' 1.03  o011( o008, 9%
« ATLAS best fit to 1=1.06+0.07 ( ATLAS-CONF-2020-027 ) 997 1Y = oo oar)
goF ZZ b 0.94 T ( 010, +004)
. ggF Ww |I-3| 1.08 313 ( +o11, +o015)
* CMS best fit to p=1.02+0.07_g o6 (CMS-HIG-19-005) ggF 1t e 102 080 +0%  woar
| ggF comb. -Iu ““““““““““““““““ 1.00 +007( %005, 005)
- Many measurements: Cross Sections (including STXS), Branching ratios, Couplings VBF vy = 131 0% ( 0%, 0%
VBF ZZ —=— 125 2030 ( 0%, Zoos)
35.9-137 fb! (13 TeV) VBF WW E-I 0.60 0% ( 02 L ga)
VBF 1t e 115 205 ( 040, ‘oss)
CMS . VBF bb J 1 3.03 +1.67 +1.63 +0.38
~ —— Observed +1o | 1 combined t1c | vBFoo | e —] 1 303 i ( —1e0, -o024)
Preliminary b =90% | VBF comb. = 115 0B ( Loy, 10E)
——— = , VH vy et 132 208 ( 0%, 156
vy : #r | VH ZZ ——— 153 "0 ( Toe. T05%)
i E - i (VHbb i~ 102 Torr(_ so11, Tar)
77 : 4 e T ~— VH comb. = 110 “ois( o1t *030)
ww - i 0, | i ttH-+tH vy e 090 ST ( B, 5%®)
| : | : ttH+tH VV |I—-E—I 172 "o ( Todo. Tose)
R L | I N _n ttHstH T e—— 120 TG T8h. 0E)
i ? i i | MHitH bb === 078 Igf( xom, lGg)
o e - il i il ttH+tH comb. ~ te= 110 0% ( *ote. o)
I .82 w22 | I I | I | I I I I I | I I I I I | I | | | I I
up L. i 0.31 75 |3.18 0% : .-
] 1 I ] 1 I 1 1 1 1 1 1 ] 1 1 1 ] ] ] [ R N N T | ] _2 O 2 4 6 8
0 05 1 15 2 25 0 1 2 3 0o 1 2 3 4 5 0O 1 2 3 4 5 05005115 2 25 o BRf
goH VBF WH ZH L pl = — = X I c X B normalized to SM
CMS-HIG-19-005 L (0; - BR )y ATLAS-CONF-2020-027
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HOW WELL DO WE KNOW THE HIGGS COUPLINGS?

 In the Kappa Framework (simple parametrisation widely used by LHC experiments),
already known to 6-15% (still with partial Run2 statistics)

o1 > H->f)= Ti(kj) - LK)

['h (k)

21— SM
O =K, (K) O,

W, Z

[ =k () T/

ATLAS Preliminary

(5=13TeV,245-139 " 687 CL——
my=125.09GeV, ly, | <25  g59, oL
- -

e ——
- —_—— ——
B,=B,=0
'DSM = 92% ]
| | | | |
0.8 1 1.2 0 0.5 1

ATLAS-CONF-2020-027

35.9-137 fo' (13 TeV)
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. — +1G (Stat ® syst)
Preliminary
+20c (stat @ syst)
pSM =72%
K5 —_— _.q._
KW —a— ; -
K; ——
K, —or—
Kb ——.——
Kg -é-..-—
k,|CMS-HIG-19-005 ——
Ky '
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Parameter value
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html

HOW WELL DO WE KNOW THE HIGGS COUPLINGS?

