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Higgs coupling fit
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ttH coupling and ggH coupling

CMS Preliminary s=7TeV.L<5.11b" y\s=8TeV, Ls1961b
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production : ggF,\VBF,VH
decay : vy, ZZ, WW,bb, 7T

Kgys Ky KZy KW, Kb, Kt

kg = K¢ 1s often assumed

ttH Is indirectly measured by ggH coupling



ttH coupling and ggH coupling

CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L=19.6fb"
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However, k, can include new particle effects Ky = Kt + K

production : ggF,VBF, VH
decay : vy, ZZ, WW,bb, 7T

Kgys Ky KZy KW, Kb, Kt

kg = K¢ 1s often assumed

ttH Is indirectly measured by ggH coupling

We want to measure k, and s; independently



ttH coupling direct measurement
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g and Ky separately

want to measure kK

one option: ttH measurement

another option: BO0OSted HIggs shapes



—ffective Lagrangian for higgs physics
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—ffective Lagrangian for higgs physics
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—x. Composite Higgs model, natural SUSY

Interestingly, ¢ + k, = 1 — O(£) in many CH models (£ = v*/f?)

S0O(5)/S0O(4) minimal composite Higgs model MCHMs, £=0.1, 110GeV < m; < 140 GeV
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Antonio Delgado, Gian F. Giudice, Gino Isidori, Maurizio Pierini, Alessandro Strumia



Off-shell gluon breaks top loops

arXiv:1405.4295 M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant
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gluon off-shellness can probe the mass scale in the loop. pr/my
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helps, M_col distribution
Collinear approx.
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New physics sensitivity

arXiv:1405.4295 M. Schlaffer, M. Spannowsky, MT, A. Weiler, C. Wymant
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What about itvysth 7
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What If ct = -1

f?

kt = —1 is excluded in 20 (SM:k; = 1)
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What about itvysth 7
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Consistent parameters to Higgs signal strengths?

o(ttH),o(tH)?

13



CPV ttH coupling
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CPV ttH COUp”ﬂg [ arXiv:1312.5736[hep-ph] J. Ellis, D. Hwang, K. Sakurai, MT]
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J[J[H, tHJ prOdUCtiOn rale [arxiv:1312.5736hep-ph] J. Ellis, D. Hwang, K. Sakurai, MT]
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J[J[H, tHJ iINnvariant masses [ arXiv:1312.5736[hep-ph] J. Ellis, D. Hwang, K. Sakurai, MT]
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HH invariant masses

arXiv:1309.6907 [ Kenji Nishiwaki, Saurabh Niyogi, Ambresh Shivaji ]
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other processes, other observables

[ Jung Chang, Kingman Cheung, Jae Sik Lee and Chih-Ting Lu ]
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Figure 1. Comtribmting Foynman disgrams for gb — thy

|||||||||||

Flgure 2. Some of the contributing Feynman dlagrams for g9 -» thg'h

Figure 3. Some of the contributing Feynman diagrams for gb — thAW -,

Figure 4. Coatributisg Feynman dlagrams for ¢f ~+ thh

[Fawzi Boudjema, Rohini M. Godbole, Diego Guadagnoli, Kirtimaan A. Mohan]
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NLO prediction

[Federico Demartin, Fabio Maltoni, Kentarou Mawatari, Marco Zaro]

arxiv:1504.00611
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NLO in QCD is available, more reliable prediction possible.
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H i g g S J[O 4 | e pt O n [Y1 Chen, Daniel Stolarski, Roberto Vega-Morales]

arxiv:1505.01168
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FCNC In top-sector



LHC: top factory

8TeV: 250 pb — 5,000, 000 top pairs for 20fb—1
14TeV: 920 pb — 3 x 10” top pairs for 3000fb 1

Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV RS
SM predicts extremely small ;5 74 7x10-V7 - B} <10~7 <10-° -
t—Zc 1x107 <107 <1071 <1077 <107 <10°°
Immediate NP signature t—gu 4x1074 - - <1077 <107 -
t—>gc 5x10712 <104 <10-% <1077 <10°% <10-10
t—>~yu 4x10716 - - <1078 <107°® -
t—~vc 5x10-14 <1077 <10~° <1078 <107 <10°¢
t—hu 2x1077  6x10°° - <107% <10°° -
t—>he 3x1071%  2x10-3 <10-5 <107% <10~ <104
current bounds (arXiv:1311.2028)
Process Br Limit Search Dataset Reference
t— Zq 7x 1074 CMS tt - Wb+ Zq — fvb + blq 19.5 fb~1, 8 TeV 1130]
t—2Zq T73x107° ATLAStt — Wb+ Zq— bvb+£6lg 2.1 b1 7 TeV [137)
t—gu 3.1x107° ATLAS qg —»t — Wb 14.2 fb~1 8 TeV 1131]
t—gc 1.6x1074 ATLAS gg >t —» Wb 14.2 fb~1, 8 TeV 1131]
t—yu  6.4x1073 ZEUS e*p — (torf) + X 474 pb~1, 300 GeV [134]
t—>vg 3.2x1072 CDF tt - Wb+ vq 110 pb~1, 1.8 TeV [132]
t—>hg 83x103 ATLAStf— Wb+hg— vb+~yqg 20 fb~1, 8 TeV 135]
BR(t — ch) < 0.56% at 8 TeV t—hq 27x107% CMS* tt - Wb+ hq — fvb + £lgX 5fb~1, 7 TeV 1136)
t — invis. 9 x 1072 CDF tt - Wb 1.9 fb~ 1, 1.96 TeV




LHC: top factory

8TeV: 250 pb — 5,000, 000 top pairs for 20fb—1
14TeV: 920 pb — 3 x 10? top pairs for 3000fb~!

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS
SM predicts extremely small ;5 74 7x10-'7 <10~7 <10-°
t—Zc 1x10714 <10°° <107 <1077 <107%® <10°°
Immediate NP signature t—>gu 4x1074 - - <1077 <10°° -
t—=>gc 5x10712 <104 <10-% <1077 <10°% <1010
t—>~yu 4x10716 - - <1078 <107°® -
t—sve 5x10714 <1077 <107% <107® <10? <10°°¢
t—hu 2x107'7 6x10°° - <107® <10°° -
t—>he 3x10°1% 2x10°3 <1075 <107 <1079 <104
current bounds (arXiv:1311.2028)
Process Br Limit Search Dataset Reference
future bounds (conservative)
t — hg 2 x 1073 LHC tt - Wb+ hq — fvb+ £0gX 300 fb~!, 14 TeV  Extrap.
t — hq 5x 104 LHC tt - Wb+ hq — fvb+ £6gX 3000 fb~1, 14 TeV  Extrap.
t — hg 5x 1074 LHC tt - Wb+ hq — fvb + yyq 300 fb~!, 14 TeV Extrap.
t — hq 2 x 104 LHC tt > Wb+ hq — fvb+~yyq 3000 fb~', 14 TeV  Extrap.
t>hqg 83x1073% ATLAS tt - Wb+ hqg — fvb+ yvq 20 fb~1, 8 TeV 1135
BR(t — ch) < 0.56% at 8 TeV t—hg 2.7x107? CMS* tt - Wb+ hq — fvb+ £lgX 5fb~t 7 TeV 1136]
t — invis. 9 x 1072 CDF tt - Wb 1.9 fb~ 1, 1.96 TeV




