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o

We have come a lonc¢ /

We have characterised the H boson

—~ 120 CMs = R ZZ+WW 19.-7fb'f(8T§V)+.5.1 fp‘1(7Tev)
by measuring Its Mass, Wldth, aﬂd _+|o . -e-Observed ---Expectedg i T
~ 100_ -O+i10' -in‘l()' :
CP numbers: 5 gof 0*+26 S =20

| OJ_’J_rS(_J | _in_SO |

* Unique scalar particle in the SM >

e JPC = 0O+t at 99.9% CL , ir
agreement with SM prediction of

a CP-even H boson

e Pure CP-odd ttH (Hz7) coupling Hq;éN et B F A ke R
excluded at 3.9 (3.4) SDs | f
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We have come a lonc /, but...

We have characterised the H boson
by measuring its mass, width, and

1 0.06

-
CP numbers: - )
0.06 7z
o [ ) o I m
e Unique scalar particle in the SM i aiid D
. 0.04 B O
e JPC = 0O++ at 99.9% CL |, ir b D
. . : : 0+ (SM) - ' °
agreement with SM prediction of (- 0- (CP-odd) | 0.021 18
= . _ H - o
a CP-even H boson - +0.5 mixture - S
- -0.5 mixture i 1 | |
O (YR W RN R N TN RN WA WA N NN TN TANN WA N SN T O. | | | | L L I |
o -1 -0.5 0 0.5 1 -2 0 2
e Pure CP-odd ttH (H77) coupling ) o

excluded at 3.9 (3.4) SDs

... but room for small HVV couplings or BSM effects that can lead to CP-odd interactions
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Are there HVV anomalous
couplings?

anomalous couplings are
allowed by the current
precision
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Are there HVV anomalous Are there (new) sources of
couplings? CP-violation?

Small CP-even and/or CP-odd | ® BSM theories would allow the

presence of extra terms
leading to strong CP-violation
in the Higgs sector

anomalous couplings are
allowed by the current

precision
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Are there HVV anomalous Are there (new) sources of
couplings? CP-violation?

Small CP-even and/or CP-odd | ® BSM theories would allow the

presence of extra terms
leading to strong CP-violation
in the Higgs sector

anomalous couplings are
allowed by the current

precision

Different spin-parity assignments could modify allowed types of interactions,

manifesting in the kinematics of particles produced in association with Higgs
and/or decay products of the Higgs
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Anomalous Coupling formalis

Scattering amplitude for H couplings with vector bosons:

qu2+KWq2-l A k(L) ox % *(1) Fx v
e~ ) R o

4 couplings (SM + Anomalous):

e a, (CP): SM

For VV=ZZ, WW, Zy: V

(Both in production and decay) H
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Anomalous Coupling formalism N

Scattering amplitude for H couplings with vector bosons:

A(HVV) N\ HayWVfush) £+ @mv 4 (q¥V)esD) p@)ur

2 couplings (SM + Anomalous):

For VV=yy, gg: e a,(CP): SM
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Anomalous Coupling formalism

Scattering amplitude for H couplings with vector bosons:

KC]+K q-l A ex(L) % (2)uv *(1) 7% (2)uv

e a,(CP): SM
° a,(CP):SM

H 1%
| g, | O; . a | a3® |2 as®
Ja, = s1gn | — f.. = sign | ——
2104, 140 a o af P+ afe ay®
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Anomalous Coupling formalism

Scattering amplitude for H couplings with fermions:

A(HE) = — =15 (EOF (Rors) ¥

CP-even terms

e ttH strong sensitivity to k, K, constraints e Possible CP-odd terms arising from BSM effects

e InSMk, = I, other terms are 0 e ggH could probe the CP-structure via ggH+2jets

events
e Exclusion of pure CP-odd H boson at 3.7 SD
& | : A
/ - / Hif 02 o HIF
T = ——s1gn | — | 22 =11+ 2.38 = SIn“ o
P T PR \ & cr e
f f f 3
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From AC to EFT

