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Introduction

 The diphoton production rate after Moriond:
ATLAS is higher than SM by a factor of 1.6.
CMS is smaller than SM by a factor of 0.8.

ATLAS-CONF-2013-034
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Introduction

 We can extract the couplings of Higgs and SM
particles from the present data.

e Higgs production modes: gluon fusion (ggF), vector-
boson fusion (VBF), associated production (VH) and
(ttH).

e At the experimental side, these production modes

usually mix together. A Djouadi, Phys.Rept.457 (2008)1-216

q

q

g > Q




Introduction : Higgs Data

e Current Higgs data focus on a few decay channels of

the Higgs boson.
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Introduction : Higgs Data

e Data on signal strength of H — yy.

Channel Signal strength p My (GeV) Production mode X2y (each)

geelk  VBF VH ttH Before After

ATLAS [4.8(b™ ! at 7TeV + 13.0 (20.7) fb~! at 8TeV): [0} 25]

fggH+eerr  1.84+049 1.64+04 1268 100% - - - 2.67 2.25
1V BF 204+14 17409 1268 - 100% - - 0.53  0.60
1V 1.94+26  1.8713 126.8 - - 100% - 0.12  0.38

CMS|(5.1fb~" at 7TeV + 5.3 (19.6)fb™" at 8TeV) [13] [27]

untagged  1.42%0755  0.787)3% 125 87.5% TA% 4.9%  0.5% 0.73  0.62
VBF tagged 2251137 2250007 1258 17%  83% - - 1.44 1.44

Tevatron|(10.0fb~1 at 1.96TeV):

Combined  6.1473%5  6.1473%5 125 8% 5% 1% - 2.60 2.60

subtot: .09 7.89




Introduction

 Because the dramatically changing of the diphoton
rate from CMS before and after Moriond, we will
show our results with data before and after
Moriond.




Formalism




Formalism: Higgs Couplings

 We follow the conventions of CPsuperH for the
general CP-mixed Higgs couplings to SM particles.

* Yukawa couplings: * HVV couplings:

t, b 7 4, W
H __<— _ C,.C;.C’.C;.C;.C/ _-."“ﬁ Cy
t, bt 7/1/}/,

. . Z, W
* Higgs-diphoton: e Higgs-two-gluon:
Y(Z) ,
t.b,r t,b
/ 00000, 9
CPeven:S” =(b,t,7)—(W)+AS” S =(b,t)+AS°
CPodd: P” =(b,t,z)+ AP’ P9 =(b,t)+AP°

A Djouadi, Phys.Rept.457 (2008)1-216




Formalism: Higgs Couplings

 We defined the ratios of the effective Higgs couplings
to 99,77,Zy relative to SM ones:

S9|* + | P9|? ST + | P’ SZv|° + | P2’
OQE« B "cxzd' PP |187P+ 1P

2 2 4y = 2
|Ssul | |Sém | \ ‘SSZI\}

* Note, the ratios of decay rates relative to the SM are

‘Cg ‘2 "Cy‘z "CZV

‘2




Formalism: Higgs Couplings

 The scalar-type couplings:
C>, C>, C°>;, C,; ASY, AS”, AT,

custodial symmetry«~ /
new particles inViSible decay

* The pseudoscalar-type couplings:

C”, Cl, C~; AP°, AP”

u b

* SM: C>=C;=C’=C, =1 AS'=AS"=AI'_, =0
CP=CP=CP=0; AP®=AP” =0




CP Conserving FIts




CP Conserving Fits

* In CP conserving fits:
 fixed: P =AP% =0
varying: Csi» C,, ASY, AT,

e Under this, implement following 5 fits:

(

varying fixed
A.  SMfit CJ 4 1=Cy =189 =AT =0
B. 1l-parameter AT ot CS d.1=Cy =1,A59:7 =0
) C. 2/3-parameter ASY'7 without/with AT Cli d.1=Cy=1
D. 4-parameter CS d.1:Cy ASg’7=AFt0t=O
E. 6-parameter CS d.1Cy ASY7 AT =0




CP Conserving Fits: SM & 1-parame

after : SM fit gives: y° [ dof =18.94/22 =0.86
SM is good fit to the Higgs data.

1-parameter fit:

varying: AT,
fixed: C>=C;=C’=C,6=1 AS’,AS° =0

after : The 95% CL upper limit for Al'is 1.2MeV.
Note the I} ~4.1 MeV for M, =125.5 GeV. The
95% CL upper limit for the nonstandard branching
ratio of the Higgs boson is about 22%.



