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Motivation

o
2]
o
o
2]
o

The Higgs boson discovered at the LHC is consistent with SM predictions.

The anomalous HVV couplings can be related to matter-antimatter
asymmetry & CP violation.

The channel of H — ZZ can be fully reconstructed and has large S/B ratio.

More physics information can be subtracted from differential cross section
VS total cross section.

Differential cross section involving contribution from interference of the
signal and box background process.

Extend from Higgs on-shell to off-shell energy region.
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Theoretical calculation

Effective couplings

»CSMEFT — fCSM + £(5) + 5(6) + 5(7) + 5(8) + e

N; ()
. L C .
(N _ J (1)
LY = Ni—4 Qj
j=1

Dim 6 HZZ /HWW operators under Warsaw basis

QSp = (61D )" (67D 0),
QZW _ ¢T¢W‘Iw Wluu’ QZ)W — ¢T¢W‘ILVWI‘W,
Qe = ¢ ¢BuBM, QS5 = ¢19BLLB"Y,

s = o' oW, B, @8, = of oW, B
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Theoretical calculation

After spontaneous symmetry breaking

Lhzz = ilegaﬂz - 702/“’2“” - 7azf~wz,w _

SM CP—even BSM CP—even BSM CP—odd

HZZ effective couplings
e, (k, k) _2,4\42 g + 42 ~ (kK'g"” — K'K™M) — v3 P k.

v
a; = 1+EC3D,
2

a = f% (ng cos? Oy + C(?)B sin2 0y + CgWB cos By sin 9W> ,
2
a3 = —X— (C¢Wcos Ow + C6~ sin? Oy + C W cosGWsm0W>

Zyy = 0uZy — 0vZy,

Z/Jl/ = EEHW,UZPU
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Theoretical calculation

Helicity amplitude method

In case of massless fermion, chirality < Helicity

uy(k) = %(1 =+ v5)u(k),

— —1
e (K) = u(R) 5 (17 7).
Denote the spinor as
i) = k%) = us (ki) = v (ki),

Define spinor product

(i) = (I71i") = u_(ki)u (k)
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Theoretical calculation

Helicity amplitude for gg - H — ZZ — 2e2u

e (ks, h3)
g(k1, hy)
et (ky, hy)
w ks, hs)
g g
t
g(ka, ha) . . j::&f;
wh(ke, he) y !

Helicity amplitude for Higgs production

2 2
i H —e > [12] m 4m
iABE (1;, 22) = ﬁaabgs @ ——— | 2= s12Co(k1, k2, m,m,m)(1 — —) | | ,

2Myy sin 0 s12
— 12) m? am?
inge—H (1= o=y = "S5 22 m (G K1, k2, m, m, m)(1 — — )| .
(5-2) 82 28 1127 | 2Myy sin 6 120l -
1 . 1
Co(k1, k2, m1, m2, m3) = — [ d*I ,
jm?2 d(1, m1)d(l + k1, m2)d(/ + k1 + k2, m3)

d(l,m) = (P —m® +ie), si2 = (ki +ko)® =2k - kp
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Theoretical calculation

Heilicity amplitude of the Higgs decay

e (k3. ha)

et (ka, ha)
w(ks, hs)

uJ'(k:.-, h(;)

—2ie3M, Pz(s34) P51 (ss56)
AH—2e2p j0— + — + w z\534) Fz/(s56) o
iAgy, ¢ “(367 47 .5 ,6}#): IZ (35)[46],

Vet = cos2 Oy sin Oy s34 S56
3 2
AH—220 3— gt = gt y_ 2 Mw  cos” O Pz(s34) Pzs(ss6)
Aeven B _, et - +)7 2 . 2
e w H cos? Oy sin Oy MW s34 S56

12 [2kk'[46](35) + ([45](53) + [46](63)) ([36](53) + [46](54))] ,

—2ie3My,  icos? Oy Pz(s3s) P21 (s56) 2
e

AH=22u 5~ gt 5= gt )
Acdd (367 et SM* ’ 6#+) cos2 Oy sin Oy MEV s34 S56
[(2kk/ — 2(46)[64])(53)[46] + (54)[46]((63)[46] — (53)[45]) — (53)[36]((53)[45] + <63>[46])] ,

Amplitude for other helicity states can be obtained by [ ] <> (), 3 <> 4, 5+ 6, lo <> re.
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oretical calculation

Background box process of gg — ZZ — 2e2u

e~ (kg hs)
gk ha)
Z(k)
et(ky, hy)
1 (ks hs)
Z(KY
(k2. ha)
pt (ke ha)
Helicity amplitude of the background box process has been written in MCFM8.0 )
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Impact of HZZ anomalous couplings on differential CS

e (ks, hs)
g(k1, hy)

et (kq, ha)

w (ks hs)
g(ks, ha)

1 (ke, he)
Definition of the decay angles

g(p1)g(p2) = H(p12) = Zi(pse)Z2(p3a) — 1~ (ps)pt (pe)e™ (p3)e™ (pa).