The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

1 1 1
— p@) 4 S 4 (6) 5(6) —
Lurr = Ly +— 2, P00 +—5 X, 00} +@<A3>
k k

/

SU(2)xU(1) symmetry

HVV amplitude parametrized in EFT Higgs basis with 15 coefficients

Assuming here that Klzz — KZZZ, K'1WW = KZWW, and alz;/ = aIW = afg — K{’V — Ké’y — ng — Kigg — Klzy = K3VV =0
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From AC to EFT

The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

1
Lrrr =L+ — Z 4Y (5>+—2 (6)@<6)+@<A3>

SU(2)xU(1) symmetry

HVV amplitude parametrized in EFT Higgs basis with 15 coefficients

Assuming full SU(2)xU(1) symmetry we’re left with
4 HVV independent couplings...

Assuming here that KZZ = KzzZ, K1WW = KZWW, and alzy — ai’y afg K{V Kgy ng K'igg — Klzy = 3VV =0
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From AC to EFT

The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

1
Lepr = L)+ — Z AY (5>+—2 (6>@<6)+@<A3>

SU(2)xU(1) symmetry

HVV amplitude parametrized in EFT Higgs basis with 15 coefficients

Assuming full SU(2)xU(1) symmetry we’re left with .. and two Hgg couplings
4 HVV independent couplings...

4

Assuming here that KZZ = KZZZ, K1WW = KZWW, and a7’ = ai’y afg Ki"’ K;/y ng K'igg — Klzy = 3VV =0
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How do we measure AC?

Different approaches employed to achieve good AC sensitivity

 “Optimal observables” approach: reduce phase space dimensionality by combining observables

e Matrix element methods (MEM): build Neymann-Pearson-like discriminants based on parton-level
information

e Machine learning techniques: build NN classifiers to exploit correlations and boost the sensitivity

CMS 138 b (13 TeV) CMS 138 b (13 TeV)
71 o e e i T 0 O D 9 O e Db S N s L b e D
- VBF Category —#— Observation . 10000~ VBF Category = —#— Observation 43
- T.T —— ggH SM H (125)x50 - - ut gory —— ggH SM H (125)x50 1=
2000 """ —— VBFSMH (125)x50  — B h ——— VBF SM H (125)x50 :f,
| v [ vt bkg. - 8000 [ <t bkg. -

c [ pget  pest | pyer  [_]jet—t, mis-ID . c i [ jet—>z, mis-ID 10
1 k m 1500 [ Other e oM For [ Other 1®
| V ! ; N Uncertainty ~ 6000~ Uncertainty —H=

“+ = .‘(L) EE :
T l * O, S 1000 _ = E 10
H > B D 4000 S P
—— £ I — =2 — L R 1 i C 19
T o 500~ | e 2000} —-90
P - — - 12
! - | : 1R
: A . - 0 o
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How do we measure AC? s

Different approaches employed to achieve good AC sensitivity
o “"Optimal observables” approach: reduce phase space dimensionality by combining observables

e Matrix element methods (MEM): build Neymann-Pearson-like discriminants based on parton-level
information

e Machine learning techniques: build NN classifiers to exploit correlations and boost the sensitivity

CMS 138 fb™ (13 TeV) CMS 138 fb™ (13 TeV)
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HVV limits in HZZ

Simultaneous measurement of 4 HVV AC

Assuming al.WW — al-ZZ

Sharp minima: feature arising from
combination of production and decay

Above f, = 0.02 the H(4l) decay dominates

The results are still statistically consistent
with the SM

More data needed to possibly unveil new
physics and to disentangle VBF and VH
productions

Events / bin
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HVV limits in HZZ

— Observed, fix others
---- Expected, fix others
— Observed, float others

\. ~~ Expected, float others

CMS 19.7 fb" (8 TeV) + 5.1 fb' (7 TeV)
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Substantial improvement in
sensitivity wrt Run-l result achieved
exploiting production information!

