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Probing the Higgs boson at the LHC

Main production processes at the LHC (cross sections at Vs=13TeV for mH=125GeV)

Gluon fusion Vector boson Fusion W/Z Higgsstrahlung Associated tt production
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Theory pred: N3LO / NNLO/ NNLO/ NLO QCD for ggF / VBF, VH/ ttH; NLO EW accuracies for all

* Decay modes

Decays of a 125 GeV Standard-Model Higgs boson

i La rge B R for H 9 bb’ H 9WW*, H 9T’C charm/anti-charm, 2z YWY  Z¥Y others
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e poor mass resolution
* due to Neutrino (WW*),
objection resolution (bb, t1)
* background contamination
* Small BR for H>ZZ* and H>yy;
* high mass resolution 2
* small background contamination




LHC performance

 LHC Run2 finished in 2018 collecting almost 140 fb-1 of good-quality pp collisions per
experiment at Vs=13TeV-> excellent LHC performance

* Increasing pile-up conditions, up to a mean of ~37 p-p collisions per bunch crossing
* steady improvement in the offline reconstruction and trigger

— T ] 1 T 1 1 T T T T ] ]
' 1601~ ] CMS Average Pileup
aa - ATLAS ‘ ‘ ‘ 3000
C " Vs =13 TeV e
2140 Preliminary ] - 1 2018 (13 TeV): <u> = 37
8 - ) Delivered: 156 fb™' . 8 -~ 2017 (13 TeV): <u> = 38 12500
£ 120 . LHC Delivered Recorded: 147 fb” 9 o 2016 (13 TeV): <u> = 27
L . - — T . —
g - I:lATLAS Recorded Physics: 139 b ] €] 2000} 2015 (13 TeV): <> = 13 {2000
1 100_ _ ; 2012 (8 TeV): <u> =21
No) - |:|Good for Physics ] = 2011 (7 TeV): <p> =10
% 80 _ .g 1500} {1500
S B J £ o (13 TeV) =80.0 mb
2 60~ i = 1000l ol (8 TeV)=73.0 mb  |1000
cC L — s ol? (7 TeV)=T71.5 mb
— N n B
S 40 -z S so0f 1500
(@) o Q
— _ B [+
201 K 0 ‘ ‘ 0
| | > o fLQ &0 60 %0 \‘00
1 | I l | l | L | L | [ Mean number of interactions per crossing
WD 4D WO 10 W1 vy UB 19
3ot oty Tl et ot a0

Month in Year

Most of results in this talk based on 140 fb! 3



ATLAS-CONF-2020-027

Status of Higgs properties ATLAS Prominay 1o i Syt 1 S

my, =125.09 GeV, |y, | <2.5
p. =87%

M Total Stat. Syst.
. . . . goF vy - 1.03 o011 008, 00%)
* Observation of all main production DuringRun2  |srz 4 o
. . w am w0w g
processes: Observation/ o e 58038 )
1 VBF vy == 131 0% I
« ggF VBF, WH,ZH, ttH Evidence L ros o ok

~o0. 0.40
VBF WwW )-E—{ 0.60 935 ( o3

VBF 1t H=—— 115 0% ( 0h
VBF bb ———&s=————4 3.03
. . ‘"VBFcomb.  fm 115 0( Lom
* Observation of most of the bosonic and W = T T
VH z2Z = 153 (o
1 1 VH bb ' 02 TYE( s
fermionic decay modes H>ZZ,yy,WW, e
a a HHAtH 77 =) 0% 0z E
H bb)H TT ttH+tH VvV ||—EEH 1.72 jggé w0
ttH+tH 1t E— 1.20 5%
MHetHbb === 079 lo%( o, UG
ttH+tH comb. = 140 021 +018 014y

* Evidence for H>pup and rare H>ly decay e '(')' | é | '4'1' | els é

CMS-HIG-19-006  © X B normalized to SM
35.9-137 fb (13 TeV)

* Measurement of mass, CP, constraints on

> L B L AL B i
£ |> 1 t./‘:'
E CMS WZQ,"'
5 | m,=12538GeV ]
E”‘|>10_1§_ p-value = 44% E
o f
i .,
102F Toe” E
* Experimental systematic and theory uncertainties E e
- . g S| /x’ ¢ Vector bosons ]
comparable to statistic uncertainties 00 + 3% generaton fermions
* All measurements in agreement with the SM p ¢ Muons
e L. 104 e SM Higgs boson
predictions U R R
(% 1'5:"I T T T T T T
R L— SR ot
& 0.5 ; : L
4 10” 1 10 10

Particle mass (GeV)



Status of Higgs properties

ATLAS-CONF-2020-027
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K-framework k2rSM
(O'iXBf) = kiZO'iSM —f !

k2 FSM
* Leading order tree level motivated framework H H
e Coupling strength modifiers k to study SM deviations SM o
couplings ; k% =c;/ oM. k% =T/ >V K2 (k.Bi.By) = 2. Bj k; .
* BSM contribution in invisible (B;) or undetected (B,) AR (1- Bi - By)

decays affecting the width I,

Probing universa.l fermior.m. Probing model allowing new particles in the gluon
and boson coupling modifiers fusion loop and decays w/ and w/o BSM in the