« Experiments moving beyond kappas to target Effective
Field Theories (EFT): parameterise the low-energy
effects of new physics at higher scales

» Going forward: we need to stop thinking about
measuring Higgs couplings in isolation. Start targeting
global approaches that eventually will involve all
precision data available

Maria Cepeda (CIEMAT)

'( N a6

N a3 b

0(6) n 0(8)

LsMEFT = LSM+Z IS

31

ATLAS Preliminary —— 68 % C|_
V/5=13TeV,139 fb~1  weeeees 95 % CL
1 e
CiuGuiop (X10) [ 7 P m—
C;.S/)q _.....f.'.'_'.'.'.'.'f.'.'.'.'.'f.'_....._._._'"".'.'.'.'.'.'_' ffff
A -
I_ﬂN ,_'B HWB ,_w UW UB ..... + ................. r
|
—0.2 —0.1 0 0.1 0.2
T |
21 L ——
CYa HB. HWB.HDD. W uB + ......
C[1] ............ R — —
HU,HO',HQU) s
C[2] .......... S —
,_G UG UH tOp .......... . ..................
| L |
-2 —-15 -1 -05 0 0.5 1 1.5 2
T T T T T T 1T T
C[3] ............ _.— ..............
HW,HB,HWB,HDD,uW ,uB - ey - - -2
C[3] ....... @
HG,uG,uH,top el
(1] | c——-
CH/(s),//' t
ol (XO 1) P SE—
H/ .
_r- | I B A
-10 -8 -6 -4 -2 0 2 4 o6 8 10
ATLAS-CONF-2020-053 Parameter Value

Benasque, Septiembre 2021


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/

HOW WELL CAN WE KNOW THE HIGGS COUPLINGS?

(s = 14 TeV, 3000 fb™' per experiment s =14 TeV, 3000 fb™' per experiment

Total ATLAS and CMS Total ATLAS and CMS
StatlSt_lcaI HL-LHC Projection StatlSt_lcal HL-LHC Projection « We've On|y tapped 3
—— Experimental — EXxperimental .
S Theory Uncertainty [%] e Theory Uncertainty [%] Smal fraCt|On Of the
Tot Stat Exp Th i
2% 4% Tot Stat Exp Th KY — | 18 08 10 1.3 LHC OOtent.lal oy
= ' 6 & & Higgs-Hunting
H— 6 07 08 1.2 E g :
goH —_. Kw == E E 1.7 08 0713 machine
- — K, = 15 07 06 12
VBF —— 3.1 1.8 1.3 2.1 | E
Kg =L § 25 09 08 21 - Target at the end of
- ; ; e e s Ky == 34 05 11 31 the HL-LHC: Cross
WH | : oEeen - | | sections, branching
E—i i 3.7 1.3 13 3.2 .
, , b | & ratios and kappas to
OzH — | 42 26 13 31 Ke = | 19 09 08 15 the few percent level
. . K, =0 43 38 10 17 (except for stat-
Oy 4.3 1.3 1.8 37 K E | dominated final
: = oy —, 9.8 72 17 64
R T T P T T T Y R S StateS)
O 0.02 0.04 006 008 0.1 0.12 0.14 0O 002 004 006 008 01 012 0.14
Expected uncertainty Expected uncertainty
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HOW WELL SHOULD WE KNOW THE HIGGS COUPLINGS?

SMALL CORRECTIONS EXPECTED IN MANY BSM MODELS

If new physics is at | TeV:

Singlet <6% <6% <6%
2HDM (large t))  ~1% ~10% ~1%
MSSM ~.001% ~1.6% ~-.4%
Composite ~-3% ~-(3-9)% ~-9%
Top Partner ~-2% ~-2% ~1%
Patterns of deviations can pinpoint specific BSM physics
2
: : : U
 Generically new physics effects on couplings ~ 7z~ O(6%) for M=I TeV

* Only now are we approaching sensitivity where we expect deviations
B

Sally Dawson
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WHAT ABOUT THE HIGGS
SELF-COUPLING?




CAN WE ACCESS THE HIGGS SELF-COUPLING AT THE LHC?

