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Standard Model Higgs

e Standard Model Higgs (the most general gauge invariant renormalizable potential):

V(®) = 1 0Td + A(dT0)?
@ The Higgs doublet gets a VEV and breaks the electroweak symmetry:

=4[

@ Generates mass for W /Z and for charged fermions.
@ It is very simple hence predictive. All the interaction vertices are fixed:
2 2
.my, .my,
8rmr = 31="% Ghuun = 315
my m2

m2
. .my, .My
Buer = 1=~ BHwW = —217 8HHw = —2I

2

v

@ Corrections to Higgs mass square goes like cut-off scale square. Supersymmetry comes to
rescue us from the undesired fine-tuning.

Sme, — 225 (N3, 4 -]
H gq2 Nuv

@ Standard Model is the most succesful theory we have today, but it needs to be extended to

explain dark matter, dark energy, neutrino masses, baryogenesis, etc. Most extensions include a
second Higgs doublet.
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Extended Higgs Sector

e Standard Model has the simplest scalar sector for an SU(2) x U(1) gauge theory.
@ At lowest order

M2
w1

P= M2 cos? 0y,

@ For a more general scalar sector with n scalar multiplets with (isospin, hypercharge, vev) =
(T;, Y;, vi) we have

y— Zia(TlTi+1) = 4 ¥7)v
Yz Vv

i=12

@ Extra singlets and doublets do not break the custodial symmetry, hence the relation p =1 is
not effected.
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Two Higgs Doublet Model

@ So let us introduce a second doublet. The most general gauge invariant scalar potential can be
written as

V(P1, 2) = Yap (P1Ps) + Zapca (PLPs) (PLPy) where a,b,c,d =1,2
Or in a more explicit way
V(®1,02) =m0 + mbold, — [mt,00, + He|
1 PR o) i i i i
+>M (d)ld)z) + 5% <¢2¢2) T <<D1<D1) <¢2¢2> + A (¢1¢2> (¢2¢1)
1 PRY i i i
+15% <¢1¢2) + [A6 (d)ld)l) + A (¢2¢2)] dld, + H.c.
o In general m3;, m3, and A\ 234 are real, m3,, \s 67 are complex.

— 14 Parameters in the scalar potential. Some of them can be eliminated by redefining the
fields ®; and ®,.

@ Vacuum is not unique, can spontaneously break the CP symmetry.
[T.D. Lee, 1973]

@ For CP invariance all parameters can be chosen to be real.
[Gunion,Haber, 2003]
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Two Higgs Doublet Model

@ In a general basis, the doublet fields acquire VEVs in the form below with tan = v,/v;.

@ Minimizing the potential we obtain

1
mfl = mf2 tg — §V2 [)\1 Cé + )\3455?3 + 3/\655C5 + )\755 tﬁ}
1
m§2 = m%2 tﬁ_l — §V2 [/\255 + )\345C§ + )\6C§ tﬁ_l + 3)\755Cﬁ]
@ Around the minima we have
1 [ V2¢} }
b, — — .
V2 | Vatpating

@ Physical fields are obtained by rotating the fields ¢, n, p.

Gt [ cosp sinp | [ ¢F
H= | = | =sinf cosf | | &3
GO] [ cosB sinp |[n?
A | | —sinf cosB | | m3
H*] [ cosa sina | [ p?
| | —sina cosa | | p
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Two Higgs Doublet Model

@ We started with 8 scalar degrees of freedom
— 3 Goldstone bosons (G* and G are absorbed by the W* and Z).
— Remaining 5 mass eigenstates give us two CP- even scalars h and H, one CP-odd scalar
(A), and a charged Higgs pair (H* ).