CP Conserving Fits: 4-paramete

* 4-parameter fits:
varying: c. ,C;,C°,C,
fixed: AS”"=AS° =0, AI'_, =0

* This is motivated by no new particles running in the

triangle loop of Hyy and Hgg , but only
modification of the Yukawa couplings.

e 2HDM with heavy charged Higgs boson and
modification of the Yukawa couplings in terms of the
mixing angle o and tang

SN o

cos 3’

C; =07 = — C, = sin(f — a)




CP Conserving Fits: 4-paramete

* |nthe loop coupling of Hyy and Hgg , since the
bottom-quark and charged-lepton only have minor
effects, we expect these are an approximate
symmetry of C; «<»-C; or C’ < -C .

 Top-quark and W-boson give the dominate
contribution to H yy with the opposite sign.
Therefore by flipping the sign of top-quark C’ & -C’
, it can enhance the Hyy vertex (before).




CP Conserving Fits: 4-parameter

e The 2-dim contours for the correlations of any 2
parameters of C>,C;,C°,C, . before:

2 . l . 2

2
Ay~ = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%



CP Conserving Fits: 4-parameter

e The 2-dim contours for the correlations of any 2
parameters of C*,C;,C°,C. .after:

2 ! ' » 2

2
Ay" = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%



CP Conserving Fits: 2HDM

 |n 2HDM with heavy charge Higgs, only 3 parameters
are needed C’, C’, C, .

* Yukawa couplings:

9HDM 1 oS — ¢3 cf = S CP— _CP|CP = _CP
_e2(CSy2_g2 (o P22 2822 (o212
OHDM IT |[¢§ = + 13D %) 7 s — o 1o %) ler —acrlop = aep
_2(C8yv2_2 (P21 Y
9HDM 111 o e S — 4 1175 A llar = —crlep = ger
2 {CSy2_2(oPy2] 1
2HDM 1V |5 = o 1=s3Cd) o) ) o e CF = 40P |CF = —CF
e tanf Angle of the VEV:
2 e
Sﬁ —
52 P2 _ S

K. Cheung, J.S. Lee, PY. Tseng, arXiv:1310.3937




CP Conserving Fits: 2HDM
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CP Conserving Fits: 2HDM

 Notice: SM p-value = 0.65

Type| x? x?/dof p-value

I 1839 0.920  0.562
I1 18.68 (.934  0.543
I | 18.44 (.922 (.558
IV | 1866 (.933 (.544

K. Cheung, J.S. Lee, PY. Tseng, arXiv:1310.3937

e We demonstrated that the current Higgs boson data
have NO preference for any of the four types of
2HDM.




CP Violating Fits




CP Violating Fits: B.

 Without loss of generality we consider the up-type
scalar Yukawa couplings CZ and pseudoscalar |C;
and C, in this fit.

varying: c’,C’,C,
! CS=C®=1 CP=CP=0,
fixed:
k AS” =AS® = AP” = AP® =0, AT, =0




CP Violating Fits: B.

 The confidence-level regions of the fit: after

2




CP Violating Fits: B.

* The total chi-square is y* =17.17 , slightly better
than the total chi-square y* =17.82 of the 4-

parameter fit C° C° C*,C

\'

* The current signal strength cannot rule out the
combination of scalar and pseudoscalar Yukawa
couplings.







* |n this work, we established a model-independent
framework to analysis the observed Higgs boson
signal strength and extract the Higgs boson couplings
with fermions, W /Z, yy,gg . We also perform the
fit to Higgs data before and after Moriond meeting.

e We assume the Higgs boson is a generalized CP-
mixed state without carrying any definite CP-parity.




Discussion

e QOur finding are:

» Both before and after. SM give the good fit y°/dof =0.86
to the data.

» If only the total Higgs width are allowed to vary. The
95% CL upper limit of the nonstandard decay
branching ratio is 22%. This improve the previous
estimate 40%.




Discussion

» before The most efficient way to fit the Higgs data is
to effect the Hpyy, HQQ vertices. After No optimal
set of parameters can reduce y° effectively.

1
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0s - Before Moriond 0— value = 0.94

0.7 =
‘: After Moriond

0.6 :—

05 |

04

']_}IIIIIIIIIIIIIIIIIIIIIIIIIIII

No. of fitting parameters



Discussion

» Both before and after.

The relative HVV coupling C, =1.01'}}; in 6-parameter
fit (similar in 4-parameter fit) implies the observed
Higgs boson accounts for most of EWSB.

» Both before and after.

The Higgs data do not rule out the pseudoscalar

contribution to Hyy, Hgg nor the pseudoscalar
Yukawa couplings. However, they do not improve the fit

either.