Main avenue at LHC (*): exploit HH production. Very small

cross section, still ~5xSM (per analysis, per experiment) s ok ,
- Sensitive to BSM physics : Small changes on the e b ' e
couplings can lead to large changes in production | o - ’ \;
Not only ggF: targeting VBF production we can look for )
deviations in the VVHH vertex
>’? I I I I I I I I 1
03 C o(pp— HH+X) [b] ce - HH (WNLOL ) ] > L ‘k_ .
- MumI5Ge ] é 2 BRHH- XXYY) ®
i PDF4LHCI15 ~ = 10
10° ¢ % 7l = . Exploit a
"L ‘k_:_ 10 combination of
a | 10*  high BR decays
1 - 10° with decays
/MO) YHH (NLO) . with goo d mass
TS S 10 reconstruction
: 107 or S/B for
10 -213 14 20 30 50 70 100 1 0-8 = ptl e I
s [TeV] Ty sensitivity
BR(H— XX)

(*) Also possible to extract constraints on the self coupling from single Higgs: | won’t discuss those today
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o > N L L LN L e e
O 10 S Preliminary __
HH — bbyy I oo
g i Continuum Background HH—>bbyy ]
~ o Total Background Low mass BDT tight
5 6 -
- Small rate, but clean: one of the golden channels oL
4? ¢ —
« Exploits the excellent diphoton resolution of the detectors 2*\HMI I .
:ll L O e mrarm

10 720 130 140 150 160

- Categories designed to probe larger and smaller ranges of ka, kav m,, [GeV]
Cross section limits = 10— PR l't'(S')S'/' CL) CMS 137 fo' (13 TeV)
: = | ATLAS Preliminary = — Observediimit (95% CL) 9o [ 95% CL upper limits -
(@35 % CL): T : J/s=13TeV, 139 %-1 ---- Expected limit (95% CL) - ~ N Observed HH — yybb -
T - BN Expected limit +16 | 8 102 - Median expected =
CMS: JHEPO3(R021)257 | B 1O°F B3 Expected it 229 = | g% oL oxpected :
: an) i - - % CL expecte |
‘ ' 3 3 i i i B Theory prediction T 10 — — Theoretical prediction —=
U<7.7(3.2)xSM 5 | ATLAS-CONF-2021-016/ ¢ SM prediction % - =
-3.3<K)<8.5 S 103} oL -
-1.3<Kovy<3.5 : ; i
o107 N i 3
: _ 102} - N -
ATLAS: ATLAS - Observed: k) € [-1.5,6.7] 102 2 - \ // N
CONF-2021-016/ ' Expected: Ky € [2.4,7.7] : IRC2vES. N7 JHEP 03 (2021) 257 -
u<4.1(5.5) x SM I TS| N SN ST I A I I W
1 B<Kr<B.7 008 6 4 =2 0 2 4 6 8 10 S
Ky, 2V
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

HH — bbtt

»Larger Branching ratio Cross section limits (@ 95 % CL):

ATLAS full Run2: ATLAS-CONF-2021-030  p< 4.7(3.9)x SM
CMS 2016 only: Phys. Lett. B 778 (2018) 101 u< 30(25)x SM

- Backgrounds ranging from ttbar to misidentified taus

e Relies on excellent tau identification

> S ] 2 s . Data _ = = - e Data
8 105 :_ ATLAS Pre"migary ; [S)ITIIt?-lH x 100 _: (05 10 % ?TLAS Pre“ml_r:ary ; SMHH x 100 § S = ?TL;:? Sri!g?;?ary - SM HH at exp. limit
S = s=13TeV, 1391 Top-quark = X - ¥s=13TeV, 13910 Top-quark . 2 10°s o e Top-quark
; — TiepPhad LTT Jet — 1, fakes _ [%) 104 - Th.adrhad . Jet — 1, fakes (MJ)_= g) - had “had | Jet — 7, fakes (MJ)
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L?>j = I Other - AT ~ I Jet — 1, fakes (1) = I Jet — 1, fakes (tt)
- SM Higgs Z 10 Il Other _ . Bl Other
103 %% Uncertainty — = ¥ ey SM Higgs E 10" g SM Higgs
= “. Pre-fit background = E-Q "’5!- Uncertainty E i E Unce_rtainty
n _ 102 %"5" ----- Pre-fit background 10° . e .. Pre-fit background
2 | Er @ _§ nngen
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_0'12:E||||||||||||||||||||||| |‘|||||||||||£ _O'12§||||||||||||||||||||||||||||||||||||||: —qc).15:||||||||||||||||||||||||||||||||||||||I:
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-002/index.html

