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The Higgs properties

Mass

- Measurements in high resolution channels
H—4l and H—->vyy
— Multiple combinations between Runl Run2 and channels

Width

— Onshell measurements
- Offshel measurements (NEW RESULTS!!)

CP in Higgs couplings (NEw RESULTS!!)
- HVV

- Yukawa (tt, TT)

- Hgg
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Mass: H->2y+H—>4l,H—->4I(ATLAS) ™nas:conr-2020.005
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* Photon energy uncertainty dominates in
diphoton channel
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https://www.sciencedirect.com/science/article/pii/S0370269318305884

Mass: H=>4l,H->2y+H—4l (CMS) Lot B e 2007

Phys. Lett. B 805 (2020) 135425

H-—4l (partial Run2 ‘16)
MELA based discriminant for >
signal/background separation <
MZ1 constrainted :‘;:5
3 lepton channels (4e,4p,2e2) z

Perform fit in an inclusive category
3D fit (D, / m4l / o,/ m4l)

Most precise single channel
measurement

my (GeV) 125.2640.21

H- yy + H=4l (partial Run2 ‘16)

BDT based diphoton vertex selection
BDT photon ID selection

Background extracted with discreet
profiling method

Improved detector calibration

Use electrons to study energy scale
uncertainties and propagate to photons

Combined with 41 ‘16 + RUN1
Most precise measurement to-date!

My — 125.38 4+ 0.14 GeV
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I : H—4l Onshell (CMS)

I'y(G eV)

12 T 1 (B}
o Extract the width from the Breit-Wigner
lineshape
« Limited by detector resolution

95% CL
68% CL
Best fit

125

35.9 b (13 TeV)

126 127

-2AInL

[, < 1.1GeV at 95% CL

CMS also performed a Higgs lifetime
measurementct: ", > 3.5 x 1072 MeV
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http://dx.doi.org/10.1103/PhysRevD.92.072010

I : Offshell (ATLAS)

Goff -shell
vv—H—-47¢

xl'y
Gon—shell
vv—H—=47¢

e Measure ratio of onshell and offshell yields

e Background interferes destructively with signal

in offshell!

e H—=4l + H—>2l2v combination

« 220GeV < my,< 2TeV
o Fit: Dy (41) and M,Z2(212v)
¢ ‘15+'16 data

« Upper bound set

[ < 14.4 MeV
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https://www.sciencedirect.com/science/article/pii/S0370269318307494

I : Offshell (CMS)

NEW!!

Analysis of offshell H= 2I2v Full
Run2

Multiple CR for background estimations

Reducible Z+jets background
estimated from y+jets CR

e/u CR for WW/tt backgrounds
Trilepton CR for qgq— ZZ

Other backgrounds estimated from
simulation

Events split in Nj categ. + 2e or 2n

% Observed

- Total (T;=0 MeV)

Total (T,=20 MeV)

l:l gg SM total
l:l EW SM total (off-shell)
. EW SM total (on-shell)
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I : Offshell (CMS)

NEwW!!

l\/PM +mg? + \/P%“SS +myg ]

Pt + pr

Fit :

VBF

VBF,ai
Djet and D,.

27 . miss
my®, pr, D Djet

Fit T, , pv ,uf offshel
+anomalous couplings (more later)

Combination of H—2I2v (offshell Full
Run2) + H-4l (onshell Full Run2 +
offshell ‘15-16-17)

Evidence for offshell production at
3.60

Most precise ', measurement to-date,

M= 3.272% w
-1.7

Aln

MeV o

See also dedicated
talk by Mostafa
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https://indico.cern.ch/event/1030068/contributions/4513181/
https://indico.cern.ch/event/1030068/contributions/4513181/

This talk focuses on measurements with
CP sensitive observables

(and not general AC)

Savvas Kyriacou (Johns Hopkins Uni.) HIGGS 2021
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Phys. Rev D 104 (2021) 052004

CP: HVV in H—4l (CMS) Teter

CMS 1371fb (13 TeV)
« MELA based discriminants | HVV, Hoodl, djet events, D, > 0.7
(categorization + measurement) HVV, H > 4¢ B it M. )
« Categories: iy b ‘
[Czz/zy a £
- Untagged, Boosted, VBF 1jet, VBF 2jet, VHHadr. , VHLept. B zx PR
2 |
° . . . D
* Production + Decay information incorporated = ! =
 Parametrization using mass eigenstate basis 3 i
(Higgs basis) . =
AHVV) = - ‘}fv‘+ g 15 4 + (9v1 sz) 1€t et
4 = i (AVV) i (AVV) D, (Q) = Psig (Q)
1 ---------------------- Q 2 Peig (Q) + P (Q) 1
¢TIV +(1) 7 (2),uv Pint (Q)
+ﬁa v 5 ¥y # Dint (Q) =
2 fﬂv f o _3¢ f]ﬂ/ 2 \/ng alt

V= W,Z,g,y

See back-up slides for more info on EFT + Lagr. couplings

2 EFT schemes:
> SU(2)xU(1) not implemented (Aprr. 1)
> SU(2)xU(1) - SMEFT (Appr. 2)

Results translated to Warsaw basis

Savvas Kyriacou (Johns Hopkins Uni.) HIGGS 2021



Phys. Rev D 104 (2021) 052004

CP: HVV in H—4I (CMS) Teter

fal measurements:

Effective fractional xsec: Coupling Fraction Approach1 Approach2
ATAYS VvV .. ..
d ) aj; ai “11/’%11 “11/“11
VV|2 . (dec AG
(4
£V 7| e Sigm i a fus 0.153 0.153
» |aVV\2 (dec) iy a fur 0.361 6.376
K N 0.682 5.241
1! - 1.746 N/A

direct couplings measurements:

Anomalous contributions modify the total width!

(Zﬁ“jkgjg@&[:“lmglgm) oc, = 5T~ 1,
rtot m%sa, K1
C00 =
r - 47T (A )2
tot _zrf_rtot XZ(FSM FSM) F?QEIX;(B?MXRJ;(S;) 7 o .

tot S
° f b‘W C‘W

27T

SZ CZ

W™W
27w

c(i > H— f) «

2}
|

2
B e — <1_) +0. 1695( ) 40.09076 (g222> 4+0.03809 (gfz) e —

7z ZZ
+ 0.8095 (gl—) Z | 0.5046 ( ) gZZ +0.2002172 gZ7

2
+0.1023 </«2Z> +0.1901 ( 2) K27 +0.07420k7Z k27 1 0.04710g72 K%
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CP HVV in H—-4l (CMS)

MS 13716 (13 TeV)

T e L ) L e e [ e LT T e A ML A e B

— Observed, fix others

10%F =t :
% Expected, fix others

— Observed, float others

---- Expected, float others

Phys. Rev D 104 (2021) 052004

SU(2)xU(1) sym. (SMEFT) with only 3 independent A.C.