Thank you !
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Introduction

* InJuly 2012, ATLAS and CMS announced the
discovery of the Higgs boson candidate by looking
into decay modes of

A -y
H S>WW™ = vl
H > 77" — 4

H —>bb

H > 7'




Introduction

 The diphoton production rate is higher than SM by a
factor of 1.4 t0 1.8. Onlyaboutlor2 o .

ATLAS-CONF-2012-170
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Introduction

* The ggH coupling depends on H1tt and H bb. VBF,
VH and the Higgs decays into WW, ZZ depend on
coupling of HVV. Higgs decaysinto bb and 777~
depend on Hbband H 7z . Higgs decays to Y
depends on all the above couplings.

* A global analysis of all the Higgs couplings using all
the data is useful to identify the observed Higgs
boson.

 Once we disentangle each of the Higgs coupling, we
can use the results to compare with models.




Formalism: Higgs Couplings

 We follow the conventions of CPsuperH for the
general CP-mixed Higgs couplings to SM particles.

* Higgs couplings to fermions:

gmy
Lugr = = 2. o5p0 Z: H [ (9ngs + ZQ’Iw’?5

f=u,d,l
scalar pseudoscalar
For SM couplings 9,7, =1 and 0+, =

* Higgs couplings to massive vector bosons:

1
‘C’HVV :gAJW (QHWWW;—Wp + gsz—Z Z'u) H

e =

For SM couplings  9uww = 942z = 9w =1, custodial.



Formalism: Higgs Couplings

e Higgs couplings to two photons:

The amplitude for the decay H — yy is ADlouad; Hep
aM? 2
Mots = =" S7 (M) (1 - 1) = PY(Mir) 1 (eieihako)
Ao ~ Mg
scalar \ pseudoscalar

2 2
* The decay rate of H — yy is proportional to ‘Sy‘ +‘Py‘

S"(Mu) =2 Y |Ne Q% ghps For(rs)

- gHWWF1(TW) +ASY 3

f:batﬁ-‘

P'(Mg) =2 Y |NcQF gyzs Fop(ts)

f:b,t,.f /

AP, /
=

from new charged particles

from SM particle with changing Yukawa



Formalism: Higgs Couplings

(00000 9
H
e Higgs couplings to two gluons: | ¢ <
00000, g
The amplitude for the decay H — gg is A Djouadi, Hep-
o A/[Q §ab 2 ph:0503172
Mgy = — - 4;1 {SQ(MH) (1) -€31) — PQ(MH)A/IJ%(ETE;}CN@)}

 The decay rate of H — gg is proportional to ‘89‘2 +‘Pg

S (My) = S g5ips Furlry) +AS?

‘2

f=b,t
PI(Mpu) = > Gujs Fpr(7s) + AP?
f=bt
e Higgs couplingstoZand 7 : new colored particles
o * * * * * kK
Mz =— Y. {SZT(MH) [y kot o€ — k- & ky - €f] — P97 (My) <6162k1k2>}



Formalism: Signal Strengths

 The theoretical signal strength is product:
a(P, D) ~ a(P) (D)
where P — goF, VBF, VH,ttH iS the production modes
and D =yv,Z2Z,WW,bb, 77 the decay modes.

1S9 1 [P (M)

fi(ggl) ,
S (Mp)|”
ﬁ(VBF) - gIQ—_{WW,sz ’
ZE(VH) — gfi—;WW,HZZ L

a(tt) = (91%&)2 + (ggﬁ)g ;




Formalism: Signal Strengths

* The decay parts:

R B(H — D)
Mm:BwW%D)

with
I'(H — D)

B(H —- D) =
( ~ ) Ttot(H)+ Al

where Al',, is the non-SM contribution to the total

decay width.




Formalism: Signal Strengths

 The experimentally observed signal strength should
be compared to the theoretical one summed over all
production modes:

(@, D) = > Cop| (P, D)
e P—ggF, VBF,VH ttH \
experimental defined channel decomposition coefficients

of production modes

e The ZZ associated with an observable is:

(0. D) {*P(0, D)’
[IO-EXP(Qj D)UQ
v

. experimental error
12.

XQ(Qa D) —

experimental data



Formalism: 2-Higgs Doublet Model

Our parameter can cover several models.