HH — bbbb

. The 4b decay boasts the largest branching ratio, ~ ©"0SS section limits (@ 95 % CL);
but that comes with a complicated background ATLAS: JHEP 07 (2020) 108 JHEP 01 (2019) 030

that is best modelled with data driven approaches u< 12.7 (20.7) x SM (2016) , -0.43<k2v<2.56 (full Run2)

- Searches targeting ggF and VBF production using

both resolved and boosted approaches CMS Resolved full Run2: HIG-20-005 p<3.6(7.3)xSM, -2.3<kx<9.4, -0.1<Kov<2.2

VBF Boosted full Run2: B2G-21-001 : 0.6<koy<1.4

—
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o 5
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https://atlas.web.chttps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/ern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-001/

VIEW FROM THE TOP?

| lllllll IIIII

ATLAS Prellmlnary Observed I I I | I | I L | 1 | I | | I I | I | I LI
Vs=13Tev,275-139°1 7 Expected CMS —e— Observed +++ Median expected
Expected £ 2 0 Preliminary B9 68% expected
B Expected £ 10 13 TeV - 95% expected
Run Il 201 9 fb
Obs. EXp. Exl;:cte g 1(2).86’ 35.91b Phys. Rev. Lett. 122 (2019) 121803
Observed 22.2
Combined — 6I\l(.)rgmalised to 01 (F) -
27.5—36.1fb~! Phys. Lett. B 800 (2020) 135103 bbZZ, 138 fb™
Expected 39.8 CMS-PAS-HIG-20-004
- _ 40 29 Observed 32.5
b1b§ ;\;é _\{ — Normalised to ogqr — ' — ]
Phys. Lett. B 801 (2020) 135145 bbbb, 138 fb!
- Expected 7.84 CMS-PAS-HIG-20-005
bbyy [ er;x;lused to agifw — Observed 3.88
139 fp—1 ATLAS-CONF-2021-016 — ]
i bbyy, 138 fb”
bbttt | N:}r;;ised - 3.9 i Ex pﬁt od 5 55 JHEP 03 (2021) 257
139 fb_l I ATLAIS-CONF-Z%QZF{*:(\)I%B Observed 8.40 I | | 1 | 1 1 1 11 I | | | 1 1 1 11
5 50 100 200 1 2 50 100 500

95% CL upper limit on o (pp = HH) normalised to ogm SRSl R 2 A=Al AR (L 5 X oM

- Individual analysis now better than the 2016 combinations : the golden channels already at 4-5xSM

- Work ongoing towards the full Run2 picture, which should include not only cross section limits but also coupling constraints
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WHAT ABOUT THE FUTURE?

ATLAS and CMS HL-LHC prospects

3 ab1 (14 TeV)

/_\12 T [
= [ ' | SM HH significance: 40 | : Combinati
c [ ; — Combination
Z 10 l‘- 0.1<Kk1<2.3 95% CL ! B
Yo | 05<Kki<1.5[68% CL ; * bbyy
99.4%cL O _ il _________ /__ a bbre
BN " bbbb
6} ; -
i '. bbZZ*(4l)
95% CL 4 :—';‘_ S - bbVV(lviv)
2 ;‘\ “‘ “\ I"' Pt '
68% CL [ v ‘s A\__ [ el
O h " ASET Seipt P L
‘2 4 0 1 2 3 4 5 6 7 8
K
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« Combining the ATLAS and CMS
results: a significance of 4
standard deviation can be
achieved at the end of the HL-
LHC (including systematic
uncertainties).