[A. Greljo, J. F. Kamenik, J. Kopp] arXiv:1404.1278

importance of the FC production
ug — th

BR(t — uh) < 0.45% at 8 TeV

QCD multxjel ‘
oo o HEPTopTagger like
'3 ~ t — hj tagger proposed.
00 02 04 06. 08 10 12 14 00 02 04 01; 08 10 12 14 ODo.o”blzui)}”b'bi :é);s;'}'lbm{z"i}“:
arctan(m, s/ m,,) arctan(m,y/m,;) arctan(m,y/m,;)
current bounds (arXiv:1311.2028)
Process Br Limit Search Dataset Reference
future bounds (conservative)
t — hg 2 x 1073 LHC tt - Wb+ hq — fvb+ £gX 300 fb~!, 14 TeV  Extrap.
t — hg 5x 104 LHC tt - Wb+ hq — fvb+ £lgX 3000 fb~!, 14 TeV  Extrap.
t — hg 5x 1074 LHC tt - Wb+ hq — fvb + vyvyq 300 fb~1, 14 TeV Extrap.
t — hq 2 x 104 LHC tt > Wb+ hq — fvb+~vyq 3000 fb~!, 14 TeV  Extrap.
t—hg 83X 10-2 ATLAS tf — Wb+ hq — fvb + vyvyq 20 fb~1, 8 TeV 1135
BR(t — ch) < 0.56% at 8 TeV t—hq 27x107% CMS" tt — Wb+ hq — fvb+ tlgX 51, 7 TeV 1136)

t — invis. 9 x 1072 CDF tt - Wb 1.9 fb~1, 1.96 TeV [133] 5




Two Higgs doublet models

No tree level FCNC in the SM. Large FCNC is NP signature.

H Hy
Dy = | vithitia, Do = | wodhotid,
V2 V2

Usually considering Z5 sym. to suppress FCNC,
L = _(I)lﬂR[Yul]Q — (I)QER[YuQ]Q + h.c. + ...
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Type IIT to have FCNC, top FCNC is rather less constrained
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2

tanﬁ = UQ/Ul
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Two Higgs doublet models

No tree level FCNC in the SM. Large FCNC is NP signature.

2 2 2
7+ Tt UsMm = V1 T U3
L 1 L 2
b = (v1+h1+iA1> Dy = <v2+h2+z‘A2>
V2 V2 tanﬁ = UQ/Ul

Usually considering Z5 sym. to suppress FCNC,
L = _(I)lﬂR[Yul]Q — (I)QER[YuQ]Q + h.c. +...

of ) UR dg € QL. Lyg

Type-I

Type-1I
Type-X
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Type IIT to have FCNC, top FCNC is rather less constrained

°1 @2 ip o ur dr fr CQr L Th h well motivated models!
i - - 4+ ¥ + 4 4 4 ere are such well motivated models!
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FCNC decay In top-specific Variant Axion Model

Michihisa Takeuchi (Kavli IPMU)
in collaboration with Cheng-Wei Chiang, Hajime Fukuda, Tsutomu Yanagida
JHEP11(2015)057 [arXiv:1507.04354]



Strong CP problem, Domain wall problem

QCD Lagrangian contains the total derivative term: f-term

0 ~ |
Lo = G GBHY chiral tr. ¢ — €**75¢q induces 0 — 0 — 2«
3272 MV : : :
massive fermion mass term is also changed.
O = 0 + arg det[ M M?] is invariant under the chiral tr. Why g < 1079 7

PQ mechanism [R. D. Peccei, H. R. Quinn, PhysRevLett.38.1440]

If the theory has U(1) pg, which spontaneously breakdowns to provide axion,
and at least one fermion mass from yukawa coupling,

QCD instanton effects give an axion a potential of the form 1 — cos(aN/ f,)
and minimizing it gives < a >= f.g = 0.

. 2\ 2 2\ 2 2\ 2
Domain wall problem V(@) 05.0) = A (|<I>1 2 _ %) e (I%lz_ ”2_2) A (W_ %)
for invisible axion mc])vdel (ZDFS model)

z +a|®y*|o)? + b|®2)*|o|? + (m DlPs0 + h.c.
Ul)pg = Zn, N = |Z(2%“|‘ui‘|‘di)| t 215 |2 ( )
N i +d |<I>lq)2|2 + e |<I>1| |‘1>2| .

=N,
I+ Iy g [C.Q.Geng, J. N. Ng, PhysRevD.41.3848]

Npw =

Ny =1 is free from domain wall problem.




top-specific 2ZHDM

After integrating out the o field, the effective theory is just a 2HDM.

with ®5 only couple with upgs

A2

\ 2 2
V(®1,B2) =mi; &{®1 +mB, &0y — (m3, @] 0o + hec) + T (0]01) + 2 (o))

2
+ A3 (cb{cbl) (@5%) Y (@{@2) (qsgq)l)

LY = —®1uRq|Yullai®@i — Pours|Yuz]i Qi + h.c.