-- Expected, fix others

— Observed, float others

---- Expected, float others
Ny {itirara i) AP b e e e A

0 68% CL OV R T
_______ AT R, MO0 ARSI BSUTSA RO SAS TAiLRN] 68% CL i
e e e A AT WS . IV TN
-1-0.8-0.6-04-02 -0.02 0 002 02040608 1 -1-08-06-04-02 002 0 002 02040608 f
f fa2
a3 .
Parameter Scenario Observed Expected '
Kﬁﬁfd;ic}{i """"" bestfit ~ 0.00004 0.00000 T :
fa2 =fa1 —fAl =0 68% CL  [—0.00007,0.00044] [—0.00081,0.00081] :
: 95% CL  [—0.00055,0.00168] [—0.00412,0.00412] ,
| + Approach 1 best fit  —0.00805 0.00000 z /
“‘3 v float fy5,fa1, sz\f 68% CL  [—0.02656,0.00034] [ 0.00086, 0.00086]
“"Jl11\111\111\111‘111‘915:]101@1:1111'91017\1191 910101919101 000423 000422-] " h
| . Approach 2 best fit  0.00005 0 0000 K e
5 float fao,fa1 68% CL [—0.00010,0.00061] [—0.0012,0.0012) <l -
95% CL _ [—0.00072,0.00218] [—0.0057,0.0057]
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Stringent constraints driven by production information

137 b (13 TeV)

CMS

— Observed, fix others

[ ]
 Full Run2
* Minima consistent with SM
CMS 137 b (13 TeV)
— Observed, fix others
10%

-~ Expected, fix others

— Observed, float others

-~ Expected, float others

e .
t e
il 3
"
”

-2AInL

02040608 1

0.02

-1-0.8-0.6-04-0.2 002 ©

Non SU(2)xU(1) results in back up:

_CMs 137 fo” (13 TeV)

— R P e 20
08¢ bestri 18
06L +268%CL 46

E : ) — 95% CL]

0.4f v/ 114
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-0.6F 14

_0.8F i E [P

0

4E | ]
"1 —08-06-04-02 0 02 04 06 08 1

fa3

14



CP: HVVin H-4l + H—)2I2v

Offshell (CMS)

Full Run2

VBE,ai
D2j et

K\

ol

-2AInL

Combine onshell and offshell

H->4l + H—>2|2v

single A.C. scans

width constrained
and unconstrained

See also dedicated
talk by Mostafa
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<140 b (13 TeV)
T T T T

20

[
- FH‘FIS-IM

— TI',, unconst.

— Only on-shell 4

T ‘ T T T T
Observed

Expected

fa3
CMS Preliminary <140 b (13 TeV)
T T T T ‘ T T T T ‘ T T T T T
It 1 Observed
= TI,unconst. Expected
—— Only on-shell 4
20—

HIGGS 2021

-2AInL

15—

CMS-PAS-HIG-21-013

Phys. Rev. D 99 (2019) 112003

51fb" (7 TeV) + 19.7 b (8 TeV) + 80.2 fb™" (13 TeV)
i T

CMS Preliminary <140 b (13 TeV)
T T T T ‘ T T T T ‘ T T T T ‘ T T T T
| —TI,=[M Observed
— I’ unconst. Expected
—— Only on-shell 4
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Phys. Rev D 104 (2021) 052004

CP: HVV in H—4l (CMS) Ceter

(13 TeV) 2;\

1CMS 137 fb! (13 TeV) CM 137 b7 (13 TeV) CMS
= e S 1
| s X SMi T - X SM
L + best fit | + bestfit ][18
H - =i 68% CL| - e P . 68% CL{ 16
0.5 0.5 95% GL 0.5F =295% CL]
& - 5 = e =14
I 121 L ,,/ i \\\ I \\ 142
ML = 7 Y ] c 0 ey £
IO Wa,t B i ; 19104 & i 17110«
o~ L \ il !
— 3 C / |, A _F o
E -0.5
0.5' s . 16 —0.5_ 6
3 o4 I 14 1 -4
I - S [
11 iz a1 p) =1 B2
S 11 R - L1l L 0 : s i R Lnn e i nn f : .0 e e b D O | io
-04 -03 -02 041 0 0.1 0.2 —0.15 -01 -005 O 0.05 0.1 03 =02 04| 0 01 02 03 04
) C, CZD Cs,

Constraints in Lagrangian coupling in
Higgs basis

Translated to Warsaw basis:

Channels Coupling Observed Channels Coupling Observed Expected
043 0.75

5c 0.03+006 CaO 0.047532  0.007)43

Cz —YU9_ 005 cyp  —0737957  0.0001 %0

0.017%1 +0.18 +0.39

VBF & VH &H —4¢ = ~T010 w0015 000
¢, —0.027 0 VBF &VH &H —4¢ cnws 00155 00055

x 0 11+0.30 CHB 0.0079%2  0.00T003

Czz 0'11—0 31 +8'g§ +(1]'(1]§

CHWE —0.25t3;%g o.oofé;%

CHB —0.06Ty7,  0.00%55;
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CMS-PAS-HIG-20-007

CP: HVV from H-tt + H-4I (CMS) -~

\\\}°
$ °® CMS Preliminary 138 fb ' (13 TeV)
- T T T T ‘ T T T T T T T :

g _E = T T T T T T T
6 m - . .
H —  4500f VBF category ~ —#— Observation E
- C —— ggH SM Higgs(125)x50
Full Run2 analysis B ] sk e e — 8 SOz |
Q B [ Tt bkg. 1

i 1 1 = B [ jet—t_ mis-ID

— Parametrization of AC as in H—>4l| D 3800} — A, :
3000 - [ Others E

Stat. uncertainty

- Dedicated MELA discriminants 2500
~ Information from production 7 | 7

- Single AC scans
— Results combined with H—=4|
CMS Preliminary 138 fb™ (13 TeV)
~ Use 2 EFT approaches: i"Ei :_VBF Category. ié’é’“ri«ggu—
« without SU(2)xU(1) (Appr 1.) : - h %fzai” :
e with (Appr. 2.) >t B ooy -

1500— -
1000— -

See also dedicated
talk by Daniel

Obs. / Exp.
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CMS-PAS-HIG-20-007

CP: HVV from H-tt + H—-4l (CMS) >.H

\
W
L] .. . ..