Run-I: HZZ only, f, < 0.40(0.43)
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CMS <140 fb' (13 TeV)
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Stringent CP-violation test using off-shell data

SM: 10% off-shell events vs CP-odd: enhancement of off-shell event

g8t (1202) L8 O I "sAud In3
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0'_ | ; | | | \\‘\\ [/’/, . |
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Combining production and deca

Combination of MEM and NN discriminants .
Combination of

CMS VBF, 7,7 138 fb' (13 TeV) .
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Sensitivity to CP-violation effects enhanced combining different decay channels (77, ZZ, yy)

Combination of MEM and NN increases by 13% precision with respect to cut-based analysis using A¢;

CMS 138 fb™' (13 TeV) CMS 138 fb™' (13 TeV)
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CP measurements in ggH and Htt AN

Sensitivity to CP-violation effects enhanced combining different decay channels (77, ZZ, yy)

Combination of MEM and NN increases by 13% precision with respect to cut-based analysis using A¢;

ggH ; : Htt : PR
Measurement of /;°"" interpreted in terms of /-, assuming k;, = «;, K, = &,

Hitt
fCP
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CP measurements in ggH and Htt AN

Sensitivity to CP-violation effects enhanced combining different decay channels (77, ZZ, yy)

Combination of MEM and NN increases by 13% precision with respect to cut-based analysis using A¢;

ggH ; : Htt : PR
Measurement of /;°"" interpreted in terms of /-, assuming k;, = «;, K, = &,

Angle sensitive to CP

Hitt
fCP
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CP measurementsin H

| | | CMS 137 fb~* (13 TeV)
Effective Lagrangian for Yukawa coupling to Q 771 T 1 T
: o0 - — Observed: 2}'7 = —1+£19°(683% CL)  _
tau leptons parameterized by < oo i
g 10 -—- Expected: &7 = 0£21°(68.3% CL) —
and CP-odd components N 99,79 :
m. - N B
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1 7
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S A . e Bl
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Mixed £ 0°, % 90°, £ 180° =—1x19° 21" exp)

Pure CP-odd coupling excluded at 3¢
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EFT measurements in Hff

Hff and ggH anomalous coupling measurements can be interpreted in SMEFT

Increased sensitivity in limits coming from combination of different production modes and decay channels

Assuming SU(2)xU(1) symmetry, we are left with 4 coefficients in the Hff Lagrangian:

I g8 I g8 >
Coo — ase, c a;=, K, K,
g8 9) ol 2 gg 9) g 3
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1 7 S’, - - 95%, CITI'{ ' 14.4 q,
- o T
6 = g 120 5
o0 5 : 0.0f it
o o I o6 ©
4 B o
’I:; -0.5 175 b
3 S I . =k

5 = . -tof o

- h ;
0.02 : 8 i . ] >
New for EPS!! g F°|; m°'|? de:zlls Zee
~0.03 ~-0.02 -0.01 0 0.01 0 e - R Y- T o oo ascars talk an
C Valeria’'s poster
gg
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CP measurements in Hff

Effective Lagrangian for Yukawa coupling to

top quarks parameterized by
and CP-odd components

m
S .~
A(HSff) = TV/f(Kt + 1K, 75)¥

~2

K
Htt _ [ ‘ tht ‘ _ (sin a)z
CP K2 + K? cr

Table 1: Possible CP scenarios

Scenario o

Purely CP-even 0° or 180°
Purely CP-odd 90°

Mixed # 0°,# 90°, # 180°

CMS 138 fb™' (13 TeV)

Ve .
“ 1.5 H — Multilepton

]
[_JH—yy/2Z
]

H — Multilepton/yy/ZZ

0.5

-0.5

[168% CL

S 95% CL
'L+ Bestfit

- ¢ SM expected

||||||||||||||
194 -0.5 0 0.5 1 15

| 1) = 0.28 ( < 0.55 at 1o)

Pure CP-odd coupling excluded at 3.7¢

260 (€202) 20 A3HI
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EFT in the Higgs combination

