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Why Higgs + jet signal ? ‘

- Sensitivity to light-quarks Yukawa
- tree-level mediation of pp — h+j(j,) may be important due to NP in y,

- Current exp bounds on Yukawa couplings of light-quarks of the 1st & 2nd
generations are rather weak:

Yus Ya S 0.5 Ve S5Yp

Kagan, Perez, Petriello, Soreq, Stoynev, Zupan, PRL2015 (arXiv:1406.1722); Perez, Soreq, Stamou,
Tobioka, PRD2015 (arXiv:1503.00290); Soreq, Zhu, Zupan, JHEP2016 (arXiv:1606.09621); Bishara,
Haisch, Monni, Re, PRL2017 (arXiv:1606.09253)
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- Sensitivity to light-quarks Yukawa

- Any sign of these couplings being significantly enhanced w.r.t SM will
undermine the SM prediction
Yf O My /v

- Indeed, growing interest in physics of light-quarks Yukawa

Kagan, Perez, Petriello, Soreq, Stoynev, Zupan, PRL2015 (arXiv:1406.1722); Perez, Soreq, Stamou,
Tobioka, PRD2015 (arXiv:1503.00290, arXiv:1505.06689): Soreq, Zhu, Zupan, JHEP2016
(arXiv:1606.09621); Bishara, Haisch, Monni, Re, PRL2017 (arXiv:1606.09253): Bonner, Logan,
arXiv:1608.04376; Yu, JHEP2017 (arXiv:1609.06592). Carpenter, Han, Hendricks, Qian, Zhouc PRD2017
(arXiv:1611.05463); Gao, arXiv:1608.01746; Diaz-Cruz, Saldana-Salazar, NP2016 (arXiv:1405.0990);
Han, Wang, arXiv:1704.00790.
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Why Higgs + jet signal ? ‘

+ Exclusive Higgs + j(j,) @ the LHC as a probe of NP:

- High Higgs P+ distribution may play a key role in distinguishing
between NP scenarios:

do/dp,. [pb/GeV]
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Why Higgs + jet signal ? ‘

- Exclusive Higgs + j(j,) @ the LHC as a probe of NP:

- High Higgs P+ distribution may play a key role in distinguishing
between NP scenarios:

- Sensitive to a variety of UV completions: SUSY, heavy top-partners ..
Brein, Hollik, PRD2003 (hep-ph/0305321); Dittmaier, Kramer, Spira, PRD2004 (hep-ph/0309204); Dawson, Jackson,
Reina, Wackeroth, PRD2004 (hep-ph/0311067), PRL2005 (hep-ph/0408077), MPL2006 (hep-ph/0508293); Campbell et
al, hep-ph/0405302; Banfi, Martin, Sanz, JHEP2014 (arxiv: 1308.4771)

* And to other model-independent approaches: Kappa framework & SMEFT
Grojean, Salvioni, Schlaffer, Weiler, JHEP2014 (arxiv: 1312.3317); Ghosh, Wiebusch, PRD2015 (arxiv: 1411.2029);
Dawson, Lewis, Zeng, PRD2014 (arxiv: 1409.6299): Harlander, Neumann, PRD2013 (arxiv: 1308.2225); Bramante,
Delgado, Lehman, Martin, PRD2016 (arxiv: 1410.3484); Azatov, Paul, JHEP2014 (arxiv: 1309.5273); Schlaffer,
Spannowsky, Takeuchi, Weiler, Wymant, EPJC2014 (arxiv: 1405.4295); Buschmann, Englert, Goncalves, Plehn,
Spannowsky, PRD2014 (arxiv: 1405.7651). Grazzini, Ilnicka, Spira, Wiesemann, arxiv: 1612.00283.

do/dp.. [pb/GeV]
T

+ Indeed, the Higgs P+ distribution in
exclusive Higgs +jets production,
pp — h+nj, was one of the prime targets . 4 h
of recent measurements performed ° I’T(@) as GZ:U':: '::1 Of pIO( )m
by ATLAS & CMS p,(h) [GeV]

