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What’s next in the Higgs sector ?

We entered a new era for the Higgs sector:
After the discovery, the focus shifted towards the -

measurement of its properties ' = %:\T?';Ff“
TR

Is this “the Higgs”? 2 g i
Sy

“precise” Higgs measurements — search for
deviations from the SM in differential e P Ay B e
cross-section measurements. |

A Couplings: MgsF, MVBF, ... Kg, Ky, ... * Defined for specific production modes

52 2 * Maximise the experimental sensitivity
® o % o /
= c Inclusive in the
.8 -..g § M O-gng BR(H _’YY) Higgs decay mode
L ]
§ ; § fid | vol

= ~ . . . Inclusive in the e Cross-section in the fiducial volume.

v FIdUCIGI Xs_o OFId(PP_}H _}YY) production mode\ e Minimise extrapolation into

I experimentally invisible phase space

Re-interpretation

l Parameterize each process based on specific

kinematic observables:
Effective Field Theories (EFT) . . .
and coupling modifiers eg. pT(H), N(jets), mjj, pT(H+2jets), pT(V).. ,



2robing the Higgs boson phase space:

Increased "“resolution” to BSM effects:

41 STXS bins in total

pi < 200GeV

| 1

= 0jets = ljets

—

m;j;j < 350 GeV

From H. Arnold @ Higgs2021 [Link]

mj; < 350 GeV

Les Houches 2015 Report
Yellow Report 4

1

Global Higgs coupling fits = get constraints
from all Higgs analyses in a single fit

my > B0GY 3< = newly introduced splits
Pl < 200Gev Decay channel Target Production Modes £ [fb™!]

H—yy osFVBE|wH, zH)iiH|H] 139
. goF, VBF, WH, ZH, ttH(40) 139

H—zz H 361
. ggF, VBF 139

H—=WW HH  36.1
ggF, VBF, WH, ZH, ttH (ThagThad) 139

H—r tH 361
WH,ZH 139
ttH 139
H — upu ggF, VBF,VH,ttH 139
H— Zy ggF, VBF,VH,1tH 139

H > inv VBF 139 3



https://indico.cern.ch/event/1030068/contributions/4513070/attachments/2330913/3972129/Arnold_Higgs2021_HComb.pdf

50son Decays

Higgs decays into photons and vector bosons

s Photon W'Z bosons 3 Gluons Higge
Decay channel Target Production Modes £ [fb~!]
H — yy ggF, VBF,WH,ZH,ttH,tH 139

. ggF, VBF, WH,ZH,ttH(4¢) 139
H—zz #H  36.1

. ggF, VBF 139

H—Ww #H 361 |}

H— 71 ggF, VBF,WH, ZH, ﬁH(ThadTha;ld) 139
ntH  36.1

WH,ZH 139

H — bb VBF 126

ttH 139

H — upu ggF, VBF,VH,ttH 139

H— Zy ggF, VBF,VH,1tH 139

H — inv VBF 139



https://twiki.cern.ch/twiki/bin/view/AtlasProtected/BTagCalib2017

STXS measurements:

Channels with cleanest S/B ratio.
Lot of data: categorise the events in a fine way

e HOWW-£vLv: Larger BR but worst resolution due to
neutrinos.

BR

H--WW*—£2vL8v: ATLAS-CONF-2021-014
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

STXS measurements:

Channels with cleanest S/B ratio.
Lot of data: categorise the events in a fine way

e H-WW-—LvLv: Larger BR but worst resolution due to
neutrinos.

e H—yy: Small BR but high control on the background in
sidebands. decay through loop probes coupling to
both fermions and vectors.

BR

\ 4

H--WW*—£2vL8v: ATLAS-CONF-2021-014
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1 1 STXS bins H—- WW* —» evuv I SM Prediction
p-value = 52% Total (Stat. Syst.) SM Unc.
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H—yy: ATLAS-CONF-2020-026

27 STXS bins
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

STXS measurements:

Channels with cleanest S/B ratio.
Lot of data: categorise the events in a fine way

e H-WW-—LvLv: Larger BR but worst resolution due to
neutrinos.

H—yy: ATLAS-CONF-2020-026

ATLAS Preliminary
Vs=13TeV, 139 fo
H—yy, m, =125.09 GeV

gg—H 0J U<p: 10

ke Total

Stat.