«50% uncertainty on K

» Second minimum of the negative
log-likelihood excluded at 99.4%
CL
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IS THE HIGGS THE PORTAL
TO NEW PHYSICS?



SO, IS THIS HIGGS REALLY THE SM HIGGS BOSON?

1 o
Dark Matter Ulzll;zl::;::sl:y
Higgs portal HIGGS :

Higgs DM mediator heavy new physics

i Relaxation
Inflation :
Higgs inflation Phase transitions Fate of th; ;Jnlverse
Inflaton vs Higgs Baryogenesis Stability
J gravitational waves V. Sanz d

- The Higgs boson is the only particle of its kind, a mystery on itself, and a irreplaceable tool to
find the connection to BSM physics

e From deviations on its behaviour or its couplings to the SM, to looking for Higgs partners or
exotic decays: huge landscape of possible measurements and searches
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CAN THE HIGGS DECAY UNUSUALLY?

- We can derive constraints on the Exotic Higgs Branching ratio from

: - : ATLAS Preliminar
the Higgs couplings measurements in the kappa framework, o aTay. o4 ?33; (o 68% CL——
combining the information from all measured Higgs decay channels m, = 125.09 GeV Y <25  gso oL
b H - o —
. . | Kz —— -
» Warning: no direct measurement of the width. To probe the BSMBR ', | g : i
an additional constrain needs to be imposed. Usually, kwz < 1. e | i - -
K‘b I I l
5 06— 359 (1TeY) Ko
m% CMS 68% CL =-=-=-=- 95% CL Kg
051 . i
E'\\\ + Bestfit % SM expected ] K y
SM 9) 0.4:— ficy| < 1 — i. i
1_WH " Ky - Eur. Phys. J. C 79 (2019) 421
FH 0.31 \\ - u.

I = (BR;,, + BR,4¢1) ATLAS-CONF-2020-027

Binv < 9% and Bundet < 19% at 95% CL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/index.html

INVISIBLE HIGGS DECAYS

* Direct searches for Higgs decays to undetected particles = connection
to Dark Matter (Higgs Portal)

-Challenging signature: MET

-Use associated production (WH and ZH) and especially weak vector
boson fusion (VBF) to tag the events. Also target ggF, tttH production.

-Background modelling (QCD/WdJets/DY) is key

S [T T T 59.7 o' (13 TeV) . 4.9 fo' (7 TeV) + 19.7 fb™ (8 TeV) + 38.2 fb™ (13 TeV)
(D ATLAS Preliminary Post-fit —- Data \\ Uncertainty > prrT T 0 g T T T

Q) 10 Vs=13TeV, 139 b B w strong . WEWK — 8 10° CMS .E. 10 - CMS 90% CL limits
§ Bl Z strong V4 E\.’.VK : % 10¢ g"oﬂ”;iet g ) B(H-inv)<0.16 3
— Il Other Multijet Q.0 é 10 Higgs-portal models 3
@0 10°E = HBy =0.13) . —— H(nv), B=25% ISR == FermonDM
(- 10 . E
o __ Axialm  =2TeV - ~ Scalar DM .
> 10 m, = 1 GeV 10—41 = —
LLI : Direct detection e
1 10742 - = XENON-1T E
10—1 - —_— L UX :
1074 : — PandaX-Il =
. T S 1072 - —— CDMSLite .