6 the ATLAS collab., Ade et al., JHEP2014 (arxiv: 1407.4222) + PLB (arxiv: 1408.3226) + PRL2015 (arxiv: 1504.05833)
+ JHEP2014 (arxiv: 1604.02997); the CMS collab., Khachatryan et al., EPJC2016 (arxiv: 1508.07819) + JHEP2017
(arxiv: 1606.01522)




Higgs + light-jet in the SI\/I:‘ pp — htj, j = guds,ec

* Parameterization of the 1-loop SM ggh vertex
(mostly the top-loop, tree-level negligible ...):

(leading term)

£99% = CMRhGL, G, OSM % qa,/(127v)

%M
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Higgs + light-jet in the SM: pp — h+j (j=g,u,d,s,c)

* Parameterization of the 1-loop SM ggh vertex
(mostly the top-loop, tree-level negligible ...):

_(leading term)

Eggh L CS]\.r[hGa GHv-a ’ Cg}g‘]\,,[ N (1,9/(127'('2))

eff = g v

g9 — gh
dominant in SM
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NP studies in Higgs + jet: ‘

Case

E Q411 |
Stuad V.

S T— ,,‘,./"// |

Focus on exlusive pp — h+j(j,) followed by h — yy
with the following two NP scenarios:

- NP comes only in the form of scaled couplings
(kappa-framework)

- NP give can rise to new interactions that are absent in the SM
and that modify the SM Lorentz structure & kinematic
(SMEFT)
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NP studies in Higgs + jet: ‘

Dgaln BEI@@

Define a signal strength (for h+j(j,) followed by h — yy):

v
Hon

N(pp—=h+j—vy+7)

- Nsu(pp = h+j =y +7)

N is the event yield N' = Lo Ae

z~ J / ]

@giﬁn Iiiﬁ@

luminosity /Aency
CSX

acceptance
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NP studies in Higgs + jet: ‘

il

+ Define a signal strength (for hej(j,) followed by h— yy)*

Nipp—=h+ij—=vy+
')’ (pp J 1 j) N is the event yield N' = Lo Ae

Hhj = N : '
sm(pp — h+j — v +7) ‘/////

luminosity fficiency
CSX
acceptance

5 o(pp — h+7) BR(h — vv)

m~

« Assuming A ~ Agy

Hhj = osy(pp — h+3j) BRsa(h — 77)

do

. Using the “cumulative CSX": |o%") =0 (pr(h) > pi*') = /pT(m>pgﬂut dedp—T

Extra handle on NP effect, also useful minimizing the K-factor at the high P(h)
e.g., Boughezal et al., JHEP2013,PRL2015, PLB2015

Low Signal s
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NP studies in Higgs + jet: |

a gilded cage, ever since.”

i

* NP signal: Al =l g, — 1| | {580 =1

]
JL

g i

- Statistical significance of signal: | v, —

& assume a 5%(1c) error: |du; ;(theory + exp) = 0.05(10)
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The kappa-framework

modifies the SM
diagrams
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The kappa-framework

nq%hgq + 1gCyhGY, G

|

modifies the SM
diagrams

* For Higgs + light-jet, pp — h+j: NP from x,20 & x 21
q 9

hg 2 _hj hj hj ~ } L L
o’ =K 08M+f<aq 0 qah =750 = 0" (ky =1,k =0)

14 Higgs & New Physics, EPS-HEP2017 7/5/2017



The kappa-framework

; m
=3 ﬁ:quh(jq + kgCyhGY, GH

modifies the SM
diagrams

* For Higgs + b-jet, pp — h+j,:

NP from x,#1 & x 21
2

hi, _ .2 _hjp 2 _hjyp hiv  _hjp hip
0" = KgOggn T KoTvon =050 = Ogon + Oppp,
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kappa-framework,
signal strength for pp — h+j(j,) — vr+i(jb):

(.2 2 phi(v) (Jv)
/’sz(jb) - (K’g T KqRN?ij ) °M?Lﬁw
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kappa - framework,
signal strength for pp — h+j(j,) — 1y+j(jp):

ol N 2 hJ(J) ,
Mhﬂjw'_'(ﬁ _%H;}% b )

7(Jv)

/’Lh,—mf'y

the NP contribution scaled with the SM, calculated
using the comulative CSX (for a given p°'):
« contains all the dependence on the Higgs PT
* where all uncertainties reside: higher-order
corrections (K-factor), normalization and
factorization scale uncertainties of the PDF,
acceptance factors, etc ..