@ By diagonalizing the mass matrices of the ¢ and 7 fields, we obtain the pseudoscalar mass, and
the charged Higgs mass:

my = ’"—%2_1#(» + Aoty t + Arts)
A SﬁC/g 2 > 6%s A
1
m%_,i = mi+§v2()\5—)\4)

@ CP-even neutral states mix in a more complicated way, which needs special care. We have the
mass matrix in the form

A B A miyts + v [CGA1 + 2csshe — 555t

,uf, = [ B C } where B | = —m2, + v2 [C,BS,B)\345 + %Cz)\s + %55)\7]
C m? t_1+v2[s2)\ — 22ty X6 + 3cgsa)7]

125 572 = 3C5ts Ae + 3CaSpA7
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Two Higgs Doublet Model

o After digonalizing it, we obtain the mass eigenvalues and the mixing angle

, _ 2B
2a_A_C

1
2

2
My =

[A+Bi\/(A—C)2+432

@ We obtained all the masses in terms of the Lagrangian parameters. We can invert these
relations to get the Lagrangian parameters in terms of the masses of the physical states
(physical basis). Can switch between {myo, myo, mao, my+, m¥,} — {15}

@ Now let us write down the most general Yukawa Lagrangian for the quark sector

~Ly =Y |Q®mPOUR + Qo Dr| + Hee.

]

@ And we write the Higgs doublets in terms of physical fields, so the mass term for the up type
quarks become

1 - i T
MyUU = N U° [(Vﬂ?{]’o +vany ©)Pr + (viny ' + vany )PL} U
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Yukawa Lagrangian

@ where the mass eigenstates are given by
PLrU = VgPLrU® ,  PLgD = VP gD,

@ and the diagonal mass matrix is

1
Myp = —= (" + vam, ™),

V2
@ where rotated coupling matrices are given by

U70 VUT
R )

n? = Vin D0 VRQT.

= VLD77,'
@ We can solve for n¥, nP and eliminate them from the Lagrangian to simplify things

D _ V2Mp — v Y = V2My — vin?

n -
1 v ) 2 Vo
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Yukawa Lagrangian

@ We can also switch to another more conventient basis by defining
kUP =P cos B+ 1P sin ny'P = kYL cos B — pYLsin

p¥l = —nPsin B4+ nd"P cos 8 ns"P = kUPsin B+ pUL cos B

@ We can then rewrite the interaction Lagrangian for the neutral states as
-1 _ )

Ly = — Z F{[r ss-a+ p co-a] °+ [ cooa — psp_a] H® — isgn(QF)p" A} PRF

\/i F=UD,L
—U[VpPPgr— p"'VP] DH" — 7 [p"Pg] LH" + H.c.,

@ Glashow-Weinberg condition: To avoid flavor-changing neutral currents, it is sufficient that

each group of fermions (up-type quarks, down-type quarks and charged leptons) couples
exactly to one of the two doublets.

Type
I [l 1 A%
pP kPcotp —kPtanp —kP tanp  kPcotp
oY  kYcotp kY cot 3 kY cot 3 kY cot 3
pF KkEcotp —rxFtanp kEcotp —kFtanp
o Off-diagonal elements can “naturally” be small if there is a hierarchy similar to the mass
matrix:
)\ab - Malb
v

[Cheng, Sher, 1987]
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Signs of tree-level FCNC?

@ Flavor changing neutral currents are highly suppressed in the Standard Model.

@ BaBar collaboration observed a 3.4 o combined deviation from the SM value in R(D) and
R(D*) where R(D™)) = BR(B — D®1v)/BR(B — D™iv).

R(D) = 0.440 +0.058 £ 0.042  2.20 deviation from SM
R(D*) = 0.332£0.024 +£0.018 2.7 deviation from SM.

[BaBar, 2012]

o BaBar and Belle average
BR(B — 7v) = (1.67£0.3) x 107> 2.5¢ deviation from SM

[BaBar,Belle, 2010]
@ They can be explained simultaneously in general 2HDM with charged Higgs contributions and
couplings pq and pyc.
[Crivellin, Greub and Kokulu, 2012]
@ CMS observed H — 7 with 2.40 significance.
[CMS, 2015]
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Flavor constraints

® Byo— ptp~, KL — ptp~, Do — ptp
loop, helicity and CKM suppressed in SM, tree level in general 2HDM. strong constraints on
Pbs,sby Pbd,sdr Pds,sdv Puc,cu-

@ b— s(d)y, and By s — Bdﬁ, K — K, D — D mixing.
At tree level, strong constraints on p,’-fpj?* and on p,cpz,, can be satisfied trivially if one the

Yukawa couplings in the product is very small.