1.2E E —-Data/Bkg = -\ Uncertainty — Pre-/Post-fit _ 10% & —— CRESST-I
O 1.4 — 1+SignalBkg — -TsMuliievBig 8 13 g —— CDEX-10
m O 9 ,_ - N ,O\ ) T —
. g > 10—46 PP
08 | e :
1000 1500 2000 2500 3000 3500 4000 4500 5000 < — 107 — — ""2 —

[G V] 400 600 800 1000 1200 1400 1 10 10 10
e miss (GeV/ m, [GeV
ATLAS-CONF-2020-008 m; CMS-EX0-20-004 Pr ©Y) Phys. Lett. B 793 (2019) 520 ™%Vl
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/index.html

INVISIBLE HIGGS DECAYS

Lumi 95% CL Limit on Brinv (MH=125)
CMS ] )
Phys. Lett. B 793 (2019) 520 36 fb! 33% (25%)
ver ATLAS
ATLAS-CONF-2020-008 139 fb-1 13 % (13%)
CMS ] )
Eur. Phys. J. C 81(2021) 13 137 fb! 29% (25%)
£h ATLAS
ATLAS-CONF-2021-029 139 fb-1 18% (18%)
CMS ] .
MonoV ATLAS ] .
ATLAS-CONF-2020-048 139 b’ 63 % (57%)
CMS ] )
CMS-PAS-HIG-18-008 36 b’ 46% (48%)
TTH -
ATLA ] )
ATLAS-CONF-2020-052 139 b’ 40% (36%)
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ATLAS Preliminary
-\ \s=7TeV, 4.7 fo' ]
-\ s =8TeV, 20.3 b =
v Vs =13 TeV, 139 fb .
—— Run 2 ttH ]
A\ — Run 2 VBF ]
"\ ' — Run1 Comb. ]
" == Run 1+2 Comb.

-2 Aln(A)

—— Observed
---- Expected

OIIII_Lﬁ I\) w -h c|J.| mI\IIIImII(.O

» Current sensitivity:
Br(H—Inv) ~ 10 % (Best
current UL @ 95% CL :
Br<11% , ATLAS, VBF+ttH)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html
https://cds.cern.ch/record/2777235
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-048/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/

2HDM+S: LOOKING FOR H->AA

exotic decays of the Higgs are an exciting, growing field

With a large untagged branching ratio to explore, direct searches for

— 10°
g E ATLAS Preliminary
- A good example are the searches for decays to (pseudo)scalars 1 10°F Mt 2021
] = - Run 1: ys =8 TeV
with lower mass than the Higgs: h->aa searches, which can be & 10'F ;;r;;;?wl
. . . X 3: + ype-
interpreted in the 2HDM+S model (with one extra CP even scalar s &|Z10°E
- r === expected £t1c
and one extra CP odd scalar a) S 10°F observed
O - Run 1 20.3 fb™' H— aa— putrt
o\o 10 Eg PRD 92 (2015) 052002
& 1 - Run 120.3 fb™ H— aa—s yy7y
CMS Preliminary 132" (13 TeV) S — 3 EPIC 76 2016) 210
B B B R 140 ATLAS Preliminary [ Data E 101 B e o o 1o
3 5:_ 95% CL upper limits 7 N120F Vs=13TeV, 139 fb’ ﬁ DY +oj:ts — 3 —_ Run236.1fb" H- aa— bbbb
o b e Observe . [ - _ z ] 1072 JHEP 10 (2018) 031
qi - I\O/IZdian edxpected ] o 100 - SRincl + ] t(t)ther = M — Run236.1b" H- aa— bbbb
< 3 B 68% CL expected ] o 80 - X —— m,=60 GeV 107° PRD 102 (2020) 112006
; B 95% CL expected i - — m,=50 GeV - E Run 2 36.7 fb™' H— aa— yygg
IS 2.5 - 60 [ —— m,=40 GeV — 10-41 L R S S '1|0 L - - PLB 782 (2018) 750
C _N1. ] — — m,=30 GeV 1 un 1 Ho aa—
i o HIG-21-003 E ‘2‘2: — ?é:g% S/Z;,: m, [GeV] e conr s
C B N F ]
m B ] . . ] — ] )
/X\ 15_ _: E g __ ....... L. UL AL SO U UL TS U FUL L | U UL l...... __
3 I I T e e e T —
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-009/

WHAT ABOUT LONG LIVED HIGGS DECAYS?