= Syst. | SM
Total Stat. Syst.
+0.31 +0.18
0.76 030 *0.26, .g4)

BR

e H—yy: Small BR but high control on the background in -

gg—H0J p: >10

+0.20

27 STXS bins

sidebands. decay through loop probes coupling to

+0.13

117 14e &0.15, 5i))

. Hilp¥ > 150 0.10 +1.11 (+1.10 +0.16)
h -F d ' 010 993 (L0917 -0.19
‘ H +0.83  +0.80 +0.21
v both fermions and vectors re 0% (0 o2
+0.54 4053 40.10
' 1tH 60 < ' < 120 0.72 46 (046" -0.08)
e H-+ZZ—4L: Lowest BR but very clean final state. Lo 1089 (081 w07
. . * 'F d . | . ttH p" > 200 0.96 TO.SS (-+O.52, T0.12)
* Main bkg: ZZ*, from data+simulation T
y 085 328 (1313 4097,
! | e — | 5 241 (2210 098
1 1 1 I 1 1 1 I | 1 1 | | 1 1 I 1 1 1 I 1 | 1 I
—4 —2 0 2 4 6 - g
c''/ogy,
H-oWW*—-£v8v: ATLAS-CONF-2021-014
g - - - H—-ZZ*—4L: Eur. Phys. J. C 80 (2020) 957
[} ur. s. [ ]
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° L. L ' _
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R - i u
p-value = 52% Total (Stat. Syst) SMUnc. Vs =13TeV, 139 fb o[ e
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
https://arxiv.org/pdf/2004.03447.pdf

Coupling to Fermions

Quarks Leptons

gSEEEEEEEEEEEEEEEEEEEEEEEDR »

34 generation am ‘ a

Top quark :Bottom quark Tau & Neufrivo vr

ZRRe I} Q Q 9 0O

SssEEsEEEEESR \d ®aamnmmnns »*

Decay channel Target Production Modes £ [fb~!]

H— yy ggF, VBF,WH,ZH,ttH,tH 139
. ggF, VBF, WH,ZH,ttH(4¢) 139

H—zz #HH  36.1
. ggF, VBF 139

H=Ww HH 361
ggF, VBF, WH, ZH, tfH(ThadThad) 139

A =7 #H  36.1
WH,ZH 139
H — bb VBF 126
ttH 139

Hopp ...8¢5, VBE, VH, ttH 139
H— Zy ggF, VBF,VH,1tH 139
H — inv VBF 139

(+H—cc not included in global combination yet)




VH,H—bb results:

VH production mode: exploit additional leptonic
signatures in the final state.

Three VH(bb) results with full Run Il data:

* VH(bb) in resolved regime: Eur. Phys. J. C 81 (2021) 178
e VH(bb) in boosted regime: Phys. Lett. B 816 (2021) 136204
* VH(bb) resolved+boosted combination: ATLAS-CONF-2021-051

H S
b
Resolved regime A Boosted regime

Fraction of total events

1_2 IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII

ATLAS Simulation Preliminary
pp = WH — Iv bb, Vs = 13 TeV, 1-lepton selection

—— Resolved only

: —— Boosted only
0.8 ; —— Overlap
0.6 Resolved
Regime
0.4 E

Boosted
Regime

0.2

0 |
250 300 350 400 450 500 550 600 650 700

A Combination: p\T/ [GeV]
Orthogonality ensured adding a cut on

| the transverse momentum of the vector
boson at 400 GeV

Combined result —f++—+r—rrrrrrr

_ _ ATLAS Preliminary VH, H — bb Vs=13 TeV, 139 fb™
é ? ATLAS Preliminary VH,H — bb, V — lep. (resolved + boosted) § ; (6, %X B)),,, ® Obs. = Tot. unc. — Stat. unc. Theo. unc.
2 8 10° = 5-13TeV, 130 1 - Observed IEﬁEﬁiﬁipLBQZ"{Q’QQ@ " (o x By Tot. (Stat, Syst.)
X el C Tome T 3 wwsocptomocer| kel 070 ‘sz (53 53) |
- ' T meeolmen|  ep 110 08 (9% 9%) |
SRS = et ao0Gey| Moo 154 0% (G %) |
s . TS ssoromon|  ede s fn (32 o0m)|
VoW ' Vez 13 mmpemew) 108 s (Yoo Tone) |
= F = 1 memeeee) 09 e (e o) |
$ R f—H +H—H% ol -amoev| bem 020w (G B0)
S of : . 0 1 2 3 4 5 6 7 8
- 50, 250 P 25 P2t 6 X B normalised to SM