Yul — ) Yu2 —

S *x X
S *x K
O X K
* O O
*x O O
*x O O

. . . H hSM
As usual, going to Higgs basis, (h) = Rg_, ( B >

o\ PSM : _ (cosf —sind
(<I>Q> = Ry ( o’ ) , with fg = (Sine cos 6 ) ’ (1)

with ©° = ((USM+hSﬁ++ z‘GO)/\/§> , = ((h’+z’A0)/\/§) @)

—tan 3
YoM = cos Y1 +sin Yy,  Y! = —sin Y, + cos fY,e = ( —tan 3 ) ysSM
cot [
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top-specific 2ZHDM

x k% 0O 0 O
L" = —®1URq|Yuilai®i — P2UR3[Yu2]i@i + h.c. Yao=1[|* * x|, Yyo=10 0 0
0O 0 O * % %k
LY = —o"MgR[Y°MQ — @'uR[Y!]Q + h.c.
Ydiag = VYUT, UR mass — VUR; QL,mass = UQL
| —tan 3 . .
y/-diag — —tan Y38 o (tan B + cot B)H, Y, 8,

cot B

0 0 1 0 0 0
H, =V 0 Vi — 0 —>§ 0 1—cosp sin p
1 1 0 sin p cosp — 1

we restrict ¢ — t Flavor violation
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top-specific 2ZHDM

x k% 0O 0 O
L" = —®1URq|Yuilai®i — P2UR3[Yu2]i@i + h.c. Yao=1[|* * x|, Yyo=10 0 0
0O 0 O * ok k
LY = —o"MgR[Y°MQ — @'uR[Y!]Q + h.c.
Ydlag ‘/}/UvJr y UR, mass VUR; QL,mass = UQL
| —tan | .
Yévdlag — —tan 3 Yflag + (tan 8 + cot B)HuYflag,

cot B

0 0 1 0 0 0
H, =V 0 Vi — 0 —>§ 0 1—cosp sin p
1 1 0 sin p cosp — 1

we restrict ¢ — t Flavor violation

: : : H hSM
in mass eigen basis (h) = Rpg—a ( B )

¢ = sin(8 — a) + cot Bcos(B — ) (for f=1)
= sin(8 — a) —tan Bcos(8 —a) (for f #%) similar expressions in 2HDM

Ly =— Z s thf+£FCNC

(%
f:e,...,U,...7d, . S

. m e  —
with EFCNC = —a Z (Hu)ff/ —fthfi + h.c.
ff =t s

a = (tan B + cot 8) cos(B — «) .
a ~ tan [ cos(f — «)

FC effect proportional to a and my,
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top-specific 2ZHDM

x ok % 0O 0 O

L" = —®1uRy[Yu1laiQi — P2UR3|[Yu2|:Qi + h.c. Yao=1[|* * x|, Yyo=10 0 0
0 0 O x ok ok

LY = —o"MgR[Y°MQ — @'uR[Y!]Q + h.c.
Ydlag VYUT mass =V ; mass — U
| B tanﬁ | | y UR, UR QL, QL
Y;’dlag — —tan 3 Yflag + (tan 8 + cot B)HuYflag,
cot [
0 0 1 (0 0 0

H,=V 0 Vi — 0 5|0 1—cosp  sinp

1 1 0 sin p cosp — 1

hSM
v )

in mass eigen basis ( h) = Rp_q (

we restrict ¢ — ¢t Flavor violation

¢ = sin(8 — «) + cot fcos(8 — ) (for f=1)
= sin(8 — a) —tan Bcos(8 —a) (for f #%) similar expressions in 2HDM
Ly = — Z €f o Lhff + Lreno

f:e,... ,/u,,...