17 Higgs & New Physics, EPS-HEP2017
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kappa-framework,
signal strength for pp — h+j(j,) — 1y+j(jp):

Y
Pohgcn)

~ (H, _I_KQRhJ(jb)) . 3(b)

M h—~y~y
U
j B 1
Hhy 1+ (mf] — 1) BRY), + ”‘JZBRng
1
luh—m'ﬁ,’ -

1+ (k2 — 1) BRY,, + (ki — 1) BRY,,

the NP contribution scaled with the SM, calculated
using the comulative CSX (for a given p°'):
« contains all the dependence on the Higgs PT
* where all uncertainties reside: higher-order
corrections (K-factor), normalization and
factorization scale uncertainties of the PDF,
acceptance factors, etc ..

assume no NP in h — yy
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light et case: pp — h+j — yY+], kappa-framework

no NP in hhg (ic,=1)

Luminosity = 300 inverse [fb]
T T T T T

/:
1 Py(h) > 100 GeV
Luminosity = 300 fb-!

..... -~ N(yy +{) ~ 500
P | (Yyy +J))

N(pp > h+j >yy

D
LY
L)
L3
LY
3 : :
LY
L)
X :
X
h ) H
X
A Y
*
A\
i)

------

statistical significance

+D

P-(h) > 400 GeV
Luminosity = 3000 fb-!

N(pp = h+j >yy

N(yy +j) ~ 100

% %
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light et case: pp — h'l'j — yYy+], kappa-framework
NP in qqh & ggh (x, - «, plane)

68%, 95% & 99% allowed ranges in Kg - Kq plane

K, - ¥, plane

o pS=400 [GeV]

P.(h) > 400 GeV
Luminosity = 3000 fb-!

N(yy +j) ~ 100
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light et case: pp — h"'j — yYy+], kappa-framework
NP in qqh & ggh (x, - «, plane)

15 t

68%, 95% & 99% allowed ranges in K, - Kq plane

21 -
141 Ku,dlgs’c- ] Kg

- K, plane

P A S : I B .

P-(h) > 400 GeV
Luminosity = 3000 fb-!

N(yy +j) ~ 100

0.8 I i i i i i i | i
0 01 02 0.3 0.4 05 0.6 07 08 09

09f ' - pE=400 [GeV]

0.8 I | i i i i | i i
[\ 01 0.2 0.3 0.4 05 0.6 07 0.8 09 1

Statistical significance Nsp =
&=

.-’_‘\p-f:j

6,u.£j

by 70, kg = ks = ke =0

Koy = 0.25

Ky = 0.5

kg = 0.8]| 6.7¢ 62:8;85;)8_(:[8;{5
kg =09 3.53 [3.97. 008 |5.1470 1)
kg =1.0]| 0 |0.56005 |2.0370715
kg = 1.1|| 3.78 |3.09059:03 |1.3050-18
kg = 12| 7.75 |6.957003 |4.8470 18

Kq

# 0 for all ¢ = u.d, s, c

kg = 0.25

kg = 0.5

—0.05

kg =0.8 8.30 004 | 111320 15
kg = 0.9 5.4370704 | 9.032015
kg = 1.0 2.327004 | 6.7470715
rg = 1.1 1017003 | 4.260°15
kg = 1.2 4557004 | L.61.017

can be excluded @ 7c

e.g., x,< 0.8 with x, > 0.25




b-jet case: pp — h+j, — yy+j,. kappa-framework

no NP in hgg (x,=1)

statistical significance

14

12

10+

T
— p$u'=3o [GeV]
== =me p21=200 [GeV]

pr(h) > 200 GeV: sensitivity to x,<0.8 & «,>1.3
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b-jet case: pp — h+j, — yy+j,. kappa-framework