* KvEKwz; K= Kb invisible (B;) and undetected (B,) decays affecting
* Hgg and Hyy loops function of k; , the width T,
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Latest properties measurements




STXS and differential cross sections

Simplified Template Cross Sections (STXS)

 Measure production modes separately
 Categories using bin of (truth) quantities (p;",
Njets, m;) optimized to |
* reduce the theoretical uncertainties N o
* best signal / new physics sensitivity :
* Framework provided in different stages with

increasing granularity —
* Inclusive in decay mode: well-suited for
combinations Stage 1.2

Fiducial Cross section

* More model independent than STXS

* Definition of the fiducial phase space based also on the Higgs decay products

* Unfold to truth level correcting for detector effects

* Differential distributions in kinematic variables chosen to be sensitive to
signal modeling and BSM effects 8




H->ZZ*-> 4] STXS
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* High S/B and clean signature with fully reconstructed final state
* Several bins measured for ggH and qgH

* NN-based categorization either to define the categories (CMS) or as observable for fit
(ATLAS)

* Agreement with SM predictions



Fiducial x-section H=>ZZ2*->4|
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Effective Field Theory (EFT) interpretation H2>ZZ*->4|

e EFT framework to probe BSM effects in 4 - N
tensor structure of Higgs couplings C, (d)

* Probe CP even and CP-odd operators in Lerr = Lsm+ Z A(d—4) O;" ford>4.
interactions between Higgs and gluons,

l

top and vector bosons
CP-even CP-odd
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ATLAS-CONF-2020-026
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Fiducial x-section H2>yy
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Interpretations:
* SM Effective Field Theory to probe * PpT7sensitive to the Yukawa coupling
additional CP-even and CP-odd interactions of the Higgs boson to the charm
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. o tPoddcoeft s T s ey
n - ATLAS Simulation Preliminary H — yy, Vs =13 TeV - S b4 (s=13Tev, 139" -
g 1.8~ SMEFT (Interference-only) ] ;g ’ Y: Ko=24 |
b5 —C,e=18x107 - Cpp = - 13 ] Ny b o= 19 E
o 1.6 =2 . N — ° L ‘ —SM:k,=1 .
3 —Cpypy =-29x10 —Chys=-88 E [ 1 } Data .
1.22— _ 10 mfmt ______ t*
1k T -
0.8:— —: % 1_51'._., + * 3
- . 2 (it
s T gos
° R EI %Y 0 20 40 60 80 100 120 140
13 pY [Gev] Pl [GeV]




H2>WW?* 2ev uv STXS
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Differential distribution : H>WW* 2ev nv

CMS-HIG-19-002

* Inclusive in production modes
* Differential cross section vs p;” and Njet

137 b (13 TeV 137 fb! (13 TeV)
e [ ] o
% 10 E CMS [ ggF —e— Observed 3 G\% - CMS [ ggF —e— Observed
Q - "I VBF [ Statistical ] /-\3 102 | [ VBF [ statistical |
S = [ zH+WH  [_]Experimental E = E [zH+WH [ Experimental E
E\[/- [ . (tH [J Theoretical T ° ,,,,,,,,,,,, . tH [] Theoretical E
‘% 1 & Uncertainty HHMG5_aMC@NLO — 5 Uncertainty HHMGS_aMC@NLO |
= i i = =
b Iy : LLLLLLLLLLLLL e =
el i i
N ] 0 s " _
-1 i - ]
10 A pana = RO - - - ﬁ] .
B sl T3

1
10
O 2 o 2 -
= e S S S ess SNSRI HSNS NS FRERRERRNAN = 15 s
z E 2 § 1L —4
b 1 1S W . TR -
= L 8 L —2
o OS5 2 05 :
= 0 = 0
~ 0 50 100 150 200 250 [a4 0 1 2 3 >4
i (GeV) N,

No significant deviation from the SM
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VH>WW -212v

in ZH(3l)

WHSS

_ +0.94
h=0.95 -0.96

WH3I

_ +0.86
=220 -0.79

ZH3I

_ +1.73
w=412 -1.68

ZH4l

_ +0.75
p=1.73 065

CMS Preliminary

Targets ZH and WH production modes
Final states with 2,3,4 leptons
Categories based on charge and flavour of leptons

Signal fit: BDT discriminants in WH(3l) and ZH(4l), m.(H)

137 fo' (13 TeV)
VH, H-WW

— Combination

=1.85'0a

inclusive

-1 0 1 2 3 4 5 6

6/Ggy

Observed significance of 4.70 w.r.t. b-only for incl. Xsec
Syst uncertainties ~ stat. uncertainties
Results compatible with SM