Extend SM Lagrangian with higher-dim operators in the
HEL' model:

EFT — GZ-SM n Gl-mt n GZ-BSM

1: Higgs Effective Lagrangian

2
cHWx1O

2
—¢C5) x 10

cdx10

¢, x10

4
ch1O

5
ch1O

c,x10

35.9-137 fb™ (13 TeV)

C M S ® Observed O Observed (other c = 0)
— t+1o - +1c (other cj =0)
Pl'ellmlnary — 120 +2c (other cj =0)
pSM = 89%
———————
————
— ——
——————
— -
| I | | 1 1 i 1 1 1 | I | | 1

A R .
20 -15 -0 -5 0 3 10

CMS-HIG-PAS-19-005 Parameter value
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EFT in the Higgs combination

C M S ® Observed O Observed (other c = 0)

- +1o (other cj =0)

2
cHWx1O

H — uu and boosted H — bb analyses not considered

2
(cWW —¢c,)x10

Alternative and complementary approach to AC,
but complementary limits on EFT parameters c,x 10
(+ possibility of basis rotation)

¢, x10

Simultaneous fit of the 8 leading CP-even terms o

Stringent constraints on HEL parameters coming from 1o
combination of production and decay

c,x10

35.9-137 fb™ (13 TeV)

—+1o

Preliminary — sz

Py = 89%
—4 S

+2c (other cj =0)

A R
20 -15 -0 -5

0

3)

10

CMS-HIG-PAS-19-005 Parameter value
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Conclusion

We have come a long way in the characterization of the Higgs Boson, but:

® The presence of small CP-violating anomalous couplings in the SM or new BSM
scenarios including CP-odd terms are not excluded yet

e CMS targets this quest by setting constraints on anomalous couplings and

reinterpreting them in the context of EFT theories (SMEFT) = Pure CP-odd Higgs
excluded at 3.7 SD

® An alternative approach, based on the re-interpretation of STXS measurements, allows
to set direct constraints to EFT coefficients (HEL basis)

® So far, all the results are in agreement with the predictions of the SM and no sign of
CP-violation in the Higgs sector has been found ...
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Conclusion

We have come a long way in the characterization of the Higgs Boson, but:

® The presence of small CP-violating anomalous couplings in the SM or new BSM
scenarios including CP-odd terms are not excluded yet

e CMS targets this quest by setting constraints on anomalous couplings and

reinterpreting them in the context of EFT theories (SMEFT) = Pure CP-odd Higgs
excluded at 3.7 SD

® An alternative approach, based on the re-interpretation of STXS measurements, allows
to set direct constraints to EFT coefficients (HEL basis)

® So far, all the results are in agreement with the predictions of the SM and no sign of
CP-violation in the Higgs sector has been found ...

... Combination of different production modes and decay channels w/ Run-lll stat will
improve the precision of the results and possibly unveil new physics!
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BACKUP SLIDES




HVV and Hff Lagrangians

The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

1 1 1
— p@) 4 S 4 (6) 5(6) —
Lurr = Ly +— 2, P00 +—5 X, 00} +@<A3>
k k

h g2 _I_glz ,U2 g2 +glz N 2 + /12 _
L = = |(1+6c,) ( y L 20 Zys + €:09° 280 By + C 2y 2,
gz,v2 n _ gz n _ 9 . + ~ 92 + 17—
+ (14 bcy) 5 Wi Wi + w5 Wi, W, + cung (W oW +he) + Cuw 5 Wi Wi
e 92 4 gl2 e g2 4 gl2 -
Cony Y 5 Zyw Ay + Cory vV 5 ZuwAu + 4099 2,0, A,
02 02 3 92 92 3
TCyy ZAIWAIW T Cyy ZA#VAMV + CQQZSGZVGZV T Cgg ZSGZVGZV] )
B h W; AR hW q T3, hWgq ) hWe
Lhojs =2e T35 (um gr 4dy, + ury* gy dr + pLy"ogr eL)

w- . )
+ = (dm“@fquuL + dry"dgr"” Tug + ém“dg'ﬁw%)