NP in qqh & ggh (x, - «, plane)

o
@

(LHC)
“INCyy +jp) ~ 100

24

68%, 95% & 99% allowed ranges in x, - , plane

Higgs & New Physics, EPS-HEP2017
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b-jet case: pp — h+j, — yy+j,. kappa-framework

NP in qqh & ggh (x, - «, plane)

68%, 95% & 99% allowed ranges in x, - , plane

D

~

~cut

5 Gt

.
.
~

w 1
0.9F
ot (LHC)
“'N(yy +jp) ~ 100
0.6
1 1 Il 1
%% 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18
K1
4 . . . e AT &‘u'ijb
Statistical significance Ngp = —+2
= 5 T
.Iu'hjb
| ks = 0.5y = 0.75] ki = 1]k = 125y = 15
. Q 41+0.6 a g+0.08 | 4 ~—0.3 —0.6 @ —0.7
."\.g = 0.8 0.—]:_0_3 2‘5—0,08 '—1.()_'_0'3 6'0+0.6 ‘\6.9_'_0_7‘
a5 =—0.8 ~—0.08 41—0.2 n—0.4 - =t
Kg = 0.9 '3'5—{—0,8 0‘2_‘_0.3 2'4+O,Q "—1.3_|_0_4 5.()4_0_7
L -~ =—1.0 9 n—0.4 4—0.3 1 o—0.6
ke =10][ 75700 [ 33708 | 0 | 24703 [42708
.- 1 2o—1.3 =—0.7 ~—0.2 41—0.2 ~—0.5
F‘og e J_nl 11‘5—’_1.3 6.{_’_0,7 2.()_’_0'2 0-4_’_0’2 2.()_’_0"5
. —19ll1e 115 - —0.9 | = 5—0.3 =—0.07 —0.4
f’\.g — J_.Z J‘()‘J‘+15 10.2+09 5.~3+0_3 l‘{—l—O.DT O'D+04

cut

Pr

= 200 GeV

(HL-LHC)
NGy +j) ~ 10

. K, dominant at high p(h)
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The SMEFT (see e.g., Warsaw basis arxiv:1008.4884)

+ Expanding the SM with a subset of dim. 6 operators
relevant for the Higgs+jet signal

fz
Lsymerr = Lsa + Z A2
@':ucj),dqb,ug,dgaCbQ !

Ous = (¢'6) (Quéur) + hec. .
Ous = (¢'¢) (Qrodr) + hec.

Oug = (Qro"'Tup) quW + h.c.
O4y = (Qro"'TdR) ¢GS., + h.c. ,
Opg = (070) Gy, GV
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The SMEFT (see e.g., Warsaw basis arxiv:1008.4884)

Expanding the SM with a subset of dim. 6 operators
relevant for the Higgs+jet signal

fi
Lsverr = Lsyv + Z Az
@':ugb,dqb,ug,dgaCbQ !

Ous = (¢'6) (Quéur) +hec. .

Odf/) — (¢ (b) (QLﬁbdR) + h.c. light-quark operators
B [ often neglected, assuming

Oug - (QLO'H’VTCLUR) @Gw/ + h.c. o« Y, 4 €.9., for MFV _.

Oug = (QrotTdR) ¢G%, + hec. ,

Od)g _ (¢T¢) GﬁyGa pv
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The SMEFT (see e.g., Warsaw basis arxiv:1008.4884)

+ Expanding the SM with a subset of dim. 6 operators
relevant for the Higgs+jet signal

Lsyverr = Lsav + Z %

i=up.dp,ug,dg,pg *

O,

(6'6) (Quéur) + hc.
(¢7¢) (Qrodr) + h.c.