Slide on H— bb in other production modes in backup



https://arxiv.org/abs/2007.02873
https://arxiv.org/abs/2008.02508
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/

Coupling to leptons:

ATLAS (EetaTev, et How
ledTotal | |Stat. EISyst | SM Total Stat. Syst. H_’pp: Phy_S. Lett. B 812 (2021)
VH and tiH categories —Ee=—— 50 £35 (£33, £1.1)  Fully reconstructed final states with low hadronic activity.
ggF 0-jet categories F—@— 04 +16 (£15, £0.3) ¢ Very rare process:
ggF 1-jet categories —— 24 +12 (+1.2, +0.3) ° B(H_’HH) ~(2.17 £ 0.04)x10-4
ggF 2-jet categories —o— 0.6 £1.2 ( £1.2, £0.3) i Large backgrounds from Drell-Yann
VBF categories e 1.8 £1.0 ( £1.0, £0.2) ¢ Significance: 2.00 (1 .70‘) obs. (exp.), M= 1.2 £ 0.6.
Combined e 12 +0.6 (+06, "g5)
B T o(H— pp) /6SM(H— pp) < 2.2 at 95%CL.

Signal strength

o= 2 STXS bins

§ §: H — 1t cross-sections (ly | < 2.5) = - . . _ _ _
”;2 10° - ]_pSM= 95 % — Expected [ Theo. unc. = * Largest direct decay to Leptons.
°© (0? - ¢ i N * Complicated by experimental challenges associated with T
_ I : = lepton decay
10 = . = * Three decay channels considered: ThadThad, ThadTe,y and TeT,
1f_ ol | | | | | - . , VH and ttH enriched regions + boosted categories
= 4F o | ! ' ! ! 7 targeting at ggH
o - ; §
s g R —3 I'_ i i
5 oLt ¢ ¢ ; v VBF, H— 1T observation and ggH, H—TT evidence standalone
1 1 1 1 1 | 1 | .
Niets): =1 1 22 20 >0 s2 L s 5o at 5.3 (6.2) 0 and 3.9 (4.6) 0, respectively!

pT(H) [GeV]: [60, 120] [120, 200] [200, 300] [300, [ [0, 200] i E

m; [GeV]: [0, 350]* [0, 350] [350, o[ 1 [60, 120] 350, o[ :

gluon fusion + gg — Z(— qq)H © VBF+V(—qqgH ' ttH 10


https://arxiv.org/abs/2201.08269
https://arxiv.org/abs/2007.07830

o/o(SM)

Inclusive measurements:

VH, H—cc: CERN-EP-2021-251

e Direct constraints using H—cc decays

Use charm-tagging with dedicated c-tag + b-veto WP

 First direct limit on k. @ 95%CL with |k < 8.5
VH(cc) + VH(bb) combination:
e Exclude |ky = |kbys| at 95% CL

,UVH(cé)(Kc) =

..................
"ay,
"y
"y

SM
1+ BH—)CE

H(VH, H—cc) < 26 at 95% CL (31 expected)

80

40

20

60}

|
_ ATLAS

° Fit

~s=13TeV, 136 fb”

95% C.L. Upper Limit

1500
P! [GeV]

Coupling modifier

—~ 4D
> - ATLAS

C Vs=13TeV, 139 fb™

_#g.50 VH, H - bblce

3

---- Expected
Observed

— Iy, = Iy Y,

Boosted all-hadronic H—=bb: CERN-EP-2021-185

e Constraints on Higgs boson inclusive production with transverse
momentum above 1 TeV.

* Events categorised according to pr of H—=bb candidate jet. H = bb

jet mass used as fit discriminant.

* biggest challenge: modelling of the multi-jet background through a

smooth continuous function.

H o [fb]
pT [ : 5 —
Best fit 95% CL upper limit
> 450GeV | 0.7+3.3 13 £ 52 (stat.) £ 32 (syst.) & 3 (theory) 144
> 1TeV 26 £31 | 3.4+ 3.9 (stat.) == 1.0 (syst.) £ 0.8 (theory) 10.3

11


https://arxiv.org/pdf/2201.11428.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-08/

How can we profit from these results”

o) E . E = S B e s e o e
=, E ATLAS Preliminary VH,H — bb, V - lep. Ived + boosted) T - o ) -
o |, s 4 y -o-Obs:rved —Eizegtzsdo e 'Irhezéir?c.) 7 o - ATLAS Preliminary + Best-fit ’
o 10° -Vs=13TeV, 13910 Boosted (PLB 816 136204) 5 2 Vs=13TeV, 139 1b™ x SM —
< F ! - Resolved (EPJC 81178) 3 T VH,H—>bb,A=1TeV ]
o 102 & 1 -o- Combined - [ Lin. + quad. parameterisation, 95% CL (obs.) B
I o E ! E