VHp:-: 150
o
=265 a8
VHp:>|50
o
W58 am

WH p* < 150

-"'152::
WHb:';ISO

M
B35 e
ZHb:<150

A%
o3

ZHp::»lSO
ue080*"

b

CMS Preliminary

~

L=137fb" (13 TeV

SSSF

< Events / unit >
3
T \Hl T

Data/Expected

HIG-19-017

CMS Prefiminary 137 b’ (13 TeV)
VH, H-WW |

= Combinstion

= )
N um-?.‘ll;’:
STXS 1

1 0 1 2 3 4 5 8



H->bb STXS

* VH resolved / boosted
* bb pair reconstructed as two separate jets / single large-radius jet

Anti—ky R = 1.0
5 pr > 250 GeV
b - 2 VR track t
q Y
H -
,
v* L
/ ‘
70
¢ HighprWorZ
. pY > 250 GeV

* Single STXS bin for p;Y > 250 GeV / probing phase space p,’ > 400 GeV

* Stat. limited at high p; / overall Phys. Lett. B 816 (2021) 136204

Eur. Phys. J. C81 (2021) 178

[fb]

o) E . 3 12 :_A TLAS Boosted VH, H - bb, V — leptons _:
&=, E ATLAS VH, H — bb, V — leptons cross-sections ] - 1 —_ — —
- ] Q - {s=13 TeV, 139 b ® Observed Tot. unc. Stat. unc.
a - s 4 ® Observed ==Tot.unc. = Stat.unc. _|] >9 10— ’ —
>& [ (s=13Tev, 139 A% o — Expected [_] Theo. unc. -
Q 10° — Expected [_|Theo. unc. = . . N sE- T+ ]
“F : 1 Compatible with .z £ -+ v=w v=z -
Imﬂ - V=W : V=2 — m = . .
o ] | ° ° - ' =
x 10°E | = SM prediction A | -
b_ C 1 . — 1 .
E . ‘ s 7 21— I : —
1 — 1 —
10 = | _I_E = o -+ : 2 =
C : 3— o T =
= C : 2 _ ]
(] 1.5 1 — n 2 ]
o —F T :F T 1 2 1 = 4 - -
o C I = = 5 :t i 1
= 05 — ] or _
e C « @ o
750<DW, R S5 75vp21 ISOTDZ,, SN ) 250 <o XN 950v 2 AN 0
T S2s, Gey, T ST75 T <2 G Gel, T <400 G T S400 Gely
el el
L N B B RN DR
ATLAS Preliminary Vs=13 TeV, 139 fb™
— — Tot. ( Stat. Syst.)
Total Stat.
: 1.42 ,+0.46 +1.34
o tt H Min P [0,120) Gov F—-e-—11.98 i’1 .33 (t0.46 t1 25)
u , - -0.88 *1:42 (1070 +1.24)
. . . . 1tH pl'e [120,200) GeV/ . -1.44 \-0.68 -1.27
* First differential measurement in
H b b utEH p:E[ZOO.EOO) GeV H_"_H 1.02 4):35 (—0..67 —0..55 )
i p'e[300,450) GeV HE—H -0.08 tg;; (tgfs,f tg:; )

* Compatible with SM prediction

. . +1.41 (+1.05 +0.95
“1?Hp:e[4so,m)eev = 1 -0.01 1.32 (_0.91 —0.96)

) : +0.36 (+0.20 +0.30
Inclusive rod 0.43 033 (4).19‘ 027)

ATLAS-CONF-2020-058 20z e e 8 i

— tHy tTH —
no= o™/ ogh for m =125 GeV




Differential H>bb | SN

Use boosted H->bb category to reach large p; " s
JHEP 12 (2020) 085 ATLAS-CONF-2021-010
N ‘13?fb“‘ (1‘3T?V2
g CMS — Data g L ! .. I -
R == LHCHXSWG approx. NNLO 7} n _ ATLAS Preliminary .
i == HJ-MINLO : © 80 Vs=13TeV, 136 f =
102 = = L -
© ~ e Fit ]
10 - L .
— ~ — 95% CL Upper Limit ]
—_——————— 60_ =
20— — - -
o [
o= | - E
g5 1o - 40+ 3
5 o . I ]
S | | 1 1 - ¢ 1
20f~ . 20+ |
9 F B 7
%210:— . s 1
“2 | | -_— . @@ ]
400 600 800 1000 1200 I |
pY (GeV) 500 1000 1500
« CMS p [GeV]

* local significance of 2.6 o w.r.t. SM for p;" > 640 GeV
* 1.9 o when considering all 3 bins simultaneously
* ATLAS
* Uptop">1TeV
* Results compatible with SM expectation within uncertainties