2HDM:
H, = (Hf BT and Hy = (H} HY)'

After EWSB and for CP-conserving case:

mp, My, Ma, My+, tanf = o
d

For Type-Il. The couplings of the lighter CP-even
Higgs boson h are:

7t bb tt WHW-—/Z272

h: —sina/cosfS —sina/cosf cosa/sinf sin{f — «a)



Formalism: 2-Higgs Doublet Model

 Therefore, the fitting parameters would be:

SN ¥

cos 3’

— C’g:C’f:— C, =sin(f — a)
 The charged Higgs boson H™ will run in the triangle
loop of Hpyy . There are no new particle added in

the triangle loop of HQQ . There are no new
particles that the Higgs boson h can decay into.

ASY 40, ASI =0, ATy =0

v
charged Higgs H™



Formalism: Singlet Higgs Bosons

* Simple extensions of the SM Higgs sector with one
Higgs singlet fields. It could provide a dark matter

candidate.
e Renormalizable interaction:
pxX> DT
R \ .
v SM Higgs doublet

real singlet Higgs field

e Impose a discrete Z, symmetry ¥ <> —X¥, X
become dark matter candidate and couples to the
Higgs via interaction y°H and y°H°”.

H—>% 5 vy accommodated by AL, #0



Formalism: Supersymmetry Model

e At least two Higgs doublets in SUSY models.

* In the minimal supersymmetry model (MSSM), there

are 3 neutral Higgs state (i=1,2,3), any of them could
be the observed Higgs:

O, O
s Yeai S S P14 - | A,
Cr = s’ Cy =G5 cos B Cy = Ogicos 0+ Opyisin
p  €os 5 p p _Sin 5
Cu sin 3 Quir Gy = Co = cos Qai

where O¢l_’¢2_ and Q_ denote the CP-even and CP-
odd components of the i-th Higgs state.




Formalism: Supersymmetry Model

e SUSY particles will contribute to the loop of Hyy and
HQg . Higgs can decay into non-SM particle.

AS”#0, AS°=#0, Al #0
AP” 0, AP® %0




Formalism: 4t" Generation Model

* The 4t generation model is an extension of the SM
by adding an analogous generation of fermions.

e The new charged leptons and quarks can run in the
loop of Hyy, and colored quarks in loop of HQQ .

C’=C;=C’=C, =1
C, =C;=C =0
AS” #0, AS®=#0, Al =0




Higgs Data

e Data on signal strength of H — yy.

Channel  Signal strength @ Mg {GeV) Production mode X2n (each)

c.v *+ error ggl'  VBF VH ttH

ATLAS|(4.8fb7! at 7TeV + 13.0fb~! at 8TeV): Table 3 of [9] (Dec. 2012)

fhggF e 1.8 4 0.49 126.6  100% - - - 2.67
HVEF 2.0+14 126.6 - 100% - - 0.53
HVH 19426 126.6 _ - 100% _ 0.12

CMS|(5.1fb~! at 7TeV + 5.3fb~! at 8TeV): Fig. 10 of [13] (Nov. 2012)

untagged 1.42+0-38 125.8  &7.5% T7.1% 4.9% 0.5% 0.73
VBF tagged 2.25+1-34 125.8 17% 83% - - 1.44

Tevatron| (10.0f6~! at 1.96TeV): Page 32 of [7] (Nov. 2012)

Combined 6.1473% 125 8% 5% 1% - 2.60

subtot: 8.00




Higgs Data

e Data on signal strength of H — yy.

Channel | Signal strength p| Mg{GeV) Production mode X2n (each)

c.v *+ error ggl'  VBF VH ttH

ATLAS (4.8fb7! at 7TeV + 13.0fb~! at 8TeV): Table 3 of [9] (Dec. 2012)

fhggF e 1.8 4 0.49 126.6  100% - - - 2.67
HVEF 2.0+14 126.6 - 100% - - 0.53
HVH 19426 126.6 _ - 100% _ 0.12

CMS (5.1fb~! at 7TeV + 5.3fb~! at 8TeV): Fig. 10 of [13] (Nov. 2012)

untagged 1.42+0-38 125.8  &7.5% T7.1% 4.9% 0.5% 0.73

VBF tagged 2.25+1-34 125.8 17% 83% - - 1.44
Tevatron (10.0f6~! at 1.96TeV): Page 32 of [7] (Nov. 2012)

Combined 6.1473% 125 8% 5% 1% - 2.60

subtot: 8.09




Higgs Data

e Data on signal strength of H — yy.