) c ! 3 = .
X 10 L : i C 7
%) E —e————————r Y S _E - -
Iﬁ E —'+—+ ' __f_’ 3 0__ —
>n r 1 t . 7 D> L i
°© 1E ! — 3 - :
FV=W 'vV=Z 3 1 -

5 oF 4 R - --- Resolved (EPJC 81 178) .
Q 1 “ 411 . H i - -2 Boosted (_PLB 816 136204) —
% o ! 4 [ —— Combination ]
o C 1 J Covv b b b b a b a b b g 1]
750 ¢ 1,250 < Mf,”g4007;%2%’fovpz,,%ovpz,,pf’s400G -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1

T T r 5 T S04 T N4 3
S50 G, 00 G 0V 0Gay, ~20 e #00Gg, 0 Cm


https://twiki.cern.ch/twiki/bin/view/AtlasProtected/BTagCalib2017

The Higgs coupling combination

Latest Result Presented @ Higgs2021 ATLAS-CONF-2021-053
41 STXS bins in total
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ATLAS Prelimina &
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1021-012
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

SM

=1 Interpretation:

Srief Introduction

SMEFT Framework
(Warsaw basis)

SMEFT = Standard Model Effective Field Theory Interpretation

Motivation:

EFT Constraints:

 Test presence of BSM physics assuming that new physics
decouples at the current scale A >> v,E

 Parameterise BSM effects using Effective Lagrangian operators
[1]

CHG,uG,uH (X10)
]
CE—A]/V,HB,HWB,I-DD,UW,UB,W (x10)
Wilson coefficients city
Nag Nas
3 Ci /o (6) 3 bi @)
-LSMEFI‘ = —LSM + (O N 0" + cees ]
AN A4 ! Ctop
: J ol
HI® Iy
: : : _ : ctl] 1
Scale of new physics (1 TeV) Dimension-6 operators describing new physics Hu,Hd Hq "
1
C;[Lu]m,He
2
CE—Ié‘,uG,uH
Coefficient Operator Example process 2]
7 7 CHW HB,HWB,HDD,uW,uB,W
cupp  (H'D*H)* (H'D,H) z E "
i = q 2]
c
9 Hu,Hd,Hq"
cuG H'H G, G Zi?» H 3
g CHW ,HB,HWB,HDD,uW,uB,W
1 i Z . CeH
CHB H'H B,,,B*" N
Some examples — g ZE il
q q CaH
¢ —— q
cEw HHWL, Wi i
W
q q
q q
caws Hir!HW], B ’E 1%
¢ —Z q
¢

(HH)([T,e, H)

SN

A

ATLAS Preliminary — 68 % CL
Vs=13TeV, 139 fo-1  seewe 95 % CL
my = 125.09 GeV, |y| < 2.5 —e— Best Fit
SMEFT A =1 TeV

Psm = 59%

_____.__ -

-0.15 -01 —-0.05 O 0.05 0.1 0.15
__._..___
AV*_.._~AV
___+___

_______ . —
____._____
______.__ P

-3 -2 —1 0 1 2 3

________ ' - - - - - =

— = o ———
______._____
-10 -5 0 5 10

Parameter Value

In Total around 30 ci: Group them to fit only 13 param.
— Eigenvector decomposition of STXS covariance
matrix (keep only Eigenvalues> 0.1)
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H—yy and H—=ZZ*—4{ fiducial cross-sections:

Unfolding to particle-level 6*BR using response matrix
method, implemented directly in likelihood function.

detector acceptance

Ni,ﬁt branching

LXC,’

Oifid =0 XA X B =

H—-yy: H
10¢ .

N B
t ATLAS Preliminary

doy,/ dp!” [fb/GeV]
-9

—

Q
L

-

10%F

HIGG-2019-13

I I L T

T detector efficiency
H—yy, \s=13TeV, 139 b

-¢- Data, tot. unc. syst. unc.

&= gg—H default MC + XH
B NNLOUET ® SCET NNLO @ N°LL + XH
“ = XH = VBF+VH+ttH+bb ]

Fiducial x-section pp—H—yy:
oicB=65.2+7.11b
(65ig'B)sm = 63.6 = 3.3 fb

N

—
%))

o
)

Ratio to default pred.