& CMS Preliminary 138 fb™' (13 TeV) CMS Preliminary 138 fb (13 TeV)

6 J | I I I I | I I I I | I I I I | I I I I | J [ T T T T | T T T T | T T T T | T T T T ]

£ o5 Approach 1, 1t + 4l N £ a5 Approach 2, Tt + 4l B

< X —— Observed i < : —— Observed 1

c\ll R Expected A (\I'I : - Expected :

20~ = 201 _

sE 1 —:

10F 1 10 .

Shasc, % /] Shasc, %
Foxc, S e,
0 | | | | | | | | 0 N
-0.002 -0.001 0 0.001 0.002 -0.002 -0.001 0 0.001 0.002

fa3 1:&13

CMS preiliminary 138167 (13 TeV) CMS Freliminary 138 167 (13 TeV) CMS FPreiiminary 138 1b™ (13 TeV)
° ° - ""|""|""|"_,"1'__| L W B s B B B B BB | AL Ly B B B B B
Tight constraintsonCP = .- AR - S N NN e b enimen
odd and other N N N " et

20 u

anomalous couplings

See also dedicated
talk by Daniel
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CP\\\Yu
oW

K\

—2Alog £

. - d‘PCP
Ly = —7H(KTTT + K, TiysT)
Full Run2 data
Decay vertex probed
Use decays to Tt pair to measure CP odd/
even mixing in Htt Zber
Use ~70% of T BR:
ThThs Ty Th, TeTh
4 reconstruction methods of ¢,
Pure CP odd excluded at 3o
12 CM|S T T T T T T 1I37 fl)7I1 (1;3 TIeV) s 2.00 CMSI T T T T I‘]-:SI7 flk)i1 (I13ITeIV)
L — lObserved al.jﬁf = —1:l:19"(|68.3% CcL) ] - , § * SM | | — 6|8.3% CL § o
C ——- Expected: gHIT — °(68.3% 7 75 % Best fit == 95.5% CL—
10 :—99'7% Expected: &7 = 0421 °(68.3% CL) - ]‘50; SE1E) o CL_E
125F 3
1.00 § :
0.75
0.50
L i 0.25
—90 —45 0 45 90 0.00 AR R TR TN TN N AN NS SN NN NN SO B
WHTT(degl‘ees) —-90 —45 0 45 90

aH™ (degrees)
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CERN-EP-2021-189

+ Htt
b(ET)b(E™ )ECOS((PCP—Z(X )
CMS Simulation 13 TeV

T T T ‘ T T T T ‘ T T T T T ‘ UL ‘ T T 17 7
| == CP even = CP odd i
0.1 m CPMix 000 mam z _
L . i
E ‘“-‘IH.L E
0.08|- o‘. “‘0 .., N
0.06 ;'S.:\ “‘ _
0.04] ol
0_02; ;
: T ~|; — 3-[ o p;::;a GeV :
11 ‘ L1 1 L1 | ‘ I ‘ I ‘ | I
0 60 1 20 180 240 300 360
¢ CP(de grees)
|
2 CIMIs T T | T T T T I T 1I:—57I fP I(1? ?e.l\/) __ 25
- ¥ DBestfit — 683%CL7 |-
. * SM -- 955%CL ] |7
- - 997% CL4 |H20
- 1 B
i 115
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- 10
[ 3
- 5
i Ki=1&=0Vi#T1T ]
_2 1 | 1 1 I 1 I 1 1 1 1 O
-2 -1 0 1 2
Kt
19




Phys. Lett. B 805 (2020) 135426

CP: HVV from H-T1t (ATLAS) et

N C T T ]
- - ATLAS Simulation eM@eo) o
. . 2 C s=13Tev. . ond ’
Study CP in production 5 920 VBFHo E s =
[0 = ==--a=-U. —
2J events g 0.15F =
event selection using BDTs in 4 signal categories S E ]
(based on 1 decay) o4 i
Implement: ) - :
Suaa=8nzz = 5&uww = 5—d (@sin HAWK) 0.051~ ; B
2 2mW Z 7
915 . —1.6. = I—5 - 0 - 5 — 10 = 1-5
2 Re(M;MMCP—Odd) Optimal Observable
Opt_ |M |2 o _III[I)‘\\II|IIII|IIII|II\I|IIII:j4-55|||||||||II E
SM P ATLAS L JZ 4 ATLAS E
£ " u-omd-oor V5=13TeV, 3617 - {s=13TeV, 36.1 fb” :
Fit Optimal Observable + mtt Q© 10 mmzo0er TiepThaa SR E 2 g i
! P o C [ Misidentified 7 F . 3.5 _e_ Observed . ]
8_—- Other bkg — -+ Expected (d =0, u = 1) .
o Unoertainty g 3E —+ Expected (d = 0, i = 0.73) =
- ] [= Pre-fit expected (d =0, u = 1) a
Observed: e EF = :
5 n ] of ., W o f it
d € [-0.090,0.035] 2" ] :
68C;CCL -8;15__IIII‘\\II|IIII|IIII|I|\|||||__ E
= YL 1.4 I y 4 ) 2 _:
o i 7% e ]
g 0.5 %/ } 1 * - i
3] oo d Lo b b Lyt 1y 00 B
o 15 -10 -5 0 5 10 15 N e
talk by Chiara B
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Phys. Rev D 104 (2021) 052004

CP:Yukawa ttH with CMS-PAS HIG 20-007
ttH,ggH,H—->4l/yy/tt (CMS) NEw!! el

CMS Preliminary 138 fb™" (13 TeV)

— 1S e e e el ™ = Measuref”“inproduction
c A T+ 4+ yy 9= e C b’ CcpP
< 14p Observed 8 Y ombine
N [ ------ Expected . H_) 4'
I ; i -H-T1T
10f, g - H-vyy
i O [ | |- |+ - S
8l .
i ; « Combine measurements
°f & ) with uncorrelated ps
4 1  Interpret as top couplings
2t T = 0 1 0
_I 1 | | 111 ‘ 1 |1 ‘ 111 | 1 I‘I“ "’ 1 | L 11 | 111 | 1 11 | 11 I_ K
0—1 -08-06-04-02 0 0.2 04 06 08 1 : CMS 137 fo’! (13 TeV) 10

s
Constrain Htt from ggH and ttH:

Assume top dominance in the ggH loop:
assume K _= K, and for CP odd contributions also

Combine H—4l result and H—>yy

-2AIn L

1

- N W s~ OO N 0 ©

See dedicated talk
on Yukawa ttH by
Sergio
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Phys, Rev. Lett. 125 (2020) 061802

CP: Yukawa ttH with ttH,H-vyy (ATLAS) ffffffffff o

Analysis targets CP mixing angle and kt ¢ go_gsg_ e ey, 120"
% é 0.2 E— ® Data
5 Soisk — SM1ttH +tH
g 01;_. ssm 0=90% k= 1ttH + H 1
m - - - - . é [ ] 4 I
t — T, , . . “T N 05E o
L = ——{yrixj[cos(a} + isin(a)ys|y, } H o Eiitesssessneviteces
U = Sav Sav 0 01 02 03 04 05 06 0.7 08 09 1
Hadronic Bkg. Rej. Discriminant
Classify ttH events in hadronic and leptonic “802;2 o
. . . 50.18 {5 =13 TeV, 139 o'
- lept: require at least single isolated lepton §01
Fo.12
- had: at least 2 jets 8%21
. . . 0.04
Use production information 002 .
. . 0 01 02 03 04 05 06 07 08 09 1
Dedicated signal-background BDT Hadronic GP Discriminant
BDT CP: use top and diphoton system s S
kinematics S FBestit  XSM
. . o «w .o .. 20 ]
V. - 7
Fit myy in overall 20 categories (12Had + 8Lept) s .
055 .
Tightly constrain pure CP odd ttH coupling o )
Full Run 2 ~0.5F -
—1E s
- ATLAS =
See also dedicated ~15F /5= 13Tev, 139 fb” E
talk by Chlara -2 o by b e by e by e e by g | J |7

s 0 0 T 0E

—
(@) ]
g
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CERN-EP-2021-096

\ﬁ‘

. Parameterization in terms of mixing angle
and K

= ATLAS Slmulat|0n .
- {s=13TeV, ggF H - WW*— evuv
0.15— —CPeven --CPodd ---CP mixed-|
i |Anjj| >3.0

Event fraction

SHegg 0.1-
LIOOP e B8 ( iy COH((}’)‘GG G4 4 g ’HH]:({}’)GH Ga pv) g °T

0 4 g8 -
° ° ° 0'05" o : : -i.lg .;
» Use production information g by3
¢ Assume HVV -SM like C T
0 2 4 6
« BDT to separate signal and background AD,
e 12 categories - BDT and Anjj R
s o A & i
- CP odd/even separation in AQjj enhancedin £ '} e | . ggF + 2j6ts
high Anjj 2 [ ggF+2jets SR :E%%';* 0/1 jets
10— — I Other Higgs
B I W +jets
1 Z + jet
 Backgrounds constrained in CR Eg‘%ég"sn
-8 1-4;..1....I....I»...I....I....I....f....l....l....I....I....I....f..._.'—
e 3
S ee al SO d e di Cat e d § " ;;_ /é‘/f‘/(;‘/‘*/%////%///"f////%t///*‘//?’;‘/*//yi‘/ 7%
by Chiara 06E- . b
0 T 2n
AD,
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CERN-EP-2021-096

CP;Hgg in HHWW*— evpv+ijj (ATLAS) e
X\

e T LA L L L O B L AL L
= [ ATLAS -
Z1.2F s=13Tev, 36.1 " — E’;F;ee‘:fee‘é —
oo e o 0 . L H—= WW* —= evuv - .
use BDT and A®jj distributions for fitting ~ Fuoedosmxg=1 1 g
. - . . 0.8 -
Fit Awjj in SR: 3 BDT X 4 |Anjj| regions - ]
2 likelihood fits: 000 E
- Shape only considered scan ( BSM rate floated) 041 -
- Shape + fix rate to BSM scenario 0.2 —
16 Constraints on CP miXing angle 0:| AR N AT T AV B B N O IS TR T T A AT O M B |:
8 6 4 -2 0 2 4 6 8
tan(o)
- :HAlT).)\éIIHl 55 B T S R GRS B B ) B T e
Z B[ s=13 TeV, 36.1 o ~— BExpocted
o~ [ H—- WW*— evuv — Observed 7 = S e e LA
~ WY fixed to SM, kg = 1 ] S | ATLAS x SMprediction Jjl
ok = 8 2[ (s=13TeV, 36.1 b * bestfit = p
. = O [H->WW">evuv — 68% CL IS
b= oo s NG e - 26 M% - oo - 95% CL -
3:_ _: 1. | H
C ] B | .6
2 = ; 1 B
- ] (0] =5 i
e SRS R Oh Al T el 4 1o ! - 4
- ] - -3
OT P | | | L 1 P | | |- B il
8 6 4 2 0 2 4 6 8 -1 " — 2
o tan(a E = |
See also dedicated ) - | s | E |
talk by Chiara r 05 0 05 1
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CMS Preliminary 138 fb™" (13 TeV) CMS Preliminary 138 fb” (13 TeV)
- W7y 013
= of 1T+ 4 £ g: 1T+ 4l + 7y E
< - Observed 1< Observed h
N 8f \ Expected I -1 = Expected H
! i \\\ o _ | -3 (i, &) profiled '
&: E 6 1
: 5F
————————————— 1S I
..... 3 ;_ JET.
of
T
0_||||IH|IH|HI|H‘T‘" b L E| ] \“' L [ L1
-1 08060402 0 02 04 06 08 1 0 20.02 20.01
fogH
.. a3 Cag
Combination of H—=4l, H->tt, H-vYyYy
FULL RUN2 )
Measure CP sensitive fa3es" and 8~ 27ag az® 0.01
Use events in VBF2J to study ggH category i 1 58
- 3
4 couplings fit simultaneously: 58 27mag
Consider ktop measured from the tH,ttH process and study cgg |
Channels Coupling Observed e
+0.0022
Cgg _0.001218'8%240‘ from:
tH &ttH &ggH Eg 1 054_0'25 H-vyy
More in back-u iy | 11+08
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CMS Preliminary 138 b (13 TeV)
| 10 71 r r r ] 1] rr 1114
£ 9 1T + 4l + vy
<] i Observed i
c\ll 8p e Expected ]
7E (k. %) profiled =
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of ]
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1 =
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Summary