Channel Signal strength p My (GeV) Production mode X2y (each)

Before After gol VBF VH ttH Before After

ATLAS (4.8tb~ ! at 7TeV + 13.0 (20.7) th~! at 8TeV): [9] 25]

fggH+eerr  1.84049 16404 1268 100% - - - 2.67 2.25
/LV BF 20+14 1.74+09 1268 - 100% - - 0.53  0.60
1y H 1.9+26  1.8713 126.8 - - 100% - 0.12  0.38
CMS (5.1fb~ " at 7TeV + 5.3 (19.6)fb™" at 8TeV) [13] 27]
untagged|  1.427935  0.7879%% 125 87.5% 7.1% 4.9%  0.5% 0.73  0.62
VBF tagffecNZ o513 9 o5tld 958 1% 8% - /- 1.44  1.44
\ Tevatron (10.0fb~! at 1.96TeV) /
Combined  6.147%%5  6.1473%5 125 8% 5% / 17% - 2.60  2.60
\ / subtot: ~ 8.09  7.89
< —
w@ D)= Y Cop (P, D)

P=ggF VBF,VH, ttH



Higgs Data

e Data on signal strength of H — yy.

Channel | Signal strength @ Mg {GeV) Production mode X2n (each)

c.v *+ error ggl'  VBF VH ttH

ATLAS (4.8fb7! at 7TeV + 13.0fb~! at 8TeV): Table 3 of [9] (Dec. 2012)

fhggF e 1.8 4 0.49 126.6  100% - - - 2.67
HVEF 2.0+14 126.6 - 100% - - 0.53
HVH 19426 126.6 _ - 100% _ 0.12

CMS (5.1fb~! at 7TeV + 5.3fb~! at 8TeV): Fig. 10 of [13] (Nov. 2012)

untagged 1.42+0-38 125.8 | 87.5% 7.1% 4.9% 0.5% 0.73

VBF tagged 2.25+1-34 125.8 17% 83% - - 1.44
Tevatron (10.0f6~! at 1.96TeV): Page 32 of [7] (Nov. 2012)/

Combined é{z—ﬂ%ﬁg 125 8% 5% 1% / - 2.60

\ / subtot: 8.09

\ v
L, D) = Z Cﬁﬁ(p: D)

P=ggF VBF,VH, ttH




Higgs Data

e Data on signal strength of H — yy.

Channel  Signal strength @ Mg {GeV) Production mode X2n (each)

c.v *+ error ggl'  VBF VH ttH

ATLAS (4.8fb7! at 7TeV + 13.0fb~! at 8TeV): Table 3 of [9] (Dec. 2012)

fhggF e 1.8 4 0.49 126.6  100% - - - 2.67
HVEF 2.0+14 126.6 - 100% - - 0.53
HVH 19426 126.6 _ - 100% _ 0.12

CMS (5.1fb~! at 7TeV + 5.3fb~! at 8TeV): Fig. 10 of [13] (Nov. 2012)

untagged 1.42+0-38 125.8  &7.5% T7.1% 4.9% 0.5% 0.73
VBF tagged 2.25+1-34 125.8 17% 83% - - 1.44

Tevatron (10.0f6~! at 1.96TeV): Page 32 of [7] (Nov. 2012)

Combined 6.1473% 125 8% 5% 1% - 2.60

subtot: 8.00




Higgs Data

e Data on signal strength of H — yy.

Channel ‘ Signal strength p \ My (GeV) Production mode X2y (each)
Before After gol VBF VH ttH Before After

ATLAS (4.8tb~ ! at 7TeV + 13.0 (20.7) th~! at 8TeV): [9] 25]

pggr+ur  [L8£0.49 1.64+04| 1268  100% - - - 267 225
JV BE 20+14 1.7+09| 1268 - 100% - - 0.53  0.60
wvH 1.9+26  1.8713 126.8 - - 100% - 0.12  0.38

CMS (5.1fb~" at 7TeV + 5.3 (19.6)fb~" at 8TeV) [13] 27]

untagged  [1.427935  0.7879%% 125 87.5% 7.1% 4.9%  0.5% 0.73  0.62

VBF tagged [2.25%137 2250181 1258 17%  83% - - 1.44 1.44

Tevatron (1U.Uﬂj_1 at 1.96TeV): [7]

Combined |6.1473%5  6.147375 125 8% 5% 1% - 2.60 2.60

subtot: .09 7.89




Higgs Data

e Data on signal strength of H — yy.

