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® Two Topics

1. Unitarity in W—b scattering

2. Almost degenerate Higgses



Unitarity in WW—b scattering

It's about charged Higgs production in 2HDMs

* based on A. Arhrib, K. Cheung, JSL, C.-T. Lu, JHEP 1605 (2016) 093 [arXiv:1509.00978]



& Preliminary

The pI’Od uction of the charged HIggS bosons The Anatomy of electro-weak symmetry breaking.
II. The Higgs bosons in the minimal supersymmetric model : Abdelhak Djouadi Phys.Rept. 459 (2008) 1-241,
hep-ph /0503173

— Production from top quark decays
— The gb and gg fusions
— The single charged Higgs production process

— The pair and associated production processes



& Preliminary

Production from top quark decays: M+ S my
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& Preliminary

The gb and gg fusions in LO: M+ 2 my
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In fact, the process gg — H — tb is in fact simply part of the NLO QCD corrections to gb — H — t when the momentum of the

additional final bquark is integrated out



& Preliminary

e The gb fusion: M+ < my; NLO corrections with m,, = (my + Mp+)/2
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& Preliminary

e The single production: pp — tb,7v huge background .... extremely difficult
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& Preliminary

The pair production 1: g7 v\ + |9, g+w-|” = 1 for each i

1

o(qqg — hH*) [pb]

l o

| |

V5 =14 TeV Vs =14 TeV
tan 1=23 =— 1 tan J =3 =—
=30 coceer

b o(qq — HH*) [pb] ]

| |

F 0(gq — H*X) [pb] ]
[ V5 =14 TeV

P
P

0.01 L 0.01 & ! 0.01 L L
120 150 200 120 150 200 250 120 150 200 250
.\"[” i [(t(‘\] ;‘[},- [G(‘\] -‘[H [G(‘\]
a) b)
o we -0 ® o ¥.Z  -H-
— ~ -~ e —_ h ~ -~ -+
g ~H g ~H




& Preliminary

The pair production 2:

MSSM HT H T production at 14 TeV
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& Preliminary

e The associated production:
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& Preliminary

e A very brief summary:

— My+ Smy: 0(qq, g9 — tt — thHT) ~ 80 pb for My+ ~ 150 GeV

— My+ Zmy: o(gb — tHT) ~ 1 pb for My+ ~ 300 GeV
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& Preliminary

e A new mechanism (!): W-b scattering? W-Higgs fusion? : ¢b — ¢’H™b in
the MSSM s. Moretti, K. Odagiri PRD55 (1997) 5627, hep-ph/9611374

Mg+ Sme: o(qb — jbHT) ~ 20 pb for M y+ ~ 150 GeV

|diagram b

MysZmy 0 S1072 pb for My« 2300 GeV ... why so small?

12



& Contents

We wish to study the role of W —Higgs fusion
in W—b scattering adopting general 2HDMs

2HDM as a minimal model containing H*
Analytic understanding of the W-b scattering
Results

Summary
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& 2HDMs

e 2HDM : minimal model containing H™ K.Cheung, JSL, P.Y.Tseng, JHEP 1401 (2014) 085,
arXiv:1310.3937
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& 2HDMs

e The 13 parameters of 2HDM

v,tan g3, |mqao|;
)\17>\27)\37)\47 ‘)\5| , |)\6| ’ |)\7‘ 3
b5 + 26, 96 + &, O7 + £, sign|cos(pi2 + §)]

with m%Q = ‘m12‘26i¢12 and )\5,6,7 — ‘)\5,6’7’6i¢5,6,7

- ,u%)Q are replaced with v and tan 8 through the CP-even tadpole conditions

— sin(¢12 + &) is fixed by the CP-odd tadpole condition

One may take the convention with & = 0 without loss of generality.
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& 2HDMs

e The 3 x 3 mass matrix in (¢, ¢9,a)! basis

Mg = M3

+§Re(>\7ei5)s%

2 )
K —QJm(Age®)cp

with A3y = A3 + A4, v = gMw /2, a = —sga1 + cgas,

( 2)\10% + S%e()\5e%§)s%
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1 1 -
Mi = Mf%fi + 5)\4?)2 — 5%6()\56225>"02
Re(mie') v? -
M2 _ 12 o Y Re(\ 21&
HE co55 20335[ 1c353 + cgspite(Ase”"s)
—|—C%§Re()\6€i§) + s%?Re()weig)]
e Diagonalization:  (¢%,¢9,a)l = Oui(Hy, He, H3)!  with OTMZEO
diag(Mlzil,M%b,M?{S)
Op1 Og2 O3 CPC with Hyea —sina cos o 0
O=| Og,1 Opy2 Ogpys — cosa sina 0
Oal Oa2 OaB 0 0 1