H-> tt STXS

* Targets ggF and VBF production modes » }
CMS Preliminary  Process-based 137 b (13 TeV)
* Tau embedding for precise estimate of Z
*+Obs. —+1c +1o stat.
baCkgrou nd th. stat. syst. bbb
* 2D fitin each category: m_ and observable Hogrnonver opo, | 1 1.007558 1228 1188 1100 18
discriminating STXS process (eg mjj for VBF) |
n § e -0 32+1 .55 +0.55
. . qqH/mJJ[350-700] ' 32135 043
* Results compatible with SM |
l/quH/m.JJ>7OO ..i 0701-823
Haar-2i/pT>200 % 06203
_ CMS_Preliminary 137 o' (13 TeV) |
€ S 53060*592 . (i)bserv;ed [ | §i1(5 (stjat.) —— +o néertain;ly in SM prediction_ HogH-2iipT<200 bl 0.29? :??
2 T geams : i Process-based = : : :
gl Bl ; : : ; ; :
T T e G L arel | :
10° F PRI e S R A Py 3 HgHrpTiz00-300] # ooron
1° ggH 0w | =" oo | 174715
VBF ‘f | g
10 : L :
4 - - l/lggH-Oj/pT<200 + | 0. 021.8;3
= 3 :
» :
(@] '
2 ; i Hogrotyptioeo | = | -1.691 44 05
2 7 / ;
T -2 7 :
-3 3 S =) = = = =) =3 =) Q =3 =) o/ i i - +1.22 +0.77
7 1§ ¢ & § § 8 & & g R ¥ ggH-1/pT(60-120] ! 3.73 5 o2
T 8 5 £ g8 & = § & & 3 32 & '
© < = £ = = 5 ! T > ) £ = '
i ¥ £ & 3 = 8 5 2 § 3z 111 40.25 +0.78 +0.29 +0.69
. 35 x 7 B : § 8 7 Hagh-1ipTir20-200) 1947 05 ‘078 ‘0a1 06z
g ||||i||||||||||||||||||||||||||

0 5 10 15 20 25

CMS-PAS-HIG-19-010

Parameter value
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137 fo' (13 TeV)
T I T T T I T T T I T T T I T T T I T T T I T

H 9 uu o ICIMS ¢ Data BH-pu

Post-fit Wzjew [by
10°F VBF-SR Run2 [l Top quark [EDiboson
° Motivation: 10°F m,=125.38 GeV — VBF —ggH
* Probing Higgs couplings to fermions of 2" generation e VBE SR
10?

* Strategy:
* ggH, VBF, VH, and ttH production modes probed 10°

* Event categories based on Nlep, Nbjet, and VBF-jets S =
X 2; _é
* BDTs used to suppress backgrounds in each category s S e
. . . . O 05 :
 Signal extracted from fits to m(pp) with functions T T
* High my resolution but low S/B due to mainly Z+jets VBF DNN bin
background JHEP01(2021)148
* For VBF CMS uses DNN to extract signal Phys.Lett.B.7812.135980
- AL M2 10° . . . 137 6" (13 TeV)
T 4 Dbaa @DV £ $ Daa 2 g T T e T T
2 1; ous B Top quark @I Zj-EW I_%’ 3?:4 13?3 TeV, 139 fo! Bkg. simulation o 1ok cms EBJ =tthpq “ 3
o . [ Diboson [_]Other bkg. 103} 4-lepton inclusive —— ZH,H—up x 50 7 g ttH [ ttW(W) []Other bkg. ]
%125 ggHBDT —& .. —° selection WH, 0 x 50 10°¢ :g:lhersig, —tH 3
.%1 ' L] | 102 _k.‘VI'EI(4|.) BDT — gﬁiruslxgg%l, ] 10'f , , ]
LR XY
101 B . e ‘*‘.\Q\\ N
SR AT
ol
_@:;EI“““‘I. 10—1_ 8
s 05 04 03 0 02 o4 05 08 N R R e e e

ggH BDT output OvhaL fiH hadronic BDT output ZO



H>pp

* Excess observed in data w.r.t b-only ~125 GeV by both
experiments

* CMS result: obs. (exp.) significance 3.0c (2.50)

e ATLAS result: obs. (exp.) significance 2.0c (1.70)

* Results are both compatible with SIM expectations in each
mode

* Performance limited by statistical uncertainty

Evidence for H> uu decays

137 fb™ (13 TeV)

—— T L e e e e e e LA e e
CMS Combined {i = 1.19%%4 ATLAS Vs=13TeV, 139 b H— pup
=0 -0.42
e Total Stat. EISyst. | sMm Total Stat. Syst.
- —— Combined best fit p = —|
VBE-cat. o= 1.363)‘:19 ----SM expectation VH and ttH categories |—+=—— 50 +35 ( £33, £1.1)
' I 68% CL ggF O-jet categories —@—] 04 £16 (£15, £03)
H-cat =0 63+0.65 l:l 95% CL ggF 1-jet categories | 24 +12 (£1.2, £0.3)
ggh-cal. | n=063,,, m,, = 125.38 GeV
| | ggF 2-jet categories @ -06 +1.2 (£1.2, +0.3)
fiH-cat. W= 2'32:2.9257 VBF categories ||—|—| 1.8 +1.0 (+£1.0, +0.2)
B i Combined : 3] 12 £06 (06, 97
I T E T B S R
VH-cat. = 5'482;313? = -10 -5 0 5 10 15 20
L ' | Signal strength
SEe— ] Phys.Lett.B.7812.135980
-4 -2 0 4 6 8
Best-fit n

JHEP01(2021)148

137 b (13 TeV)

800 - CMS ¢ Data E

700F  All categories — S+B (u=1.19) 1

ook S/(S+B) weighted ... Bkg. component
m, = 125.38 GeV

VVGIYIILGU LLVGIID | & UGV

vdld - DRy.