@ The FCNH coupling p.; affects the HT tq couplings (¢ = d, s, b) through
(PUT V)tq = pitVig + Pt Veg + 0Pt Vig-

(a) mp+ = 500 GeV
T — —

(b) mp+ =500 GeV, p, =0

0.3F]

0.2f
0.1H

& 00f
-0.1f

-0.2F

Figure: Exclusions (at 95% C.L.) from (a) By s-mixing, (b) from b — sy with ps = 0 and
my+ = 500 GeV.
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LHC constraints

@ ATLAS and CMS report signal strengths:

o(pp — h) x Br(h — f)

2 2
ghf ghgg

pu(f) = p(f) =
osm(pp — h) x Brsy(h — f) > &2 Brsy(h — k)

Final state w(ATLAS) 1(CMS) u(comb.)

R — 1177927 1.14792¢ 1.16 £0.18
W — ZZ* — 44 1.441942 0.9379:22 1.13+0.22
RO — WW* — by 1.091923 0.721949 0.89 4 0.14
R — 77 1.4319%3 0.787927 0.99 +0.22
h® — bb 0.52794% 1.00%9:39 0.71+0.31

Table: Signal strengths for the Higgs boson at the LHC. The last column is our combination. The
combined signal strength for hi® — WW* + ZZ* (VV) is u(VV) = 0.96 4 0.12.

@ By studying how the couplings scale in 2HDM, we find the favorable regions in the parameter
space of 2HDM. An especially important one is the p; vs. cos(8 — «) plane.
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LHC constraints

3 r‘h‘ﬁ?‘
[ £

2

Figure: Favored regions in cos( — a)—ps plane at 68% (95%) C.L. of LHC Higgs data in dark (light)

(a) General 2HDM & 2HDM type-I

® Gen/2HDM

n ?ﬁM type-I
i

i

dark - light colors:

68% - 95%‘f‘L.
-3t
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(b) General 2HDM & 2HDM type-II

0.0
cos(B-a)

® Gen;2HDM
W 2HPM type-Il

1.0

green for a general 2HDM, and for (a) Type-I 2HDM and (b) Type-Il 2HDM, both in red.
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Limits on FCNC from ATLAS and CMS

@ ATLAS limit on t — ch — cvy:
Mt —ch) = 2 2 gtcht { }
m3
2 My
r(t— bW) = 16 2 ——| Vil ma/(l—3x + 2x°)

where x = m,,/m;. If we assume that top mostly decays into bW final state we simply get

[(t—ch 1.91vBR
Br(t — Ch) ~ W — Ater = 1.91V Br — Ptc = m

Current limit of Br < 0.83 % corresponds to

< 0.174
Pre cos(3 — a)

[ATLAS-CONF-2013-081]
o Expected sensitivity at 14 TeV, with 95% confidence limit of Br < 0.015 % corresponds to

- 0.0234
Pre cos(f — )’

[ATL-PHYS-PUB-2013-012]
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Well behaved Scalar potential

@ We would like the scalar potential to be positive, to satisfy tree level unitarity and
perturbativity.
@ In the decoupling limit, H°, A% and H* become degenerate, cos(3 — o) = O(v?/m3).
[Gunion,Haber, 2003]

o Assume \g7 = 0, then the positivity constraint Az + Ay — |As| > —(A;A\2)/? implies

m3m2 sin(2/3)

mi -+ mj, + (m3 — mp) cos(2(6 — )

2
mi, <

1000

myz(GeV)
my2(GeV)

800 1000 1200 1400

1000 1200 1400 200 400 600 800 1000 1200 1400 200 400 600
ma(GeV)

~5%00 400 600 800
my(GeV)

ma(GeV)

Figure: Valid points that satisfy positivity, unitarity and perturbativity constraints. cg_, = 0.1 allows
up to ma =1 TeV but cg_, = 0.2 only allows up to ms = 800 GeV.
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Branching Ratios

@ So for our case study we choose: p; = kji, Ae7 =0, tan 5 = 1.