Mass:

- CMS most precise measurement with Run1 + partial Run2

— ATLAS first Full Run2 in H—4lI

Width:

- Offshell 212v + 4l using full Run2 212v by CMS NEW!!!
-T,=3.2+2.4/-1.7 MeV

CP:

— Multiple Full Run2 results
— Combinations from dif. decay modes
- EFT interpretations

— HVV CP odd couplings well constrained

— Full Run2 constraints on HVV by CMS

— Full Run2 Combination in H4l and Htt by CMS NEW!!!
- Full Run2 on ttH by ATLAS and CMS

- Full Run2 Yukawa ttH couplings by CMS New!!!

- CMS first full Run2 ggH CP analysis New!!!

Savvas Kyriacou (Johns Hopkins Uni.) HIGGS 2021
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Phys. Lett. B 784 (2018) 345

Mass: H—>4l + H-yy(ATLAS)

50

E 45;)7‘7_‘)\3” e |+I b E g 600;....1.:32&9};11;(1' s REE AITLAS _; Source Systematic uncertainty in mpy [MeV]
Lé? 40i s = 1:3 TeV, 36.1 b et E % 5005_ :g:g:::mac'(gmund |n(1‘lfsz/|31)3‘,;r;;/,;tz§;:?n = EM calorimeter response linearity 60
P g H->Z7*— 41 [ ] Background g 2 8 e Non-ID material 55
§ 355_ E N 4000 - EM calorimeter layer intercalibration 55
H30E = & E Z — ee calibration 45
252— E 3005 ] ID material 45
- ] 200 - Lateral shower shape 40
20; [E d ] Muon momentum scale 20
15F = 100; E Conversion reconstruction 20
10E d s H - H — ~~ background modelling 20
E g é_ _é H — ~~ vertex reconstruction 15
5_ +_ ; E JE e/v energy resolution 15
1010' = 11'5 — 12'0 o 12'5 o 1(;0 o '1235 g P L 3 All other systematic uncertainties 10
m, [GeV] e B T 1 30740 150760
4l m,, [GeV]
H-—4l:
T T | T T T T | T T T T | T T T T | T T T T T T T T T T T . . .
ATLAS ~Total [ |Stat. only » Constrain m12 to mz to improve mH resolution
Run 1: Vs = 7-8 TeV, 25 fb™!, Run 2: ET 13 TeV, 36.1 fb Total  (Stat. only) ° BDT for Slg / backgr. separation
Run1H—4 F——— 124.51+0.52 (+ 0.52) GeV
Run 1 H—yy H——e———  126.02 £ 0.51 (£ 0.43) GeV
Run 2 H—4l -—ol—- 124.79 +0.37 (£ 0.36) GeV H—) YY:
Run 2 H—yy —= 124.93 £ 0.40 (+0.21) GeV e Tight isolation req. for photons
Run 142 H—s4l — 124.71+ 0.30 (  0.30) GeV * NN based diphoton vertex selection
Run 142 Hoyy - —— 125,32 +0.35 (+0.19) GeV » Per event resolution and signal to background
Run 1Combined — 125.38 + 0.41 (+ 0.37) GeV categorization ) ) ] ]
T o R S » Photon energy uncertainty dominates in diphoton
-------------------------------- [ LR channel
Run 1+2 Combined —— 124.97 £ 0.24 (£0.16) GeV . . . .
T ASOMSRT 1. o5 G40t [0y GeY * Results compatible with LHC Run1 combination
1 1 | | | | 1 l | | | | l | | | 1 | | 1 | | I | 1 1 1 I | 1 |
123 124 125 126 127 128

m,, [GeV]
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ATLAS-CONF-2020-005

Mass: H—4 (ATLAS)

o Tee | e | e | P | | R e s g il [ l ! ! I- ! | ‘ l—(l:on':bineld ‘ '
> ST R [P [ e T P 1> 5F ‘ | I I | JE 6;ATLAS Prellmlnary ..... Stat. only a2
180+ —H @ - ATLAS Preliminar 2 e 1N - : —4 |
8 - ATLAS Prellmlnary ‘ z.ma S :9 450 H>2Z >4 y Signal R - H—ZZ" — 4] 223” .
0 160F H— Z7° — 4l G Z(Ig?)s( i 46" TV s-13Tev, 1391 Background 7 5[ Vs=13TeV, 139 b . ke
- [ Vs=13TeV, 139 fb” ] 4k = - i
Al - ; tXX, VWV _ . o " B 1
B 140F B Z:ets, J 5o R > e o T 1| & -
(- C % 2 Uncertainty 5] e N * e ] o C
() - Z - 3-_' o % s . $oanilies B i
> 120 — B L o e Sl A 3 i
LIJ N 2 2 5_1. o o8 HF :a -'.’ RO 2 . - ® 'o S:_ E 5
100F 3 TR, o R - E
g - | 28 E T % T t‘:. .{':.;o.:.';: 2: :
- E Ty worT s ml Xl (i aVE s ] - §
80~ o 1.5:—‘.,..'4:»..%"",::?,. AR Tl 1= &
- ] : :
60 __ __ :I 1 ‘ 1 1 1 1 | 1 Il 1 1 | 1 1 1 ] | 1 ] 1 Il | 1 1 1 1 : O_ . g 4 g | ]
40: 5 110 120 130 140 150 16 124 125 126
201 _
%_ ATLAS Pre”minary —=&— Observed: Stat+Sys
0 100 120 140 160 H— Z7* — 4l ) [=]1 Observed: Sys-Only
Vs=13TeV, 139 fo''
m,, [GeV] m, [GeV]
41 e _
« J/U, Z used to improve W pt resolution 4 —n— 124.80 12 (Stat) T (Sys.)
« Per-event - NN based - resolution (o;) estimation - | o o
2e2u —— 124.95 1077 (Stat) 77° (Sys.)
« BDT for ZZ*/HZZ* separation : - i -
— H pt n 2u2e Eu3 125.34 7% (Stat.) +0.07  (Sys.)
- Matrix element based discriminant 4o caz 124,59 07 (stat) " (Sys)
« DCBfit L RGGOCTTTTTELEETPS FEPEETTETLERR LR T ERPPREPRLEPERER S --
i — 124.92 10 (Stat) % (Sys.)
« Full Run 2 measurement combined| N
124 125 126 127
m, [GeV]
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JHEP11 (2017) 047