110 115 120 125 130 135 140 145 150
m,, (GeV)
700E™ ATLAS -+ Data E
600 (s=13TeV, 139 fb" —gptal |de f =
= . — Olgnal p b
500 H — py, In(1 + S/B) weighted ... BKg. pdf =
400~ =
300F =
200F- =
100 3
= - N :
A

i Lallts ' g

110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]
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Rare H2>lly decay

* Rare decays through loop diagrams
* sensitive to effects
* SMpred.: BR(1.54 £+0.09)x 103 | -----

* Previous result for H>y*y—>pupuy:
by CMS: oxBR < 4.0x SM oxBR
w/ 36 fb-! JHEP11(2018)152

* Strategy:

* m;<30GeV

e Decays predominantly through virtual photon:
H->v*y=>lly (I=e,u) = leptons are collimated

* Dedicated electron trigger & ID

« Categories to separate VBF-like events and high KNI
p"Y events

* Analytic functions to describe mlly distributions
for signal and the bkg

HIGG-2018-43




Evidence for H>lly

Observed(exp) significance: 3.2 (2.1) o
Best-fit signal strength: 1.5 £ 0.5 times SM
Cross-section times BR for m;<30 GeV:

8.7 %8, 1fb

Limited by statistical uncertainty

First evidence for the decay of the Higgs
boson into a pair of leptons and a photon

2 weights / GeV

Zw—Bkg

30r

25

HIGG-2018-43

20
15}

10F
T ATLAS

[ {s=13TeV, 139 b <
- In(1+ Sy / By) Weighted sum 1

L I I B BN L I UL I LN
-- Bkg

-~ Bkg+H—->yy

— Bkg+H—>yy +Sig (u=1.5)

T NDOoODN D

10115 120125 130135 140145 150155 160

m,, [GeV]
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VH,H->cc

* Probe Higgs coupling to second quark T ety o T
- [ (s=13TeV, 1391b" Il VH(~ ct) (u=-9)

generation 250 5 o S

. r XY B-only uncertainty -

* SM expectation = BR(H=>cc) = 2.9% —suviC 9 <28

* Previous analysis with 36 fb!

W/ pey< 110/ ATLAS
e ZH - vv(ll)cc, WH -vcc with 0,1,2 leptons
* Categoriesinp;Vand N

Events after B-subtraction / 10 GeV

T c-tagger key ingredient

:\‘\\ ‘ Il ‘ Il ‘ 11 Il Il Il Il L1l Il
140 160 180 200

jets 60 80 100 120

) . . . m,, [GeV]
* Fit mcc distribution
* No excess observed
o 5,‘\HH\H‘w“‘w‘(‘:“b\(“b‘)w‘”‘ 7
_§ r L — Comb. (obs. E
— \¥u4'5}ATLASPreI|m|na1ry e Comb. (exp.) ]
— L = . ]
ATLAS Preliminary VH,H —» ¢ s=13 TeV, 139 fb” T, [S718TeV 13817 —o-depton (obs)
' E VH, H>cc 1-lepton (obs.) 1
—Total — Stat. (Tot.) ( Stat., Syst.) 3.5F ke <8.5at95% CL — 2-lepton (obs.) ]
oL H—e—— -8 30 (53, 14%)
1L ——e—4—1 16 2 (3, 22)
2L H—et—— -4 2% (45, 77)
Comb. H—e— -9 3 (18, 12)
v e b ey b e b e by Ly gy
-60 40 -20 0 20 40 60 80 100 120 fo
YT

* Yukawa coupling modifier strength

\u = (o x BR)/(o x BRg,,) < 26 (31) at 95%CIJ |k c |<8.5 at 95% CL
* most stringent constraint to date 24




Higgs mass

* Previous measurement with Run1 + 36 fb1:

> FTm T T T ]
[4)) 180 — . ® Data ]
* ATLAS: 124.97 £0.24 GeV CMS: 125.38+0.14GeV O L ATHERTGIMNY s e
- - Vs=13TeV, 139 fb™ .
. . ol B ’ XX, VWV -
* Use invariant mass of H>ZZ—>4l and H>yy B1a0L g E
c C % W Uncertainty ]
Qo0 § =
. L C ]
* Recent ATLAS measurement using H>2Z2*-2>4l . 100 E
 Combined fit to the m4l and its predicted resolution 801 E
* described through analytical model per event 60F .
40+ —
* Main systematic uncertainty: 20 _ ”
* uwmomentum and e energy scale % 100 120 140 160
m,, [GeV]
m, = 124.9210.19(stat.)*09_, (syst) GeV e
& 100:—':-21'95 i ]
ATLAS* Preliminary —=®&— Observed: Stat+Sys % : 115<1§13'—<V13:)3§J$ - tZX+)J(et\SIVt\fI .
E:SZTEV 1_>394f.l|3'1 [m] Observed: Sys-Only CIC.) 80 - Z 7/ Uncertainty -
B ‘ my, [GeV] ] Lﬁ
4 _E._g_ 124.80 )7 (Stat) ™% (sys))
2e2u I + 124.95 0% (Stat.) *;’:j (Sys.) 1
2u2e I __E.g_ 125.34 ' (Stat.) *gﬂ)’ (Sys.) 1
4e I Eud 124.59 '07* (Stat.) *;’01: (Sys.) 1
combnes| B 1242 23 ) ) |
T T T/ ATLAS-CONF-2020-005

m,, [GeV]



Spin CP

? :I T 1T | T T 17T T T 17T T T 17T L | T T T I:

 SM expectation Higgs J°" = 0** S oosf. ATLAS —Data -

2 [ Hozza g

* Measurement from bosonic decays consistent @ o[ Vs=7TeV jLdt=46f] -

. © - Vs=8TeV [Ldt=20.7fb" ~=Jd =0

with SM £ [ ]

3 0.15[ :"1|__“ B

* Mix of scalar and pseudoscalar state not excluded : : I I I :

0.1 ' \ ]

i | B )

* Fermionic decays are now scrutinized 0,055 A E

i S 1

_ : L LAY | :

* Fermionic Yukawa couplings P I \ T .
15 10 -5 0 5 10 15

£ === (s [cos(@) + isin(a)ys] g} H

* o= 0scalar (SM)
* o =mn/2 pseudoscalar
* 0<a<m/2 mixed state with CP violation=> maximal violation for /4
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CP structure of ttH vertex

* Probe CP structure of ttH vertex in ttH/tH, H>yy
» Strategy: two BDTs used to reject background and to distinguish CP-odd from CP-even contributions

A CP-odd coupling is excluded at 3.96 (3.2c) for ATLAS(CMS)

/ . \ /A(Htt) ="', (o + i’?t’rs)m
L=- 7’ {@ek: [cos(@) + isin(a)ys|y: } H

2
Htt I tl :
= ———— sign(& /x,).
|ot|>43° excluded at 95% CL fer %2 + |, 2 gn(k/xy)
|fHt,| < 0.82 at 95% CL
= & L,>_,02'5§ ATLAS 1 E ;
S £ 5035F = y - -
2 gL fe=t1aTeV. 13015 ; CMS 137 o' (13 TeV)
a 1085 2 02F e Data E c 100¢ I ‘ -
2 § Toisf — SMttH+tH 3 o - ¢ Data - 7
g g g4fe O =90k =R+ 3 — 90\ Hit S%0roct E
£ E e 3 (] - —f5=0 § —Observed ]
0.05 F .o i E = 80 cp -
o Emzizasc 2900000 006% 000000, ] o) Eo it _ - Expected
0 01 02 03 04 05 06 07 08 09 1 S 70k Ccp— 5 9%cL S —
10° Hadronic Bkg. Rej. Discriminant L 60 E =
Lo24 E 88%CL ] B
s022F - T ]
@ o02F 50F 0.2 04 06 0.8 1 -
ot : g
§0f14 E 40 o —
S0.12F C ]
4 0.1F - =
10 0.08 f- 30 =
0.06 - ,—|
d 8] 0.04 20F —
\s=13TeV, 139 f5 002E T 0 -
% 010203 040506070809 1 00" %01 02 03 04 05 06 07 08 098 1 10 —
Hadronic Bkg. Rej. Discriminant Hadronic CP Discriminan 0 a

Phys.Rev.Leett.125 (2020) 061802 Phys. Rev. Lett.125 (2020) 061802 27




CP structure of H> 1t vertex

" \)1”
* Strategy : measure the ¢, between planes N\ ) .
formed by the charged particle direction and the 1 5 T 5
impact parameter vector
oy . o e . CMS Simulation Preliminar, TeV
* Sensitive to mixing angle ¢, for the Htt coupling 3 01t_ipeven_cidd
T 20 —CPmix —z |
Ly = —gt(cos(cbn)fr + Sin(cbn)fl'YsT)h oo
0.06]
* Use 1,7, and 1,7, channels 004/
* Most sensitive channels: pp,mip,up  EMS-HIG-20-006-pas 000}
T R TR e
) F,(degrees)
ReSU|tS: CMSPre//m/nary 137 fb" (13 TeV)
£ L L L T AR
¢.=4°+17°(stat)+2°(bin-by-bin)+1°(syst) +1°(theory) = "F pp+np+up ~+- Data ~Bkg.
£ = | Bkg. uncert. _]
g f —o,=0 ]
Pure CP-odd pseudoscalar boson rejected with g —¢,=9
3.25 (2.3) observed (expected) g "F ] E
a — —— —
I .
Consistent with SM expectation @k E
<C 0__ —— _
28 _0.20__I = I5I0I = I1(;0I = I15I0I = I2(;0I = I25I0I = I3(;0I = IS;;_