100

o
ol
o

H—-yy and H—ZZ*— 4L differential x-section

7150 200 250 300

350
PYTY [GeV]

combination: ATLAS-CONF-2022-002

indirectly probe the Yukawa coupling of the Higgs boson to
bottom and charm quarks from Higgs pr shape!

40

30

20

10

-10

H-ZZ*: HIGG-2018-29

ATLAS
H—ZZ" - 41
Vs=13TeV, 139 fb™

[ Syst. uncertainties

¢

> 4 o n

Data

ggF@N3LO + XH
MG5 FxFx + XH

NNLOPS + XH

HRes 2.3, NNLO+NNLL + XH

2 18F £ 45 8, 9
S16fF 4F 80
S 14f 35 ¢]
& 1.2F 3F 60
(o] L E L]
O 1k + 2.5F 50 [*] LA
L ™ =
8F - 4 ¢
08:—1%1 ¢ s 2, E*] 0
0.6F 1.5;—* 30
0.4F 1 20
02F 05F 10
a a a a a a a a a
2z &aPaa 2aPaLa8sa T
B8 £ 33
o+
&
n

| ATLAS Preliminary
" H—>ZZ* H - yy
" Ys=13TeV, 139 fo''

JIIIIIIIIlIIII|I|I|||II

S R L L I I I I
Y Standard Model
/\ Obs. H — ZZ*
YV Obs. H — yy
4= Obs. Combination

----68% CL
— 95% CL

III|IIIIIIIII|IIII

-4 -2 0 2

4

12
K
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://arxiv.org/abs/2004.03969
https://arxiv.org/pdf/2202.00487.pdf

Conclusions

All analyses show an overall good agreement the with the Standard Model predictions

ATLAS-CONF-2021-053.

o o . . E>> B L I”I,HI_ I -

» "Precision era”: Moved from inclusive searches to £ jL ATLAS Preliminary -
. _ , = = {s=13TeV,36.1- 139 b 7.4z
differential x-section measurements Lfl’> C m,=12509GeV, ly,| <25 p,, =19% & ]

EMU- 10 ke T SM Higgs boson W ]

>  Full-Run2 results provide high sensitivity to the main - -

Higgs boson production and decay modes 102
» STXS uncertainties varying between 20% and 300%.

SLS

T IIIIII|
®

Parameter Result

: . . . : 10° . 99+0.06 =

»  First fiducial x-sections in boson decay channels = g “ ?3?88? .

" ‘ Kw . + 0. 7]

(uncertainties below 30%). ot b 088011 _

E f:-::l R — K, 0.92 + 0.06 —o—f

» Not covered - backup: = 14F ‘ 092£0.07 7

. . . . o 1.2 [ 1.07 * 0.25 ]

» H—invisible combination (ATLAS-CONF-2020-052) v | - =03

. L e S e R

» Higgs as dark matter portal zH-¢e+MET CERN-EP-2021-204) o ¢ { t
107 1 10 10°

Particle mass [GeV]
Combinations and interpretations:

»  ATLAS most granular simultaneous measurement to date: 41 STXS bins in total.

» Reinterpretations in terms of EFT or coupling modifiers set constraints on BSM scenarios.

More data = more measurements, more differential, more complicated interpretations
16
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https://twiki.cern.ch/twiki/bin/view/AtlasProtected/BTagCalib2017

The Higgs boson in the Standard Model:

e In the Standard Model (SM):

* The Higgs boson is the mediator of the Higgs field.

* The Higgs mechanism provides masses to bosons and fermions

« The Higgs boson discovery in 2012 opened the way to the study of new sectors of the

SM Lagrangian

- SR % S

b

1 PPy +bee

'*‘Ef—;i %.‘j Y’,,?} L

+ etk v

|

Higgs Mechanism:
Explaining the
coupling to bosons

3rd generahon “ m e °

’TOp quark  Bottom quark

2" genevahon ‘ ‘ a a

Charm quark  Strange quark

Yukawa Interactions:
Explaining the coupling
to fermions

Quarks

.
“

*e
e
---------------------------

----------------------------
* >

ae .
---------------------------

lllllllllllllllllllllllllllll
L 4
L 4

Neutrino v

Muon Neutrino vy,

15! qeneva’ﬂo»: Q Q e °

Electron  Neutrino ve .7

*
*

*
.
lllllllllllllllllllllllllllll

! 9 y
D O U
924
—~ o
e e
Gluons Graviton
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Theory: Higgs sector in the Standard Model

A
. . _ 2 2 4
Introducing mass terms for fermions and bosons would destroy the gauge .. V(@) =—p| @ + =[P

Symmetric

invariance of the Lagrangian (non-renormalizable theory) Local maxima \

No mass

The Higgs Mechanism:
Add a scalar field to the SM lagrangian, invariant for gauge symmetry: .