- Looking for exotic Higgs decays goes beyond the traditional h->aa/ss searches

- Expanding to probe for decays to Dark Bosons, ALPs, Long Lived particles is one of the next frontiers
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-18-003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-57

ANY SURPRISES WITH FLAVOUR?

Phys. Rev. D 104, 032013 Phys. Lett. B 801 (2020) 135148
* Inthe SM, Higgs decays should conserve ¢ re—rg— el || e
flavour: Higgs decays to pair of leptons of | giGE " mawwz  mowosen i
. . D 405 [ ]W+jets/QCD [EESMH w —— Signal B(H—> eu)=0.05%
different flavour are forbidden T 10 — Houe (5=20%)
10°
- However we know well that the Flavour 1103
sector typically brings surprises. What o
i i I ? - 121 = 28 +
happens if we mix Higgs & Flavour : 4 +%++*+*+++*++*+++* +++++++++++++++++*,+*++++
. 0 40 |
» Look for Higgs decays to OF leptons
BDT discriminant M, [GeV]

Channel Higgs Br 95%CL Yukawa 95%CL Exp
Te Br(H — er) < 0.22(0.16)% V|Yer|? + |Yrel? < 1.35-1072 CMS , Full Run2
T Br(H — pr) < 0.15(0.15)% VIYur|? + Y2 <1.11-1072 CMS, Full Run2
e Br(H — pe) <6.1-107°(5.8-107?) VIYur |2+ [Yru? < 221074 ATLAS, Full Run2

Hee limit also included in Phys. Lett. B 801
2020) 135148 : Br(Hee)<3.6e-4 (3.5e-4)

Previous Run1 or partial Run2 results by CMS and ATLAS not shown in the table
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/index.html
https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub

IS THE HIGGS ALONE?

ATLAS Preliminary [ Obs. 95% CL

« BSM models tell us that the Higgs does not like being Fowtwus @bl S| B3 |
lonely: looking for additional Higgses (at high or low N i S ?f;?i??fiféifﬂi?fﬁi\ ol g
masses, scalar pseudo scalar or charged) is a key part  |° \\
of the Higgs program of the LHC \ val I -
. ‘ 6 eI =122 Gev
- Very large phase space to cover, but caution: the | || = et
fact that we observed and measured h(125) gives us 2 5& e
large indirect constraints on new models s ﬂiﬁzl
Lo 40 so oo 1000 1200 00 150 100 2000 . o GV
- Complementarity in the search approaches: look for —
many different channel topologies, emphasising model § | Amseemy : N
independent searches whenever possible top Expanding list of
| final states going
- So far no surprises, but there is still a lot of uncovered [ towards Run3: merits
phase-space - especially at high mass and exploring : another full hour talk
unconventional topologies (eg: the mentioned long lived to give them
decays) R justice :)
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JUST AN EXAMPLE: HH RESONANCES

- Same final states and similar analysis techniques as the non resonant

HH production analyses, with the advantage of profiting from the

- Traditional X->HH searches now also expanding to Extended Higgs

N
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html

CONCLUSIONS

*The LHC collaborations have ran a challenging Higgs physics program in Run2.

*The Higgs is today one of the best tools to explore the limits of the SM: we have measured cross sections
and branching ratios, explored kinematics, and inspected the coupling to the SM particles, including itself.

S0 far, no surprises: the Higgs remains stubbornly SM-like. However there is plenty of unexplored phase-
space to search for anomalous behaviour, exotic decays or additional scalars: we have only explored a

very small fraction of the full LHC dataset

— Look for surprises in the data to come in Run3 and in the HL-LHC

References for all the experimental results shown:
CMS

ATLAS SM Higgs ATLAS BSM Higgs

Theoretical predictions & LHC agreement for benchmarks:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