¢CP (degrees)



CP structure of Hgg vertex

» Test CP structure of effective Higgs coupling to gluons using H>ZZ*>4l CMS5-PAS-HIG-19-009

 Amplitude describing the interaction of a spin-0 particle and two spin-one gauge bosons:
ZZ, Zy,yy, WW, gg:

4 )

a9 g9 - _
L] vy KYVQ%M + K;/Vq%/z K3 (qvi+ava)® | 2 . . a;%(a,%) CP-odd(CP-even)
A(HVV) = 5 aq + YV 2 + 3 My €y1€v2
(AYY) (A\év)
L yv (1) 2 L vy (1) z22),m0
\ _i_;az v f()l’lv_i_;a?) f}ﬂ/ f()yl )
CMS Preliminary 137 16" (13 TeV)
L L L L L
* Use discriminant variable based on matrix elements both 15 [z [ JagHsm ]
for separating signal from background events, and CP- . oo
L =-0.5
even from CP-odd events. I 2 Dgg & -
C -2jet
2582 58 S 10_‘DH°”“” Dyyg0.2
 Extract: fff” = ——2 _ _sign| 2 |. g F
P e ) §
S L
TR ]
geH —_ +0.51 : : I
fee" ;=-0.53 o047  Consistent with SM
o T
. . . . . . -1 -0.5 0 0.5
First direct test of CP violation effects in the Hgg coupling DgQPH



Higgs-self coupling at LHC

* Motivation for Higgs-self coupling V(®TD) = — y®'® + A(dTD)>

e Shape of Higgs potential

* Probe EW Symmetry Breaking
mechanism

* Probe new physics

* Not yet measured experimentally

[ A= m,2/2v? ~ 0.13]

* Non-resonant HH production sensitive Triangle diagram Box diagram
to A: .H OO0 ——-H
* rare process of the SM: _’"_.:', tlh A .
o(gg—>HH) = 0.1%*o(gg—>H) t/b K sy o c i p
destructive interference between
box and triangle diagram Published by CMS, ATLAS
B (HH — xxyy) 1

* Runl 36 fb?! for ATLAS / CMS CMS-HIG-17-030 my = 125 GeV |10

o/ogy< 6.9(22)at 95% CL HDBS-2018-58 10°

+ 5(-12) <k, <12(19)

e New set of measurements with 140 fb-

30

1 of Run2 . 10°
rarer bb wWwW T

2z Yy




VBF HH->bbbb

* Production mode sensitive to c,,
coupling unique to HH

Kov=Cov/ Covsm

* Main challenge: multijet bkg, data-
driven estimate
* Fit m4b to extract presence of signal

Observed (expected) :
Ovgr /Oygr sm < 840(550) at 95%CL
« -0.43 (-0.55) < «,, < 2.56 (2.72)

Gygel PP— HHjj) [fb]

HDBS-2018-18

31

% ;I TT 17T ‘ T T T ‘ L ‘ T T T ‘ L ‘ L ‘ T T T ‘ L |:
[0} . i ATLAS ¢ Data 2016-18 :
o 10%g I Multijet 3
A E Vs=13TeV,126fb"" [ Ahadtt 3
2 10° [ Signal region B Non all-had ft h
!1:) E [ ggF non-resonan t HH 3
q Lﬁ r Post-fit uncertainty
1 02 S : ; ; ; : Spin-0 narrow resonance (800 GeV) —|
10E
1 :‘ = ,‘ 3 AN :-
. )
Ll [T L —m_
5 ' ' ' ' E
£ 2 ‘4 i E
E 1%}\*w R AT L V\%\%\*\%R\\ \i\\\\\k\\\\\XE
S O E
200 300 400 500 600 700 800 900 1000
m,, [GeV]
E T | T T T I T T T T T T I T T T I T T T T g
- ATLAS = Theory prediction .
10° E  V{s=13TeV, 126 fb' — Observed limit (95% CL) 5
- HH—bbbb e Expected limit (95% CL)
4
10% e " Expectedt 1 3
3 - Expected+ 20 _
10° =
10 =
10 E
1 E 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 E
—4 -2 0 2 4 6
K



HH—2>bbyy

* Both ggF and VBF production modes JHEP 03 (2021) 257
O o\ yy and anomalous values of k,; CMS also O ¢, yyver aNA 5, ATLAS-CONF-2021-016