Channel Signal strength p My (GeV) Production mode X2y (each)
Before After gol VBF VH ttH < Before After
ATLAS (4.8fb~ ! at 7TeV + 13.0 (20.7) fb~! at 8TeV): [9] [25]
fggH+ttH  1.8+£049 1.64+04 126.8 100% - - - 2.67 225
[V BF 20+14 1.74+0.9 126.8 - 100% - - 0.53  0.60
[V H 1.94+26  1.8713 126.8 - - 100% - 0.12  0.38

CMS (5.1fb~" at 7TeV + 5.3 (19.6)fb~" at 8TeV) [13] 27]

untagged  1.4279735  0.78792% 125 87.5% 7.1% 4.9%  0.5% 0.73  0.62

VBF tagged 2251137 2250007 1258 17%  83% - - 1.44 1.44

Tevatron (1U.Uﬂj_l at 1.96TeV): [7]

Combined  6.1473%5  6.1473% 125 8% 5% 1% - 2.60  2.60

subtot: .09 7.89




Higgs Data

e Total we used 22 data points in our analysis,
including 5 decay channels of the Higgs boson:

H -y, ZZ", WW~, bb, 'z
 The chi-square of these 22 data to the SM is
before:17.5, after:18.94.

 The chi-square per degree of freedom (dof) is
before:17.5/22=0.80, after:18.94/22=0.86 .

e SMis good fit to the Higgs data.

e The H — yy data give the largest contribution to the
chi-square.




CP Conserving Fits: 2-paramete

Y(Z) ’
» 2-parameter fit: o C;E _____ ﬂ

varying: AS7,AS”
fixed: C>=C;=C’=C,=1 A, =0

* before : The best fit values are: y°/dof =11.27/20=0.56

Turn out, this is the most efficient way to fit the data

statistically.
* after : The best fit values are: y° / dof =17.55/20=0.88




CP Conserving Fits: 2-parameter
o 2-parameter fit AS”,AS°®

0.4

before:

0.2

AS9

-0.2

-0.4

after: 04

02+

ASY

-0.2

-0.4

0 -

C. =

-6

4 -2 0 2

ASY

0.5

0.5

1 1.5

2
Ay° = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%




CP Conserving Fits: 2/3-parameter

 3-parameter fit:
varying: AS”,AS?| AT,
{ fixed: C;=C;=C’=C, =1
* after : The best fit values are:

AS = -096% 5, A5 = —0.040% 5, ATy, = 002730 MeV, y*/dof = 1755/19 | 0.92.

* Including AT, does notimprove the x°/dof .

e Since Al is still consistent with zero in this case,
we will fixed AT, =0 in the later fit.



CP Conserving Fits: 4-parameter fit
e The best fit values are:

Vary Al'y,;  Vary AS?Y, Vary AS?,| Vary C2, CdS ,| Vary C2, Cds , C@g , Oy
Parameters ASY ASY, Al Cg, C, ASY, ASY
cS 1 1 1 —0.88123¢ 0.00 +1.13
cs 1 1 1 1.12+04 119847
Cs 1 1 1 —0.9713:3¢ 0.98 +0.30
C, 1 1 1 0.97+212 0.961213
ASY 0 —2.73tE —2.03t 1% 0 —1.23%24
AS9 0 —0.050T00%  0.00637013 0 0.73%555
ATy (MeV)| —0.0221083 0 0.791201 0 0
x2/dof 17.48/21 11.27/20 10.83/19 10.46/18 9.89/16

 The ratio of Hyy and Hgg couplings relative to SM
from the best fit points are :

Cy

1.4/

,Cy

=10.99| |Cy

L =1.06




CP Conserving Fits: 4-parameter fit
* after: The best fit values are: y°/dof =17.82/18 50.99

Vary Al'tot Vary AS7, Vary ASY, |Vary C2, Cf, Vary C?, Cd's, C’f, Co
Parameters ASY AS9, Al Cf, C ASY, ASY
After Moriond

cs 1 1 1 @ 0.00 = 1.18
Cy 1 1 1 —0.9819-31 1.06 17032

o 1 1 1 0.9819:21 1.01+0.23
C, 1 1 1 1.041)-12 1.017512
ASY 0 —0.96708  _0.967051 0 0.78723%
AS9 0 —0.043 + 0.052 —0.0401082, 0 0.66 1022

ATy (MeV)| 0.101851 0 0.027+3-34 0 0
x2/dof 18.89/21 17.55,/20 17.55/19 17.82/18 16.89/16
p-value 0.59 0.62 0.55 0.48 0.39

SM: y°/dof =18.94/22=0.86



CP Conserving Fits: 4-parameter fit

 Theratioof Hyy and Hgg couplings relative to SM
from the best fit points are : after

C, ={1.09)C, =0.91] C, ={1.05

2 , 2

0 1 2 0 1 2
C, C,

e The C;, increase or decrease in the same direction

as C, , butisalways smallerthan C .

2
Ay° = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%



CP Conserving Fits: 6-parameter fit

* 6-parameter fits:

e Due tothe new dofin AS” 6 AS?, the confident-level

e The best fit value of CuS shift from 0.8—0.