Mass: H— 4|(CMS)

oM esewn o OMS  sewierey Jos T BT
£ oosl R 0.003| - a 7-
fo | — R : oy
Q.EE 0.002F . £ 0.002:— . 6
gé 0.001; ] _%—*{7 EE‘:; 0.0013— 1 — 5f—
E F—a— — g 1 £ E i N 1 E
o ==a8 ; e I e — e
L & ] L [ i r —
o001 H%ii 1 ool 4 L 3 o
70.0023— — $2.mioo-o08 — —0.0023— 72.Inj0.0-09 — 25_:§mbined
[ 41 Z,In| 0815 E E # Z,n|0.9-1.4 E g """ Combined (stat. only)
_0'003:_ Iz 1525 _0'0035_ Lz, ;| 1.4-24 E T
—0.004 bbb bl b s Lo ~0.004 kb Lo Lo b b o b Lo b T T
0 10 20 30 40 SOElﬁeoct'?gn EO (éoe\};no 0 10 20 30 40 50 6?V|u78n F8:‘0 ((9309\})00 120 121 122 123 124 125 126 127
T T my (GeV)
« MELA based discriminant for signal/background separation _ L SR 13T
. I @ b Dat ]
MZ1 constrainted SH: e
« 3 lepton channels (4e,4u,2e2p) Y eof- O q@ 22,2y -
. . . (7] — * —
» Perform fit in an inclusive category I L NG
> C -
ki LU C ]
« 3DAL(D" /M4l /o | m4l) sob E
bkg m4| r ]
.\ . 30 -
* Most sensitive single channel measurement i 5
20 =
10[ f
my (GeV) 125.26+£0.21 ;

90 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
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Phys. Lett. B 805 (2020) 135425

Mass: H—>yy(CMS)

CMS 35.9 fb” (13 TeV) .CMS 359fb'(13Tev) . ,.CMS 35.9 b (13 TeV)
> _I L | TTrTT I TTrTT TTrTT I TTrTrT | rrTrT I TTrTT I 1T l- )(10_' rrprrr Trr LRI B X1G = T T
@ 16000 —H . 80F t Data = 4+ Data
0] - -7 All categories ] - Barrel-Barrel |:| 7 - ge simulation B0z S Y Z — ee simulation
~ 14000 SJ"(S+B] weighted - ?0: Ry >:0.94 Simulation stat. ® syst. unc. mf Bl imulation stat. ® syst. unc.
0 7] = > = 3
S 12000 F ¢ gatE?f't = 3 F 1 & S E
T - — o+bli 1 {5 1 & soF :
% 10000 % e B component % aoF .rf I E % ok jf ! E
= 8000f- Ef;a 3 2 oF ;F; ! 12 . 7 ]
[@)] = T2 G - E E - E
g 6000 - 3 20F E& i it 20 » .1‘3,‘_ s
I:E C ] - L L Al L L J = D"‘.“.‘"’fﬁ . . L AN L L W
g’ 2000:— - g Simulation stat.  syst. unc. % 12 I imulation stat. ® syst. unc.
w 9] EEEENTI SIS I A AN I I I ANV A . E ;11 & :
T T T T = © }_5. 1
800 B component subtracted e a
400 _; 09 |
200 = 6 38 90 92 e 96 98 00 o v v y :
) E m,. (GBV) 80 az 84 86 88 90 92 94 96 meEQ(BGe\}i)D
E CMS Simuation _____13TeV _  CMS Simuation 13 Tev
000540120 130 140 150 160 170 180 16;_ Hoyy Umagged 0 i s00 H—yy AIICategnnes _'
mﬁ (GEV) 14 ¥ = B = S/(S+B) weighted 1
C + Simulation | ] L E\J Simulation ]
12— — 400 —
« BDT based diphoton vertex selection S | ] e
10 - — ma{l)r:g?etrlc - r— m%r;;Te ric
« BDT photon ID selection i 1 % -
. . . C o,=135GeV % g ] - G = 1.68 GeV
« Background extracted with discreet profiling of " ] 200 ' ]
method L EWHM = 3.10 GeV [ FWHM - 3.40 GeV |
 Improved detector calibration 1F ]
« Use electrons to study energy scale VRS . TS RS Dl o ]
uncertainties and propagate to photons ° ’ ° amw (GeV) m,, (GeV)
e Include uncertainties for e-y diferences Simulation smeared to match data resolution
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Mass:H— 4l + H- yy (CMS)

-1 s -1
> ?O E'M\SII TTTT | TTIT I TTTT ‘ TTTT I TTTT | TTTT I T \?El“g\ﬂljl \t1|?’l-lr\ﬂ 9\M\Sl| LELELELEN BLELL AELELELES BB ‘:3\5l.l9lflbl I{I1 ?IT\E\VI)_ CMS
3 e Data 1 B 100 H-Yy All categories T | Run 15110 (7 TeV) 4 197 (8 TeV
N E [ H(125) 1 - wo0f- S/(+B) weighted i 1:511" (7 TeV) + 197 718 TeV) — Total Stat. Only
< 60 O g2z 2y 1 2 i Data . 2016:35.91b" (13 TeV)
0 L . g . J D 12000} . -
£ F =gg?22, Zy TPRN: —S+Bflt o Total (Stat. Only)
Q 50— + — e componen -
= - 13 : Run 1 H—yy —_— 12470+ 0.34 (£ 0.31) GeV
L r 1 = sooof L R 3
C 15 +2 E
40— ] E? 6000 2o 3
- 1= ] Run1H—=ZZ— 4l [ — 12559 £ 046 ( £ 0.42) GeV
C 1 g 4000 3
30F 3 7 ;
F . %2"00_‘ 3 Run 1 Combined —— 125.07 +0.28 ( + 0.26) GeV
. B ol bo b Py wwn b L s b w e b 107
20F - e e e e e e e e e e e e e s e e e e e e e
C ] 2016 H—yy Tt 12578+ 026 ( £ 0.18) GeV
10
g 2016 H— ZZ— 4l — 12526 £ 0.21 (+0.19) GeV
% 80 90 100 110 120 130 140 150 160 170 |
m,, (GeV) 0 Tio 1@ 10 da0 10 160 170 180 2016 Combined T—- 12546 +0.16 ( £ 0.13) GeV
My (GeV) i
. 7Clu‘lS Run1 + 2016 l-i-l 12538 £ 014 (£ 0.11) GeV
— H—yy + H— ZZ— 4] Combination = Run 1
i :Run1;5_1fb"(?Te\-’]+19.?fb"(ETeV] — — Stat. Only PR AT SR T TN S T AN N T SN AN S ST A S M A T M A T A S H S T A
O glL2016:35.9 b (13 Tev) — 2016 122 123 124 125 126 127 128 129
B — — Stat. Only my (GeV)
i —— Run1+2016
5__ — — Stat. Only
4__ _95% CL_ |
g ¢« Combination in H—=>4| + H->vyy
3_
' e« Combination of Runl + 2016 data
2_
N o o,
'  Most precise measurement to date ~0.12%
1______ — 2O L
_I I 1