ATLAS Preliminary =~ — Observed limit (95% CL) CMS 137 fb™ (13 TeV) ) ) \
€ iz

10°
= 4 ---- Expected limit (95% CL) | £ *F95% CL upper imis HH bb g
I Vs=13TeV, 139 fb - — I —— Observed - , -
L c [ Expected limit +1c @ 3.5F ... Median expected , F SM
= ,~4l HH—Dbbyy - o] E P /
w 107k [ Expected limit +2¢ & I mmm 68% CL expected ,,ﬂ,,( N
3 E== Theory prediction N 3 = _?_f]% CI; exlpect;dr .
g Y¢  SM prediction I 2.5§\— — Theoretical prediction // K \ o
S 3 % s g A H g % H
10°F T 2:
T “E
_________________ 6 F
------------------------- 1.5F
~~~~~~~
102 1
Observed: k) € [-1.5,6.7] 05
Expected: K, € [-2.4,7.7] ’
0

100 g
‘10 8 6 4 2 0 2 4 6 8 10
K

Inclusive HH, driven by ggF categories
\CMS: olog, <7.7(5.2), -3.3(-2.5) <K, < 8.5(8.2) Obs. (Exp)

ATLAS: olog,, < 4.1(5.5), -1.5 (-2.4) < K, < 6.7(7.7) Obs. (Exp)

CMS 137 b (13 TeV)
g 95% CL upper limits HH — YYbE 4

g —— Observed
2 402k e Median expected
Il 68% CL expected
95% CL expected
10 — - Theoretical prediction

VBF HH
CMS: Oy O \grsm < 225(208)
-1.3 (-0.9) < «,,, < 3.5 (3.0) Obs. (Exp)




LFV Higgs decays
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Higgs — lepton flavor violating

The LFV decays of H>ep,et, pt are forbidden in the SM
—> can provide provide possible signatures of BSM

Predicted in models with > 1 Higgs boson doublet,
SUSY models, composite Higgs models , extra-dimension

Experimentally allowed:
* From combined fit of Higgs couplings:
 BR (Higgs2>undetected )< 19 % ATLAS-CONF-2020-027

Indirect limits:
 B(H—>ep) <1078from the null result for p>ey [ MEG
PRL110(2013) ]
 BR(H—>et) and B(H->ut) <10% from searches for rare T
lepton decays, such as t>ey and t—>uy [ Phys. Rev.
D89(2014) ]

(©) ()
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CMS Experiment at the LHC, CERN
' Data recorded: 2018-Jun-02 05:59:13.913553 GMT
b

Run/ Event / LS: 317320 / 2147838490 / 1445

AN
OO

* Four channels: pt,, ut,, et, et,
e divided into event categories
targeting Higgs production
mechanisms:
* 0O-jet (ggF), 1-jet (ggF + ISR)
* 2-jet(ggF), 2-jet (VBF)
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H—>e/u T Results

* No significant excess has been found CMS PAS HIG-20-009

* Observed (expected) limits at 95 CL:
* BR(H>u1)< 0.15% ( 0.15%) BR (H->et1)< 0.22% ( 0.16%)

CMS Freiminary 137 b (13 TeV)

CMS rreiiminary 137 fb" (13 TeV) ——

3IIII{YIII{IIIY{IIII{IIIY

T 1T ] T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T e‘chv 0 Jets
KT, 0 Jets l . 0.44 (0.39)% l H — et BDT fit
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95% CL limit on B(H—> ut) %

Previous results based on 36 fb1:

CMS/ATLAS: B(H = ut) < 0.25/0.28 %
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95% CL limit on B(H— et) %

and B(H->er ) < 0.37%/0.47% 26



H>eu, H2ee

* Motivation: BSM in LFV Higgs decays and
coupling to first-generation leptons — not
yet observed

* Direct limit on Yep/ Yee

* Indirect constraints on |Yeu| coupling from
limits on the branching fraction of u—>ey

* Strategy:
* Seven (eight) categories for the
ee(ep)channel with different S/B s

* Analytic functions used to describe m,,
distributions for signal and the background

No significant excess has been found:
* Observed (expected) limit at 95 CL:
* BR(H-ep)<6.1x10~° (5.8x107>)
* uncertainty dominated by data statistics

HIGG-2018-58
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Conclusions

* Most of Higgs measurements now based on
full LHC Run2 data

35.9-137 fo' (13 TeV)

E>|> AL T "|t.‘_
* Most of Higgs production and decay modes established £ | CMS W,
5 - m,=125.38 GeV i
E""|>10_1§_ p-value = 44% I 3
* Precision measurements performed in the high sensitivity < | o :
2 T /Y E
channels H>7Z, H>WW, and H->yy hl L §
sl - ¢ Vector bosons
10°F Lt rd . . E
. . d . . . F T ¢ 3" generation fermions ]
* Higgs couplings to 3™ generation firmly established - i Muons
104 T SM Higgs boson
Euul Lol Lol Lol
* H(bb) decays used to test high p.(H) phase-space o '+ | ¥ | A
e ek e . . EERRCE -
Qo r ]
Eoosb i i i L
107 1 10 10?

e CP-structure of Yukawa coupling Particle mass (GeV)

 Evidence for Higgs boson couplings to the 2" generation of fermions via the H>up decays
* Evidence for Dalitz decays of the Higgs boson in final state H=>Ily
* Individual / combined legacy measurements are progressing

e more data to come!
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