— Decoupling limit: sina — —cos 8, cosa — sin (3
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& 2HDMs

e After identifying the Yukawa couplings by

nics +ngsg’

v nieg +nssg

one can easily obtain the following Higgs-fermion-fermion interactions

m., | (O C
L = o a( ¢2Z_i_50ai75

5B 5B

?O%@ + 73 O¢2Z

m __
+ d(" &
i 771%"‘77256

4 [l_ (7710¢1z + 7720¢2’b
v

77106 + 77256

s 75) 11 H;

nicg + nhsg

18



and

~Lotas = -

V2my, (05 V2my (nfsﬁ — ndcp

v S8 v nf% -+ 77385

2 [ ol
_Y2m ("}85 ”ZQCB> pPrIHY + hec.
v mes + M35

)aPLdH+— ) uPrdH™T

e Classification of 2HDMs satisfying the Glashow-Weinberg condition which
guarantees the absence of tree-level FCNC

2HDM |  2HDM Il 2HDM Il  2HDM IV
ne 0 1 0 1
ng 1 0 1 0
i 0 1 1 0
n 1 0 0 1
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& Process

e The 2 — 3 processes ¢b — ¢’ H b and gb — ¢’ Htb with (¢,q¢') = (u,d), (c, s).

The processes with (7, ') = (d, @), (5, €) are understood.

— a, ¢ : t-channel H; exchanges <— W-H, fusion into H™
— b : s-channel top exchange < single top*) production decaying into Ht b

— d : u-channel top exchange
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& Process

e The 2 — 2 subprocesses in the effective W approximation:

W (q1) b(p1) = H"(g2) b(p2); W (q1) b(p1) = H'(g2) b(p2)

H
'\/\/\q\/\/’_____A.-—-“"
W .
H;
)
e
b
a b Cc d
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& Process

e [ he relevant interactions:

Lppy, = —ZQWTVI’VE(nggf%) bH;,
Lty = +\/%7:;JbWB(CLPL+cRPR)tH_ + h.c.,
Lwsw = —g/V2(Ty,PLb) W +hec.,

Ly pgtws = —%(Sﬁzﬂ) [H— (z 87) Hz] WTH 4+ h.c.

— Type-independent couplings:

Si = 804y — 58041, Pi= Og;,
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— Types |l and IV

my 1 g
cr, =tanp, cp= ; :
L B, cr my, tan 3 i
— Types | and Il
1 my 1
cr, = — , CR= :
L tan 3 i myp tan 8
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& Process

e The 2 — 2 subprocesses in the effective W approximation:

W (q1) b(p1) = H"(g2) b(p2); W (q1) b(p1) = H'(g2) b(p2)

a b C d
ME = T3z S+ iP) (@ pu)eula) [a(p) (97 + i9f"25) u(p)]
My = I e ipe) s f (1) Pru(pr) + cxm a(pa)d(a) Pru(py)]

2my (s — m?)
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e/ (q1) denotes the polarization vector of W™ boson

e In the high-energy limit, s, [t],|u| > mj,, m7, Mg, M7, we find that
. m
M= Mg+ M)~ g b { [Z(Szg@ Pgl) + iy (Sig] + Pz-gf>] @(p2) Pru(p1)

_|_

<2 cr + Z(Sigf + Pz-gf)> + iZ(—Sigf + P@Qf)] ﬂ(pz)PLU(pl)}

where we have taken the longitudinally polarized W or ¢/(q1) ~ ¢}'/my =
(p) — pY)/mw with p; = s and p%{i =t.

e The amplitude squared in the high-energy limit:

IM|? {20L+Z(Sigf+Pigz

Z(S 9. — Pig; )

} (=1)

2
P S
i9; + Pigi )

+ Z(—Sigf + Pgy)
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& Process

o Sum rules required by the absence of unitarity-breaking terms:

QCL—I—Z(SZ'QZS—I—HQ@-P):O, ZSiQEZZPiQ;-P,

>_Sig; =2 Pig; =0
— Type ll and IV: ¢;, = tan

Z Sigf = Z(O¢2¢O¢1i — tan 50211) = —tan g,
ZPZ-g,L-P = —tanBZO?Li = —tanB,ZSigiP = ZPigf =0
— Typelandzlll:cL:—l/tanﬁ Z Z
> Sigi =D (03,;/tan B — 04,:04,i) = 1/tan 3,

(3

ZPigiP:ZOzi/tanB:1/tanB,ZSigf:ZPigiS:O
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& Process

e Numerical example: MSSM in the CP conserving & decoupling limit:
— ¢, = tan 8 (Type Il)
— Hi=h H,=H, H3=A

— Sp=cos(f—a), Sg=—sin(f—a), Py=1with P, =Py =54=0

- S, —0, Sy — —1; g3 — tan 3, g, — —tan 3

o(Wth — HTb) }ZCL + SHg% +PAg§‘2 + |SHgf[ — Pagh ’



S P2 S P
0(W+b — H+b) o |2cL + Sugy + PAgA} + |SHgH — Pyg,
100 755 100 =
g 10 ¢ ;/ t0p+A @ 10 +
° | )
. +
+m m 1
A A
+§ 0.I'y all f
2 I
T 001} e 0
0001 Lo 001 b
01 2 3 4 5 6 7 8 910 0O 1 2 3 4 5 6 7 8 9 10
{S (TeV) iS (TeV)

— tan 8 = 30, M4, = 400 GeV

- o(Wth — H™Db)

- o(Wth — H™D)

- (Wb — H*b)

2
tonlyocéltan I6]
_ + + 2
t+Hon1y_0(W b — H b)|t+Aonlyo<2tan B8
imaea X O(mi/s, My /[t], mi/|ul)

28



& Process

Comments:

The b-initiated process for production of H™ in gb — ¢H b suffers from very
strong cancellations between the top and the W-H, diagrams and among

the W-H; diagrams

While, for the b-initiated process, the cancellation is less severe

The strong cancellation is dictated by the absence of the unitarity-breaking

terms expressed by the sum rules

The cross section can be enhanced if we can avoid the cancellations: (%)
sizable hierarchy between M4 and My, (i) a 2HDM is not an UV complete

theory, and/or - - -
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& Results

We consider 2HDMs without CP violation, identifying H;
Hs = A with M} = 125 GeV

Couplings:
— 51 =5, =¢304,1 —5304,1 = cos( — )

- SQ = SH = C@O¢22 — 850¢12 = — Sin(ﬁ — Oz)
— P3=P,=0,3=1

— Pi=Py,=S3=0 (CPC)

h,

Hy = H,
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— Yukawa couplings: gmy/v2Myy x --- (h,H, A), g/v/2My x --- (H7)

Type |, Il Type I, IV
N "3
Hbb “in 3 cos B
Abb +cot —tan S
H~tb —t::lePL -+ tgtBPR my tan 8P, + tgzltBPR
o Free para meters: tan 5, MH, MA, MH:I:, SIN (Y.  We are taking the decoupling sin o = — cos 8

mostly

e We have checked the results of our calculation against those obtained by

MadGraph, found an excellent agreement
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& Results

o Typell o(pp — ]Hib/B) at LHC-14: tan 8 (Upper) ; M4 = My = M+ (Lower) ;
gb — ¢'H'b + c.c. (left), gb — ¢'H b + c.c. (middle), total sum (right)
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& Results

o Typell, IV: My

Cross section (pb)

The larger cross

7£ MH _ MH +
10° :
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& Results

e Constraints from ATLAS : gg — A — 777 JHEP 1411, 056 (2014),[arXiv:1409.6064 ]
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& Results

e Discriminating W*-Higgs fusion from the top-exchange processes
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& Summary

The b-initiated process for production of HT in gb — qH 1b suffers from a very
strong cancellation between the top diagram and the W-H; diagrams

The strong cancellation is dictated by the absence of the unitarity-breaking
terms and we find the sum rules expressed by the relevant Higgs couplings

For M+ < my — my the top diagram completely dominates through the s-
channel single-top production. However, when Mg+ > m; — my, the W-H;
fusion diagrams also contribute

The process pp — jH*b/b would be more interesting for type Il and IV
(especially type IV) : ¢ ~ O(100 — 300) fb for tan3 = 30 — 50 and M, =
50 — 100 GeV

One may make use of the special kinematics, e.g, the pr, distribution, to
discriminate between the top and the W-H; fusion diagrams
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