Low Energy

Assymetric

) Local minimum
. Mass

LHiggs = (D“(I))T(Duq)) — T — /\((I)T(I))2

\l’. ,, \ .,‘:l“.“‘] .‘ A. ': | ' " .,
Minimize the potential and let the vacuum acquire a specific value:  \Z0000

D
\ N
Y VY 1
s + % ! \ X VAL J
vy J 7 | | | \ ' \ ' / /
— l : | r '/
‘ S S S —
L \ J
\ ) 1 4 | 4 r g
2 e | 7
u \ 5 . $ ]
\ . \ y 7

SUR)L ® U(1)y — U(1
This spontaneously breaks the SU(2)xU(1) symmetry. ( )Hli'gh eneray ( )Y LOSI en)eil,\,/l

T no
mass for y

[ g*v? T 1/(g%+ ¢"?) sz - mass terms for Weak bosons WEZ A
4 e 9 K
EW Bosons: 4 - 4 = HoH TTH
+ TWM W™ FH + 5 2 ZMZ”H E____H Qi%g“”
\%

Interaction vertices

= yuawa =
72~ (=% i) - i >-_m
/ 19

mass term for fermions

Fermions:




Phenomenology of the Higgs boson @ the LHC:

In the Standard Model (SM) the Higgs boson is the mediator of the Higgs field.

The Higgs mechanism provides masses to bosons and fermions

Production modes:

Gluon fusion

‘000000000
observed 9 t
g

.......

Vector Boson Fusion

~q
observed W,Zﬁb _H

q AL
™~y
Associated prod. with Z/W
q 4
observed . wz
AYAAVAVAVS.
i H

Associated prod. with top

88% of the total

7% of the total

3% of the total

1% of the total

Decay modes:

2z
3% WWZV

MR

Observed (5¢0) production modes:
» Gluon gluon fusion, VBF (Run-1)
- ttH, VH (Run-2)

Observed (56) decay modes:
- To bosons: H—=Z7Z, H>WW, H—yy
.+ To fermions: H—=7zr, H—=bb



VH, H—=bb Combination:

ATLAS-CONF-2021-051 @ Higgs Hunting 2021

WH, 150 <p. " < 250 GeV

ZH, p2' > 400 GeV

Results

Moriond 2020:

ResolvedlllllllIIIIIlllllllllllllllllllll

ATLAS

® Obs. = Tot. unc.

VH,H—bb Vs=13TeV, 139 fb’

Stat. unc. Theo. unc.

41 Tot. (Stat, Syst.)
. . WH, 150 < p"* < 250 GeV F-o)H 0.79 031 (032 4039
Comblned reSUIt LI LI | LI I LI L | LI I LI | LI I s ! _0-50 (_032 _038)
e Wit 10.32 1027 4017
ATLAS Preliminary VH, H — bb Vs=13 TeV;"139 fb” WH. P, > 250 GeV -1 102 G5 (%% )
“TiTheo.unc. | ausfemon | weetw 084 4% (93 9)
Stat., Syst.
( yst.) ZH, 150 < p*' < 250 GeV 191 1.09 ‘3 (9%, 12
( 1034 +0.39 )
-0.33° —0.39 - 10.34 +0.30  +0.18
............................................................................................................................... ZH, s 250G V I I 1.11 . . , .
(055, 020) ] P e (e )
........................................................................................... 034" 018/ | 0 1 2 3 4 5 6 7 8
77 +0.49 .
............................................................ (L0720 fa0) | ¢ x B normalised to SM
1052  +0.53
............................................................. (‘051‘051) Moriond 2020: Boosted ___________
( jg-g, fg-fg ) ATLAS Boosted VH, H — bb Vs=13 TeV, 139 b’
..................................................................................................... o —
( 036 L0417 ) Obs. Tot. unc. Stat. unc. Theo. unc.
. -0.36° -0.14
: -| ........................... 0 29 ..... s (+076+053) ......... roL (St Syst)
| NS L, 085 A -0.69 7 —0.50 1250 < o™ < 400 GeV ! +0.82 1061 +0.55
111 L1 L1l f-l._.l..l 111 L1 L1 L1 11 L1 , <[Z)T < e FF—0—F- 0.57 _0.78 (_0_595 _0.51)
0 1 2 3.4 5 6 7 8
""""" . Wi | 10.94 1081 +0.48
oXx B nOI’m~al,I§ed to SM WH, p; "> 400 GeV H—e— 168 150 (0% 0%)
................ 1,250 <p*' <400 GeV | F=—@— 0.34 glb (9%, 4Ty
The changes in the central values with ™. Z 0s(0er  0de)
° o o ZH, p ! > 400 GeV =01 0.23 ' t EYE '
respect to the individual analyses ! I R AR
0 1 2 3 4 5 6 7 8