>d7 '

. m e  —
with EFCNC = —a Z (Hu)ff/ ’Us—i/[thfi + h.c.

model parameter: a, p,tan

[rf'=u,ct

a = (tan 8 + cot B) cos(B —
a ~ tan S cos(f

FC effect proportional to a and my,

Q) .

— )

prediction in VA

Large

) (er) 7 e

20

a My Sin p

Lre == mye(cos p — 1

hen Tr) (mc(l — oS p)

el e
Small

QUSM




top FC decay ¢ — cn

Large
_ (1 — cosp)
Lic = — (cr tr) (m %_1)< )+hc
ZUSM TRy p =0 — no FCNC
Small
_ (1—r3)° 2 52
BR(t — ch) = a?sin? p ~ (3.24 x 10~?)a?sin? p .

(1 —riy)?(1 + 2ry) [V |?

current bound:

— h — £s
BR(t — ch) < 0.79 (ATLAS), 1.3(CMS)% X103 6293 arXiv: 14045501
BR(t — ch) < 0.56% at 8 TeV (CMS limit from leptons + di photons) arXiv:1410.2751

a®sin® p < 0.17

future exp.
2 % 107* (3000 fb~* at 14 TeV) with h —

a’sin? p < 6.2 x 1073

ND
~\




Higgs global fit

NS

/

— k §r=§b
tan =10

a®sin®p<0.17

-0.5 0.0 0.5 1.0

1.5 20 2.5 3.0
a=(tan S + cot B)~cos(B-a)
y

| sin(8 — a) — tan Bcos(B — «)

My sin p

allowed from t — ch

not sensitive to tan 8 (for > 5)

a ~ tan B cos(f — «)

e

1g-sign Yukawa region
> —1 other than top

sin(8 — ) + (cot 8 — =995 (tan 3 + cot B3)) cos(B — a)
sin(8 — a) — (tan B8 — =522 (tan 8 + cot B8)) cos(8 — @)

2’USM

a_, (ck ) (mc(l — cos p)

M Sin p m¢(cosp — 1)

) (i) < e

Observable ATLAS [16] CMS [17]
A 17503 0.8831057
WGSE 098708 0.766%9328
W 128503 0.623153%
pSew 1.32 4+ 0.38 1.00779223
B 0.52 £ 0.40 1.00879:527
pGGF 20115 0.84379:323
iy 1247537 0.948%3%

(for f=1),
(for f =¢) ,
(for the others) .
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ATLAS and CMS h — T u at 8 TeV

19.7 167 (8 TeV)

® Data
[ Bagd. wncertainty
B sm
i C Iz
I Oer
[ PN
[ Imisioe <0, 1

S/(S+B) Weighted Events / 20 GeV

x103, S e S A S S S
> 3
Q) : ATLAS e Data 2012, 0%
O [ T events e
9 2.55 Vi <8TeV J'la-?DS'b' g:.‘m’.’e::r“
E e |
c
L]
>
wl

mi¥MC [GeV]

S/(S+B) Weighted Events / 20 GeV

07h B TeV)

D LRV H ot signal (B0 B4%)H
“

[
e 1 BR(h — 1) = 0.841032%

arXiv:1502.07400

M(ut)_ [GeV]

BR(h — 1) = 0.77 £ 0.62%
arXiv:1508.03372

cf: BR(h — 77) ~ 6% -



LFV higgs decay h—7u

Large
=gt n ) (" i o) () +he|  PQcharge of = +1
Small

BRops(h — i) = ——25— = (0.847039) %

L A ogm o
BRops(h — pi7) = BRva (h = p7) 22 = €,2BRua (h — pur) a®sin’ p, ~ 0.35

SM
a? sin® p;

BRVA(h — ,uT) ~

36.52&,% + 14.64sin*(8 — o) + 5.44,° + 4¢,°

another prediction h,aRTL
always 7; observed (m, < m;)