Oug = (Qro"'Tup) ngﬁ,, + h.c. ,
(@ }
(

Chromo-magnetic dipole
moment like operators

Lo TdR) G%, + h.c.
6'¢) G, G
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The SMEFT

operators that can be
“mapped” into the kappa-

CMDM-like operators
that generate a new
Lorentz structure and

framework different h+j kinematics

Ous = (9'6) (Quéunr) Oy = (QuoTur) 66,
B _ A Wy ma a

Ous = (#10) (QLodr) Oty = (Qro™ T dr) oGy,

O¢g — (¢T¢) waGa,uu

SM 5 5
- Ya Jao v _ 1 1270 fpq v
P =7 sM ~ SM 2 0 Mo T + 0. A2
Yb Yp qao S ¢g

OG}; o (%)2
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: : _ . . operators that can be
light jet case: pp — h+j — yy+j “mapped” into the kappa-
framework

= (6'0) (Qrdun)
Opy = (970) G, G

Efw] =1, ‘,uhyj — 1‘ < 0.05, 0.1 and 0.15J

fog= 1, Pr(h) > 400 GeV

|TeV]

Og

A
S

2 4 s 10 12 Au (I) 5 : ' : : ' ‘ AU ¢

Ayo [TV A, [TeV]

u,ﬂ consistent with SM at 30 will exclude NP with typical scales of

[Apg 515 TeV and A,y <2 TeV for foy = —1]




b-jet case: pp — h+jb — YY*Jb

operators that can be
"mapped” into the kappa-
framework

Ous = (¢'0) (QLodR)
Oy = (¢'0) G},,G"M

[ pFt =200 GeV ]

(qu5a f(/)g) — (13 1)7 (la _1): (_lv 1)7 (_l? _1)

32
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Ay ITeV]

E e
Ay [TEV]

A slightly better sensitivity than h+j (light-jet case)
Better sensitivity at high pp (h)
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CMDM-like operators for

|th |et casSe. pp —> h""j —> 'Y'Y""j the u-quark

g = /‘}t‘//‘sl’?f;./
Sl =0.05(10)

hj

e e ettt st

statistical significance

Ouy = (QLUWTGUR) QBGZV

Recall:
gives rise to a much
harder p(h) spectrum ...

10

Jug =1

ug ]
Ayg=2 TeV

with Oug

Sy

do/de(lh) as a function of py(h)

50 100 150 200 250 300 350 400 450 500
pl(ll) [GeV]

e.q.,

N(pp — h+j — y7+j) ~ O(10) & O(100)

with L=300 fb-! & L=3000 fb-!
Acceptance ~ 0.5 ...

If Ay = 6 TeV then pgt ~ 350 GeV required to obtain 3o effect




: . . CMDM-like operators for
h-jet case: pp — h+j, — 77+j, the b-quark

Oug = (QLo T dy) $G2,

Nsp = piy,; /014,
Sl =0.05(10)

statistical significance

N(pp — h+j, — 17+js) ~ 50

with L=3000 fb-!

50 100 150 ‘ 200 250 300 350 400 450 ACCCP"'G"CC ~ 05 & Sb“' 07
pr [GeV]

e.g.,
O(10c) sensitivity to b-CMDM of a typical scale Ay, ~ 4 TeV, with p(h) > 200 GeV




+ The exclusive pp — h+j(j,) @ the LHC is a rather
sensitive probe of several forms of NP associated with
the light (& b)-quarks Yukawa's & gluon-Higgs-quarks
couplings

* The signal strength formalism & p.(h) distributions are
useful for extracting the various types of NP

- Useful parameterizations of NP in pp — h+j(j,):
the kappa-framework and/or SMEFT
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+ The exclusive pp — h+j(j,) @ the LHC is a rather
sensitive probe of several forms of NP associated with
the light (& b)-quarks Yukawa's & gluon-Higgs-quarks
couplings

* The signal strength formalism & p.(h) distributions are
useful for extracting the various types of NP

- Useful parameterizations of NP in pp — h+j(j,):
the kappa-framework and/or SMEFT

- (We_find: exclusive Higgs+jet(b-jet) channel followed by
h— vy [pp — h+j(i,) — 1+i(j,)] can be sensitive to scales of
NP ranging from a few TeV to O(10) TeV, depending on
flavor, chirality and Lorentz structure of the

% underlzing NP .../
Higgs & New Physics, EPS-HEP2017