remain within 0.3¢

o X B normalised to SM
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SMEFT interpretation:

Srief Introduction

SMEFT = Standard Model Effective Field Theory Interpretation

Motivation:

 Test presence of BSM physics assuming that new physics
decouples at the current scale A >> v,E

 Parameterise BSM effects using Effective Lagrangian operators*

Wilson coefficients

Ngge i Ve Ngag bi s
LSMEFI‘ = LSM + Z }\’Z-Oi( ) + Z IT;OL( ) + ...,
L J

Scale of new physics (1 TeV) Dimension-6 operators describing new physics

Technicalities:
« Constrain Dim. 6 operators impacting the Higgs coupling to SM
 Parametrise their impact on the signal yields in each STXS bin

* Parametrise o(qq—ZH), o(qq—WH), BR(H—bb) as polynomials in
sensitivity to ¢

Coefficient

Operator

Example process

CHDD

(H'D*H)" (H'D,H)
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me
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cHG H'H G, G
q q
CHB HTH B#VB“V H
q q
7 q
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q q
q q
cHwB Hir!HW!, B “E o
¢ —Z q
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CeH (HTH)(I,e.H) H--<
l
& q ,
c(ll-ljl (HTiD#H)(lp'Yylr) 7\%2«—4—/\ /¢
q ~H
— - q v
&, (H'i DLH) [, y41,) W ‘
q ~H
q e
cne D) ST
q ~H
Zat
. . q
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4 o q
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q ~H
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SMEFT Framework
(Warsaw basis) 22



Fiduclial cross-sections:

detector acceptance

Full phase : .
Fiducial
space phase space

‘Analysis
Selection

Examples:
pTH = sensitive to perturbative QCD calculations

branching

|-detector efficiency

Y_H = sensitive to the parton distribution functions (PDF)
N_jet T(lead jet) = probe theoretical modelling of High pT QCD radiation
N_jet also sensitive to different Higgs production modes

Yields
5 EATLAS ||| wom | Diff. fiducial ti
S o ATLAS $ D E IT1. 11Iaucial XSections
©) 5.1__, 22" > 4 B Higgs (125 GeV) _
T gfYs-13Tev 1391 . 3 < B | T T l I I T | I ]
e <My < [} ¢ Data
T 5 — Z):e':vt:l E O, 0.12— ATLA? [ Syst. uncertainties ]
: =l ] & [remow  SRMSEEENR
4 - Sl ~ ° = . +
£ 6 E I+ ., Vs=13TeV,13910" s RadISH K = 1, +XH -
& 5 E & 0I¢ - NNLOPSK=1.1,4XH |
2 ] E - s XH = VBF+VH+ttH+bbH+tH _|
o 4 = | Total stat. ® syst. uncertainty_|
T, 3 0.08+— —3— Fitted ZZ* Normalisation =~ —
3 _ B p-value MG5 FxFx = 15% :
2 = S N p-value NNLOJET = 15%
1 3 0.06 ] I p-value RadISH = 6% ]
: p-value NNLOPS =8%
0 0\70 70‘2020‘3030‘45"5‘6060‘8080‘720720‘2530‘35?30’ 7000 0.04 § I. I __
- Azl Lo
Response matrix Pr 1G] - I +I I 2 ]
§ 350-1000 ! ! 0.03:0.56 0.02— J hd :I E —]
E’ e S ~l'~.§ + R —
S 200350 - 10.02:053 B + L L v
o)) i _ . - ©
o : o T proooee Lo 1 I I | AArRe Tt WP A
3. 120200 : 002 048 . : ; : 5 : .
80-120 ; 0.02.0.44 0.01 g
60-80 : 0.02 041 001, ?;
4560 003039 0.02 2
=
3045 10.02.0.39 0.01
2030|  0.03 038 0.02 g
€
10-20 [0.03 0.39 0.02 : >
i : i - 0.5L ) ) ) ) . ) . . . ]
0-10 JEg 0.04| P i l 0 10 20 30 45 60 80 120 200 350 1000