T; Visible energy fraction softer.
worth checking the LHC data




Higgs global fit

allowed from t — ch

T

_ h — 7p best fit

remark: p = p, not necessary

but interesting there are the overlapping region

a=(tan B + cot B)xcos(B-a)

sin(8 — a) + (cot B — =52 (tan 8 + cot B)) cos(B — a) (for f=1), (for f =171)
£ = ¢ sin(8 — @) — (tan 8 — 1_(:2°Sp(tan5 + cot B8)) cos(8 — ) (for f=¢), (for f=p)

| sin(8 — a) — tan Bcos(B — «) (for the others) .
. a - me(1 — cos p) my sin p cr.
L= 2usM h(en tr) ( M sin p m¢(cos p — 1)) (tL) +he
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measuring helicity structure in top FC decay

-

Large
B a =y [me(1 — cosp) my sin p cr,
Lic = —ZUSMh <CR tR) <. WM) (tL) + h.c.
Small
hcrtr, : always cg observed (m. < m;) int — ch

from spin conservation, top helicity and direction of cg is alined.

Spin analyzing power:

K+

KJ Ko

dl’; 1
[, dcosf;, 2
4 N
Ry K RE

+1

+1 —-032 —-0.39| +1 -1
\.

J

(LO)

= —(1+ Kk;Pcosb;)

/ﬁ',f — _/if

top from tt is unpolarized but Using spin correlation, we can check it.

at LHC, helicity basis is known to be a reasonably good spin axis

Apel =

N (t4l4) -

- N(tyty) — N(tgty) — N(88)

N (t414) -

- N(88)) + N(tty) + N(E8)

~0.35 (14TeV)
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measuring helicity structure in top FC decay ; _. .,

1 dl“z 1 K+ K7 K K K K
= —(1 + k4P cosb; £ d u b ¢ Tvh
I'; dcos@,; 2( ! 2 +1 +1 -0.32 -0.39 +1 -1
S B000E" s BT T -
2 140" " ‘rs_=8Tth42€;/:S_: Already measured by ATLAS, CMS
LI>J 12000;_ “tf(A=0) —; arXiv:1412.4742 CMS-PAS-TOP-13-015
10000} [ Background e
80002_ | ?L.‘ISOGGV er_'_jx-‘:._j;
eoo0 7 &= - ASMSTEV. _ 318 + (0.005
4000 = e
2000;— —;
0
1.2EF ' AP STV — .38 4+ 0.04
s Ve
A = —
0%
0z 04 06 08 1
A [rad]/
Ay = trtr) + N(tyty) = N(trty) = Nttt 3 140y
o = _ _ _ _ .
N(tyty) + N(tyty) + N(tgty) + N(t tr)
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measuring helicity structure in top FC decay |,

always cg observed (m. < my)

h

Ay, = Nltrbr) + Nt ) = N(taty) = N(tbr) o o
N(tyty) + N(tyty) + N(irty) + N(tyty)

\®)
L) I L) L)
~
>
o

1

do
O dcosB, cost,

1 do
— = —(1 + Apel kiR, cos 0; cos 0;
o dcosf;dcosb; 4( + Apel KR j cos 0; cos 0;)

Finally to provide a rough estimate for the sensitivity

T .::;::3"3"'1'
0.5 1

A N(cosbycosb, >0) — N(cosbpcosby, <0)  Apelke+Rn . cosB,cosO,
N — ~ U. Kp,.
¢h N (cosBpcosbp > 0) + N(cosbycosby <0) A h

AAg, ~ AN/N ~ 1/\/N > (0.088 === ot least 130 signal events needed.

with o(tt) ~ 1 nb for 3 ab™1, 3 x 10° top pair expecetd
even for BR(t — ch)BR(h — vvy) =2 x 1074 x 2.3 x 1075,
~ 500 of ¢ — ch_,.. events expected 34



summary

We consider modified top yukawa couplings and rare top decay.
Rt , ’%t? /{g

We consider top specific 2HDM, which predicts FCNC t — ch

The variant axion model is well motivated to solve strong CP and domain
wall problems.

interesting overlapping of the parameter space to explain h — 7u

We predict in general distinct helicity structure in FC higgs couplings.

As top pairs are produced copiously at LHC, we should be able to test it
using the spin correlation for a reasonable BR(t — ch).
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