@ Combine p;. and p.; into an effective coupling e = \/|ptc|? + | pet]?-

(a) H® Decays ; (b) A Decays

1 — —— e e e e —

& . E tt 2

L e

107" 107" =

x < 3

> b%3 -

i ) ]

& & 1

1072 1072 —

bb
10~ 103l b [ B
200 400 600 800 1000 200 400 600 800 1000
my (GeV) m, (GeV)

Figure: Branching fraction of (a) heavier Higgs scalar H° and (b) Higgs pseudoscalar A? versus my,
with cos(f — a) = 0.1, pi = 0.24, and pj; = k; for diagonal couplings. We show the allowed regions
when tan 3 and m?, are varied. Branching fraction B(H® — tc) for the LHC case study is shown as a
dashed curve.
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Flavor changing decay of the Higgs

e Signal:

A 1D S e

gg — ¢ — tc+tc — blvc where ¢ =H, A

@ SM background:

wjj wbb single top single top
(t-channel) (s-channel)
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Technical details

@ Parton level event generation:

— We use MadGraphb to generate HELAS subroutines and VEGAS for phase space
integration.

— MSTW parton distribution functions are used.
— Signal: ur = pir = my SM: pug = pp = my(my).
— K-factors: HIGLU (Higgs), MCFM (SM).

[Spira, 1995]
[Campbell,Ellis, 2010]

@ Detector effects:
—We apply smearing to simulate the detector effects.

E ! 5E 259
hadrons: % = 60% @ 3% leptons: — = o

1%
VE E-VE"

— b-tagging/mistagging efficiency: €, = 0.6, e = 0.14 , ¢; = 0.01.
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Kinematic cuts

@ We require exactly one b-tagged jet, one non-tagged jet and a lepton. We apply the following
basic kinematic cuts.
pr(b,j,l) > 20 GeV
E+ > 20 GeV
n(b,Jj,€)| < 2.5
AR(b,j,0) > 0.4
@ There is only one neutrino in the signal process therefore only one unknown which is the

longitudinal component of the neutrino momentum. We can reconstruct the event completely
assuming an on-shell W

_ Rp. = Ei\/R? — 4k2(m? + p2.)

k+pP=mdy — ki
et p) = mw 2+ £3)

P4

where k is neutrino’s momentum, p is lepton’s momentum and R is given by

R = 2kr.pr + me, — m.

Complex solutions — We drop the event.
Real solutions — We pick the solution that minimizes |mp;, — m;|.
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Kinematic cuts

@ In the rest frame of the Higgs we have

1/2 2 2 2
. )\/ (mqj?mt?mc) ~ me [ m?]

p= 2m¢ N?

@ Since the Higgs doesn’t have transverse momentum, pr(c) peaks at the above value.

@ In summary we apply the following two sided cuts:

|mMp, — my| < 0.2m,
|mb/m_- — m¢| < 0.2 mg

0.85p. < pr(c) < 1.10 p,
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Signal and Background Cross Sections

@ Signal is not very strong at high mass but can be resolved with enough integrated luminosity.

(a) J_ =8TeV (b) 4/ s =14 TeV

LA R A E 10 L B A A 3

77777 th+tj 1 E. o=~ th+] 9

rrrrr wbb+wjj | 10° - Whb+wijj |

o tt 28 VB e tt 3

= —— Higgs signal ] = —— Higgs signal 1

> (Prc=0.24,1) | > ,« (Prc=0.24,1) |

+ -+ 10271 —

© ERE) Ef E

> 3 > I E|

o F 1 = 4 = ]
[T 1Tt T
2 10 5 £ 10
T I
z L 1z [

T T

-3 E 5 a 1 |

s F 1 e

b £ ] ® £ J

L pii=Ki ] [ pi=Ki 3

107" cos(B-a)=0.1 - 1071 cos(B-a)=0.1 -

B N B g

200 400 600 800 1000 200 400 600 800 1000
my (GeV) my (GeV)

Figure: The cross section of the Higgs signal o(pp — H® — t¢ + tc — bjl + £+ + X) and the SM
background.
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LHC Discovery
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Figure: Discovery reach at 50 in the my—p;c plane f

Aug 7, 2015

23 /24



.
Conclusions

@ The 125 GeV boson looks pretty much like the SM Higgs boson.
@ Is there only a single Higgs boson as in the Standard Model?

@ Are we in the alignment or decoupling limit of an extended Higgs sector?

If cos(8 — «) is small, discovering the flavor changing Higgs interactions may be easier by
using the havier scalar and pseudoscalar states.

Run-2 hopefully will show us what is beyond the Standard Model.
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