0:19 70:2) 20-39 30-45 95-6 60-g 90-15,20. 2500- 35%50. 1000

p“T’ [GeV] (reco)
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STXS vs Fiducial x-sections:

https://cds.cern.ch/record/2765932/tiles/ATL-PHYS-SLIDE-2021

Pros and Cons

® Minimizes model-dependence

— Reinterpretable in models with similar A = Long measurement lifetime
e Simple experimental selection only (should match truth-level selection)

144 pdf

d .f / f.d
s 10 T T T
ATLAS Preliminary ~ H-syy,

— Small extrapolations and SM assumptions (mainly through unfolding) ¥

T

T
s=13TeV, 139"

|
to!

® Can be performed for any measurement variable : ¥

e Only 1 or 2 variables at a time (but can have fine binning)

o Works best for “clean” modes : good resolution, manageable backgrounds
e Fiducial region depends on final state = cannot trivially combine different modes

e SM description within each bin = Larger model-dependence

® SM description within each bin 2 Can use MVAs/NNs/ML.
® Well-suited to measure perturbations from SM (e.g. SMEFT)

e Larger bins, only limited number of variables

® Common binning for all decay modes = simplifies combination

350
P} (GeV]

® Common binning includes information from multiple variables

12
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H—yy STXS measurement:

— 1 T [ Tt 1 Tt [ Tt T T [ T T T ] T T T ] T T 1
ATLAS Preliminary e Total Stat. = Syst. | SM
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Vs =13 TeV, 139 b
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The Higgs coupling comb

iInation:

2020 Result Presented @ EPS2020
ATLAS-CONF-2020-027

ATLAS Preliminary ' ' ' " ol St Syst
Vs=13TeV, 139 b B,/B,, }'I§'H 107 1014 (+0.12 +0,07)
my, =125.09 GeV, |yH| <25 Ii =012 1 -0.11° -0.06
Pgy = 95% BBz == o» 028 (Tozs ‘oz
—e—]Tota [ |Stat. . . . .
Syst. I sM 0 0.5 1 1.5 2

Total Stat. Syst.

Ot py < 10 GeV 082 52 otz ‘aoo

0-jet, 10 < p¥/ <200 GeV 1.12 g:i Cg:g, fggg)
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Figure 17: Visualisation of the projection matrix from the Warsaw basis c¢; (x-axis) to the fit basis c; (y-axis).
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Events / 8 GeV (Weighted, Bkg.-subtracted)

H—bb in other production modes:
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ttH, H—bb: HIGG-2020-23
Challenging final state:

VBF, H—bb: HIGG-2019-04, HIGG-2020-14

 Categorisation into regions based on the output of an ANN
* Inclusive VBF(H—bb) significance of 2.6c (2.80) obs. (exp.)
* Result combined with VBF+y analysis:

» VBF significance at 2.90 (2.90) obs. (exp.)

Hv BF,H—sbb,comb. — 0-99t8:§8(5tat-)_0.16(SYSt-)

+0.18

e Combinatorics from many b-jets

« Large background from tt+HF jets.
Events categorised by tt decay mode (1lep, 2lep)

and candidate Higgs boson pr.

e Probe boosted pr regime as well.

Inclusive significance of 1.30 (obs.) 3.00 (exp.).
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H—Invisible and the dark matter portal:

“Invisible” = missing transverse momentum (MET)
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upper limit @ 95% CL.:
B(H— inv.) < 0.18 (0.18) obs. (exp.)

H—invisible combination: CONF-2020-052
e |In the SM, H — invisible is from H—= Z2Z*—> 4v-BR = 0.1%
e In Higgs portal models, H—invisible contributions arise from

H— XX; X: dark matter (DM) particle, e.g. WIMPs

upper limits @ 95% CL on B(H— inv.) obs. (exp.):
Run 2 combination: 0.13 (0.12+0.05-0.04)
Run 1+2 combination: 0.11 (0.11+0.04-0.03)

Owimp-nucleon [CM?]

Set exclusion limits for simplified dark matter
models and 2ZHDM+a models
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WIMP-nucleon scattering cross-section
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