61 = cos™ ! ( Pse Ps ) ,01 € [0, 7).

|Ps6||P5| 0 — cos-1 (ngf |~|f1z|) ,
_1( P3a-p3 P56 || Az
62:cosl(# ﬂ),ezeo,w. . .
|p3al| P3| [0, 7] A, =(0,0,1),0* € [0, =].
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Impact of HZZ anomalous couplings on differential CS

g(p1)g(p2) = H(p12) = Z1(pse)Za(p3a) = 1~ (ps)ut (ps)e™ (p3)e™ (pa).

¢ = [cos ™" (Pdecay1 * Adecay2)]
(ﬁdecayZ X ﬁdecayl) *Pss

| (ﬁdecayZ X ﬁdec:ayl) - ps6|

P5 X ps P3 X pi

ﬁdecayl = M7 Ndecay2 = 15 x p_:“

¢1 = [C0571 (ﬁprod . ﬁdecayl)]
(ﬁprod X ﬁdecayl) - P56

‘ (ﬁprod X ﬁdecayl) . PE6‘

o fiz X psg o

n =—— h;=(0,0,1).

prod ‘ﬁz < P§6| z ( )
¢7 ¢1 € [_ﬂ—vﬂ—]
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Impact of HZZ anomalous couplings on differential CS

Theoretical differential cross section by MCFM
Parameters in the calculation

aa=a=a=1, CMS cut criteria

/s =13 TeV, Mujges=125 GeV,

PDF: MSTWO0SLO, Pe(p) > 5GeV,  |nu| <24,

Renormalization factorization scale:ma;/2, Pt(e) > 7GeV, |77e| < 2.5,
mg > 100GeV.

Draw the angular distribution diagrams by ROOT
© Higgs on-shell myer, <130 GeV VS off-shell maer,>220 GeV energy region.

@ Contribution from interference between Higgs mediated process and
background box process.

© Which angular differential cross section is the most sensitive to a certain
anomalous HZZ coupling?
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Impact of HZZ anomalous couplings on differential CS

Differential cross sections of the processes gg — 2e2u and qg — 2e2u
process in proton — proton collision at /s = 13 TeV with
as = 1,81 = 2320.

101 =
1072 ]
’>\ |
a8 10 ]
o ]
% 107 13Tev 5 ]
'g ; q - 2e2p . E
C -~ gg- 2621, A AL . ) \ 7
107 E 99— 202y, |A AL A F ‘:__- "_..-- e
E 99— 2e2y, IAw:A:'“IZHAcp,EV,"IZ '._.:-' E@

! : P R
2x102 10% ox10°
M,(GeV)
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Impact of HZZ anomalous couplings on differential CS

Angular differential CS for signal process (mzep, <130 GeV, Higgs
on-shell,CMS cut)
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Impact of HZZ anomalous couplings on differential CS

Angular differential CS for signal process (maep,>220 GeV, Higgs
off-shell,nocut)

off-shell nocut g| 1aF off-shell nocut cos8,|
—sm

—CP-even 12F —_cP-even
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between signal and
background box process(m262#<130 GeV, Higgs on-shell )
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between signal and
background box process(m262#>220 GeV, Higgs off-shell )
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between different signal
processes (moe2, <130 GeV, Higgs on-shell )

0.4f 0.4
E on-shell A, ., [0] on-shell A, [0)
E p-even 'SM cp-even
035¢ —CMscut 035F —CMScut '
0.3f —nocut 03F —nocut
2 o025k g
s °F £ 025F
3 02F 1
2 E 0.2
S E 2 o
8 0.15F i)
E 0.15F
0L e
0055 0.1m
ok . . , . , , 0.058 . . T . , ;
3 2 -1 0 1 2 3 3 -2 -1 0 1 2 3
9 @
0.06
0.05E on-shell Agy, cp-odd @ 0.003F on-shell Agy; ¢;.044 9,
R — CMScut — CMScut
0.04¢ — nocut 0.002F —nocut
) =
2 g
= o0.001}
R ke]
S B
k) 3 [o] 3
-0.001}
— | . h , . h .
000230 1T 2 3
o @

Wang Youkai Shaanxi Normal University () Study of HZZ anomalous couplings by differe August 17, 2021 18 / 24



Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS for interference between different signal
processes (moe2,>220 GeV, Higgs off-shell )
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS including all contributions(mzes, <130

GeV, Higgs on-shell)
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Impact of HZZ anomalous couplings on differential CS

Linear relationship between A¢ and a3
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Impact of HZZ anomalous couplings on differential CS

Angular distribution of the CS including all contributions(moeo, >220
GeV, Higgs off-shell, CMScut)
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