CS,C3,C5,C,,AS”,AS°

varying:
fixed:

region enlarged.

Al',, =0




CP Conserving Fits: 6-parameter fit

e The 2-dim contours for the correlations of any 2
parameters of C°,C>,C°,C ,AS” ASY. after:

2
Ay“ = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%



CP Conserving Fits: 6-parameter fit

e The 2-dim contours for the correlations of any 2
parameters of C°,C>,C°,C ,AS” ASY. after:

2

AST
B WON - O =N W b

ASY




CP Conserving Fits: 6-parameter fit

 Theratioof Hyy and Hgg couplings relative to SM
from the best fit points are : after

0 1 2 0 1 2
C, C,

e The C;, increase or decrease in the same direction

as C, , butisalways smaller than C,

2
Ay° = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%



CP Conserving Fits: 6-parameter fit

e The C. shiftfrom 0.8—0 can be understood
from the numerical expression of S” (the scalar part
of the amplitude for the decay H — yy ).

ST (Mu) =2 Y NeQF gis For(ts) — Gy Fir(tw) + AST
f=btr

numerical = S” ~ -8.35C, +1.76C + AS”

e In 4-parameter fit AS” =0 fixed, in order to let C, ~1
, C. is made positive to chancel the W loop
contribution ; whereas in 6-parameter fit, the CUS
goes to zero and AS” do the job for C’° . This also
explain the anti-correlation between C> and AS” .



CP Conserving Fits: 6-parameter fit

 The best fit values are: after

Vary Al'tos Vary AS7, Vary ASY, Vary C,f} Cf, Vary C’.f, C’f, C’f, Co
Parameters A5 A5, Al Cf, 'y AS7T, ASY
After Moriond
cs 1 1 1 0.80+0-18 @

Cs 1 1 1 —0.9819:31 1.067041

cy 1 1 1 0.987921 1.01+0.23
', 1 1 1 1.0419-12 1.014013
ASY 0 —0.961 03¢ —0.9610-52 0 0.78123%
AS9 0 —0.043 + 0.052 —0.040% 332, 0 0.66 10 a2

AT (MeV)| 0.101051 0 0.027+533 0 0
x2/dof 18.89/21 17.55/20 17.55/19 17.82/18 16.89/16
p-value 0.59 0.62 0.55 0.48 0.39




CP Conserving Fits: 6-parameter fit

e 6-parameter fits:

varying: | C>,C;,C’,C,,AS”,AS*
fixed: Al'y, =0

e Due tothe new dofin AS” 6 AS?, the confident-level
region enlarged.

e The best fit value of CuS shift from —-0.88—>0 .



CP Conserving Fits: 6-parameter fit

e The 2-dim contours for the correlations of any 2
parameters of C°,C;,C’,C ,AS” AS®.

2
. Ay = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%
32



CP Conserving Fits: 6-parameter fit

e The 2-dim contours for the correlations of any 2
parameters of C°,C;,C’,C ,AS” AS®.

2 2

as?
As?

ASY
ASH




CP Conserving Fits: 6-parameter fit

e The C. shift from —0.88 >0 can be understood
from the numerical expression of S” (the scalar part
of the amplitude for the decay H — yy ).

ST (Mu) =2 Y NeQF gis For(ts) — Gy Fir(tw) + AST
f=btr

numerical = S” ~ -8.35C, +1.76C + AS”

e In4-parameter fit AS” =0 fixed, C> is made
negative to increase the S” ; whereas in 6-
parameter fitthe C° goes to zero and AS’ goes to
negative to enhance S’ . This also explain the anti-
correlation between C° and AS’ .



CP Conserving Fits: 6-parameter fit

e The best fit values are:

Vary ATy Vary ASY,  Vary ASY, Vary C3, CF,| Vary CJ, C7, C7, C,
Parameters ASY A5, Al Cf, C, ASY, ASY
cS 1 1 1 —0.8815-28 0.00 +1.13
o 1 1 1 1.12+822 1.191057
cy 1 1 1 —0.9779:38 0.98 4+ 0.30
C, 1 1 1 0.97+213 0.96+7 12
ASY 0 —2.73tHLl 9 g3+L13 0 —1.23124
ASS 0 —0.05070:082  0.0063701% 0 0.73+281
Al (MeV)| —0.0221943 0 0.797291 0 0
2/dof 17.48/21 11.27/20 10.83/19 10.46/18 9.89/16




CP Conserving Fits: Concluding Remarks

 The diphoton signal strength Pp —> H — »y
dominates the chi-square in the current data. This
signal strength dependson S and S9 , whichin
turns depends mostly on C’ and AS’ .

varying: C’,AS’
fixed: C;=C’=C,=1AS°=Al_ =0

e The best fit values are:

Cy = 09255005, ASY = —2.6271qs, x*/dof =[11.17/20

e The y° isonly 0.1 better than the 2-parameter fit |
AS”,AS? ).