\/§Sw
Zy, = hZf F hZ f
E ati) E it} .
+ chw(fzuderL'Y 9y, fL+f:udefR’Y 9gr r
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Modificationsof I', =

 When measuring ai or EFT coefficients, need to consider their modification to the overall width 'H

 Assuming unknown particle contribution O

e Each partial width is modified by a ratio calculated by JHUGen, MCFM and HDECAY

Lot = er = Ty X Z (T X I‘S—M) Tt Z( X Ry 8]))

2 2

ZZ 2

| S (ng) +0.1695 ( ZZ) +0.09076 (5% )" +0.03809 ( g£7) channel (f)  TSM/TN = BM T,/TM = R, (3)

L H — bb 0.5824 (x; + ;)

g g H—WW- 0.2137 wa(g )
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SMEFT Symmetry relations

The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT
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HVV limits in HZZ off-shell
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Stringent CP-violation test using off-shell data

SM: 10% off-shell events vs CP-odd: enhancement of off-shell events

Targeting measurement of f_ at 10~ level to achieve theory target

Observed Expected
Best fit 68% CL 95% CL 68% CL 95% CL

Parameter Condition

[h=F 029 [-6.4,32] [-46,107] [-55,55] [-198,198]
Ty (u) 2.4 [-6.2,33] [-46,110] [-58,58] [-225,225]
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CMS <138 fb' (13 TeV)
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What about the off-shell?
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From AC to SMEFT

- CMS 137 b (13 TeV) . CMS 137 b (13 TeV)
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Higgs boson CP properties: ttH
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Higgs boson CP properties: ttH
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ZMF ZMF
and O a

To reconstruct ¢-p, we first define the angle ¢ S

¢“ME = arccos AZMEF . XIMEY and
1)
QFMF _ 4ZMF—  (SZMF+ . §ZMF-y (6
From ¢“™* and 0“M* we reconstruct dcp in a range [0,360°] as
$ZMF i OZMF <
Pep = o ZMF .o NIMF _ (6.2)
360° — ¢ if 0ZMF ¢

The 1 lepton spectral functions have opposite signs for single-pion decays and leptonic
decays in the kinematic regions considered in this analysis. This causes a phase flip between
the ¢ op distributions for single pion decays and leptonic decays when the impact parameter
method is used [40]. An illustration of the definition of the ¢ ;p observable using the impact
parameter method is shown in figure 3 (left).
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Higgs boson CP properties: Hrt
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Higgs boson CP properties: Hrr

137 fb (13 TeV)

PP + TP + 1P + €p

CMS
£ _
o —+—Obs —Bkg
~ 14—
v [ Bkg.unc.
§ 12— o = 0
) e oMt _ o
- b o =90
2 -
L _
D 08=
® - | I—
s _
a 0.6 [
+
n
Y o4 — o4
%)
<

o
no

o
LI | LI
W R AR
-
—

S
-
-
E
-
_|_|_|_|Jll|lll|ll |||||||||||||||||||

o
L

(o))

o

CMS 137 fb_ (13 TeV
2 —r T T rr rTT"7T ] 25
[ #+ Best fit — 68 3% CL T i
% SM —- 955%CL ] |-
- — 997% CL 4 |H420
1~ 1
: 1 1415
0 - —
- - 10
1k ]
- ! Bs
: K,'=1,7~(,'=0Vi7£'l':
— | 1 | 1 I 1 | 1 | I | 1 1 1 I 1 1 1 1
2—2 -1 0 1 2 0
Kt
JHEP 06 (2022) 012

—2Alog L

I’[CT

2.00

1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

—90

CMS Preliminary 137 fb (13 TeV)
| | I | | | I
E * SM - 680/0 CL
— % Best fit -= 95% CL
—- 99.7% CL

—45

0 45 90

¢ (degrees)

o — N N
o Ul S Ul
—2Alog L

Q1

-

EPS HEP 22/08/23 - M. Bonanomi

42