126
my (GeV)
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Higgs Width - lifetime + ac

Savvas Kyriacou (Johns Hopkins Uni.)

HIGGS 2021

Events/ 20 GeV

CMS simutation

19.7 o' (8 TeV) + 5.1 b (7 TeV)
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Width CMS 2i2nu

CMS Simulation 13 TeV
10’
go — 202v ({ = e, p)
100
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Phenomenology and EFT

Parametrize H couplings in the mass eingestate base:
A(Hff) = —%gﬁf (xe +1R%¢ys) P Notation:

1 Va2 4 VvV 2 Vv + 2
AHVV) = = [V + 8 dv1 2 o | K3 (9v1 sz) M2 el W
v ( A}/V) ( AW) g ZZWW - 1
Q Al WWH2
. (ATV)2
VV (1) %(2),uv 7 (2),uv v _ K2
+— a2 fyv f _513 f;w f 81 = +
7\2
(A7)
al SM
a2 CP even AC
1
- . . 5CZ = Eal E2a |
Amplitude Related to a fundamental Lagrangian density =
. couplings related to the Lagrangian coefficients PR e
i e e
/ - 2 +g")? : " D52 2
Liyy = %‘ (1+dcz) (g_'—f)lzuzﬂ aE C'zz%zﬁwzﬁw L CzIZIQQZu(‘_)VZ.uV + sz%zﬁwzﬁw Czz = _%IZZ
A 2.2 _ : 252 C2
T (1 dey) T 9 LW+ ; U;,UW + ewng® (W7 0,Wh +h.e.) + éun e ; “ W &, =— ;"2 2.
g2 ¢ _ e g - ;
+Czry%zm/flp,y + Cz’y%zm/ 4#}/ R 7‘7|:|JJ’Z Oy 4;_“/
‘?2 6‘2 1 Jq a ]s ng = - 1 agg
+C'Y'Y 4 Fl#«'/ Fl#-V + (’Y’Y 4 FlP‘-V Flﬁ“" + Cag 4 C,uuc',uy +c Cgg 4 C}LVC,U.V ? 27(“3
1
_ 88
- a
83 27t 2
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Symmetries and more...

. wWw
* Onshell Zy and yy couplings well 1
constrained W
« Custodial symmetry g
. hWW
« Consider gWww = gzz le) (2 —s2)
Zy

Or...

z7
p— gl

_ 222\, Iyl

= Aoy e 2ewtags
2 L7z 2 ¢

<~>/I’E'g22k+)1 'wgﬁlfy'

= G4
YA 77

Ry 92 JQ Sw
- , 25 +2_ ‘w
(AZZy) =2 '

Cw
L7

5 HVYV couplings

» Consider SU(2)xU(1) — enforces relations between couplings:

A =
oWV = g 2errage
g " = ot s M
1 2 gy C( M 29% +220(2 — 52 )ﬁf
(AW v (AZ2)3 v 1[2 cp T MZ
Z
H-QFY (2 B . 21 § hl ﬂ ‘_} 2( 2 92?7
(.«\Z’Y]Q Cuw sw) = LSyuCy (XZZ) '\_[2 )\[2
1)
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CP: HVV in H—4l (CMS)

+ Non-SMEFTwith4 — oms e
I ndependent A.C. = — Observed, fix others
---- Expected, fix others
— Observed, float others
---- Expected, float others
e Simultaneous scan of
all AC considered
* Non-zero minima
o % 08060402 ?;2;/0 002 02040608 1
* SM consistent iR e
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CMS 137 o' (13 TeV
E ! ! SM ]

0.8 ¥ bestfit 3518
06f :68%CL M 6
B _95 OCL—

0.4 18 14
0_2:_ .................. _:_12_1
ai B ] A=
B op B 10
_0_2:_ .................. _:_qu
-0.4F 16
-0.6f ] —4
-0.8F 12
1_1|| 8 0 ! I L I_‘O

137 fb7 (13 TeV)
T T

11208 206 0402 0 02

CMS

1\ -~ Expected, float others .~

137 b (13 TeV)

T ] T
— Observed, fix others

] 1 02,
---- Expected, fix others

— Observed, float others

T

— Observed, fix others
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Summary of HVV/Hff results

Parameter Scenario Observed Expected
Approach 1 best fit  0.00000 0.00000
fa2 =fa1 =f{{ =0 68%CL [-0.00017,0.00017] [—0.00081, 0.00081]
| 95% CL  [—0.0010,0.0038] U [0.01,0.24] [—0.0056, 0.0056]
" Approach 1 best fit  +0.010 0.00000
o= float f,,f, .\1,_ﬁf;” 68% CL  [—0.042,0.034] —0.00088, 0.00088]
\ 95% CL  [—0.20,0.20] —0.0057,0.0057
Approach 2 best fit  0.00005 0.0000
float f 5, fa1 68% CL  [—0.00013, 0.00066] —0.0012,0.0012
95% CL —0.0010, 0,0028] U [0, 024, 0. 092] —0.0074, 0.0074
Approach 1 best fit  0.00000 0.0000
fa=fa1 =fi7 =0 68%CL  [—0.00031,0.00098] —0.0012,0.0013
95% CL  [—0.0033, 0.0039] —0.0095, 0.0081
Approach 1 best fit —0.29 0.0000