CP Conserving Fits: Concluding Re

* Before: The diphoton signal strength pp > H — yy
dominates the chi-square in the data. This signal
strength dependson S7 and S9 , which in turns
depends mostly on CS, AS” -

varying:
fixed:

C’,AS’

CS=C®=C,=1AS®=Al,, =0""" 4

e The best fit values are:

S +0.094
C = 09229005,

ASY = —2.627 13,

X’ /dof =

11.17

/20

e The y° isonly 0.1 better than the 2-parameter fit (

AS”,AS? ).



CP Conserving Fits: Concluding Re

after: The diphoton signal strength pp - H — y»y
still dominates the chi-square in the current data.
However, CMS diphoton rate changed from 1.42 to
0.78. Now ATLAS and CMS’s diphoton rate are on the
opposite side of SM value.

 The dynamics of fit cannot do anything to effectively

reduce the chi-square from diphoton data.

o After Moriond, all the fits give ;(z/dof or p-value

worse than SM.



CP Violating Fits

* This section include the pseudoscalar Yukawa
couplings C; and the pseudoscalar contributions |AP?
and ApY .




CP Violating Fits: A.

 The confidence-level regions of the fit: after

I“ “H T

= =
I T
S

APY
o

I
I
I
|

RO
T

A~
T




CP Violating Fits: A.

* Using the best fit point for:
Cy ~1.1 Cg ~ 0.9

* These can explain the two ellipses in the previous

slide. SM
7N
11 | [EBERAS) + (APTY
S R )
oo | (0654 AS9)? 4 (APY)?
7T (0.65)2 |
e Recall:
IS9P+ |Pep W%W
’ J ENE ! Bk




CP Violating Fits: A.

e We learned from CP-conserving fits that varying
AS”, ASY is the efficient way to fit the data before

Moriond.

* |In order to understand the effects of pseudoscalar
nature of the Higgs boson, we varying the scalar
contribution AS”,AS? , as well as the pseudoscalar
contribution AP”,AP® tothe Hyy,Hgg vertices.

varying: AS7,AS? AP” K AP®
fixed: C>=C;=C’=C,=1C =C;=C =0,Al_, =0



CP Violating Fits: A.

 The confidence-level regions of the fit: after

02 04 06 6




CP Violating Fits: A.

e Thetotal y°=17.55 , almost the same as the total
v° =17.55 of the case varying AS” ASY .

* Including the pseudoscalar contribution does NOT
improve the fit. In fact, the x°/dof is worsened.




CP Violating Fits: A.

* Using the best fit point for:
Cy ~1.4, Cg ~ 0.9

* These can explain the two ellipses in the previous

slide. SM
/)
oy (664 NAST)2 4 (APY)2
TN (—6.64)2 !
o (065 + AS9) + (APY)?
C,~0.9= \ (0.65) .
e Recall:

C

g

_ J S+ 1P J 157 + PP
Sl 1Sul”



CP Violating Fits: A.

e Thetotal y°=11.26 , almost the same as the total
v° =11.27 of the case varying AS” ASY .

* Including the pseudoscalar contribution does not
improve the fit. In fact, the y°/dof is worsened




CP Violating Fits: B.

* Inthe C>-C, plot, the 2 islands in CP-conserving 4-
parameter fit C°,C>,C’,C, are now linked
together, because of the additional parameter C°.

¢ The sickle-shaped region inthe C>-C’ plot
indicate that C> and C. satisfy some equations of

ellipses. _oal

| (-8.4C,[+1.76C )" +(2.78CF )’
C =1.1=
T (-6.64)

o \/(0.68805)2+(1.047c§)2
g ¥ VI =

\ (0.65)°
= two ellipese overlap



CP Violating Fits: B.

* The total chi-square is y* =17.17 , slightly better
than the total chi-square y* =17.82 of the 4-
parameter fit C>,C>,C’°,C

V L]

* Again at the best fit points: Cy

U

9

1.1 C, =0.9

C, ~1.05

/4

0 1 >
CY

2
Ay = 2.3(red), 5.99(green), 11.83(blue) = CL=68.3%, 95%, 99.7%



CP Violating Fits: B.

 The confidence-level regions of the fit: after

2 T T T 2
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