ﬂoat_fﬂ,ﬁ_\l,ﬁf;’ 68% CL  [—0.50, —0.18] U [—0.00024,0.00052] ~ [—0.0018, 4+-0.0013]
os0, . [~0-68,~005]U[-0027,0.185] [—0.0106,0.0081]

- fr.r2 -

U[0.38,0.55]
Approach 2 best fit —0.0001 0.0000
float f,3,fa1 68% CL  [—0.0024, 0.0008] [—0.0053, 0.0033]
95% CL  [—0.0209, 0.0133] [—0.0869,0.0055]
Approach 1 best fit  0.00000 0.00000
fus=fo=fid =0 68%CL  [—0.00009,0.00022] [—0.00016, 0.00025]
‘ 95% CL  [-0.00036,0.00110] U [0.002, 0.135] [—0.00081,0.00112]
— Approach 1 best fit 0.13 0.00000
<3 float f,s,fupfal ~ 68%CL  [—0.00012,0.00015) U [0.02,0.24] [—0.00017, 0.00036]
‘ 95% CL  [-0.16, —0.01] U [—0.0056, 0.3423] [—0.00089, 0.00144]
Approach 2 best fit  0.00019 0.0000
float f,z,f. 68% CL  [—0.00017,0.00168] [—0.0012, 0.0029)]
95% CL  [—0.0019, 0.0055] U [0.10,0.29] [—0.0060, 0.0103]
Approach 1 best fit  —0.0004 0.0000
| fuz=f2=fa1=0 68%CL [—0.0010,0.0014] [—0.0026, 0.0020]
P 95% CL  [—0.0063, 0.0060] U [0.05,0.21] [—0.0102,0.0091]
e Approach 1 best fit —0.06 0.0000
| float fu3,fa2 fa1  68%CL  [—0.18,—0.02] U [—0.00049,0.00058]  [—0.0026,0.0025]
95% CL  [—0.53,0.52)] [—0.011,0.011]
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Couplings constraints from H—4l

88 |2 88
338H _ a5 | sign (ﬂi)
a 882 882 88 . .
a5° [ + [a3®| ay Assuming only top/b in
ggH :
Hf |3l’5f|2 Ky FIff 1 -
— : . 2  Hff
cp — B 251gn(—) |fep _(1+2.38[ o —1]) = sin“ «
¢ |* + | &gl Ky | FEBY
Channels Coupling Observed Expected Observed correlation
Cog E‘.gg Ky Ky
Cag —0.0012:%;%% 0.0000:%;%?% 1 —0050 —0941 +0.029
(H & (TH & ggld Ca —0,0[;117_0;%1gg 0.0000_0;%1%?1 1 +0.046 —0568
Ky 1.05i8%8 1.00i8;~%? 1 +0.168
dtz Czz Cz0 L:Jzz
sc, —0.03709 0.0079% 1 +0.241 —0.060 —0.009
. +0.11 +0.22 _ -
VBE & VH & H — 4 o 0'0.118:62 0'00;8;}]2 1 —0.884 +0.058
a0 _0'0218"%% 0'00;8-8% 1 +0.020
e, —0.117% 0.0010:63 1
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gegH ttH

CMS 137 b (13 TeV)
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Phys. Rev. D 99 (2019) 112003

CP: HVV in H-4l offshell (CMS

5107 (7 Tev) + 19.7 fb™ (8 TeV) + 80.2 fb™ (13 TeV)
T T T | T T T ‘ T T T [ T T T | T A

)
- CMs

5.1fb" (7 TeV) +19.7 b (8 TeV) + 80.2 fb™" (13 TeV)
I e e e e e e R A

; i eV) +19. 3 eV) + 80. R €'
517 (7 Tev) + 19.7 o™ (8 TeV) + 80.2 b (13 TeV)
TP o

i E

~ 5 00 30 CMS i 5.1 15" (7 TeV) + 19.7 b (8 TeV) + 80.2 fb” (13 TeV) 9
I — Observed (T'y unconstrained) B — Observed (T, unconstrained)
| --- Expected (I'y unconstrained) --- Expected (I'y unconstrained)
| — Observed ([,=T'S") — Observed ([y=T7M"

155 --- Expected (=T --- Expected (T,=I'")

T:' 3 0.02 1 20
= & i o
< S 0 c
o~ 10 o} =l £
\ [ng ) o~
L. 52 . N o~
L «—20.02 '
r 10
& -0.04 F
RECINES e -0.06
L1 T I | T | TS T | L i o TN [ i
S 0 0.02 0.04 0 12 14 16 4TTIpI I8 TI0L A2 T4T 6
fa3 cOS(d,,) 'y, (MeV) Ty, (MeV)

511" (7 TeV) +19.7fb" (8 TeV) + 80.2 fb™ (13 TeV)

 AC parametrization and analysis strategy as in HVV,
H—41 onshell

* AC greatly affect offshell H production

e Background interferes with signal = more
challenging analysis

« AC, I, simultaneous measurement

e Individual AC scanned

e First Offshell AC measurement
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Yukawa ttH , Hyy ATLAS

o
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Hadronic CP Discriminant
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HVV in HOWW*— evuv+jj (ATLAS) e

e Parametrize anomalous contributions in terms of V
polarization contributions

L T T T | T T T |
ATLAS Simulation

(=
el
. . . S 0.2+ . -
 approximate mapping done to constrain pseudo-observables £ ™| @: 13;;2‘:’ ‘ﬁF L —;W‘:"o—a’ glodd
ope .o c --ra, =1.0,a_=0. --a =1.0,a =1.
« Utilize BDT and ACDJJ L1'>j - owa =07,a =10 a =13,a =10 -
. . - —a =1.0,a =1.0(SM) |An | > 5.0 |
» (Categorize events with BDT +cuts _ ! |
« Dominant top quark and Z+jets backgrounds constrained by 0.1+ .
CRs : = ]
* Results consistent with SM :
SHV_ V| S8HVyVy
a = ———, AT = ——— 0 2 4 6
SHVV SHVV A®,
= L SEEERRREEEES B I 7
Z 6 ATLAS 1 gL ATLAS =
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H-4l off-shell

anomalous couplings :
- increase the number of off-shell events

,CMS simuiation 19.7 o (8 TeV) + 5.1 fb™! (7 TeV) — 5.1 b (7‘T9y) + 1’9-7‘“": (8 TeV) £ 802 ™ (1|3 TeV)
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